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ABSTRACT

The measurement of strain is critical in many engineering design, test, and health
monitoring procedures. Despite the promise of non-contacting and remote strain
measurement, optical techniques have not been widely adopted by industry; the
preference being the use of electrical resistance strai n gauges. This is due to the
perceived and real complexities of many optical techniques.

This thesis describes the research and development of rel atively inexpensive, easy to
llse instrumentation that measures surface strain optically using reflective diffraction
gratings. This has the advantages that the measuremen ts are remote and can be taken
over the lifetime of a component. Strain is calculated from the directions of the two
first order laser beanls diffracted from the grating that is adhered to, or directly etched
into, a surface of interest. The propagation vectors of the diffracted orders are
measured using positi on sensitive detectors mounted at the focal plane of positive
lenses.

The development of a new diffraction theory that determines surface strain of an
arbitrarily oriented diffrac'tion gratin g, from the directions of the incident and two
diffracted first orders, is presented. An analysi s of the measurement errors including
the effects of using position sensiti ve detectors, which inherently measure the centre
of intensity of the spot that they are monitoring, is also presented.

The practical work presented in this thesis includes the development and testing of
prototype instruments, which are capable of measuring strain to a reso lution of
O.54microstrain whi lst tripod mounted and an accuracy of 24microstrai n whilst handheld . Pos ition sensiti ve detector accuracy measurements, achieved with the use of a
Michelson interferometer, are also presented .

The manufacture of diffraction gratings using silver halide holographic films ,
photoresist, and reactive ion etching, and the subsequent replication of these gratings
is described. Furthermore, excimer laser machining of gratings with up IOOOlines per
millimetre, using projection and Talbot imag ing techniques, is presented.
x
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1 INTRODUCTION AND LITERATURE REVIEW
1.1

Background

The measurement of strai n is critical in many engineering design, test, and hea lth
monitoring procedures. These measurements can enable the design of lighter,
stronger, safer, and less expensive structures that are required to meet the ever
present consumer demands for better performing products. Industry therefore has
a requirement for improved strain measurement in a wide range of environments.
Despite the promise of non-contactin g, remote strai n measurement, optical
techniques have not been widely adopted by indu stry, the preference being the
use of electrical resistance strain gauges. Thi s is due to the perceived and real
complexities of many optical techniques, as described by Mashadi ( 1.1 a]. These
complexities include the requirement for ski lled operators, laser safety, expe nse,
and fringe analysis requirements. Although not all optical techniques suffer from
al l these problems the fact remains that they are not widely used.

This thesis describes the research and development of relati vely inexpensive,
easy to use instrumentation that measures surface strain opticall y over a small ( 15mm 2 ) area, using reflective diffraction gratings. This has the advantages th at the
measurements are remote and can be taken over the lifetime of a component.
Strain is calcul ated from the directions of the two first orders diffracted fro m the
g rat ing. The diffraction grating is either prefabricated and ad hered onto a surface
of interest or machined directl y into the surface using an excimer laser. The
directions, or propagation vectors, of the diffracted orders are measured usmg
position sensitive detectors.

Deformation of the object surface results in a change in pitch of the grating th at is
proportional to the surface strai n. This idea was originally investigated by Bell
(1.1 b] in 1956 and has been used more recen tl y by Goetting et. al. ( l.l c] for the
measurement of large strain fields accompanying plastic deformations. Figure
l.I a shows a schematic di agram of the bas ic Laser Strain Gauge (LSG) design.
The grating is illuminated with an expanded and collimated beam from a HeNe
laser. To measure the direction of the diffracted orders Position Sensitive
Chapter I

Detectors (PSDs) are used to monitor the position of the beams at the focal plane
of each convex lens. In this configuration, each lens maps the angles of the
diffracted order from the ax is of the lenses to a displacement of the diffracted
order at the focal plane of the lens.

Although straightforward in concept, it is important to reali se that the LSG is
intended for hand-held use. In this con fig uration the orientation of the di ffraction
grating is not known, and can vary between measurements. An important part of
the work described in this thesis is the development of a new theory th at
determines surface strain of an arbitrarily oriented diffraction grati ng, from the
directions of the incident and two diffracted first orders. Furthermore, an analysis
of the effects of measurement errors on the strain ca lcu lation is presented. This
anal ysis is essenti al in designing instruments of thi s type, since it specifies the
d irection measurement accuracies required for the probe beam and the d iffracted
orders. These analyses proved to be critical in improving the measurement
accuracy of the Laser Strain Gauge.

Following sections describe common ly used mechanical and optical techniques
for surface strain measurement. It is intended that this will enable the reader to
gain an understanding of the techniques used, and their relati ve strengths and
weaknesses.

1.2

Strain measurement by mechanical and electronic mea ns

1.2. 1 Mechanical techniques

During material testing, extensometers are commonl y used to measure the strain
on samples mounted in a tensiometer. Mechanical transducers are generall y dial
gauges with a suitable mount to enable the strain of the material under test to be
measured. Figure 1.2. l a shows such an extensometer that can measure strain to a
resolution of 25 microstrain (/le). Thi s extenso meter has point clamps two inches
apart and is suitable for measuring strain on fl at test samples. Due to the di stance
between the fixings, this system relies on the strai n being uni form over the twoChapter 1

2

inch secti on it is measuring. Fi gure 1.2.1 b shows another typical ex tensometer
(thi s is an Instron 2620-600) mounted on a typ ical test spec imen . Th is
ex tensometer uses an electrical res istance strain gauge (ERSG) as the transd ucer,
which gives a resolut ion of the order o f I!lE. It can be seen in fig ure 1.2.1 b that
this extenso meter is clamped to the sample using ru bber bands. To avoid sli pping
hardened steel kni fe-edges are used as the contact point of the ex tensometer to
the sample. Care must be taken with attachment between the ex tensometer and
the sample since, if this is too ti ght , damage to the surface can resu lt in the
growth of fati gue cracks.

The resolution of these dev ices depends on the d ispl acement resolu tion and the
distance over which it is measured. Thus, these techniques are better over larger
distances in situ ations where it can be assumed that the strain is constant over the
specimen length . For strai n measurement on general engineering structu res thei r
use is limited due to attachment problems and uncertainties in the strain
di stribution.

At this stage it is useful to defi ne a measurement performance characteri stic, Gp,
of any strain gauge as the resolution to which it measures displacement, t..s, or
equi valently the strain resolution, t..E, multiplied by the length over which thi s is
measured. Thus:

Gp

= It..E = t..s

1.2 .1 a

where a smaller value Gp corresponds to a better resolu tion sira in measureme nt
technique. For the mechanical strai n ga uge using a di al gauge Gp is 1.25!lm since
it measures strain to a reso lution of 25!lE over 50mm . For the mechan ical strai n
gauge using an ERSG as the transd ucer Gp is 50nm. T his shows that the use of an

ERSG gives better resolution than a dial gauge.

