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PREFACE

Optical measurement techniques have been stimulated in recent years by
the advent of lasers and also by modern electro-optical devices. Despite the
considerable research and developments in this field, these techniques are
not widely appreciated by engineers, who are often unaware of their
versatility. This book provides a single comprehensive source giving the
basic science and technology involved in the implementation of these latest
methods, for use by industrial and research engineers, in the solution of
measurement problems and the design of measurement systems. The book
covers the most recent and useful innovations and emphasises applications
to practical problems.

The emphasis in each chapter has been placed on the transducer aspect,
i.e. on the instrumentation necessary to perform specific tasks, so that all
the necessary components —basic theory, practical details and devices,
application to actual problems —are included, as well as information
concerning probable sensitivity, accuracy, etc. Simple explanations of
complex physical phenomena have been used instead of rigorous
treatments, the latter usually being available from the references associated
with each chapter.

Engineers and applied scientists are often faced with the measurement of
a wide range of parameters, e.g. dimension, displacement, strain, force,
pressure, torque, fluid flow, fluid level, time dependent effects, etc., and
optical methods may seem inappropriate at first glance, but all those
mentioned are capable of evaluation using optics and most physical
parameters are susceptible to this type of measurement.

A%



vi Preface

The main advantages of these methods can be summarised as follows: no
physical contact; large field coverage; very high sensitivity; applications in
hostile environments. It is often one or more of these reasons which justify
the use of optics.

Finally, I express my sincere thanks to all the authors who have
contributed to this book.

A. R. LUXMOORE
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Chapter 1
PHOTODETECTORS AND ELECTRONICS

J. WATSON

Department of Electrical and Electronic Engineering,
University College, Swansea, UK

I. INTRODUCTION

A photosensor and its associated electronics for use in fringe counting must
fulfil several functions, viz.,

(1) it must be capable of recognising the presence or absence of a
fringe; that is, it must be able to distinguish between the light and
dark (i.e. ambient) regions produced by the associated optical
system;

(i) It must also operate down to d.c. in cases where the fringes can
form a stationary pattern (and where chopper, or a.c. carrier,
techniques are not used); and

(iii) It must be sufficiently fast in operation to make possible the
counting of fringes which appear at the highest frequency dictated
by the system involved.

These requirements are not as simple as might appear at first sight, and a
choice of sensor and associated electronics should be carefully made with
due regard to the system as a whole. For example, requirement (i) implies
that when a bright fringe illuminates a sensor with a luminous incidence,
E,,, then that sensor must be capable of producing a signal of a magnitude
above that required to trigger the electronics, so producing a count. On the
other hand, in the presence of a ‘dark’ fringe, which will actually illuminate
the sensor at some lower level, E, ), then the sensor output must be low
enough not to trigger the electronics. This apparently self-evident situation
1



2 J. Watson

is complicated by the existence of electrical noise, for if the sensor output
plus noise, when illuminated at the lower level, E,,, can instantaneously
approach E ,), then a spurious trigger pulse might occur. Also, a possible,
but less probable result might be that a noise peak in the opposite sense to
the signal at E,,, could conceivably trigger the electronics momentarily
into the OFF state, so that the return to ON would count as a second pulse.

This leads to the question of the noise inherent in the detector in
question, which will be considered later. It also leads to the question of
noise immunity, and this is best illustrated as in Fig. 1. Here, it is assumed
that the sensor output can be represented by a signal level within a spread of
noise. Starting at the left-hand side of the diagram, it is apparent that as the
illumination level falls, the output band falls with it, and eventually crosses
the lower trigger level of the electronic system. This means that the output
band must then rise to the upper trigger level before a count is registered. so
that for slow counting, the noise peaks will not produce spurious trigger
pulses. That is, the provision of a hysteresis circuit greatly improves the
spurious count situation (see below).

If the optical parameters are such that the noise is negligible compared
with the signal, then the upper and lower trigger levels could occupy the
same position, which implies the use of a simple crossover circuit.

Requirement (ii) is in part covered by the foregoing paragraph, the
implication being that when an immobile pattern occurs, spurious counts
or resets should not occur. That is, the level detector electronics should
involve a d.c. coupled circuit, which is in fact normal in a simple level
detector with or without hysteresis.

-
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Fig. 1. Signal level diagram.



Photodetectors and electronics 3

Finally, both the detector and the following electronics must be capable
of responding to the highest frequency dictated by the optical system,
according to requirement (iii). That is, when the fringes are moving at their
maximal velocity, both the sensor and the electronics must be capable of
recovering after each count so as to record the next count. This implies that
the bandwidth of the complete system must be greater than the maximum
expected rate of crossing of the fringes across the detector aperture,
otherwise lost counts will occur.

It is not normally difficult to acquire or design electronics to
accommodate the foregoing requirements; and in recent years, the choice
of sensor has narrowed as small, sensitive and fast solid-state photo-
detectors have become available.

2. PHOTOSENSORS

All photosensors suitable for fringe detection fall into two categories; those
which depend on the external and the internal photoelectric effects.

The external photoelectric effect refers to the phenomenon whereby a
photon having an energy greater than the work function, W, of a given
material may remove an electron from the surface of that material; that is,
when,

hv > W, (D

where the photon energy is given by the product of Planck’s constant, 4 and
the frequency, v.

This mechanism is involved in vacuum- and gas-filled phototubes, where
the electrons emerging from a cathode are accelerated towards, and
collected by, an anode. In the case of gas-filled tubes, electron-ion pairs are
also produced as the primary electrons collide with atoms of the gas, so that
electron multiplication occurs. A better method of electron multiplication
is achieved by the photomultiplier tube, where the primary electrons are
accelerated towards a positive dynode, with which they collide, so
producing showers of secondary electrons. This process is repeated over a
number of dynodes, each of which is at a higher positive voltage than the
preceding one, so that by the time the final batch of electrons is collected by
the anode, a multiplication of many orders of magnitude has been
achieved.

The photomultiplier is a fast and efficient detector, and ideally suited to
fringe counting in principle. However, it is also large, and requires a high
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voltage power supply, which contribute to somewhat problematical
mechanical design and to cost. For these reasons, the use of solid-state
sensors has become common, and these rely upon the internal photoelectric
effect.

Here, an incident photon must have sufficient energy to raise an electron
from the valence hand to the first conduction band in a semiconductor
material:

hv > W, (2)

The band-gap energy, W,, is generally less than the work function, W.
even for low work-function materials such as caesium. This means that
whereas the external photoeffect makes possible phototubes primarily
sensitive to the energetic photons of the UV and blue regions, the internal
photoeffect makes possible solid-state detectors sensitive over the red and
IR regions of the spectrum. For example, W, for silicon is about 1-1eV.
which implies that photons having wavelengths shorter than 11 180 A could
effect electronic transitions. On the other hand, caesium has a work
function of about 19 eV, showing that photons having wavelengths shorter
than 6450 A would be needed to effect electron emission.

The foregoing figures, though illustrative of the general situation, should
not be taken as limiting, for much can be done to modify both the work
function of a material and also the band-gap. In the latter case, the intrinsic
properties of the silicon (or any other semiconductor) can be markedly
changed by doping, or including atoms of appropriate foreign materials.
This results in extrinsic semiconductor properties, and the spectral
response curve of the material can be tailored to suit numerous
applications.

Insofar as fringe counting is concerned, a response within the visible
region is usual, and this is easily provided by both of the two basic solid-
state photosensors, the photoresistors and the photodiodes.

3. PHOTORESISTORS

This form of sensor consists essentially of a film of material whose
resistance is a function of incident illumination. This film can be either
intrinsic or extrinsic semiconductor material, but for the visible part of the
spectrum, the chalcogenides, cadmium sulphide and cadmium selenide, are
the most common.
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The size and shape of the active film determines both the dark resistance
and the sensitivity, and a very large range of configurations is currently
available. However, for fringe counting, a small strip of material upon
which the fringes can be focused is most suitable, and this strip must be
connected to a pair of electrodes.

The resistance, Ry, of the cell decreases as the illumination is increased,
so that it is common to consider the inverse of this resistance or the
conductance, G, as being the basic parameter, which accounts for the
alternative name of the sensor, the photoconductive cell. Electrically,
therefore, it is resistance or conductance changes which must be detected by
the following electronics. This implies that a current must be passed
through the sensor, and either variations in this, or in associated voltage
drops, should be measured.

The actual methods of making such measurements are many and varied,
and two are illustrated in Figs 2(a) and (b).

In Fig. 2(a) a voltage source, E, results in sensor current, /_, where

E
I =
* Rg+ R,
and R, is a load resistor.
The output voltage across the load resistor is V_,, where
ER,

Vo, = 3
out Rs+RL ( )

This may be measured using an amplifier with an input resistance high in
comparison with R| or the dark value of Rq.

Ig

Re
VY
A
\\ I A
E

Is Rs V.E. Ay b—O
POINT® *

E=
VOUT
-O

a b

Fig. 2. Two basic photoresistor circuits.
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Equation (3) shows that ¥, is actually an awkward function of R, but
the circuit is nevertheless satisfactory for fringe counting, because V, will
be high for the high illumination condition, and low for the low
illumination condition. Hence, it can be very conveniently followed by a
hysteresis comparator as previously suggested.

An alternative method, which actually measures the cell conductivity, is
shown in Fig. 2(b). Here, the cell current flows to the virtual earth point (or
summing point) of an operational amplifier, and because this point never
departs from the voltage of the common line, then the full source voltage,
E, always appears across the photoresistor. Also, if the amplifier has a high
input resistance, the magnitude of the feedback current, /, must always be
equal to the magnitude of the cell current, I.. These facts combine to give
the output voltage,

Vow = I Rg
= —IR;
but
I.=E/Rg
SO
= —ER.G, (4)
That is, V,, is proportional to the conductance, G,, so that if G, is

reasonably proportional to the incident illumination, then so is the output
voltage.

It is also possible to incorporate a photoresistor into a Wheatstone
Bridge circuit, but this is rarely necessary, because it is particularly suited to
the detection of very small changes in resistance which would not normally
be encountered in fringe counting applications.

The use of photoresistors in fringe counting is in fact very limited,
because (a) they are inherently slow devices and (b) their sensitivity is
somewhat dependent upon their past history and is therefore not entirely
consistent. In the case of CdS cells, the relevant time constants are of the
order of 100 ms, and about 10 ms for CdSe cells. Here, ‘time constant’ has
been purposely left undefined on the grounds that not only do different
manufacturers define it in different ways, but it is dependent upon applied
parameters such as the actual light levels used. However, the crude figures



Photodetectors and electronics 7

1000 ——

! —

i NOTE 1 RISE TIME CONSTANT TO .
; (1-Ve) OF FINAL ILLUMINATED | [ 11771

,; : U VALUE ; DECAY TIME CONSTANT +44+HH

| TO e OF ILLUMINATED VALUE ||

| | NOTE 2 MEASUREMENTS TAKEN WITH

] ., LIGHT CYCLED 5 SECONDS ON

— 1] 5 SECONDS OFF E

SElii BRI R L B e
|

100 t——t——t

-y N A S DR S| T |
T N4 SRR R :L:“" 1 ;

L

I

f
1 ey

-l

|

’ ;
i -1 ’ e F i p‘: =
j".g'— ; UI BERE ! [
i £ _CONSTANT | ‘
T e =
[ ,, P §,,,1,1 P ‘] | .
; ‘ i ‘ }i i I 111
" e i L il ; i
001 010 1.00 10.00 100.00 1000 00
ILLUMINATION LEVEL - FOOT CANDLES (2870 K)

TIME CONSTANTS -MILLISECONDS
711
-
=

I

Fig. 3. Riscand decay time constant curves for the NSL-367 CdSe photoresistor.
(Reproduced by permission of Silonex Inc.. Montreal.!)

quoted indicate that it would be unwise to use photoresistors to count at
rates greater than a few hundred pulses per second, and even then, purpose-
built photochopper cells should be specified (see Fig. 3).!

4. PHOTOJUNCTION SENSORS

If a single crystal of a semiconductor such as silicon or germanium is doped
with both donor and acceptor impurities to form P and N regions, then the
junction between these regions causes the crystal to exhibit diode
properties. In the present context, it is not pointful to enter into an
explanation of these properties, but only to examine their consequences.

Figure 4(a) shows the symbol for a photodiode, and it serves to define the
direction of forward current (in the direction of the arrow in the diode
symbol) and hence the sense of the forward voltage drop. Figure 4(b) shows
a family of photodiode characteristics which mdlcates that operation in any
of three quadrants is possible.

As an approximation, the diode dark characteristic may be represented

I == X 1 5
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Fig. 4. The photodiode and its characteristics.

where [, is the reverse leakage current, ¢ is the charge on an electron. A 1~
Boltzmann’s constant and T is the absolute temperature (K). (At a room
temperature of 25°C, AT/q 1s about 26 mV.)

In the first quadrant, if the forward voltage, }. is more than about
100 mV, then qV/kT> 1 and [ rises rapidly and exponentially with |’
Hence, the forward current of a diode can be large, and limited only by the
external circuiting.