Chapler I
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•

1.2.2

Electrical Resistance Strain Gauges

The bonded electrical resistance strain gauge (ERSG) is currently the most
versatile and widely used technique for determining surface strain . These gauges
rely on the property di scovered by Lord Kelvin in 1856 that a conductor, when
strained, changes its resistance. The many types of resistance strain gauge, and
the theory behind their use are described in the literature [1.2.2a & b] . Fi gure
l.2.2a shows a variety of foil ERSGs that are commonly used. These gauges can
be designed to measure a variety of strains including uni-axial strain , principle
surface strains, torsion, and diaphragm deformati ons. An ERSG is generally a
thin foi l attached to a non-conducting backing sheet (made from material s such as
paper or polyester), that is attached to the surface of interest. It can be seen from
the designs shown in figure 1.2.2a that the foil is laid is such a way as to
maximise its le ngth in a specific direction whil st minimising its total area. Thi s
maximises the change in resistance per unit strain whilst making the
measurement as local ised as possible. T ypicall y, ERSGs measure to microstrain
reso lution over a length of a few (5-10) mm, thu s givi ng the ERSG a Gp value of
5-lOnm. The change in res istance is generall y measured using a Wheatstone
bridge with subsequent amplification of the signal. The electronics used is varied
and is comprehensively described elsewhere [1. 2.2a & b] .

The general advantages and di sadvan tages of ERSGs over optical techniques are:

Advantages:
•

Simple Construction.

•

Static and Dynamic strain can be measured .

•

Inexpensive.

•

High resolution , approximately I ~e with a bandwidth of 1Hz.

•

Independent to motion s of the sample.

•

Optical access not required.

Disadvantages:
•

Skilled attachment of gauges required .
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•

Cement does not follow Hooke's law and shows so me creep and plasti c
recovery, which affects strain measurement, especial ly over extended periods,
high strains, and hi gh strain rates.

•

Electrical connections are required .

•

ERSGs are very temperature sensitive and normally require a dummy gauge
for temperature compensation .

•

The Gauges are moi sture sensitive, which can often cause degradation,
especiall y in high humidity situations.

•

Measurement difficulties occur above approx imately 200°C due to the
changes in resistance of the thin foil ERSG and its non-conducti ve supporting
layers.

•

1.3

ERSGs are very sen sitive to electro-magnetic field s.

Review of strain measurement by optical means

In recent years, considerable effort has been applied in the development of optical
methods for the measurement of deformation, strain, and stress of objects. These
techniques include speckle photography, holograph ic interferometry, electronic
speckle pattern interferometry, moire interferometry, photoelasticity, and other
grating and speckle techniques. Many of these techniques rely on the use and
properties of the speckle patterns produced by coherent li ght incident on an
optically rough surface. These properties, describing how speckle patterns are
displaced during deformations and translations of an object, are well documented
by Jones and Wykes [1.3a] and Yamaguchi [l.3b] .

1. 3. 1 Speckle Photography

Thi s section presents the technique of speckle photography when used to measure
the di splacements and deformations of opticall y rough surfaces. Thi s tec hnique,
which can also use non-coherent illumination [1.3 . l a], gives whole-field
deformation data, the sensitivity of which can be varied by changing the viewing
magnification. The technique of speckle photography is rev iewed by C loud
[1.3 .lb] and Jones & Wykes [1.3 a].
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Speckle photography is a relatively simple optical technique for measurin g
displacement field s, from which strain field s can be calculated. Speckle
photography typically uses the set-up shown in fi gure 1.3.1 a. The object is
illuminated by an expanded laser and then imaged onto the light sensitive
material. During speckle photography two images are captured, one before and
after deformation. Motion of the object is determined by measuring the
movement of the speckle pattern, not from the optical phase changes in the
speckle pattern, as is done in the interferometric techniques. No reference beam is
required and therefore the technique is much less sensiti ve to enviro nmental
disturbance, particularly vibrations. The measurement range (typically up to 100
Il.m) is much larger than interferometric techniques and can often bridge the gap
between mechanical and interferometric measurement techniques. Speckle
photography generally measures in-plane displacements (i.e. motion in the
surface plane of the object). Conventionally the technique uses photographic film
to record the speckle patterns although more recently systems that record the
speckle patterns digitally with CCD cameras and calculate the displ acement fie lds
using a computer have become commonplace. When an electron ic camera is used
as the light sensitive device speckle photography is generally ca lled Electronic
Speckle Photography (ESP).

Once the displacement field is calcu lated, in the case of ESP by cross-correlating
the two images, the strain field can be subsequently computed by differenti ating
the displacement field. Speckle photography is more sui ted to flat su rfaces, si nce
departure of the position of the light sensitive device from the image plane of the
lens increases the sensitivity of the meas urement to surface tilts. Indeed if the
film is placed at the focal plane of the lens the system is only sensitive to tilts of
the surface and not in-plane displacements.

Recently (1995) Sjodahl [1.3. lcl has used the displacement of defocused speckle
patterns from four different illumination directions to determine the in-plane
strain field. This technique claims to have a superior accuracy to techniques that
differentiate the surface displacement field. Since the technique uses defocused
speckle the measurement of strain is still achieved over an area of the surface that
Chapter
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corresponds to a blurring funct.ion. Thi s technique claims a strai n resolution of
20l!E is quoted over measurement length of approximately O.5mm, which gives
a n impressive Gp value for this technique of IOnm, which is comparable to an
ERSG. The technique however is not hand-held si nce there can be no surface
movement whi lst the four speckle pattern images before and after object
deformation are captured.

The technique described by Sjodahl was found after the LSG project had been
completed, and it is interesting to note the similarities between the two
techni ques. The LSG technique can be thought of as a defocused ES P technique
where the defoc using is infinite (since the object wo uld have to be at infinity to
be imaged at the focal plane of the lenses), the blurring fu nct ion of LSG
technique being the smaller of the size of the grating and the probe beam.
Furthermore, the speckle pattern in the LSG technique is a diffracted order, since
an opti cal diffraction grating is used on the surface of the sample, which can be
thought of as a special case of a speckle pattern. Thi s allows the use of position
sensitive detectors (PSDs) to measure the displacement of the diffracted orders. It
will also be seen that the performance factors of the two techniques are simil ar,
although the use of PSDs allows the unit to be hand held.

1. 3.2

Holographic Interferometry

Holographic interferometry is a tec hnique that

is

used

for

measuring

displacements and deformations of opticall y rough su rfaces. This has the
advantage over conventi ona l interferometry that the surfaces to be measured no
longer have to be optical ly smooth. The practice of holographic interferometry
can become very in volved and includes many techniques for measuring static,
dynamic, and cyclic deformation s. There are many excellent texts on the subject
to which the reader can refer: lones and Wykes [l.3a1, Cloud [ 1.3.1 b1, Erf
[1.3.2a], and Vest[J.3 .2b].

To direct ly measure the surface strain of arbitrary objects the deformation in the
plane of the surface must be known. For relatively flat su rfaces, thi s can be done
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using the configuration s hown in figure J.3.2a. This configuration gives a
displacement sensitivity vector that lies on the surface of the object and in the
plane of the two object beams. The interference pattern formed by the two object
beams is a series of bright and dark planes, described in section 4.2.2. Li ve
deformation fringes can be viewed as follows: A photographic recording of the
speckle pattern from the object is made, and the developed negative is accurately
relocated in its original position . The object is now displaced and because the
photograph is a negative, dark areas will correspond to bright speckles and light
areas to dark speckles. Thus , very little light wi ll be transmitted in those areas
where the speckle pattern is the same (i.e. maximum correlation between the
speckle patterns). Where the speckle patterns are not correlated the transmission
will increase. It is fo und that the maximum transmi ssion occurs when the surface
has moved from the planes that are illuminated by the object beams to areas that
are not illuminated. Thus spacing between fringes indicates a displacement of the
surface in the direction of the sensitivity vector by the distance between li ght or
dark regions of the object beams interference pattern , x, given by

1.3 .2a

x=--2sin 8

where A. is the wavelength of li ght used and 8 is the half angle between the
illuminating beams, as shown in figure 1.3.2a. The fringe pattern formed is the
correlation of the speckle patterns produced before and after the deformation of
the object.

Speckle pattern correlation interferometry is fully described in l ones and Wykes
[1.3a) . This manual technique has largely been superseded by the use of
Electronic Speckle Pattern Interferometry (ESPI), which uses a CCD camera to
capture the speckle patterns, instead of using photographic plates. ESPI can
provide a much more conveni ent, and with the use of phase shifting techniques, a
much more sensitive measurement of in-plane surface displacement. This
technique is the subject of the next section.
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l.3.3

Electronic Speckle Pattern Interferometry (ESPI)

Speckle pattern corre lation interferometry, as its name suggests, on ly requires the
speckle patterns to be resolved on the imaging medium. In this situation, a
detector with a pixel size smaller than the size of the speckles (typically

5-l00~m

in size) can be used. Most CCD cameras have a pixel size of 5-1 O~m , and are
therefore suitable fo r recording speckle patterns. The speckle patterns acquired
from an object before and after deformation can be analysed to form corre lation
fr inges. This technique is known as Electronic Speckle Pattern Interferometry
(ESPI) or TeleVision Holography (TVH). Some of the earl y practitioners of this
technique were Butters and Leendertz [1.3.3a] and L!ilkberg and H!ilgmoen
[ 1.3 .3b] .

Intensity correlation in ESP! is observed by a process of video image subtraction
or addition. This is most co mmo nl y ach ieved by digitising the o utput from a CCD
camera and stori ng the image-plane speckle pattern of the object in memory. The
object is then displaced and new speckle pattern is subtracted from the stored
speckle pattern. The absolute value of the subtracted pixel is then calc ul ated and
displayed on a television monitor where the live correlation fringes may be
observed. Thus those areas of the images where the speckle remains correlated
wi ll give a resultant signal of zero (and will appear dark on the output monitor),
whilst areas of the speckle pattern that have changed wi ll not be correlated and
wi ll give non-zero signals (and will appear bright).

ESP! is commonly used for both out-of-plane and in-plane displacement and
vibration measurements. Since this thesis is concerned with the measurement of
surface strain, only the confi gurations that measure thi s will be considered here,
the out-of-p lane configurations being described in the references. Figure l .3.3a
shows a typical configuration for the measurement of surface displacement. As
for ESP the displacement field can be differentiated to give su rface strain. The
differentiation process can be achieved computationally or optically, using a
speckle pattern shearing interferometer arrangement, as described by Hung et. al.
[l. 3.3c, d, & e]. The sensitivity of these techniques depends on the optical set-up
and the resoluti on to which the fringes can be measured. An advantage of inChapter t
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pl ane ESPI is that the sensiti vity can be tuned by adjusting the angle of incide nce,
8, of the reference beams. For a typi cal hi gh-resolution set-up using a 530nm
laser, a reference beam angle, 8, o f 45degrees, whi ch can measure to one
twentieth of a fringe the di splacement resolution will be approx imately 20nm.
Thi s means that if this displacement field is di ffere nti ated over 10 mm (whic h is
ty pically used by practitioners in this fi eld) a strain reso luti on o f 2,.u:: can be
achieved. It also means that this technique has a Gp value of 20nm. Since ESPI
relies on subtracting speckle patterns it mu st be ensured that the speckle patte rn at
the detector moves less than the mean speckle diameter at the detector. The result
o f thi s is that the deformati on range is limited and the instrument cannot be handheld.

1.3 .4

Mo ire stress analysis

The moire effect is the interference o f li ght by superimposed networks o f lines.
The pattern of broad dark lines that is observed is called a moire pattern . Suc h a
pattern is formed whenever a repetiti ve structure, such as a mesh, is overl aid with
another such structure. The two structures need not be identical. Common
examples include the effect when two layers of coarse tex til e are brought together
(the term moire is used since it was initi ally co mmonly observed between a type
o f silk called moire), and the pattern seen through two rows o f mesh or pic ket
fe nce e.g. the fences on a motorway bridge as seen from the motorway . Fi gures
1.3 .4a and 1.3.4b show typical geometric and interferometric set-ups respectfull y
for performing moire interferometry. Both techn iques give essenti al ly the same
fringe patterns although the sensiti vity of interferometric moire, whic h bypasses
the need to produce a refe rence grating, can be much more sensiti ve, measuring
sub-micron di splacements. It can also be seen that the set-up for interferome tri c
moire is very simil ar to that of in-pl ane ESP!.

The useful characteristic of the moire frin ge pattern fo rmed is that a very large
shi ft is obtained from onl y a small relative motion between the superimposed
grids. Thus, the moire pattern acts as a "motion magnifi er" , which is used to give
a hi ghl y sensiti ve meas urement of relati ve motion. A thorough account of mo ire
Chapler I
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techniques and their applications is given by Theocaris [1. 3.4a] and Cloud
[1. 3.4b]. The moire technique can be employed in the precise determination of
translation and rotation, the information fro m which can be used to calcu late
s train.

The limitations of moire techniques for strain measurement are described by
Mc Kel vie [1 .3.4c] . Thi s paper introduces the idea that the level of detail to which
strain can be measured is lim ited in moire analysis. This is due to the inherent
low pass filtering that occurs during the formati on o f a moire frin ge, i.e. the
resolution of the imaging system must be below the pitch of the grati ngs used to
produce the moire image.

Interferometric moire, which uses the inte rference between two coll imated beams
to produce a grating, can measure displacement fie lds to a high resolution. The
sensitivity of interferometric moire is essenti ally the same as that for the
equi valent in-plane ESPI set-up. Thus, for a typical high-resolution set-up using a
530nm laser, a reference beam angle

e of 45degrees, (a diffraction grating pitch

of 374nm (2674Iines/mm)) and a fringe measurement resoluti on of one twentieth
of a fringe the displacement resolution will be 20nm. Thi s gives the moire
technique a Gp of 20nm. As with other displacement measuri ng techniques these
fie lds can be differentiated to produce strain fie ld s, the resolution of which will
depend on the length over which the di fferenti a] is performed.

To produce stable fringes using moire the movement between the sample and the
opti cs must be significantly less than the pitch of the grating, which precludes thi s
technique from being hand-held. Moire has however been applied to many
engineering problems and some of these are described in references [1. 3.4a-d] .
Moire arrangements have also been developed for use at high temperatures, as
described by McKelvie [1.3.4e].
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1.3.5

Photoelasticity

Photoelasticity is a technique that uses birefringence to measure the difference in
principal strains within a sample. The theory and practice of photoelasticity is
complex and the reader is referred to Cloud [1.3 .5a] for a description of thi s
technique. ln most materials the refractive index in a specific direction is a
function of stress in that direction. Photoelasticity uses this effect and the fact that
the difference in path length along diffe rent optical axes resu lts in destructive and
constructive interference, when viewed through a polariser with monochromatic
li ght. The result of thi s is that lines of constant difference of principal stresses are
seen as fringes, known as isochromatic fringes. These fringes, combined with the
use of white light, can be used to determine the absolllle difference in principal
strai n at any point in the sample. lf a boundary with a known strain condition is
present the strain condition throughout the sample can be found providing there is
a con tinuous path to all points on the surface, from the known boundary
condition, as described by Kuske e t. al. [1.3 .5b] . The techniques used in
photoelasticity are complex but have been automated usi ng digital techniques, as
described by Nurse [1. 3.5c], wi th the use of a three co lour algorithm to separate
the interaction that occurs between isochrom atic and isoclinic fringes.