In the third quadrant, where V' is negative, ¢V/kT <1, so I=1,. This
reverse, or leakage current can be very small (down to the picaamp region).
so that the diode, in effect, blocks reverse currents.

However, if energy in the form of either heat or light is applied to the
diode, then I, increases and becomes almost a linear function of the
irradiation received. This accounts for the almost horizontal family of
curves seen in the third quadrant. Thus, the diode can be used to measure
temperature or illumination.

As a photodiode, the device is said to be operating in the photojunction
mode when a reverse voltage is applied, and it is responding to illumination.
Under these circumstances, its internal resistance is very high, as evidenced
by the nearly horizontal family of reverse current characteristics.

This reverse current is now called the photocurrent, I, and the
photodiode can be represented by a perfect diode in parallel with a current
generator as shown in Fig. 5(a). If the simple circuit of Fig. 2(a) is now
employed, asin Fig. 5(b), then because the photodiode internal resistance is
so much larger than R, then

Vo =Uy + LR, (6(a))
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Fig. 5. The photodiode equivalent (a) and two reverse bias photojunction mode
operating circuits (b) and (c).

and at levels of illumination such that I > I, (or if /,—0), then this
becomes

=1L R, (6(b))

uul

If V. 1s measured with a very high input resistance circuit, then V
proportional to the illumination level. However, it is better to measure

(1, + 1) directly, as in Fig. 5(c). Here,
Vo= —Uo + IR (7(a))

out

out

orif I;> 1, (or 1,—0),
Vou= —I,Rg (7(b))

out

In this circuit, the photodiode is working into a virtual earth point, that
is, into a very low resistance given by R/4, where A4, is the forward voltage
gain of the operational amplifier used.

Returning to Fig. 4, it will be seen that the photodiode characteristics
also exist in the fourth quadrant. In particular, it will be noted that a
photocurrent can flow even when the applied voltage is zero. This is because
at a P-N junction, an internal potential difference is generated so that
charge separation still occurs. Working into a low resistance circuit this
self-generated photocurrent is reasonably linear with illumination.
However, if the load resistance is very high (approaching an open circuit),
then the photovoltage which appears is roughly logarithmic with
illumination.?

Working in the ways described above, and with no external voltage
source, the photodiode is said to be a photovoltaic cell.

In the photojunction mode (third quadrant), the applied voltage is
usually of the orders of volts or tens of volts, and so is much larger than the
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few hundreds of millivolts typically generated in the photovoltaic mode.
This is why Fig. 4(b) is actually not to scale, and it is common practice to
show each quadrant separately, with each drawn as if it were in the first
quadrant. Figure 6 shows how this is done, and each family of
characteristics is shown alongside a photodiode symbol and circuit which
defines the conventional voltage and current directions. The real directions
are then indicated by the signs of the sample values of ¥ and / shown on the
graphs.

In Fig. 6(a), the concept of /oad-line is also illustrated. Here, the applied
reverse voltage is £ (shown as —5 V in this case), and with reference to
Fig. 5(b), the slope of the load-line is R, (2500 Q in this case). The operating
point of the photodiode is that at which the characteristic relevant to the
prevailing level of illumination crosses the load-line.

Note that if R, =0, as is the case when the photodiode works into a
virtual earth point as in Fig. 5(c), then the load-line would be vertical.

Figure 6(b) shows the fourth quadrant photovoltaic characteristics
transposed to the first quadrant. In this mode of operation, the basic
circuits of Figs 5(b) and (c) may again be used, but with no applied voltage.
If R, is made high in the Fig. 5(a) method, then the load-line lies near the
voltage axis of Fig. 6(b) as shown, and the output voltage is simply the cell
voltage, which increases logarithmically with illumination. Conversely. if

A 1
n o N )
N Aph " % b g

A

-3 +— -3
l'iow R, R, FOR MAXIMUM
,~ POWER TRANSFER
2 . 2
\
g\ 2s00¢Q 2
\ LOAD LINE
\. , . HIGH R,
0 e 1 1 L 1 0 —
0 -5 -10 V volts 0 01 02 03 04 05 V volts
APPLIED CELL VOLTAGE GENERATED CELL VOLTAGE
a b

Fig. 6. Photojunction (a) and photovoltaic (b) characteristics plotted in first
quadrant. (Conventional voltage and current directions shown inset.)
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the photovoltaic cell works into a near-zero load resistance (like the virtual
earth point in Fig. 5(c)), then the load-line is almost vertical, and the
generated current varies linearly with illumination.

It is of interest to note that there will be a load resistance value (shown in
Fig. 6(b)), at which maximum electrical power is transferred to R,. This
occurs when R; has the same value as the slope resistance of the
photodiode, and represents the optimum condition for its operation as a
solar cell.

5. PHOTODIODE CONSTRUCTION

When P- and N-doped regions in a semiconductor crystal meet, a depletion
laver is formed. This means that because of the physical processes
occurring in the doped crystal, a separation of negative and positive
charges (i.c. electrons and holes) takes place. Hence, an electric field
gradient is set up. and the junction region becomes depleted of the mobile
charges represented by free electrons or holes, because they are swept to
one side or the other along the electric field gradient. Actually, for such a
diode. equilibrium conditions are set up in which contact potentials are
countered by the internal field, so that no external voltage can be measured.
However, if the diode is illuminated. then given the conditions of eqn (2),
hole electron pairs can be formed by incoming photons, and a current or
voltage can then be measured in an external circuit. This is what constitutes
photovoltaic operation.

Practically all of the electric field gradient exists in the depletion layer, so
that it is very largely here that charge separation occurs. Should the
incoming photons release hole-electron pairs in either the P region or the N
region, the chances are that only recombination will take place, which
cannot contribute to the current. Hence, it is desirable to increase the
thickness of the depletion layer, and one way of doing this is to apply a
reverse voltage which augments the internal field. This results in
photojunction operation, as has been described.

Incoming photons penetrate to depths dictated by their energies, the
longer wavelength photons penetrating furthest. So, if the P region is
encountered first, it should be thin, making for a good response at the blue
end of the spectrum. This suggests the use of a thin layer of low-resistivity
(i.e. heavily-doped) material. However, full utilisation of the more
penetrating lower energy photons means that a thick depletion layer should
follow, which implies a high resistivity (i.e. lightly-doped) material. Finally
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Fig. 7. ldealised cross-sectional representations of PIN photodiodes (not to
scale).

a low resistivity N-type material should follow for good bonding to the
electrode metallisation. These conflicting requirements can be met by
sandwiching a layer of high resistivity, near-intrinsic or I-type material
between low resistivity P* and N layers to form a PIN (or NIP)
photodiode. A planar diffused PIN photodiode structure is shown in
idealised form in Fig. 7(a). Here, the light enters the thin P * region via the
transparent SiO, passivating layer. and is absorbed largely in the I-type
region. The anode is formed as a metal annulus over the P region and the
cathode as a film deposited over the N* region.

Si0,

v \ e

1(P)

P+

A
a b

PLANAR DIFFUSED GUARD RING CIRCUIT FOR GUARD RING
NIP STRUCTURE OPERATION

Fig. 8. The guard-ring photodiode.
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For even better response at the blue end of the spectrum, the thin P*
region can be omitted, and a transparent gold film deposited directly on to
the near-intrinsic N region. The metal-semiconductor junction is known as
a Schottky barrier, and also results in a depletion layer being formed, as
shown in Fig. 7(b). Further, the gold film acts also as the anode.

In all semiconductor devices, unwanted surface currents occur, and
though small, these can be further reduced by the use of a guard ring as
shown incorporated into an NIP structure in Fig. 8(a). Here, not only is a
circular N ™ region diffused into the near-intrinsic P material but so is an
N* annulus. Both of these heavily-doped N regions are brought out to
electrodes, and Fig. 8(b) shows how they are connected. Any surface
current is collected by the guard ring and fed directly to the voltage source.
whilst the current collected by the normal active N* region must pass
through the load resistor. This type of photodiode is used where low dark
or leakage current is mandatory.

6. PHOTODIODE CHARACTERISATION

There are numerous parameters which serve to characterise photodiodes,
the most important of which are:

(1)  physical dimensions (notably active area);

(1)) mode(s) of operation;

(111) sensitivity (e.g. responsivity);

(v) speed of operation;

(vi) noise characteristics (e.g. noise equivalent power (NEP) and
specific detectivity).

Taking these in order, obviously the physical dimensions will be dictated by
the system. Usually, photodiodes have circular active areas (by contrast
with photoresistors), but there is also a range of position-sensitive devices
and some of these will be considered later.

The modes of operation for a photodiode are simply either photo-
junction operation with a reverse biasing voltage, or photovoltaic
operation with zero biasing. Because reverse biasing implies a thick
depletion region with a high electric field gradient, it makes for a faster
response. It also ensures that the longer wavelength photons generate their
electron-hole pairs in the depletion region, so that the spectral response is
improved. Also, by virtue of operating the diode well into the third
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quadrant the region where the characteristics bend over into the
photovoltaic region is avoided, making for good linearity.

Conversely, the photovoltaic mode avoids the need for a voltage source,
and provides good low-noise operation up to about 100 kHz (for a small-
area device with consequent low capacitance), and the loss in linearity does
not usually matter if only the presence or absence of a fringe is to be
detected. For faster operation, or when a good waveshape has to be
obtained from a chopped light beam, the reverse-biased photojunction
mode is preferable.

It should be noted that in much of the literature, ‘photoconductive’
operation refers to the reverse-biased operation of a photodiode. This is an
unfortunate term, because the relevant photodiode characteristics are
those of a current generator, not a conductor. In this chapter, the term
‘photoconductive’ is used only in relation to the photoresistor, which is a
genuine photoconductive cell having ohmic properties.

The sensitivity of a photodiode can be expressed in several different ways.
of which the most fundamental is the quantum efficiency. . This is defined
as the average number of electrons released per photon, which is obviously
less than unity because not all the photons which reach the cell produce
hole-electron pairs, and some of the pairs are lost by recombination.

However, the number of photons reaching the cell is not a commonly
used quantity: it is more usual to represent the incoming radiation in terms
of either radiant incidence (irradiance), or luminous incidence (illumin-
ance). The first term, irradiance, E.. refers to the energy (at all wavelengths)
per unit time per unit area which arrives from a direction normal to the
active surface. The SI units are therefore watts per square millimeter.

[Mluminance, E,, is defined in the same way except that only the visible
part of the spectrum is involved. This implies that spectral irradiance must be
weighted according to the spectral sensitivity of the human eye, to give the
illuminance.

Sensitivity can now be defined in terms of the responsivity, which is the
photocurrent produced (under specified working conditions) per unit
radiant or luminous flux for a cell of effective area, 4:

1
R, —_p , ,
e E.A (amps per watt) (8(a))
or
I
R P (amps per lumen) (8(b))

T E A
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Here, in both cases, the total power falling on the active area of the cell is
given by multiplying power density, E, or E,, by the effective cell area, 4. In
the latter case, the illuminance, £, is in lumens per unit area, where the
lumen is the unit of light power or luminous flux. That s, it is the radiant
power in watts weighted according to the sensitivity of the human eye as
explained above. At the wavelength of peak sensitivity of the light-
adapted human eye (5550 A), 1 W = 680 lumens.

If the incoming irradiation is derived from a source of narrow bandwidth
such as a monochromator, then the sensitivity can be plotted at a series of
wavelengths, resulting in a spectral sensitivity curve.

Typical spectral sensitivity curves for silicon PIN structures are given in
Fig. 9, along with a plot of the spectral sensitivity of the average human eye
for comparison purposes.

If a photodiode 1s used in the reverse-biased (photojunction) mode, then
it 1s linear over many decades of irradiance, and departures from linearity
are more likely to result from the dynamic range limitations of the
associated electronics rather than from the diode itself. Switching methods
(e.g. changing the value of R, in Fig. 5(c)) can effectively increase this
dynamic range; alternatively, photovoltaic operation into a very high
resistance will result in a logarithmic response with consequent range
compression.

TYPICAL SCHOTTKY

10 //,__,_\ PHOTODIODE RESPONSE
\\_/
08 TYPICAL PLANAR \

DIFFUSED PHOTODIODE \
RESPONSE \

[

\\
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Fig. 9. Some typical spectral sensitivity curves.
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Insofar as speed is concerned, photovoltaic operation is comparatively
slow because the depletion layer is thin, as mentioned previously. However.
for reverse bias photojunction operation, response times well below a
microsecond are obtainable. The definition of response time and how it is
measured varies between manufacturers, but small area fast photodiodes
have response times which are limited largely by the external circuitry and
its stray capacitances.

Finally, the question of noise arises, which is inevitably bound up with
sensitivity because the lower limit of sensitivity must be defined by the level
of irradiance which gives rise to a photocurrent similar in magnitude to the
noise level. The noise itself can best be explained by reference to an
electrical equivalent circuit for the photodiode.