The use of a photoelastic model in mechanical tests is obvious ly not as
convincing as measuring actual strain on a real sample. However, the results are
theoretically correct if both the real object and the model remain in elastic
deformation and have the same Poisson's rati o. The stress and therefore strai n
resolution of an experiment on such a model is dependent on the thickness of the
model, the stress-optic coefficient of the material and the load in g of the model.
Thi s technique is therefore difficult to compare with convention al strain
measurement techniques because it does not measure the strain of the samp le
directly .

An adaptation of the photoelastic technique, which enables strain measurements
on the structure under examination, has also been developed. Thi s uses a thin (23mm) sheet of photoelastic material bonded to the surface of a component, as
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described by Hearn [l.3.5d] and Zanderman et.al. [l.3.5e]. An epoxy adhesive,
contai ning 10-30% by weight of alu minium powder, is used to give a reflecti ve
layer behind the photoelastic material. Practical difficulties, especiall y on s mall
hi ghl y curved surfaces prevent thj s from being an accurate quantitati ve technique,
the djfficulties being:

•

The manufacture of a coating of uniform thickness.

•

Shaping and ad hesion of the photoelastic material to the surface without
introducing large stresses.

•

The manufacture of a small gap between the patches to ensure that stresses
are not artjficially introduced during adhesion of the hardened shell to the test
piece.

•

Ensuring that the sample is always viewed in a direction normal to the surface
so that the same thi ckness of material is used in the measurement. Thj s is
especiall y difficu lt on highl y curved surfaces.

•

Once the coating has been adhered to the surface it is very difficult to remove.

Despite these difficulties photoelasticjty has been extensively used and is a
practical technique that can identify strain concentrations on the surface of a
sample. This information can then be used to determjne the areas of the sample to
w hich attention should be focu ssed.

Very recentl y (June 1998) a technique has been presented by Lesniak et.a!.
[1 .3.5 f] that utili ses photoelastic coatings that can be sprayed onto the surface
under in vestigation. The use of a spray (or paint) in coating overcomes many of
the practical problems of conventional adhered photoelastic coatings. The
technique utilises three pigments in the paint to enable the thickness of the
coati ng to be measured and this information to be used in the strai n calculations.
Thi s technique uses grey field polariscope that measures the maximum shear
strain on the sample, i.e. the difference in the principal strains.

Details of the sensitjvity of thjs technique are not presented in the li terature and
the applicat ions described show that it used majn ly for stress concentration
identification. This technique is hand-he ld and if the measurement of shear strain
Chaplcr 1
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is sufficient for the task at hand this technique appears to be both practical and
versatile.

1.3.6

Laser speckle strain gauge

Between 198 1 and 1988 Yamaguchi [1.3.6a,b, & c] developed the Laser-Speckle
Strain Gauge, a schematic diagram of which is shown in figure 1.3.6a. This
configuration is simi lar to the Laser Strain Gauge, except that the diffuse surface
of the sample is used as the length reference instead of a diffraction grati ng. This
has the advantage that no surFace preparation is necessary but the disadvantage
that long term measurement of strain is not possible due to instrument-sample
movements or changes of the surface fini sh. The instrument uses a photo-diode
array and a microcomputer to measure the speckle pattern movement due to strain
or displacement. This corresponds to the displacement of the diffraction orders in
the Laser Strain Gauge. This technique has achieved a resoluti on of 2011£, with an
effective gauge length of Imm, giving this technique a good gauge performance,
Gp, value of 20nm. Unfortunately, this technique is very sensitive to whole body
movements of the sample that cause decorrelation of the speck le patterns,
resulting in strain measurement errors.

1.3.7

Diffraction grating techniques

The technique of strain measurement using a diffraction grating has been studied
by many groups over the past 40-50 years . There are many variations in the types
of system used. The rest of this section reviews the techniques that have been
studied and the performance of each technique.

The "Diffraction Grating Strain Gauge" was pioneered by Bell [1.3 .7a] in 1956 to
measure dynamic plastic 'strain on rods marked with a fine thread . Thi s technique
used diffraction from the thread, combined with v slits and photodetectors to
measure the movement of the diffracted orders, and thus strain, on the surface of
a bar that underwent a plastic deformation after an impact. The accuracy of thi s
Chapter t

14

technique was approx imately I milli strain (mE). This technique was also used by
Bell in [1. 3.7b] to measure the propagation of plast ic waves in rods . A thorough
account of the di ffraction grating strai n gauge was g iven by Bell in 1959 [1 .3.7c].

Sharpe in 1968 [1.3 .7d] used the diffracti on pattern produced by two grooves
approximately 125 microns apart to measure strain. The diffractio n pattern is
recorded photographically and measurements are taken from these records to give
an accuracy of 0.2mE. Boone in 1968 [1. 3.7e] also used a diffraction grating
technique for strain measurement based on spatial filteri ng. Th is techniq ue gave
an accuracy of 0.2mE.

Goetting et. al. [1.3 .7f,g] developed an optical strain measurement fac il ity
between 1986 and 1989 that used the same principle, including the use of PSDs,
as the Laser Strain Gau ge. Its purpose was to measure strai n fields (over an area
of approx imately LOx 16mm) on the surface of carbon fibre co mposites. It cou ld
achieve a resolution of a

5~E

usi ng a gauge length of approximately I mm, giv in g

a good gauge performance, Gp, value of 5nm. Scann ing of the surface was
performed by a glass bl ock that was rotated to transversely shift the probe laser.
Due to its use of one-dimensional detectors, this system had to be fixed

111

position relative to the sample under test and therefore was not hand -held .

Asundi [1.3.7h,i] developed the "Moire Interferometric Strain Sensor (MISS)"
between 1989 and 1990 which uses a grating attached to the surface of the sample
and measures the diffraction angle of the diffraction grating. The MISS system
[1.3 .7h] was a laboratory based system since optica l paths of 3.5m were used.
The diffracted order images were recorded using photographic film . The later
MISS syste m [1. 3.7i] reported in 1990 uses a CCD camera & computer to
calcul ate the position of the d iffracted order spots between 0.4 and 0.75m from
the sample. With a grating of 1200 lines/mm thi s gave the MISS syste m a

50~E

resolution. Due to the optical path lengths involved, this system was developed
purely as a laboratory based system.

Tlemcani in 1989 [1. 3.7j ] looked at different techniques to meas ure strain using
the change in angle of the diffracted orders. These techniq ues were: the use of
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duo lateral position sensiti ve detectors (from UDT), photographic film (Kodak
Technical Pan), and CCD cameras wit h automated signal processing. Of the
techniques, Tlemcani reported that the pos iti on detectors provided the best no ise
characteri stics usability but at that time (before 1989) they were prohibitively
expensive. He then concluded that due to the sensitivity and large area of
photographic film thi s was the most rob ust technique despite the time delay in
acquiring a result.

The "Video Optical Diffractometer" developed by Moulder and Garcia [1.3.7k]
in 1993 for the determination of two-dimensional strain. In this technique a grid
is attached to the specimen that is s ubjected to various loads. The grid is
photographed at various strains and these photographs are subsequentl y analysed
using an automated system, the result being a strain map of the surface. The
current resolution of the system is 0.2%, limiting this technique to the studies of
large pl ast ic strain.

The use of hi gh frequency grati ngs to give high-resolution stra in measurement
was investigated by Ma and Kurita in 1993 [1. 3.71] and was applied to the strain
of a cantilever beam. The diffracted orders were measured using two PCDs
(plasma-coupled devices) with 512 pixels to sample the beams in one dimension.
From this information , the strain of the component was calc ulated to a resolution
of

3~E.

One disadvantage of using ID detectors in this application is that so lid

body rotation of the sample is measured as a surface strain and must therefore be
eliminated , precluding hand-held use.

MacKenzie et.a!. in 1994 [1.3.7m] presented the technique of heterodyne moire
interferometry, which in many respects is similar to the techniques described in
this thesis. This technique used the interference between the two diffracted first
orders, one that is phase modulated, to determine the strai n of the diffraction
grating. Using this technique obviates the need for position sens iti ve detectors
although does require the use of a phase modulator and a more complex optical
arrangement. This introduced problems of optics ali gnment, mass of the unit
(25kg), and alignment of the in strume nt to the samp le. The instrument was
capable of strain measurement accuracy of approximately
Chapter
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HeNe probe beam, giving a gauge le ngth of approximately 0.7mm and a Gp,
value of 35 nm . With the possible improvemen ts suggested this instrument
appears to ho ld promise for future development.

1.4

Conclusions

The extenso meters and ERSGs described in section 1.2 are common ly used in
industry. The opti cal techniques described in secti on 1.3 are limited to si tu ations
in which the instrument alignment can be accurately maintained with the surface
under question. Thus these techniques are not easy to set-up and cannot be used if
the sample or instrument is moving. The only exception to thi s constraint is the
photoelastic technique in which the thickness of the coating is measured at the
same time as the optical birefringence [1.3 .5f] and movement of the photoelastic
model can be allowed. However, this technique is very new, detai ls of its
accuracy are not yet available, and it has not yet been proven in general use.

The resoluti ons of many of the optica l techniques compm'e very well w ith
ERSGs, as shown in table l.4a below

Type of strain

Hand-held

Surface preparation

technique?

required.

1.2511m

Yes

None

50nm

Yes

None

5- IOnm

Yes

Attachment of a strai n

Gp

measurement sensor
Mechanical
ex tensometer
Mechanical
extenso meter using
an ERSG
ERSG

gauge
ESP

10nm

No

None (un less specular)

ESPI

20nm

No

None (unless specul ar)

Interferometric

19nm

No

Yes, attachment of a

grati ng

moire
Photoelasticity

N/A

Yes
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Type of strain

Hand-held

Surface preparation

technique?

required.

20nm

No

None (unless specular)

35nm

No

Attachment of a

Gp

measurement sensor
Laser spec kle strain
gauge
Heterodyne Moire
interferometry
Diffraction Grating

diffraction grating
5nm

No

strain gauge

Attachment of a
diffraction grating

(GOtting et.a!.)

Tab le 1.4a

To compete with ERSGs any optical technique should have a simil ar resoluti on,
be easy and quick to use, be inexpensive, and measure dynamic and long-term
strain . None of the techniques avai lable at the start of this project could ach ieve
this and it was fell that thi s should be atte mpted.

Further to this, it was thought that of the techniques avai lable the diffraction
grating technique developed by Ga ttin g held considerable promise of fulfilling
the des ign objectives. This was due to its high sensitivity, relativel y small size,
simplicity, and lack of expensive optics. Initi al comparisons of the accurac ies
required of the dete.ctors and their quoted accuracies showed that it should be
possible to develop a hand held laser strain gauge.

The followin g chapters describe theoretical anal yses and experimentation that
was undertaken in pursuit of thi s goal.

I.S

I.l a
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2 THEORETICAL CONSIDERATIONS

2.1

Introduction

The strain gauge developed here is an attempt to make a practical, industrial
instrument that can be used without specialist skill s. To e nable thi s a specific
vector based theory that has been developed from the methods of Fourier Optics,
for large angles of diffraction, to describe the di ffraction effects observed with
this measurement technique. This theory, for the first time, gives an exact
express ion fo r the orientation and pitch of a d iffraction grating in threedimensions (3 D) from the directions of the incident and two first orders. Thi s
al lows the effects of: diffracted order measurement errors, angul ar spread of the
di ffracted orders, spatial detector averaging, and di ffraction grati ng noise to be
considered in relation to strai n measurement errors.

Natural strai n, en, i defi ned as the change in length of an object,

~I ,

di vided by

the fin al length of the object, I,

10

6J

"

=-

2. l a

I

Engineering strain , 10, is defined as the change in length of an obj ect di vided by its
original length, 10,

2. lb

Since thi s instrument is aimed at e ngineering applications, the defi ni tion fo r
engineering strain will be used in this thesis. The di fferences between the strai ns
calcu lated from these two defi nitions is not significant, if small strains are
measured. Thi s can be shown by substituting 1=lo+6J into equation 2 .l a,
expanding the equation to fi rst order in ~I , and taking the d ifference between the
strains calculated to give the error in strain,
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2

L'.E

"'

=E -E=
{
"

L'.I
2
=-E
Io )

2.l c

Thus, the difference is the squ are of the strain measured, e.g. when the strain
measured is

IOO~E

the difference is

O . OI~.

In the situ ations encountered is thi s

thesis thi s difference is not significant.

In section 2.2, a two-dime nsional (20 ) diffraction theory is developed to allow
the reader to gai n a basic understanding of the problem. The rest of the chapter
will then derive the fu ll 30 theory and give a full error analysis of the resulting
equations. The error analys is includes calculations of the effects of linear strain
gradient, the use of a finite grating, and the use of PSOs to measure the diffracted
orders.

2.2

Two dimensional theory

Most of the authors described in section 1.3.7 use a 20 theory to support their
work . A simi lar theory is discussed here to introd uce the reader to the problem
and to derive some preliminary resu lts before the fu ll 30 theory is described . In
this section we consider straightforward case of normal incidence. Figure 2.2a
shows the configuration used to develop this theory and it can be seen th at a
grating, with a pitch of d, is illuminated at normal incidence by a coherent,
collimated light source of wavelength A. The diffracted orders propagate at an
angle cp to the normal of the grating, and all the beams are in the plane of the
page. The diffraction grating equation describing the directions of the diffracted
orders is given below.

nA = d sin(cp)

2.2a

For the first orders (n= I) thi s equation can be re-arranged in to give:

2.2b
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where kg=lJd, the normalised grating frequency. kg can be used to determine
strain of the grating, E, us ing the followin g equation

2.2c

where kgo is the normali sed grating frequency, before the diffraction grating is
strained. Strain can now be written in te rms of the angle of the di m·acted orders,

sin(<I»- si n(<I>o)

2.2d

E = --'-'s-'-in'(<1>-0")"-"-'.

where <1>0 is the unstrained diffraction angle. The accuracy to which the diffraction
angle <I> needs to be measured, ll<l>, is determined by the accuracy to which strain
needs to be measured, llE, related by the following equation:

2.2e

Differentiating equation 2.2d with respect to <I> gives

2.2f

which at zero strain i.e. <I> = <1>0 tells us that the rate of change of diffraction angle
with strain is given by:

2.2g

Thus combining equations 2.2e and 2.2g gives
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2.2h

From equ ation 2.2h, if the diffract ion angle is 30° and the strai n accuracy is
required to be better than 10JlE, it foll ows that the measurement of the diffraction
angle must be made to an accuracy of be tter than 5.8Jlfadians.