7. THE EQUIVALENT CIRCUIT AND NOISE
CHARACTERISATION

Figure 10 shows an equivalent circuit for a guard-ring photodiode.” the
components of which are:

(a) a current generator representing the photocurrent, / :

(b) a current generator representing the leakage current, /,:

(¢) a dynamic or slope resistance. r,. representing the slope of the
characteristic (Figs 4 or 6) at the relevant working point:

(d) a capacitance, C;, representing the capacity of the junction:

(e) the bulk series resistance of the leads and the photocell material.
R.:

(f) the channel resistance between the active and the guard-ring
diffusions, R, (which will be absent for a photodiode having no
guard-ring).

ch

The combination of Cj. R,. R, and the external load resistance and
capacitance, will define the speed of response. The value of C;isleast at high
reverse voltages, hence the superiority of photojunction operation in this
context.

Under dark conditions (particularly in the photojunction mode) the
leakage current /, will give rise to shot noise according to the Schottky
equation:

ir%O =2q1,Af 9)

where i, = mean square shot noise, ¢ =electronic charge. Af'= noise
bandwidth.
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Fig. 10. An equivalent circuit for a guard-ring photodiode.

In the equivalentcircuit, both R, and R, contribute thermal or Johnson
noise, but this is usually dominated by the shot noise (r, contributes no
noise, being simply a resistance slope, and nor does the capacitance, C)).

The shot noise can now be represented in terms of unit noise bandwidth,
or spot noise:

;no:\ (2¢1,) (10)

typical units being nanoamps per root hertz (nA/,/ Hz).

At this point. it should be noted that at operating frequencies below a few
hundred hertz, flicker noise appears. This is sometimes known as excess
noise or 1/f noise, because it exceeds the shot noise at low frequencies, and
because it increases inversely (very approximately) with frequency. At very
low frequencies, approaching d.c., this noise may be regarded as drift
relative to a d.c. component, the reverse leakage current itself.

Returning to the shot noise region, the noise equivalent power (NEP) is
defined as that level of irradiance which would produce a signal current 7,
equal to the magnitude of the noise current. If the noise current is taken as
simply i,,, then from eqn 8(a), the incoming power, or radiant flux for a
signal of this level would be the NEP:

NEP = ;‘i (11)

Pe
Note that this expression refers to the unit noise bandwidth (or spot)
condition, so the units of NEP will be in watts per root hertz, or more
practically, fW/\/HZ where f'W stands for femtowatts, or watts x 10~ '3,

If the cell were now irradiated at some level E, . 4, then the spot signal-to-
noise ratio would now be:

S\ _ E..A 0
N/) (NEP) (12)
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In this expression, the signal increases with the effective area of the
photodiode. Also, because the leakage current also increases with the area,
then so does the mean square of the noise current, accordingly to the
Schottky eqn (9). Hence, the noise current itself.i_no“increases with the root
of the area, and therefore so does the NEP. So, in eqn (12), the S/N ratio
must also increase with the root of the area.

The specific detectivity, D* (pronounced ‘dee-star’), is defined by
normalising the S/N ratio with respect to area, and to irradiance, by
dividing by /4 and by E,. This gives, using eqn (12),

(S/N) VA

DY =20 N (13)
vA-E. NEP

and is now independent of any particular cell size (or type). A practical unit
would be cm \ Hz/W.

The operating conditions under which both VEP and D* are quoted
must always be given. and the convention is that bracketed numbers follow
the magnitudes of these quantities. These numbers are:

(a) the wavelength of the irradiance;

(b) the frequency at which the measurement is made (i.e. chopper
frequency);

(c) the noise bandwidth, Af.

For example, E, G & G* photodiode type SGD-040 has a quoted NEP of:
NEP=96x10"'*W (0-9um, 103, 1)

which means that this NEP was measured using light of 9000 A (i.e. in the
near infrared), with a chopper frequency of 1000 Hz, and has becn
converted to a spot value or unity noise bandwidth.

The active area of this device is quoted as 0-82 mm?, so that the D* can be
obtained using eqn (13). Converting the area to 0-:0082 cm?, this is:

/00082

= e jo-1a = 00094 x 10

D*
Expressed fully, this would be,

D* =94 x 10" cm /Hz/W  (0:9um, 103, 1)
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8. POSITION-SENSITIVE PHOTOSENSORS

Although several methods have been employed in the realisation of position-
sensitive cells, two comparatively simple analogue forms are commercially
predominant, in addition to the complex multistructure and charge-
coupled device (c.c.d.) types now becoming generally available.

The most common position-sensitive cell (PSC) is the split photodiode,
which in its simplest form consists of a normal photodiode whose active
area is split into two parts, so that it is effectively two photodiodes in close
juxtaposition, and with one common electrode. Figure 11(a) is an idealised
representation of such a sensor., whilst Fig. 11(b) illustrates its usage in the
photojunction mode.?

Here, the two photocurrents have been passed through identical load
resistors, in order that the salient features of the system might be easily
demonstrated.

The first point to note is that outputs }', and ¥ exist concurrently only
when an incident light spot falls across the split and energises both diode
halves. When the light impinges entirely on one side, then no further
positional information is available. That is, positional information is
available only over a distance equal to twice the diameter of the light spot.

Secondly, the obvious way to obtain a position-dependent output is to

ACTIVE AREAS

EXAMPLE 1, I,
LIGHT SPOT
POSITION

Fig. 11. Position-sensitive split photodiode. (a) Idealised representation (b) dual
photojunction connection; (c¢) difference output (¥, — V) versus distance from
split, d.
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plot the difference of the two individual outputs (¥, — V), and this is donc
in Fig. 11(c) which clearly shows how the cell operates simply as two
separate diodes when the spot has moved off the split.

Two disadvantages of the method rnow become apparent. Firstly, the
linearity of the output as a function of spot position is dependent upon the
shape of the spot and homogeneity of the illuminance which it produces:
and secondly, the steepness of the curve is proportional to the average
illuminance. A dotted curve, representing the response to a brighter spot, is
shown in Fig. 11(c) to illustrate this latter point, and later it will be
explained how an appropriate electronic circuit can overcome this
problem.

Fabrication methods for large area photodiodes are sufficiently flexible
to allow the manufacture of numerous other configurations. For example.
multielement one-dimensional arrays are available.” as are four-quadrant
(or two-dimensional) sensors, in addition to matrix and almost any
conceivable customised forms.

Some of the disadvantages of the split photodiode notably that of
limited positional range - are overcome to a considerable extent by the
Posicon.* This consists essentially of a Schottky barrier structure® having
the (idealised) cross section shown in Fig. 12(a). When the incoming light
penetrates the transparent gold film, it releases hole-electron pairs in the
intrinsic region. The resulting current is divided between the two edge-
mounted ohmic contacts according to the resistances of the bulk material
between each of these electrodes and the mean carrier generation point.
Hence, the difference between the two currents is proportional to the light
spot position over a wide range, and the resulting characteristic is as in
Fig. 11(b).

Because the light spot does not have to traverse a discontinuity, its shape
does not matter a great deal; and output variations due to changes in
intensity can be electronically minimised as for the split photodiode.

Insofar as specifications of linearity and positional sensitivity are
concerned, the nature of the associated optical systems must first be closely
defined, otherwise any such figures will be meaningless irrespective of the
type of sensor involved. For example, the linearity of the Posicon* is
quoted as 1 9 over the middle 10 9/ of the device length, and the user should
refer to the manufacturer for the conditions under which this is valid.

As has been mentioned, the split photodiode is available in four-
quadrant form for two-dimensional position-sensing, and its properties

* Posicon is a trademark of United Detector Technology Inc.
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Fig. 12. Principle (a) and output characteristic (b) of the United Detector
Technology ‘Posicon’ position-sensitive cell.

under these circumstances are easily extrapolated from the foregoing
presentation. The Posicon is available with four edge electrodes, and this
also makes possible two-dimensional sensing. It is useful to compare the
performance of this latter device with that of the Wallmark sensor or lateral
diode which consists essentially of a semiconductor chip having four ohmic
contacts, plus a central P-N junction on one side. The light spot is focused
on to the other side, and relative outputs from the four ohmic contacts
define its position.’

The devices described above are simple and easy to use, and will fulfil
most position sensing requirements. However, another mode of photo-
diode operation makes possible more sophisticated positional measure-
ments, including those where only low light levels are available. This is the
charge storage mode, and it has led to the availability of both linear and
matrix arrays of several thousand photodiode elements fabricated by
integrated circuit techniques.®

Briefly, if a photodiode is illuminated, it will charge up its own
capacitance to a voltage dictated in part by the level of illumination and in
part by the inherent leakage current. Hence, if a series of such diodes is
sequentially interrogated, the voltage levels can be extracted as a series of
pulses of heights dependent upon the incident illumination.

Such devices can form the basis of pattern recognition systems and, in
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principle at least, could lead to image transduction. However, the latter
possibility has been realised using charge-coupled arrays, in which packets
of photogenerated charges are moved through a homogeneous (single
crystal) substrate, as opposed to a matrix of individual photocell structures.

Because these techniques are somewhat specialised in the present context
however, further details will not be presented, and the interested reader is
referred to ref. 9 at the end of this chapter.

9. BASIC PHOTOSENSOR ELECTRONICS

Because the output voltage or current of a photosensor is small with levels
of irradiation normally encountered, it is usual to follow such a transducer
with some form of amplifier. Where irradiation measurement or position
sensing is concerned, for example, an analogue output is required. so that
the amplifier must be capable of accepting all signal levels within the
expected dynamic range, and amplifying them with minimal distortion.
On the other hand, in applications such as fringe counting, the amplifier
may be designed to saturate in the presence of a fringe, so that an essentially
digital output is produced, which may then be applied to a commercial
pulse counter.

Consider first the analogue operation of a photodiode and its associated
amplifier.'©

For zero external biasing, and with a low value of load resistance
(corresponding to the ‘low R,’ load-line in Fig. 6(b)), the self-generated
output current of the photodiode will be sensibly linear with irradiation. As
has been mentioned, the input point of an inverting operational amplifier
presents a very low resistance, so that the photodiode can be connected as
in Fig. 13(a). The output voltage can be determined (as for eqn 7(b)) by
assuming that the photocurrent, the dark or leakage current and the noise
current all flow via the feedback resistor R as shown in Fig. 13(a):

Voul: _(1p+10+ln)RF (14)

In practice, the wideband noise current, i, consists largely of the shot noise
due to fluctuations in the leakage current and the photocurrent. The
component associated with the leakage current is small in the present case,
because the lack of bias implies that this leakage current is minimal.
Note that the direction of the photocurrent is in the same direction as the
leakage current, i.e. it is a reverse current, and is so shown in Fig. 13(a).
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Fig. 13. Photodiode amplifier connections. (a) Self-generating current mode; (b)
photovoltaic mode: (c) reverse bias photojunction mode.

Vour

(This point 1s easily understood by reference to Fig. 4.) Hence, the output
end of Ry will go positive so that V,_, is also positive.

If photovoltaic operation is desired, the non-inverting configuration of
Fig. 13(b) may be employed. Here, the input resistance to the non-inverting
amplifier is extremely high, so that the “high R’ condition of Fig. 6(b)
becomes valid. Under these circumstances, the response is closely
logarithmic, and this can be understood by assuming that the photocurrent
flows through the internal dynamic diode resistance, ry, shown in the
equivalent circuit of Fig. 10. The resulting voltage drop acts to forward bias
the junction, so that the value of r4 decreases, and it does so exponentially
with photocurrent and hence with irradiation. Thus, the net photovoltage
is logarithmic.

The voltage gain of the non-inverting operational amplifier con-
figuration? is simply:

Ry

AV(FB) =1 + RFZ

(15)
This is usually quite low, because the photovoltage levels are typically some
tens or hundreds of millivolts.

Returning to linear operation, higher speeds can be obtained by reverse-
biasing the photodiode into the photojunction region, represented in
Fig. 6(a). An appropriate circuit is given in Fig. 13(c), and a guard-ring
connection is shown dotted for cases where this form of sensor is used. The
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leakage current, and hence the noise, is somewhat higher in this mode, so
that a guard ring may be advantageous when reverse bias voltages above
about 50 V are employed. Equation (14) is again relevant to this mode of
operation.

9.1. Digital Operation

This mode is best appreciated by taking a practical case where the voltage
gain of an amplifier is so great that the output reaches its maximum and
minimum possible values before the input signal reaches its own peaks.
That is, c/ipping occurs. Figure 14(a) represents the output signal of an
inverting, linear amplifier, whose input signal is sinusoidal. If the gain is
increased to produce clipping, the trace shown in Fig. 14(b) will appear.
Finally, for a very high gain, the output wave will appear like a square wave
whose crossover points appear concurrently with those of the input sine
wave, as shown in Fig. 14(c). This output can now be considered digital.
and the amplifier is acting as a comparator.

An open-loop operational amplifier can be used in this way, and its
output will change over whenever an input voltage crosses a reference
voltage, V., as shown in Fig. 15. (Obviously V,  can be zero, in which case
a zero-crossing comparator results.)