This theory gives a basic understanding of the strain measurement problem and
the accuracy to which the diffracted orders need to be measured . It does not
however describe the case when the grating is in an arbitrary position, for this a
full 3D theory is required, and thi s is presented in the next section

2.3

Three dimensional diffraction theory

Work in the area of strai n measurement using diffraction [1.3.7a-n) generally
uses 20 theories to de cribe the diffraction effects or, as in the references [1.3.6ac,1.3.7j-I), starts with a general 3D theory which is simplified to a 20 case. When
the instrument is hand held the diffracted orders can lie on the surface of cone
and the use of the 20 theory can lead to inaccuracies of lip to half a millistrain.
The conical diffraction theories presented in [2.3a-fJ can provide the directi ons of
the diffracted orders if the orientation and pitch of the grating is known. In the
case of the Laser Strain Gauge, however, the reverse needs to be achieved , i.e. the
determination of the pitch and orientation of the diffraction grating from the
vector directions of the diffracted orders .

2.3. I

Conical diffraction theory

This section derives the directions of the diffracted orders from the grating vector
and the incident beam vector, which results in equations for con ical diffraction in
vector form. Within the following theory, only the direction of the diffracted
orders are considered and thus polarisation effects, which alter the relative
intensities of the diffracted orders but not their direction [2.3. la], can be
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neglected. It is therefore as umed that the process is adequately described by
scalar diffraction theory and the grating can be modelled by a reflection
coefficient described in two dimensions. Furthermore, the effects of strain
gradient, grating size, and grating noise are not considered until section 2.5. Thus,
the analyses before this section assume no strain gradient, an infinite grating and,
no grating noise. Accordingly if the incident beam, described by the wave vector,
ki' is assumed to be planar the E field at a point defined by the position vector, a,

can be represented by the scalar complex amplitude, V, (a), given by,

2.3. la

where V, o is a constant. The vectors used in the follow ing theory are shown in
figure 2.3.1 a. Without loss of generality we choose:

Ik ,I = Ik.1= I.

•

the modulus of the incident and diffracted orders to be one,

•

the modulus of the grating vector to be defined by:

•

the origin of the co-ordinate system to be in the plane of the grating.

Ik.1 = AI d .

A position in the plane of the grating can therefore be defined by a vector, a g ,
such that,

a

• ·"=0

2.3.lb

where" is the unit normal to the grating, and

3g

is normalised with respect to the

wavelength of light. For example if a point on the grating is specified by the coordinates (x ,y) the value of

3g

will be (x/A,y/A) . The complex ampli tude of the

incident beam in the plane of the grating, V"

(a.), is therefore,
2.3.1c
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The complex refl ection coeffi cient of the diffracti on grat ing, r(a s), is now
incl uded to give the amplitude and phase of the reflected wave, U,,,(a g ), in the
pl ane of the grating:

2.3. 1d

Considering a periodic grating that is infinite in extent the refl ection coefficient,
r(a . ) , can be written as a Fourier series given by,

2.3. 1e

where r", represents the Fourier coeffic ients, kg is the normalised grating vector,
and the directi on of kg is perpendicul ar to the lines of the gratin g and the normal
to the pl ane of the grating. Accord ingly the refl ected fi eld in the pl ane of the
grating, U,. (a . ) , can be written as

2.3. lf

In order to calculate the vector directions of the diffracted orders it is necessary to
decompose thi s fi eld into its pl ane wave co mponents. Thi s is described by
Goodman [2.3.1 b). In vector notation, where the projection of the wave vector k ,
onto the plane of the grating is deno ted by k ,., The pl ane wave spectrum ,
A(k,. ) , is given by

2.3. 1g

where the integrand is evalu ated over the plane of the grating and dS g is a surface
element of the grating. Accordingly the pl ane wave spectrum , A(k ,. ) , can be
written
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2.3. lh

m=+oo

= U;o

I, r l5{mk , + k ,. - k ,.)
m

m= __

where 15 denotes the Kronecker delta function. Equation 2.3.1 h represents a
decomposition of the reflected fi eld into plane wave components each identi fied
by their projecti on, k,., onto the plane of the gratin g. An important propert y of
the pl ane wave spectrum is that, in linear isotropic medi a, free s pace propagati on
merely changes the relative phases of the plane wave components. Hence the
po wer in each component described by the pl ane wave power spectrum ,

P (k,.),
A

is an invariant given by,

m=+-

= PoI,rm l5{mk , + k,. -k ,,)

2.3.li

m=_

where

Pois a constant of proportional ity and

A ' (k'll ) is the complex conjugate of

the plane wave amplitude spectrum . Clearl y the pl ane wave power spectrum is
non zero when,

2.3.1j

k,. =mk ,+ k "

Thi s equation relates the components of the refl ected and incident wave vecto rs
in the pl ane of the grating to the grating vector and its harmonics. Notin g that,

2.3.1k

and

2.3. 11
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equati on 2.3.lj can be written in terms of the reflected and inciden t wave vectors.

2.3.lm

The left-hand side of this equation tells us the component of kr in the plane o f the
grating. Since Jk, J has been chosen to be I k, ' ii can be found in terms of the
ri ght hand side of equ ation 2.3. 1m:

2.3. 1n

and thus

2.3. 10

We now know the direction of the diffracted orders, k" in terms of the order, m,
the grating vector, kg, the incident beam vector, ki' and the normal to the grating,

ii. For our purposes kg needs to be fo und in terms of the two diffracted first
orders, denoted by

k<+l

and kr_I. and ki . as shown in fig ure 2.3. 1a. This prob lem

is the subj ect of the next section.

2.3 .2

Conical diffraction so lved for the grating vector

For an arbitrarily oriented grating there are two un knowns, the grating vector, kg,
and the unit normal , ii . It will now be shown that these vectors can be
determined unambiguously if the vector directions of at least two diffracted
orders are measured relative to the directi on of the incident, or probe, beam.
Accordingly, substituting m=± 1 in equ ation 2.3 .1 m gives the fo llowing two
equations

2.3.2a
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2.3.2b

where kr+1 and k r. 1 are the first pos iti ve and negati ve diffracted orders.
Elimi nat ing kg by taki ng the sum of equ ati ons 2.3.2a and 2.3 .2b gives

2.3.2c

Rearranging this equation gives

2.3.2d

Noting that

nis of unit magnitude (i.e. the direction of n is equ al to the direction

of the left-hand side of 2.3.2d) gives an expression for the grating no rmal ,

2.3.2e

= k r + 1 +k r - I

where k
p

2.3.2f

2

Eliminating k i by taki ng the difference o f eq uations 2.3.2a and 2.3.2b gives an
express ion fo r the grating vector,

2.3.2g

where,

k

,-_ k,+1 -k,_1
2

2.3.2h

Eq uations 2.3.2e and 2.3 .2g give the normal to the grating surface and grating
vector of the di ffraction grating in terms of the vector directions of the incide nt
and diffracted beams. Strain measurements usi ng the Laser Strai n Gauge (LSG)
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technique rely on measuring the modu lus of the grating vector. The modulus of
kg can be derived from equation 2.3.2g, giving:

2.3.2i

S ubstituting eq uation 2.3.2h into eq uation 2.3.2i and simpli fy ing gives

1 I - k .k
k 1=_
r+1
r- I
I

g.J2

_il nk ,+, -2 k ,_,)2

2.3.2j

Substituting equation 2.3.2e and 2.3.2f into equation 2.3.2j and rearranging g ives
Ik .1 in terms of the directions of the diffracted orders, k ,+, and k ,_" and the
incident beam, ki'

2.3.2k

If the zero strain grating frequ ency, kgo, is known the strain of the grating is gi ven
by:

2.3.21

It will now be shown that equation 2.3.2k simplifies to the grating equation when
the incident beam is perpendicular to the grating, as is described in section 2.2. [n
this case, k ,+, - k ,_, remai ns perpendicular to k i and equation 2.3 .2k simplifies
to

2.3.2 m

Since k ,+I.k ,_, = cos(2<1», where

<1>

is the diffraction angle equatio n 2.3.2m

becomes
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I

Ik gI =

I

.J2 [I - cos{2cJ»p

2.3.2n

Using standard tri gonometric equati ons thi s can be simplified to

2.3.20

whi ch is equivalent to the diffraction equati on 2.2b. We now have an exact vector
solution, deri ved fro m Fourier Optics theory, to the grating pitch and orientation
given the directi ons of the incident and di ffracted beam . However, thi s does not
tell us the effects of errors in the measurement o f these beams, chan ges in the
wavelength of li ght, the effects of using PSDs, or the effects of a finite gratin g
size on strain measurement. Obviously knowledge o f these effects is critical to
the development of the LSG and these a re considered in the foll owing sectio ns.

2.4

Error analysis

Section 2.3.2 derived the equ ation that calculates the grating vector as a fun cti on
of the propagation vectors of the di ffracted orders and the incident beam. Thi s
equati on is restated below

2.4a

An error analysis of this equation is required to determine the effects of errors in
the inci dent and diffracted order directi ons and wavelength, on the value of
Ik gland thus strain 'measured. Each propagation vector in equation 2.4a has two
components of error in its direction, since the magnitude of each vector is one.
Therefore, the error function of equation 2.4a will be a function of six error
vari ables. During this analysis first order error terms were initial ly co nsidered.
However, it was found that higher order terms were req uired because fi rst order
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terms of some errors are zero. [n order to define the maximum all owable error in
each of the vector components it is necessary to consider hi gher order effects.
Due to the number of poss ible higher order terms (including cross terms) a
numerical study was undertaken to guide the analysis towards the most
sign ificant terms. Thi s analysis was undertaken usi ng Mathematica™ and
cons isted of a series expansion of the error terms to second order, including the
cross terms . This resulted in many error terms that could be individually
evaluated for an instrument, grating, and error configuration. The terms were then
sorted accordi ng to absolute value and the most significant terms selected.

To simplify the derivation it is split into specific cases, which are presented in the
following sections

2.4. 1 Case for incident beam perpendicular to grat in g

Firstly, the simple case is considered in which the diffraction gratin g is
perpendicular to the grating. In this case, since k r+l- k r.1 is perpendicular to k i
eq uation 2.4a simplifies to

2.4.la

To determine the effects of errors in kr+1 and k r_1 on the value of Ik, 1the
differentials of equation 2.4.1a need to be found with respect to the components
of kr+1 and kr_l . The components of kr+1 and k r.1 are specified as follows

k r+1 = (X+I' Y+I,Z +I)

2.4.1 b

k r- I -- (x - J Y- I' z - I )

2.4.l c

I

To first order, the change in Ik .1 ,L'.jk . I, can be found as follow s
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2.4. l d

Equation 2.4. la can be written in terms of the vector co mponents as

2 .4. l e

Substituti ng the differentials of equation 2.4.l e into eq uation 2.4.1 d gives

X +I ~ _I

+y +It.y _I +Z+It.z_1+X _I ~ +I +y _It.y +1+Z_It.z+1
2.J2JI -(x+1x_1+ y+IY _I +Z+IZ_I)

2.4. 1f

k r + I ·.6k r_ 1 +kr_"&r+,
2.J2JI- (k,+I·k , _1 )

T o use this equation val ues of the components t.k '+1 and t.k'_1 must be know n
and , since the moduli of k ,+1 and k ,_1 are I, these values are constrained. Since
t.k ,+1 and t.k ,_I are small they are approx imately perpendicular to the vectors in
which they represent a change. Without loss of generality, the co-ord inate syste m
wi ll be chosen such that x-ax is lies along the grating vector and the grating is in
the x-y pl ane. Fi gure 2.4. 1a shows these vectors and it should be noted that the
error vectors are named £'.xz+!. £'.xz_I , t.Y+I , and t.Y.I. These error vectors
correspond to the errors in the diffracted orders in the x-z plane and the y
directi on. Since the inc ident beam, in thi s case, is perpendicul ar to the grating, the
d iffracted orders lie in the x-z pl ane and therefore

k ,+1 =k ,O, ~I - k ~
k ,_1 =

)

2 .4.1 g

(-k. ,O, ~I - k ~ )

2 .4.1 h
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where kg=

Ik,I. Substituting 2.4. 1g and 2.4. 1h into 2.4. 1f gives the following

equation

k, 6x _, + R

6z_, -k. 6x +, +R6z+,

2.4.l i

4k.

We can now determine the errors in strain measurement caused by errors in the
diffracted orders in the x-z pl ane. The components of the error vectors in the
pl a ne containing the x and z axes are:
fu(Z+1 = fu( z+, (~I- k~ ,O,-k J

2.4.l j

fu(Z _1 = fu(Z)~I-k~

2.4.1 k

,O, k J

where <1XZ+ 1 and & Z+I are the magnitudes of the errors in the vectors in the
diffracted orders in the xz plane. Substituting equati ons 2.4. lj & k into 2.4.1 i
gives

R(6xZ_, - 6xZ+,)

2.4.11

2

Strain error <1e, due to the & Z+ I and <1XZ+ 1 errors can be calcul ated from thi s
result by di viding the change in

Ikgl by kg thus:
2.4.1 m

Thi s result can be compared to that found in section 2.2 if the foll ow ing
substitutions are made kg=sin (cjlo), &Z.,=-<1cj>, and <1XZ+I=<1cj>, to give

2.4. 1n
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which corresponds to equatio n 2.2h.

Equation 2.4.1 f shows that the numerator for the first order error terms of k ,+1
and k ,_1 in the y direction is Y+IL'> Y.I+ Y. IL'> Y+ I. Thus for the case where Y+I and
Y.I are zero there is no error caused by an error in L'>Y+I and L'>y+1. In the
development of the Laser Strain Gauge, it is important to know the all owable
error in the measurement of the diffracted orders. Analysis of equation 2.4.1 a was
undertaken using the nu merical technique described in section 2.4. For the case
where the normalised grating vector has a modu lus of 0 .5 (i.e. a diffraction angle
of 30°). Thi s analysis showed that the most significant terms for Y direction errors
in the diffracted orders, L'>E2, are:

2.4. 10

Thus, the total strain error for the case when the incident beam is perpendicular to
the grating, L'>EI +2, to lowest, and most significant, order is given by

R

(b.x.z_1-i'>xz+l )

2.4.lp

2k.