It will now be recognised that the preceding discussion has reverted back
to the beginning of the chapter, where it was suggested that a bright fringe
might be required to initiate a count. As an example, Fig. 15(c) has been
included to show how a photojunction cell can be loaded by a resistor, R, .
so that when the voltage drop exceeds V., the amplifier output will change

polarity.
T
OUTPUTS
-
/
LA X _=INPUTS

b c

Fig. 14. Output waveforms for (a) a linear inverting amplifier; (b) the same with
high gain leading to clipping; (c) the same with open loop resulting in squaring.
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Here, a single-supply comparator amplifier has been chosen for
simplicity, and V,  will be given by:

ref
n
_ Vcc R2

Vref_ R1 +R2 (16)
Note that because no shunt feedback resistor is present, then no virtual
earth point is present either, so that if the internal input resistance of the
comparator is high (which is usual), then R, is the only load applied to the
photodiode.

If the output voltage of the comparator can vary between almost zero
and almost V. then the transfer function will appear as shown in
Fig. 15(d).

This simple crossover circuit with its single trigger level. V., can be
modified to provide two trigger, or reference levels, V, .;, and V). 5O
that noise immunity can be conferred, as was also explained at the
beginning of the chapter.

O
T Vour
° 0 O Veer

c d
Fig. 15. The comparator or crossover detector. (a) Basic method; (b) perfor-
mance; (c¢) photojunction application; (d) transfer function.
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Figure 16(a) shows how a feedback resistor R, may be connected from
the output to the non-inverting reference input, to realise this function. Its
operation may be explained as follows.

Suppose that V;, is low (almost zero) so that V, , is high (almost V). The
resistor R; is now effectively in parallel with R, so that

VIR
Vre((hi): R R 2 (17)
_,‘_3_+R2
R, + R,

If now V,, rises above this value, then V,, goes low, and R; is effectively
placed in parallel with R, so that,

+ R2R3

“ R, + R,
Vref(lo):-—_—_ﬁ
R1 +_.2_i‘
R, + R,

(18)

The transfer function is now as in Fig. 16(b) and a noisy input waveform
would produce the output shown in Fig. 16(c), which is as required. This
circuit is known as a hysteresis comparator, and the output signal may be
applied to a pulse counter with little or no further processing.

9.2. Frequency Response

Having seen how basic analogue and digital outputs may be obtained, it is
pertinent to consider the frequency responses of the systems, and the
question of whether the photocell output will be of adequate magnitude.

In the case of analogue circuits, it is the frequency response of the
amplifier which is of importance, provided of course the photosensor has
an adequately rapid response. In principle, amplifiers which can
accommodate signals well into the tens of megahertz are readily available,
and can also be quite easily designed for individual requirements. However,
in the case of operational amplifiers which will accept feedback
components as described above, the situation is not quite straightforward.
It can be best explained by noting that any amplifier designed to be
unconditionally stable irrespective of the degree of feedback employed,
must exhibit a voltage gain which varies inversely with frequency. That is,
the gain-bandwidth product, E;, must be constant. (This is because the
phase-shift of such an amplifier does not exceed 90°, so that positive
feedback, which may lead to oscillation, cannot occur.)
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Fig. 16. The hysteresis comparator. (a) The circuit; (b) the transfer function; (c)
the performance with a noisy signal.

Such a characteristic is shown in Fig. 17, from which it will be seen that
the lower the gain (as defined by the feedback resistors) the wider the
bandwidth or frequency range which can be accommodated. Typically,
modern internally-compensated operational amplifiers have gain-
bandwidth products somewhere between 1 MHz and 10 MHz, so that at
moderate gains, bandwidths of a few kilohertz are easily obtainable.

In the cases of an operational amplifier used as a comparator (or a
purpose-designed comparator) it is not the small-signal bandwidth which
limits the frequency response, but the slewing rate. This defines the rate at
which the output voltage can swing between its maximal values. Typically,
modern integrated circuit amplifiers and comparators will be found to slew
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at rates from 1 V/us to 100 V/us, which is more than adequate for most
fringe counting applications.

In cases where a light chopper is used, slewing rate is particularly
important, and so is amplifier linearity. If the chopped light beam has a
small cross-sectional area, the photosensor (if linear and sufficiently fast)
will produce a near square wave whose height is proportional to the
illuminance. Hence, the following amplifier must not degrade this square
wave to a trapezoid (or triangle in the limiting case): neither must it degrade
the linearity of the system significantly.

Insofar as the magnitude of a signal is concerned, it is obviously possible
to calculate the expected output current of a photodiode from a knowledge
of its sensitivity and the irradiance or illuminance anticipated. However, it
has to be admitted that most optical systems are set up somewhat
empirically in the first instance, so that the choice of photosensor may well
be partly a matter of trial and error. In this context, the configuration of the
light spot will determine the size and shape of the sensor, and its electrical
output is then easily measured.

If the available illuminance is insufficient to produce an electrical output

10°
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Fig. 17. Typical gain—frequency characteristic for an operational amplifier.
BW, =bandwidth at A4,=10°; BW, =bandwidth at A, g, =10°; BW, =
bandwidth at A, = 102,
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large enough to drive a comparator directly, for example, then
consideration should be given to specifying a hybrid photosensor
containing its own preamplifier.

The simplest device in this class is the phototransistor, which consists
simply of a regular transistor (which may be bipolar or field-effect)? in
which the structure is open to incident illumination. The symbol for an
NPN phototransistor, and two modes of connection, are shown in
Figs 18(a) and (b). When the device is irradiated, the collector-base leakage
current increases as for a simple photodiode, and this is amplified by the
transistor current gain (f or /g) to produce a comparatively high collector
current /.. In Fig. 18(a), I, flows through R, so producing a voltage drop
which takes the output negative as the irradiance increases. The emitter

A i
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Fig. 18. The phototransistor. (a) With collector load; (b) with emitter load; (c)
characteristics; (d) a speed-up technique.
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current I is similar to 7, in magnitude so that the voltage drop across Ry in
Fig. 18(b) would change in the opposite sense.

The current gain is a function of I, so that the phototransistor is not a
linear transducer. Also, the inherent leakage current /. is dependent on
temperature, which can pose problems at low light levels where the values
of I, and I; are comparable with /.. It is therefore best to use the
phototransistor in the saturating mode if possible.

The phototransistor also exhibits quite a poor frequency response due to
the presence of internal collector-base capacitance. This may be improved
by connecting the collector directly to the virtual earth point of an inverting
operational amplifier,!! as in Fig. 18(d). The collector-base capacitance is
now held at a constant voltage, so that it does not have to charge and
discharge with the signal, and the result is that the frequency response
becomes largely a function of the operational amplifier.

A better overall photosensor results from combining a photodiode with
an operational amplifier in a single encapsulation.'? One advantage is that
the short leads ensure minimal electrical interference pick-up: but in some
cases, flexibility of coupling is lost because the photodiode is permanently
connected to its amplifier. However, some such encapsulations do offer
either analogue output, or digital output with a programmable threshold
level .3

10.  ELECTRONICS FOR POSITION-SENSITIVE CELLS

Figures 11 and 12 show that both the split photodiode and the Posicon
produce two output currents which can be used to produce two voltage
drops across two load resistors. Also, in both cases, it is the difference
between the two currents (or their voltage drops) which must be measured
to define the position of the light spot. However, in this simplistic
explanation lies the implicit assumption that the sum of the two currents or
voltages is always constant: if it were not, then for a given spot position, the
positional readout would be a function of the illuminance, which is
obviously undesirable. This problem can be solved in two ways. Either the
ratio of the two parameters can be measured; or else the difference can be
measured, and the sum electronically normalised.

Keeping in mind the previous material on methods of loading
photodiodes, it is reasonable to choose current, rather than voltage
measurement. Hence, the two output currents from either type of device
should be fed into the (zero-impedance) virtual-earth inputs of operational



Photodetectors and electronics 31

COMMON o—[

INSTRUMENTATION

AMPLIFIER
% O Vour (DiFF)

v

Vour (sum)

SUMMING AMPLIFIER

Fig. 19. Electronics for position-sensitive cells (PSCs). (a) Input transresistance
amplifiers; (b) differencing instrumentation amplifier; (c) feedback system. (NB,
conceptual schematics only.)

amplifiers, as shown in Fig. 19(a). By this means a current-to-voltage (or
transresistance) conversion is achieved, the output voltages being I, R and
I, Ry, respectively.

These voltages can now be fed to an instrumentation amplifier which is a
composite unit consisting of three operational amplifiers arranged as in
Fig. 19(b). The composite unit (which is available in single-chip monolithic
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form) is a high input resistance differencing module whose gain is a function
of the single resistance R, in Fig. 19(b). If the output voltages of the
transresistance amplifiers are V,,, and V,,,, respectively, then the output
voltage of the instrumentation amplifier would be:?

2R,
Vout:(VOI_ oz) 1+ R (19)
1
This means that
Vou X (Vo —Voa) x (I — 1) (20)

which is effectively the expressions plotted in Figs 11(c) or 12(b).

As has been mentioned, the validity of the expression as a measure of
position depends upon (/, + /,) being constant. This is an unlikely
situation having regard to such factors as light-source deterioration with
time and soiling of optical components, but fortunately electronic
compensation can be simply achieved. If a summing amplifier (which is
simply an inverting operational amplifier with multiple inputs) is used to
produce an output proportional to (/, + /,), then its own output can be
used to modify the gain of the instrumentation amplifier. Equation (19)
shows that this can be achieved by controlling the value of R,, which can be
(for example) an indirectly-heated thermistor or a field-effect transistor
operating as a voltage-controlled resistor. The complete system is shown in
block-diagrammatic form in Fig. 19(c). Here, the transresistance and
instrumentation amplifiers are shown as separate units: it is in fact possible
to combine them into a single ‘transresistance instrumentation amplifier’
using modern multiple monolithic operational amplifiers and matched
resistor networks.!*

The method described above is but one way of achieving the desired
result. Another useful concept'? is to employ a divider module which will
perform the function:

11 — 12

21
I + 1, b

out x

Here, the summing and differencing is performed as before, and if both /,
and 7, change by the same factor K, then clearly K will always cancel out in
eqn (21).

11. CHOPPER METHODS

Because modern operational amplifiers drift very little with temperature
and power supply variations and with time, there is a decreasing need to
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employ the chopped light beam principle. However, in cases where a system
is to work in the presence of some ambient illumination at the detector,
light -chopping is still useful. In such cases, care must be taken not to
overload the detector or electronics, otherwise non-linearity might result,
or at worst, saturation.

If a chopped beam is desired, this is most usually attained mechanically,
but if the light source is appropriate (such as a solid-state, light-emitting
diode or a small discharge lamp) then purely electrical pulsing may be
employed. In either case, a synchronising signal may be extracted from the
chopper and applied to the reference channel of a phase-sensitive rectifier.
This technique results in an output which is proportional only to that
portion of the detector current which results from the light beam, and
ignores that due to the ambient illumination.

In its most developed form, this is the principle of the lock-in amplifier,
which also has the attribute of resolving a signal which is apparently buried
in noise.

12. THE LOCK-IN AMPLIFIER'®"'#®

Figure 20 shows the basic layout of a system using a phase-sensitive
detector (p.s.d.). Here, for the purposes of illustration, a weak and noisy
light signal is chopped via a chopper wheel, detected by a solid-state photo-
sensor, and amplified. At the same time, the beam from a light source (such
as a filament lamp or light-emitting diode (LED)) is chopped by the same

SIGNAL a.c. AMPLIFIER

SIGNAL BEAM SENSOR
—_— e —| -
CHOPPER
WHEEL REFERENCE
o INPUT V SIGNAL
REFERENCE
SOURCE
o=
OUTPUT
LOW PASS

FILTER

‘—’ d.c. OUTPUT

Fig. 20. Basic phase-sensitive detector system.
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wheel, and applied to a second detector. This produces a synchronising
signal called the reference input, which is applied to the p.s.d. along
with the main signal, as shown.

Figure 21 shows how the chopped signal is operated on by the p.s.d.
Figure 21(a) represents the chopped but noisy signal produced by the
photo-sensor, and this is essentially unidirectional. On passing through the
a.c. amplifier, the signal itself becomes a.c., with its mean level defining the
x-axis, as shown in Fig. 21(b).

Now suppose that the function of the p.s.d. is to pass each positive-going
half-wave without modification, but to invert each negative-going half-
wave. This is equivalent to multiplying each positive-going half-wave by
+ 1, and each negative-going half-wave by — 1, and a signal appropriate for
this purpose may be derived from the reference input as shown in Fig. 21(c).
The product of waveforms (b) and (c) is shown in Fig. 21(d), where an
essentially reconstituted d.c. signal appears.

d.c. LEVEL
0 — -— t

Ewm S

+1

MEAN LEVEL |
(d.c. QUTPUT) V“.\rﬁl"\r-ﬂr ' ‘
0 -t

0

Fig. 21. Phase-sensitive detector waveforms. (a) Signal output from sensor: (b)
signal output from a.c. amplifier; (c) p.s.d. gating waveform derived from reference
input; (d) output from p.s.d.
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Fig. 22. Phase-sensitive rectifier outputs with (a) signal and reference in phase; (b)
signal and reference 90° out-of-phase; (c) signal and reference at different
frequencies. (NB, zero d.c. level in cases (b) and (c).)
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At this point, it is reasonable to ask precisely what has been
accomplished by such signal processing, especially when it is noted that half
of the weak signal has been lost in the chopper anyway. The answer is that,
provided the reference input is exactly in phase with the (noisy trapezoidal)
signal input, then the waveform of Fig. 21(d) can simply be smoothed by a
low-pass filter, and the noise will be largely averaged out.

This situation can easily be seen graphically by taking a simple sine wave
inputasin Fig. 22, and observing what happens when (i) the reference input
is in phase with it; (i) when they are out-of-phase; (iii) when they differ in
frequency.

In case (1), a simple full-wave rectification takes place with a resulting d.c.
level. In case (ii) the d.c. level reduces as the phase difference increases.
Finally, in case (iii), there is no discernable d.c. level. Case (iii) can be
extended by noting that noise is random, so that it cannot theoretically
contribute to the d.c. level at all. Also, case (ii) indicates that a signal at the
fundamental or reference frequency will be extracted from its own
harmonics by the system.

Finally, the contribution of the dark level is automatically removed by
the presence of the a.c. amplifier.

(As a practical note, the chopper should not run at mains frequency or a
multiple of it, otherwise mains interference will not be properly rejected.)

13. CONCLUSION

It is hoped that this chapter has given a basic insight into some
contemporary methods of radiation sensing and signal processing. The
treatment has been at a fairly elementary level, but has sufficed to indicate
that modern solid-state detectors can usually replace vacuum devices; and
that some sophisticated signal processing methods can be utilised without
too much reliance on purpose-built electronics.

Inevitably, much has been omitted. For example, other detectors do
exist, such as the essentially mechanical Golay cell, or the recently-
developed pyroelectric sensor for infrared applications. Also, there is a very
considerable body of work relating to signal processing methods involving
correlation and convolution techniques, and the recent solid-state products
such as charge-coupled devices (c.c.d.’s) which make them possible.
However, until commercial products (like lock-in and box-car amplifiers)
become common, these more sophisticated methods must involve the
cooperation of the electronic engineer.
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Chapter 2
PHOTOELASTIC TRANSDUCERS

D. R. MOORE
AVT Engineering Services, Stockport, UK

NOTATION

Modulus of elasticity
Dimensionless constant representing the optical strain sensitivity of
the birefringent material
Number of fringes

Ratio of principal stresses
Length of light path
Major principal strain
Minor principal strain
Wavelength of light
Poisson’s ratio

Major principal stress
Minor principal stress

™ >

<

Qaax® ~
£

<

1. INTRODUCTION

The basic principles of photoelasticity have been known for many years.!
This chapter deals with how they are used in transducers to measure strain,
load and stress. The photoelastic effect is dealt with briefly in order to
explain what is happening within the transducers. The linear relationship
between fringe order and strain or stress in the birefringent material is
emphasised.

39
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The well-known use of photoelasticity in models? is not considered as a
transducer application, but the photoelastic coating technique where
components are coated with sheets of birefringent plastic can be considered
as a transducer application.?

Photoelastic transducers for measuring load and pressure* are not as
well known as they should be. Although their accuracy is not as high as
other methods, such as those using electrical resistance strain gauges, their
robustness and long term reliability render them particularly useful in civil
and mining engineering applications. High modulus inclusion gauges
respond to the change in stress in the host material which is useful for non-
linear material behaviour. The photoelastic high modulus inclusion can be
made of either plastic or glass and each acts as a stress indicating transducer
in well defined modulus ratios for the host materials.>-®

Low modulus inclusion gauges respond to the change in strain in the host
material. Plastic photoelastic low modulus transducers’ can be used to
measure strain changes in a wide range of materials and, as with the high
modulus gauges, they are biaxial in their response.

Finally, a simple method of using a photoelastic transducer as a strain
gauge is described.

2. PHOTOELASTICITY

When a beam of polarised light is passed through a stressed birefringent
material, the beam is split into two components. These two components are
in the planes of the two principal strains. Both components are retarded as
they pass through the birefringent material. The relative retardation
between the two components, a, is proportional to the difference in
magnitude of the two principal strains and the length of the light path

through the material.
x=Kl(e, —¢,) ()

Because of this retardation the two emergent beams will interfere with
each other when combined in an analysing polarising filter. When white
light is used this results in colour fringes being produced, the colour
depending on the value of «. The colour will change through the spectrum
as o changes by an amount 4 equal to the wavelength of 0-576 yum. As
changes to NA where N =1,2,3.. ., etc., then the spectrum repeats. The
colour at the integral fringe order is the change between red and blue.
Hence

0-576 N
£, —& =————

S 2Kl 2)
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Where monochromatic light is used, 4 is the wavelength of that light and
extinction occurs when N is an integer, and black fringes will occur against
a background of the colour.

The above is true for the crossed polariscope which is used for all the
instruments described in this chapter. By identifying the fringe order, N, at
any point, the strain difference (which is proportional to the shear strain) at
that point can be determined.

At points, or areas, where a direction of principal strain coincides with
the direction of polarisation, the light passes through without being
affected. In the crossed polariscope these areas will appear black and are
called isoclinics. This enables the direction of the principal stresses to be
determined. If quarter wave plates are incorporated in both the polariser
and analyser then circularly polarised light is produced. With this there is
no specific direction of polarisation and therefore no isoclinics will be
produced. By using removable quarter wave plates the stress directions at a
point can be determined by viewing the isoclinics without the plates and
then the isochromatics can be studied to determine the shear strain when
the plates are replaced.

With many of the photoelastic transducers the system is simplified. First
the direction of principal strain may be known or recognisable from the
pattern symmetry. In this case a fixed quarter wave plate may be used.
Secondly the pattern produced may be of a definite shape and it is only
necessary to take readings at one particular position.

3. PHOTOELASTIC COATINGS

The most widely used application of photoelasticity as a transducer is the
coating technique.

A layer of birefringent plastic is bonded to the surface of the component
to be tested. The thickness of this layer must be controlled as the sensitivity
is proportional to the length of the light path. In this case the length of the
light path is twice the thickness, 7, of the coating layer as polarised light is
reflected off the back of the coating —usually by using a reflective adhesive.

N

&y é‘y :ﬁ (3)

Flat sheets of plastic of controlled thickness and precalibrated sensitivity
can be obtained from manufacturers for use on flat surfaces. These can be
cut and filed to the required shape and then bonded.
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Where curved surfaces are to be studied then the plastic must be
contoured to fit the surface accurately. This is achieved by pouring a liquid
resin/hardener mix into an open, flat and level mould. The liquid spreads
into a layer of even thickness. After a short time the liquid semi-polymerises
into a rubbery consistency which can be lifted from the mould, cut to shape
with scissors and formed on to the component. After 24 h it will have fully
cured and can be removed for measuring the thickness prior to bonding.

The principle is based on the plastic following the change in strain in the
surface of the component. Because of this the bond between the plastic and
the component must be good and care must be taken in surface preparation
to ensure a good bond. The adhesive must not itself be birefringent. To
avoid this and also give a surface for reflecting the light, the adhesive is
usually filled with aluminium flake.

It can be seen from eqn (3) that the sensitivity of the plastic depends on
the values of thickness, 7, and strain optical sensitivity, K. For ease of
analysis it is best to work with fringe orders between 1 and 4. Below half
fringe the colours are changing from black to light grey and it is difficult to
obtain the fractional fringe order accurately. Above 5 fringes the colours
become fainter and the fringes may be so close together as to need
magnification to analyse them.

Plastics available commercially have values of K varying from 0-02 to
0-16. The plastics with the lower K factor are low modulus polyurethanes
and are used where high strains can be expected, as on rubbers or plastics.
Those with the higher K factors are epoxies and polycarbonates, and are
used on higher modulus materials such as metals and concrete. Where
strain levels are known approximately, the plastic with a K value and
thickness to give between 1 and 4 fringes can be selected. When the strain
levels are completely unknown, either different thicknesses of plastic may
be used on symmetrically similar areas, or similar components; or a first
coating can be stripped off and replaced by a different thickness coating for
a re-run of the tests.

Figure 1 shows schematically a reflection polariscope for reading the
fringe pattern in the plastic coating. A white light source is normally used,
but there will be provision for using a monochromatic filter. The quarter
wave plates can be removed either physically or by rotating through 45° so
that they are not effective. The polariser and analyser can then be rotated
together so that the isoclinics can be observed and the stress directions
plotted. On replacing the quarter wave plates, the isochromatics can be
studied to determine the magnitudes of the principal stress difference.

The system of determining the fringe value, N, is excellently described in
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QWP

Fig. 1. A reflection polariscope. (a) Plane polarised light; (b) circular polarised
light.

ref. 3. At achosen position the value of the nearest whole number of fringes
is determined and then the fractional fringe order is determined by the
Tardy compensation technique; in this, rotation of the analyser causes the
nearest fringe (red to blue boundary) to move towards the position. The
angle of rotation required to do this, expressed as a fraction of 180°, gives
the fractional fringe order. The direction, clockwise or anticlockwise,
which the analyser has to be rotated to move the fringe to the position
assists in the assessment of whether the principal stress in the direction of
viewing is tensile or compressive.
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Photoelastic coatings show the full field stress distribution over the
coated area. The stress directions and principal stress difference at any
point can be determined. At an edge the principal stress normal to the edge
is zero and therefore the principal stress can be measured. As most failures
occur at the free boundaries of holes or notches, etc., this is a very useful
facet of the technique. Its advantage over alternative methods of surface
stress measurement such as electrical resistance strain gauges is, therefore,
that no positions of high (or low) stress are missed and strain gradients are
readily seen and plotted.

The accuracy of the photoelastic coating depends on the thickness of the
coating (1) and the sensitivity (K). With a coating of thickness 3mm and K
factor 0-1 it is possible to determine the magnitude of the maximum shear
strain (g, — &,) to +10 x 10~ * mm/mm.

Measurements may have to be corrected in analysis due to errors caused
by the reinforcing effect of the plastic and due to the fact that there is a
strain gradient through the thickness of the coating when the component
being treated is subjected to bending stress (Fig. 2).

The plastic may also have some initial colour pattern in it prior to
loading. This would be caused by mishandling of the plastic during
preparation and bonding. This should not occur. but if the coating cannot
be replaced corrections can be made.

Temperature changes will result in differential expansion of the coating
and the component. This will strain the plastic, but as it will do so equally in
all directions, ¢, = €, and ¢, — ¢, =0 so that this effect produces zero
birefringence. At the edge, however, ¢, will be zero and a fringe pattern will
occur, probably to four times the thickness from the edge. Temperature
effects will cause errors if a technique known as oblique incidence is used to

PLASTIC COATING

AN

STRAIN MEASURED
STRAIN WANTED

COMPONENT

Fig. 2. Error in reading of bending strains.
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determine individual principal stresses. Where possible, the test tempera-
ture should be the same as that at which the bonding of the plastic was
carried out.

The systems of correcting for the above errors are well documented in
ref. 8.

Although most photoelastic coating studies are concerned with
measuring principal stress difference, a system known as oblique incidence
is available for determining individual principal stresses.®> With this, the
incident light is not normal to the surface of the plastic, but oblique to it in
the direction of one of the principal stresses. By choosing a suitable angle
for the incident light, the principal strains ¢, and ¢, can be easily calculated.
The apparatus used is somewhat clumsy if hand held and only tripod
mounted instruments will give good accuracy. However, it is often useful to
know the principal strains, even to an accuracy of 15,. A particular case
would be where ¢, =¢, and it is required to know if ¢, _and ¢, are large or
small. '

The applications of photoelastic coatings are numerous. It is probably
the only experimental stress analysis technique which gives an overall
picture of the stress distribution and can also be used for accurate point to
point measurements.

Not only are areas of high stress readily shown, but also areas of low
stress, where thickness reductions can be made—saving cost and weight.
Areas of uniform stress are shown and also areas of high stress gradients.

Although electrical resistance strain gauges can be individually more
accurate than photoelastic coatings, they can also be in the wrong place and
the total knowledge given by the coating would therefore be the more
accurate.

4. PHOTOELASTIC LOAD CELLS

When a disc of birefringent material is loaded across a diameter and viewed
with polarised light, fringe patterns occur as shown in Fig. 3. There is a
concentration of fringes at the contact points, but across the other diameter
there is a simpler fringe pattern. This increases in fringe order in a linear
relationship with applied load.

The stress concentration at the contact lines is such that plastic cylinders
will creep under load. However, glass behaves elastically almost up to
fracture and is always used in photoelastic load cells.

The load required to produce one fringe at the centre of a cylinder of
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FRINGE COUNTING

Fig. 3. Load cell fringe patterns.

glass depends on the diameter of the cylinder, the wavelength of the light
used and whether the light is transmitted straight through the glass or
reflected off the back surface so that it passes through the glass twice. The
sensitivity of glass cylinders of different diameters when using red light is
given by Table 1.

This table is based on using red light. Monochromatic light is used
because it is easier to discern the black fringe on a coloured (red)
background than to observe the red to blue boundary of fringe orders
greater than four. In practice values up to seven fringes are used in load
cells.

If the glass disc were to be used on its own as a load bearing transducer, it
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TABLE 1
Glass diameter (mm) Load per fringe (newtons)
Transmitted light Reflected light
50-0 4715 2355
250 2355 1180
12-5 1180 590

would obviously limit the range of the system and also create practical
stability problems.

In photoelastic load cells the glass transducer element is placed in a hole
in a steel body between steel platens held in diametrically opposite slots. As
load is applied to the steel body the hole will tend to deform and this
deformation is registered by the glass cylinder.’

Figure 4 shows a diagrammatic arrangement of a photoelastic load cell
using transmitted light. Also shown is the mounting platen arrangement.
The top mounting platen is a simple section of flat steel. The bottom
mounting platen is a sliding wedge system. This wedge system facilitates
assembly of the glass cylinder and can be adjusted during calibration.

GLASS DISC

ANA. \ POL. NN :
7207774

WEDGE ASSEMBLY

SETTING SCREW

Fig. 4. Transmitted light load cell and wedge mounting platen.
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With direct compression load cells the steel body is generally cylindrical
and loaded across the ends. The glass element is fitted in a hole drilled
diametrically across the centre of the cylinder and transmitted light is used.
The sensitivity of the load cell can be adjusted in design by arranging the
dimensions of the steel body and the glass transducer element.

As with all load cells it is essential to ensure axial loading and this can be
done by using spherical or roller bearings on the ends.

It is often necessary to measure the loads in tension rods, rock bolts or
wire tendons. In this case the end of the rod or tendon passes through a hole
drilled along the axis of the load cell body. The load cell is then held in
compression against the bearing plate. The glass element cannot therefore
be at the centre of the diametric hole;, but is offset to the side of the axial
hole. The back of the glass is reflected, probably by an aluminium spray.
and reflected light viewing is used.

The direction of loading across the glass cylinder is known and.
therefore, so is the stress direction at the central reading position. There is
no requirement for viewing isoclinics to determine stress directions and a
simple, inexpensive, hand held polariscope can be used for taking readings.
Figure 5 shows a viewer for reflected light transducers. A torch is used for a
light source at one side of the viewer. Holding the handle in the direction of
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the loading platens ensures correct alignment of the instrument. With the
scale set at zero the number of whole fringes is counted and rotation of the
scale enables the fractional fringe order to be determined.

By this means the fringe value to 0-02 fringes can be determined. With a
standard range of six fringes resolution is therefore to 1 part in 300 of the
full load range. Hence small changes in load can be readily discerned.

Despite the use of ball or roller bearings, photoelastic load cells may be
subject to small errors due to service misalignment of the loading surfaces
which can be encountered in civil and ground engineering. Due to the
difference in values of coefficient of expansion of glass and steel, thermal
errors occur. The value of the thermal error varies according to the
dimensions of the load cell, but can be easily calculated.® However, in most
applications the error is small enough to be ignored.

Precautions have to be taken to avoid corrosion of the platens which
hold the glass as this would cause long term errors. *O’ ring seals are used to
prevent ingress of moisture and special steels are used to prevent
electrolytic action with the glass.

Where reasonably controlled loading conditions apply, the overall
accuracy of photoelastic load cells is better than +1° of the full load
range.

For particular applications where a high degree of accuracy has been
required over a narrow band within full load, a special technique has been
developed. This was first used for a concrete prestressing load cell where it
was required to know when a given load had been reached in the stressing
tendon. This load would vary, within limits, according to the design of
concrete beam. When applying the prestress it is not necessary to know the
existence of low or high loads, but only the particular design load.

A cell was designed to have a safe working load of 800k N. The design of
the cell, however, was such that a load of only 60 kN would produce six
fringes. A screw mechanism moves the wedge platen arrangement so that it
is not in contact with the glass disc, which is held in position by silicone
rubber.

The load cell is placed in a calibration machine and brought to the
required load. The wedge screw mechanism is now used to bring the platen
in contact with the glass and it is tightened further so that the second fringe
order appears. An easily recognisable fringe pattern now occurs when the
load reaches the required prestressing value. The measuring load range is
only +30kN around the required value of 800kN, ensuring greater
accuracy.

Photoelastic load cells use glass and steel loaded well within the elastic
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limit. So long as the glass has been aged for a year before use, creep in the
glass is negligible and is partially compensated by creep in the steel. One
load cell has been held for 14 years under constant load with no measurable
change in the fringe pattern. The cells are, therefore, recommended for use
where long term stability under sustained load is required.

The readout system is entirely separate from a photoelastic load cell.
There are no vulnerable hydraulic or electrical connections. Hence they are
ideal for use in the arduous conditions encountered in civil and mining
engineering applications.

With one exception, mentioned later, the cost of a photoelastic load cell
is comparable with that of an electrical resistance gauge or a vibrating wire
gauge load cell. The cost of the readout instrument, the ‘Precision Hand
Viewer’, is far less than that of the readout systems for electrical resistance

§ A
[ ST e 8

Fig. 6. Rock bolt tension indicator.
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and vibrating wire gauges. Where only a small number of load cells is
needed, the saving on readout instruments can be a decided economic
advantage.

The glass sensing element of the load cell can only be damaged by direct
and severe impact as the glass is generally over 12 mm thick. Such damage is
immediately evident and erroneous readings cannot be taken.

The disadvantages of photoelastic load cells are that remote readings can
only be taken by the use of expensive television camera systems and they are
not suitable for automatic data logging.

The exception on price comparability mentioned above is the Rock Bolt
Tension Indicator (RBTI). This is an inexpensive transducer for
monitoring the load in rock anchor bolts of up to 22 mm diameter. The
RBTI, shown in Fig. 6, has a sensitivity of 10 kN per fringe and a range of
60 kN. The RBT]I can be calibrated, using the wedge platen system, to read
any 60 kN range between 0 and 180 kN. Spherical washers are used to
ensure axial loading and the accuracy is claimed to be better than +0-5kN.

Similar transducers are also used to measure pressure. In this case a
piston is used to load on to a glass disc. The range of the hydraulic pressure
photoelastic transducer is determined by the diameter of the piston and the
diameter of the glass disc.

5. PHOTOELASTIC HIGH MODULUS INCLUSION GAUGES

The theory of the high modulus inclusion gauges has been considered by
many authors.>'Y-!! In essence, if the inclusion gauge is sufficiently rigid in
comparison with that of the host material, then the strains induced in the
gauge by stress changes in the host material are relatively small. The stress
changes in the gauge are therefore independent of the modulus (stress/
strain behaviour) of the host material. If the gauge is not a rigid inclusion,
its response to stress changes in the host material will need to be calibrated
for all variations in the value of modulus.

In many materials the modulus changes radically according to such
factors as temperature, rate of loading and intensity of stress. In order to
measure change in stress in such materials it is essential to use a high
modulus inclusion gauge.

Hawkes and Fellers® have shown that a glass photoelastic stress gauge
acts as a high modulus inclusion in many rocks, concrete and ice. The
plastic photoelastic stress gauge® acts as a high modulus inclusion gauge in
low modulus materials such as rubbers and soft polymers.
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5.1. The Glass Photoelastic Stress Gauge

This gauge consists of a hollow cylinder of glass with an outer to inner
diameter ratio of 5:1. Typical dimensions of the gauge are 30 mm outer
diameter, 6 mm inner diameter and 40 mm long, although these may be
varied considerably for special applications.

The gauge is bonded into a hole drilled into the rock or concrete or it can
be cast directly into concrete as it is poured. The cement used to bond the
gauge into the hole must be cold setting, cure in an acceptable time, set and
bond in moist conditions and have a negligible effect on the response of the
gauge. A heavily filled epoxy resin cement is used and the diameter of the
hole should be such that the annulus of cement is not greater than 3 mm.

Itis necessary to place the gauge in the hole, in the required location, with
an even annulus of cement. The face of the gauge towards the entrance of
the hole must be clear for subsequent viewing. A variety of setting tools are
available for use in different lengths of holes. Gauges have been set at the
back of holes up to 14 m long.

Figure 7 shows a glass stress gauge. The hollow aluminium cylinder at
the back of the gauge terminates in a reflector. The light probe contains
polarising filters so that polarised light is transmitted through the gauge. A
similar instrument to that shown in Fig. 5 is used for viewing the fringes.

The pattern seen in the gauge depends on the magnitude of the major
principal stress and the ratio between the major and minor stresses. Typical
fringe patterns are shown in Fig. 8. Analysis of the fringe patterns requires
some experience, but is not difficult provided the basic rules are followed.

The first factor is to decide whereabouts to take the reading. In selecting
these positions two important factors have been considered: (i) variations

Fig. 7. Glass photoelastic stress gauges and light probe.
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Fig. 8. Stress gauge (biaxial) fringe patterns.

in the observed fringe order with applied stress should be as large as
practicable to attain maximum sensitivity; (ii) the rate of variation in the
fringe order along the radius of the gauge should be as small as possible so
that any errors in measurement due to lack of precision in locating the
observation points do not cause large changes in the calculated stress
values.

From theoretical analysis and experimental evidence the points along the
0°,45°and 90° axes at a distance from the centre of 1:36 times the radius of
the central hole have been chosen. These are shown in Fig. 9. The light
probe contains a collar of the requisite diameter so that the readings can be
taken at the collar edge.

The axes of symmetry of the fringe pattern are always in line with the
principal stress directions in the rock body. The patterns in Fig. 8 all have
the numerically greater stress in the vertical direction.

The sign of the major principal stress is determined by aligning the viewer
with the direction of the maximum stress and rotating the scale clockwise. If
the fringes along the 90 ° axis move towards the centre, then the maximum
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Fig. 9. Optimum measuring positions.

stress is compressive. If they move outwards then the maximum stress is
tensile. This is because the polarising filters are aligned in the opposite way
to that of the polariscope used for the reflective coating technique.
With experience the ratio k, between the major and minor principal
stresses, can be obtained by pattern recognition. At best, however, it is only
possible to distinguish between k = 0,1, 4,2 and 1, provided the fringe value
is greater than 1'5. To obtain more accurate and reliable information the

following method is used:

(i)  With the viewer scale set at the zero position, determine the number
of whole fringes at the collar edge at the 0°, 45° and 90° axes. Then
use Tardy compensation to obtain the fractional fringe order
values.

When determining the fractional fringe order at the 0° and 90°
axes, the handle of the viewer should be aligned with the maximum
principal stress axis. For the fractional fringe order at the 45 ° axis
the viewer axis should be turned until clear fringes are observed at
the collar edge throughout the rotation of the viewer’s analysing
filter. As a guide, the viewer axis should be in line with the
maximum stress axis when the pattern suggests £ =0 and change
progressively to 45° when £ = 1.

(i) The ratios between the fringe orders at (a) 0° and 90° and (b) 45°
and 90°, are then calculated. Using the 0°/90° ratio in conjunction
with Fig. 10(a) two possible values of k are obtained. The 45°/90°
ratio is then used in conjunction with Fig. 10(b) to determine which
value of & is correct.

The sensitivity of the biaxial photoelastic stress gauge is defined,
in terms of the maximum principal stress, as the stress per fringe per
unit gauge length. Its value is governed both by the ratio of the



Photoelastic transducers 55

modulus of the gauge to that of the rock E,/E,, and the ratio of the
minor to major principal stress, ¢/p.

If the E,/E, ratio is >2-5 the gauge sensitivity in a particular
stress field remains sensibly unchanged. If the modulus of the rock,
or concrete, is higher, then for accurate measurement the gauge
should be calibrated in the particular rock. Otherwise a gauge
sensitivity of 105 N'mm ~ 2 per fringe per mm gauge length can be
used in a uniaxial stress field for readings taken on the 45 ° axis. For
a gauge 25-4 mm long the sensitivity is 4-14 N/mm ~? per fringe.

Using the gauge sensitivity (S,) for the uniaxial stress field, the
gauge sensitivity (S) for the major principal stressin a biaxial stress
field can be obtained by multiplying S, by an appropriate
coefficient obtained from Fig. 11. The major principal stress is then
calculated as p = SN/lwhere Nis the fringe order and /is the length
of the gauge. The minor principal stress, ¢, is then calculated using
the previously determined stress ratio, .

Hence a relatively inexpensive gauge can be used to obtain the direction,
sign and magnitude of the biaxial stress field in the diametrical plane of the
gauge. Readings can be reliably taken over a long period. Gauges set 8
years ago in a salt mine are still being used.

In most circumstances they respond to the change in stress from the time
they are installed. However, in materials which exhibit creep characteris-
tics, e.g. rock salt and frozen ground, the in situ stress is, in time, transferred
to the high modulus gauge. By plotting a graph of stress against time a
value of the in situ stress is obtained. The time taken to accept the in situ
stress depends on the viscoelastic nature of the host material. It has been
shown that in the mass concrete of a new dam, the time is approximately 1
year.!?

As with the photoelastic load cell, the disadvantages of the stress gauge is
that remote readout and automatic recording are not feasible. Visual
access, in some circumstances, may only be available during construction.
In such circumstances stress gauges can be used in conjunction with
vibrating wire gauges. By using the two together during the construction
stage, a realistic value of modulus can be obtained—and the vibrating wire
can truly be said to have been calibrated in site conditions.

5.2. The Plastic Photoelastic Stress Gauge

Gilass is too insensitive to measure the low stresses which need monitoring
in soft polymers. Gauges made from epoxy resin or polycarbonate have
been developed for work in these materials.
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Fig. 10. Relationships between the fringe order ratios and the principal stress
ratio.

As they are normally used in comparatively small components, the
gauges are made smaller than the glass ones. A typical size is 15 mm long by
5Smm diameter and with a 1 mm diameter central hole.

Because of their size the viewing system requires a magnification system.
A reflection polariscope shown in Fig. 12 is used. With this a beam of
polarised light is refracted through a prism and then reflected off a small
front surfaced mirror so that it enters the gauge. It reflects off the back of
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Fig. 11. Relationship between gauge sensitivity and principal stress ratio.

the gauge and passes round the mirror into a 40x magnification
telemicroscope. The telemicroscope is split by the analyser so that the
fringe pattern is viewed through the eyepiece. Because of this construction
isoclinics can be used for aligning the polariscope for the 45° position
readings.

As the light is being passed into and out of the gauge on the same line
there is a danger of front face reflection obscuring the fringe pattern. This is
avoided by putting a 2° angle on the front face of the gauge to deflect this
reflection away from the objective lens.

Placing a reading collar in such a small gauge is difficult. The centre of
the gauge is therefore countersunk to the correct diameter and left
unpolished to act as the collar.

Great care must be taken during manufacture of the gauges to avoid
inducing parasitic birefringence. Great care is needed during machining
and the faces of the gauges have to be hand polished.

The gauges are usually cast into the polymer during manufacture of the
components. They are held in position by pins passing through the centre
hole. Nylon gauge holders, the same diameter as the gauge, keep the gauge
face clean and when removed leave a suitable viewing hole.

The reading system is exactly the same as for the glass stress gauge,
although because the Poisson’s ratio of plastic is different from that of
glass, the reference graphs do not follow the same line. The sensitivity of a
15-8 mm long epoxy resin gauge is 132-5kNm ™2 per fringe.

Both polycarbonate and epoxy resins absorb moisture. Whilst absorbing
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Fig. 12. Polariscope for plastic stress gauges.

moisture spurious fringe patterns occur, although when equilibrium of
‘saturated’ resin is reached the spurious fringe disappears. In tests where the
humidity conditions vary it is essential to keep the gauge dry by using
molecular sieve in the viewing access hole between taking readings.

The photoelastic plastic stress gauge responds to stress changes and not
strain changes. In low modulus non-linear viscoelastic materials no
account need be taken of the modulus changes which occur due to loading
rate, temperature or stress level changes.

6. PHOTOELASTIC STRAIN GAUGES

Figure 13 shows a photoelastic strain gauge. It consists of a rectangle of
photoelastic plastic into which a fringe pattern has been frozen. The pattern
consists of coloured lines which go across the short axis of the gauge. A
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Fig. 13. Photoelastic strain gauge.

combined linear and quarter wave polarising filter covers the top of the
gauge so that the fringes can be seen merely by shining a light on to the
gauge. The back of the gauge is coated with a reflective paint.

Behind the reflective coating is a piece of vinyl tape which covers all but
the last 6 mm of each end of the gauge. This serves two purposes. It protects
the reflective layer from scratches and does not bond to the adhesive used to
fix the gauge.

In use the gauge is bonded by its ends to the component. For most
materials a room temperature setting epoxy or polyester cement may be
used for this purpose. When strain is applied to the component the
coloured fringes move along the gauge. This movement can be measured on
the scale at the side of the gauge. Tensile strains move the fringes to a higher
scale number and compressive strains move them to a lower number.

The movement of a fringe is directly proportional to the axial strain
along the gauge. The gauge shown in Fig. 13 has a sensitivity of 50 x 10~°
strain per division. This is not as accurate as alternative strain gauges such
as electrical resistance or vibrating wire types. There is a use for the gauges,
however, in the hazardous environments sometimes found in mines or
chemical plants where electronic instruments may be forbidden. Also, as
they can be quickly and cheaply installed—some adhesives taking 5 min to
cure can be used —they can be useful for rapid assessment of strain change
levels. In many cases the gauge can be removed and reused.
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Chapter 3
APPLICATIONS OF THE MOIRE EFFECT

A. R. LUXMOORE

Department of Civil Engineering, University College,
Swansea, UK

and

A. T. SHEPHERD
Ferranti Ltd, Dalkeith, UK

1. INTRODUCTION

The moir¢ effect is the name given to the fringe patterns observed when two
regular patterns, usually linear gratings, are placed in contact, and almost
in alignment (Fig. 1). The effect is commonly observed in everyday objects
such as loosely woven cloth (the name originates from ‘moiré silk’), pairs of
railings, television, etc.

The phenomenon was first investigated by Lord Rayleigh in 1874. Righi
in 1887 was the first to point out its possible use for measurement.
Giambiasi in 1922 patented a caliper gauge using visual observation of the
fringes, and Roberts in 1950 used a single channel photoelectric pickup and
electronic counter giving total distance travelled without taking account of
direction, but it is only in the last three decades that it has been used for
practical measurement.

There are numerous ways in which the effect can be utilised, but its main
applications to date have been in machine tool control and experimental
stress analysis. If the effect was more widely appreciated there would
undoubtedly be many more applications.

Consider the superimposed grids of Fig. 1. In the top pattern the gratings
are parallel, but have a small difference in pitch (vernier fringes); in the
lower pattern, the pitches are identical but the gratings are inclined by a

61
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Fig. 1. Principle of moiré effect.

small angle to one another (angular fringes). In each case, the fringes are
formed by the lines of one grating obliterating the spaces of the other, and
this is the basic explanation of the effect in terms of rectilinear propagation
of light, i.e. assuming no diffraction. In general, the fringes will be a mixture
of the two types of deformation, and if the deformations vary across the
grating area, then the fringes will be curved and nonparallel.

If the gratings of Fig. 1 are viewed at a distance much greater than the
normal reading distance, the grating lines become less distinct, and the
fringes become more pronounced. This illustrates the importance of
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diffraction effects in the formation of fringes, and although the grating lines
may not be resolved, the fringes are still easily visible. This enables us to
view fringes from gratings which are unresolved by the optical devices used
to observe the moiré fringes, and this is the usual case in most applications.
Observation of Fig. 1 from a large distance does not alter the geometry of
the fringe pattern, and so the shape of the fringe pattern can be analysed on
a geometrical basis. Diffraction effects must be considered when analysing
the intensity and visibility of the fringes.

The fringes can be used to determine either the displacement of one
grating relative to another, or the distortion of one to the other. The former
effect is used in machine control, where movement of one grating relative to
the other causes the fringes to move in a manner that magnifies the grating
displacement. For example, in the angular fringe pattern of Fig. 1, if one
grating moves perpendicular to the grating lines by one pitch (a line and a
space), the fringes will move vertically by one fringe spacing. Similarly, in
the vernier fringe pattern, a grating displacement of one pitch
perpendicular to the grating lines will also cause the fringes to move one
fringe spacing, but this time in the same direction as the grating
displacement.

The measurement of distortion, used mainly in strain analysis, is
illustrated by the vernier fringe pattern of Fig. 1. If two identical gratings
are aligned parallel, no fringes are seen. If one grating is stretched
perpendicular to the grating lines by, for instance, being attached to a body
that is strained, then vernier fringes are formed and the spacing of the
fringes decreases as the strain increases. Similarly, small changes in angle
can be measured by rotating one grating relative to the other.

For both displacement and distortion measurements, the moire effect is
sensitive only to changes perpendicular to the grating lines, as displacement
parallel to the grating lines will produce no detectable change in either the
grating or its position.

In most applications, there is usually a fixed grating, variously described
as either the reference, master or index grating, which is used to form moiré
fringes with a distorted or displaced specimen grating. Moiré fringes can be
formed from the two gratings in the following ways:

I. two gratings in near contact;

2.  projection of one grating onto another by an optical system;

3. projection of one grating onto another via an optical medium, e.g.
a mirror, liquid, etc., which can deviate the light rays and hence
either distort or displace the grating image.
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2. GEOMETRICAL GRATING EFFECTS

2.1. Line/Space Ratios

The gratings in Fig. 1 both have lines and spaces of equal width. For
rectilinear light propagation, which provides an adequate explanation for
gratings up to 10 lines mm ~* (in this context, a line represents a complete
pitch), light transmission takes the form of Fig. 2(a), when the transmission
is averaged over several grating pitches. If the line/space ratio is changed
from 1:1 to say, 1:2, and the second grating has a ratio of 2:1, i.e. one
grating is the negative of the other, then the fringes are sharpened, albeit
at the expense of an overall loss in fringe visibility (Fig. 2(b)). For fine
gratings, diffraction effects dominate, and fringe sharpening can only be
achieved by modifying the diffraction behaviour of the gratings.

The same principle can be used to produce fringes of different contrast in
the same pattern.! In Fig. 3, every fourth bar in the top grating is twice the
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width of the other bars, and when this is superimposed on its negative with a
slight misalignment between the gratings, every fifth fringe is ‘continuous’
and hence contrasts more than the intervening ‘discontinuous’ fringes. For
higher line densities, the individual lines are not visible, and the two types of
fringes are identified by a difference in contrast. This procedure could be a
useful device for fringe counting in the visual inspection of moiré fringes,
but as far as the writers are aware, such gratings are not available
commercially.

2.2. Nonlinear Gratings’

The moiré effect has been explained in terms of linear gratings, but the
effect can be observed with nonlinear gratings, and this increases the range
of applications. Figure 4 shows the patterns obtained when pairs of
circular, radial and Fresnel zone gratings are superimposed with a small
displacement between their centres. In general, the fringe pattern is
complex, except for the zone gratings, where the fringes are straight and
equispaced, and perpendicular to the direction of the displacement. Radial
gratings are used in machine control to measure angular rotations up to
360° with a high precision, and this application will be described later.
Circular gratings can be used as strain rosettes for surface strain
measurements.?

Many other grating types are possible, and Vargady* discusses the uses
of special grating patterns as position indicators, with one position on the
specimen grating always being defined by a fringe (or fringes) of unique

a)

b) c)

Fig. 4. Examples of moiré fringe patterns from three pairs of nonlinear gratings.
Fringes produced by superimposing gratings with a small horizontal displacement
between centres. (a) Radial; (b) circular; (c) Fresnel zone.
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Position of identical pitches

Fig. 5. Measurement of weave density with grating of linearly varying pitch.

appearance. This effect has been utilised in the textile industry for many
years to measure the density of yarn in a woven fabric (Fig. 5). The cloth is
represented by the linear grating onto which is superimposed a nonlinear
grating which has the pitch increasing linearly with distance along the
grating. The fringe pattern is in the form of a cross, with the centre of the
cross located at the point where the pitches of both gratings match.
Calibration of the nonlinear grating allows direct measurement of the
weave density at any small area within a piece of cloth.

3. INTENSITY MODULATION OF MOIRE FRINGES
3.1. Modulation Produced by Coarse Gratings®
In Fig. 2, rectilinear propagation of light was assumed so that scattering of
the light by the gratings could be ignored. However, it was assumed that the

observer would still average the light transmitted over several grating lines
to produce fringes with a smooth intensity contour. This effect is assisted by
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using fine gratings with an optical system of limited resolution, i.e. the eye.
Alternatively, one may average a given area of the gratings by using the
system in Fig. 6, which is the procedure used in displacement
measurements.

The light transmitted by a coarse amplitude (slit and bar) grating will be
directly related to the grating structure, as in Fig. 2, and can be represented
by a transmission coefficient, ¢,(x), defined as

light intensity out, I,
light intensity in, /,

t(x)=

where x is measured perpendicularly to the grating lines. For rectilinear
light propagation, and with uniform illumination, this function will be a
rectangular wave, which can be represented by an infinite Fourier series.
For a grating with equal lines and spacings, this series becomes

AO<. 2nx 1, 6mx 1 | 10nx+ )

sin — + — SIn —— + — Sin
p 3 p 5

4
1(x) = A, +

where p is the pitch of the grating. When this grating is superimposed on
another grating of similar pitch and transmission coefficient, 7,(x), and
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Fig. 6. Coarse amplitude gratings for measurement of displacement.
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uniformly illuminated with light of unit intensity, the intensity transmitted
between limits x, and x, (representing the averaged area) is given by

I,(x) = f * 1, (0)6(x) dx

X1

X2
= f t(x)t,(x)dx
X1

Making either of the two gratings vanish outside the limits, x, and x,, the
integration limits can be extended to + o0, and the intensity distribution of
the fringes is given by the product of 7,(x) and #,(x).

We can now distinguish between two important cases: superposition of
identical gratings, and superposition of gratings with a small difference in
pitch dp. For identical gratings aligned precisely, the intensity transmitted
is uniform over the grating area, and any displacement between the two
gratings will produce an intensity signal containing a fundamental spatial
frequency of 1/p plus successive harmonics of considerably reduced
amplitude,’ expressed as

2 4
I(x)zlo‘f-ll Ccos l (X—X1)+IZC()S__7E_ (X—x“)
p p

6
+13cos—£(x—x“1)+---
p

where x/, x!/, x'!! etc., indicate the positions of the various maximum
intensities for each harmonic, which should normally be the same, so that
(x — x’) corresponds to the displacement between the two gratings.

When a small difference in pitch is present in two aligned gratings,
vernier fringes are seen, and the intensity variation of these fringes is given
by?®

2nx Op 6nx op 10mx op
I(x)=1,+1,cos— —+ I,cos — -— + I, cos et
T p p P p T 25 p

If the difference in pitch varies across the area of the grating, we can
represent this variation as p(x) = xdp/p.

In most practical applications of the moiré effect, the intensity
distribution is simplified so that only the fundamental term is of any
importance, equivalent optically to a two beam interference system. This
approach requires the gratings to be used so that their fundamental line
structure is dominant.
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This could be done by using gratings with a sinusoidal amplitude structure
but the same effect can be achieved more simply by modifying the optical
system forming the fringes. For example, projecting a grating with a lens of
limited aperture will reduce the harmonics considerably, and selection of
the correct aperture will allow only the fundamental to be transmitted.

3.2. Effect of Gap on Fringe Contrast

In displacement measuring applications the fringes are formed from
gratings separated by a finite gap and illuminated with imperfectly
collimated light which reduces the amplitude of harmonic components
considerably while producing only a‘slight reduction in contrast of the
fundamental component.

If the collimated beam is produced from a source of width, s, by a lens of
focal length, £, it will contain a smear factor proportional to the ratio s/f. If
this beam is used to project the line structure of a grating of pitchpontoa
second similar grating separated by a gap t a condition arises when p/t = s//
whereby light leaving any point on the first grating will be smeared over a
whole pitch of the second grating so that no modulation of the beam will
result.

The reduced projected fringe contrast or percentage modulation of the
beam with gap ¢ can be expressed as

sin 7pf/st
npf]st

This expression has the value unity at gap t =0 and zero at gap t = pf/s. At
a gap t=pf/4s modulation is reduced to 909 of maximum and this
represents a satisfactory practical limit of working gap. The effect on
harmonics may be calculated by substituting p/n for p where n is the order
of the harmonic.

It is necessary to maintain high fringe contrast in displacement
measuring systems. The electrical signals derived from the fringes must be
d.c. coupled throughout and they contain a d.c. or zero frequency
component which is proportional to the mean light intensity of the fringe.
This is subject to optical noise fluctuations due to random changes in
grating transmission or reflection over its length or to variations in light
source intensity and detector sensitivity. Although these can be minimised
by operating detectors in balanced counter-phase pairs, some residual
fluctuation remains. High fringe contrast ensures that the effect on
measurement accuracy is reduced to an acceptable level.

M,= M,
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3.3. Diffraction Effects

Gratings up to 10 lines mm ~* may be regarded as operating in accordance
with geometric optics. Between 10 and 50 lines mm ™! diffraction effects
become more significant and over 50 lines mm~! diffraction effects
predominate.

3.3.1. Contrast reduction with diffraction

A pair of fine slit and bar gratings in close contact will produce high
percentage modulation of a light beam. When a finite gap is introduced the
beam passing through the first grating is split up into a number of angular
components corresponding to the orders of diffraction. Most of the energy
is contained in the zero and first order spectra. The first order spectra have
angular separations from the zero order of +A/p where A is the
predominant light wavelength and p the grating pitch. With silicon
photocells and either tungsten or GaAs source the predominant wave-
length is around 0-9 um. The value of i/p varies from less than 1/100
for 10 lines mm™"' gratings to almost 1/4 for 250 lines mm ~'. This
diffraction smear factor causes a reduction in fringe contrast in addition to
that due to the geometrical ratio s/f.

The underlying theory is much more complex and has been dealt with at
length by Guild®’ and by Burch.®

For practical purposes it can be taken that fringe contrast reaches zero at
a gap ¢ =p?/24 and that an acceptable reduction in modulation due to
diffraction, of the order of 109, can be maintained by operating at a gap
no greater than a quarter of that giving zero contrast, i.e. 1 < p2/8A.

Contrast reduction due to diffraction is cumulative with that due to
imperfect collimation and if both gap conditions are on the recommended
limit the overall reduction will be 20%;.

The value of maximum gap for a typical reading head with s = 1 mm and
f=20mm is plotted for both collimation and diffraction effects against
grating pitch in Fig. 7.

If it is accepted that a minimum working gap from considerations of
mechanical clearance is of the order of 0-1 mm, then the finest grating pitch
which is usable is between 25 and 50 lines mm~!. However diffraction
effects may be turned to advantage to enable the use of finer line structures.

3.3.2. Use of the Fresnel image
As stated above, a pair of slit and bar gratings of pitch p separated by gap
t = p?/2 produces zero modulation of a collimated length beam of



72 A. R. Luxmoore and A. T. Shepherd

Lines per mm
250 100 50 25 10

05

Working
gap, mm

02

01

0-05
Collimation
upper limit

002

_P£4 ﬁ IOﬁ 20 40 100

A 2x 8 Pitch, p {um)
Slit & bar Phase Diffraction
index index upper limit

Fig. 7. Working gap versus grating pitch.

200



Applications of the moiré effect 73

wavelength 4. However, at a gap ¢ = p?/4, a high contrast image of the first
grating is reconstructed and this interacts with the second grating to
produce fringes of equally high contrast, giving rise to high percentage
modulation of the beam. These Fresnel images repeat at intervals of Np?/A
where N is an integer. However, the fringe contrast is still subject to the
effects of imperfect collimation, and only the first image is of practical
importance.

The first Fresnel gap is plotted against grating pitch in Fig. 7 and it will
be seen that it enables the use of 100 lines mm ™' gratings at a gap of
0-1mm. For 50 lines mm ~!, however, the Fresnel gap of 0-44mm is
appreciably greater than the maximum collimation gap of 0-24 mm. To
overcome this, a phase gratingis used for the first grating, usually the index,
in conjunction with a slit and bar scale grating. This has the effect of moving
the family of Fresnel images by one half Fresnel interval of p2/24 so that
there is now zero contrast with the gratings in contact and maximum
contrast at this half interval which is plotted in Fig. 7.

This arrangement gives an optimum working gap of 0-22 mm for 50 lines
mm ! gratings, which is clear of the 0:24 mm maximum collimation limit.
A tolerance of +259% of the nominal gap gives no more than 109
reduction in modulation.

The requirement for the phase grating is that the bars should have an
optical retardation of approximately /2. The exact shape of the contoursis
not critical and any shape from a serrasoidal to a square castellation is
acceptable. An approximately sinusoidal contour is achieved by controlled
bleaching of a slit and bar image in a photographic emulsion whereby
swelling of the gelatin in the region of the silver image produces the required
surface corrugations. This arrangement has an additional advantage in
that it is more efficient than a slit and bar grating pair, since no light is
absorbed by the first grating.

The above considerations assume the use of monochromatic light. In
practical systems there is some spread of effective wavelength which results
in a further reduction in contrast of the fringe but which has the advantage
of largely eliminating harmonics which are present to an appreciable extent
in the Fresnel image.

3.3.3. Spectroscopic systems
Prior to the availability of economic electronic methods of pitch
subdivision by greater than a factor of four, it was necessary to use gratings
in the range 100-250 lines mm ~! to achieve resolutions of 1 or 2 um.

If both index and scale gratings are of the phase variety arranged to give
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approximately equal energy in the zero and first order spectra, and if an
output slit is positioned so as to receive light from the grating pair in the
direction of the first order spectrum only, good modulation is obtained
which is limited only by collimation effects.

This gives a working gap of 0-1 mm with 125 lines mm ~! gratings and
0-05 mm at 250 lines mm ~'. The smaller gap is acceptable on small-scale
applications such as the Moore & Wright digital micrometer which uses
this arrangement in order to minimise electronic complexity in a portable
instrument. The gratings used are chrome on glass slit and bar type which
are more robust than the phase variety and which give equally good fringe
contrast at the expense of some loss of light energy.

3.3.4. Three grating systems
A system has been developed at the National Engineering Laboratory
(NEL)® which uses a set of three gratings illuminated with relatively
diffused light. The first and third gratings are fixed relative to each other
and critically spaced from the second which moves relative to them.
The theory of operation is rather complex but basically the second
grating, acting as a form of linear Fresnel lens, projects an image of the first
grating in the plane of the third grating.
It is claimed that with suitable gratings of fine line structure, fringes of
high contrast can be obtained, at much greater working gaps than with two
grating systems, without the need for a high degree of collimation.

4. DISPLACEMENT MEASUREMENT
4.1. Grating Replication Methods

The earliest metrological gratings were produced at the National Physical
Laboratory (NPL) using the Merton process.!® These were cast resin
replicas on glass of 2500 lines in ~ ! and operated with a spectroscopic type
reading head.

They were used successfully on a number of scientific applications such
as star plate measurement, analysis of bubble chamber stereograms and on
stereo comparators in photogrammetry. However, the multiple section
process did not lend itself to large scale production.

A photographic copying method which allowed for in-process error
correction was developed at NPL and further improved at NEL in the
1960s. Known as NPL Method III,'* this gave high accuracy gratings on
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glass of line structures from 100 down to a few lines mm ~!. These were
widely used on coordinate measuring machines and on small machine tools
for digital readout.

Metrological gratings were first applied to numerically controlled
machine tools by Ferranti in 1954.'2

A group at Staveley Research developed an electronic method of pitch
subdivision which enabled relatively coarse line structures to be used.!?
These were particularly applicable to large machine tools with travel
lengths up to 10 m. Multi-section glass assemblies gave rise to problems on
installation and to meet this need, a method of etching a scale on to long
lengths of flexible stainless steel tape was developed by Technicolor Ltd, in
collaboration with NPL. At the same time Ferranti Ltd developed stainless
steel gratings on a rigid base printed from masters generated by the NPL
Method III process. (Ferranti have since taken over the Technicolor plant
and process.)

There is a need for both types of steel grating which are read by reflection.
The rigid type is preferable for fine line structures and short travel lengths.
The flexible type is used for larger scale installations and for wraparound
applications.

A range of glass and steel gratings are made by Heidenhain in West
Germany. Bausch & Lomb in the USA produce chrome on glass gratings.
OMT in the UK produce radial and linear glass gratings using the NPL
Method III process.

4.2. Photoelectric Fringe Detection

The basic elements of a displacement measuring system are shown in Fig. 6,
consisting of light source, collimating lens, index grating, scale grating and
photosensitive detectors. A single detector will indicate extent of movement
but not direction. A minimum of two detectors spaced preferably one
quarter fringe pitch apart give rise to output waveforms in quadrature.
These represent a lead or lag of electrical phase which may be interpreted by
suitable circuitry to determine the direction of movement and hence to
direct pulses representing positive or negative increments of movement into
add or subtract channels of subsequent counting circuitry.

In practice four photodetectors are normally used'* arranged as shown
in Fig. 8. These derive signals from four areas of the fringe spaced at
quarter pitch intervals. The alternative counter phase pairs of signals from
areas 1, 3 and 2, 4 are combined in push-pull amplifier stages so that the
fundamental modulations add while d.c. levels and even harmonics cancel
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Fig. 8. Four-phase fringe detection.

resulting in a pair of quadrature signals symmetrical about a meand.c. level
(Fig. 9).

Where space is restricted, a d.c. compensating signal may be taken
directly from the light source on a single photodetector and used to balance
both modulated channels.

The reading head must provide a beam of collimated light to cover the
area of the fringe. This can be produced by a small tungsten filament lamp
with the filament parallel to the grating lines and a simple aspheric lens. The
four photodetectors consist of silicon photodiodes each with an area of
10 mm2. Since the photodetectors are infrared sensitive the lamp may be




Applications of the moiré effect

|y

UL

4 counts
per cycle

Direct
squarewave
conversion

Combined
waveforms
from cells
1:3and2:4

Analogue
subdivision
20 counts
per cycle

Fig. 9. Two-phase combined signals from four phase detectors.

77

run below nominal voltage for a long life. A solid state GaAs light-emitting
diode source is a possible alternative. This type is well matched to silicon
detectors but it op<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>