This resu lt can now be used to determine the maximum allowab le errors in the
diffracted orders. For the case where the total strain error is to remain under 10llE
(which is the target strain resolution of the instrument), assuming kg=0.5,
equation 2.4.1 p shows that the followi ng must be true:

2.4. Iq

S ince the diffracted beam vectors are of unit magnitude the values stated in
2.4. Iq are the allowable angu lar errors (in radians) in the diffracted orders in the
specific directions.
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This section has described the error analysis of eq uat ion 2.4a for the simple case
where the incident beam is perpendicu lar to the grating, as described by equati on
2.4. l a. The error equations derived here give results that hold during a full
analysis of eq uation 2.4a, although they do not give any results determining the
effect of errors in k j • The fo llowi ng section derives these equation .

2.4.2

Case for incident beam nearly perpendicular to the grating

The general case is now considered where k j is not perpendicular to the
diffraction grating surface. In this situation we return to equation 2.4a, which is
restated below.

2.4.2a

Once again the components of k ,+1 and k ,_1 are described by equations 2.4.l b
and 2.4.lc and in addition the components of kj are defined as follows.

2.4.2b

k, =(x"y"z,)

To first order

l¥.1 is now given by

Alk1=~k.1
illl + ~k.1 /).y + ~k.1
dx.
dz

'1

- I;:).,

g

_I

UY _I

-I

/).z
-I

_I

2.4.2c

equation 2.4.2a can now be written in terms of its vector components
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I

2

2.4.2d

Since in practice the instrument is aligned to within a few degrees of the normal
to the grating, the errors of thi s eq uation can be eva lu ated in two s itu ations:

The first situation is when k i is normal to the grati ng, as shown in figure 2.4. 2a.
[n

this situation the errors in k i are in the x and y directions. When the first

differential of 2.4.2d with respect to

Xi

is evalu ated the result is zero. The

numerical analysis described in section 2.4 determined that the term in !lx ; is the
most significant error in k i when it is normal to the grati ng. This term can also be
Found by taking the second d ifferential of eq uati on 2.4.2d with respect to

Xi .

S ubstitution of this differential into the following second order error term in !lxi'
shown below,

2.4.2e

g ives

2.4.2f

which corresponds to a strain error, !le3, of

2.4. 2g

The first and higher order terms in !lYi a re only significant when combined w ith
Xi,

and this equ ation is derived shortl y. Thus, for the case where the incident
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beam is perpendicul ar to the grating D.yj does not introduce an error into the strai n
measured.

T he second situation, when k j is not perpendicul ar to the grati ng, is shown in
figure 2.4.2b. In this situation the firs t differential of equation 2.4.2d is taken and
the follow ing substitu tion is made

k .. , =(k g +

x;,O,~I -(kg +x})
2.4.2 h

k , _ I = (-k g + x; ,0.)1 - (k. - x; )2)
k ; =(x ; ,O,-~ I -x:)

resul ting in the following eq uat ion

2 2x ;kg +[i~(-~I

-(x;

_ kg)2

+~I -(x; + k. )2)

(-2~I -X~ +~I -(X; -kJ +~I-(X; +k)

J

2.4.2 i

Since Xj is small (due to the limited ti lt range of the instrument) this equation can
be expanded to first order in terms of Xj, to give

a lk gl
ax; =

x jk.

2.4.2j

~l -k ~ (I +~I-k~ )

resulting in a strain error, D.E4, given by

2.4.2k

It is clear that this term becomes increasingly significant as x;, the angle between

the probe beam and the grating normal in the x direction, increases and the error
in measurement of the probe beam in the x direction, D.Xj, increases.
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Finally, is al so necessary to determine the most significant error term in D.Yi.
Agai n, this was achieved using the numerical analysis described in section 2.4.
The resulting error term, D.Es, is given by

D.E,

=

D.y ,' x ,'

2.4.21

The strain measurement errors cau sed by errors in the diffracted orders have also
been calculated using equation 2.4.2a. For the situation where the inc ident beam
is within 0.75 °of the normal to the grating (the typical achievable alignment
accuracy of the instrument whilst hand held), and a 30° grating

is used the

numerical analysis was used to collect the most significant error terms in the
di ffracted orders. As expected for this case the most significant error terms are
those derived in section 2.4.1. Thus, the total strain error term, D.E" is given by

g(/}.xZ_1-/}.xZ+I) D.y} +D.Y+I'

2k,

8k~
2.4.2m

What is of interest in the design of the Laser strain Gauge is the accuracy to
which the incident and diffracted beams need to be measured . If an error of 10llE
is set as the maximum error contributed by each error value, with the Follow in g
instrument criteri a:

•

The maximum angle between the normal to the grating and the incident beam
is 0 .75 ° (i.e. the maximum value of Xi is 0.013)

•

kg is 0.5 (i .e. the diffraction angle is 30°)

table 2.4.2a, shown below, can be calculated.
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Error

Most

Vari able

term

D.XZ+I

significant
III

Magnitude

of Maximum angu lar

error error variab le to

error

allowable

eq uation

give a lOllE error

beam (degrees)

D.XZ +I ~I- kg '

5.7x 10.6

0.33x I0-3

5.7x lO-6

0.33x lO·3

2kg
D.xZ_1

D.xz _I~I- kg '
2kg

D.Y+I

_ D.Y +1
8kg '

,

4.5x IO·3

0.26

D.Y·'

D.y: ,

4.5x IO·3

0.26

8.3xIO·3

0.47

I.2xlO- 3

68xlO·3

0.56

34

--8kg '

D.x;

,

D.x ;

2(~I-kg' +I}
D.x;

D.Y;

x .D.x .

~I- k; (I + JI- k;)
t;y'x
, ',

2(I -k: X~I - k : +1
1
Table 2.4.2a

It is clear from table 2.4.2a that there is a large range in the allowable errors in
the incident beam and diffracted orders. The tightest constraint is the 0.33x I 0-3
degree allowable error in the D.X Z+I and D.xZ.1 directions, which relates to a
diffracted order spot measurement accuracy of 0.571lffi if IOOmm foca l length
lenses are used in the in strument. Further to thi s it should be noted that the probe
beam needs to be known to an accuracy of 68x 10-3 degrees in the D.x; direction
during hand-held use.
2.4.3

Wavelength stability requirements

The effects of the wavelength stability of the incident beam are now considered,
fm the case when the instrument and grating are aligned. Strain is calculated
us ing the following equation:
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2.4.3a

Fo llowi ng the variable choices of section 2.3 .1 and for the purposes of this error
analys is the vari ables in equ ation 2.4.3a can be written as :

2.4.3b

where do is the grating pitch, whi ch remai ns constant,

Aa

is the intended

wavelength during measure ment, and A actual wavelength. Thus,

A- k
,0
E = -"-:-_d

2.4.3c

k ,o

The strain error, L'> E.., can be calcul ated using the fo ll ow ing equ ation

2.4.3d

w here L'> A is the change in wavelength. The differe nti al of equation 2.4.3c is given
by:

dE

dA

=

2.4.3e

Ao

The strain error is therefore given by

2.4.3f
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Thus if the accuracy of strain measurement is

10~

the wavelength needs to be

stable to I part in 100,000 or if A.=674nm the wavelength needs to be stable to
6.74pm (picomelres). HeNe lasers are typically stable to this degree. The atomjc
transition bandwidth to full width half maximum of a typical low pressure HeNe
laser is 1400Mhz, which relates to

3~

or 1.8pm. Thi s is the worst case for a gas

laser operating in multiple longitudinal modes. Most gas lasers have a much
better wavelength stability and a well stabi lised laser such as a Melles Griot
05STP903 has a bandwidth of 2MHz, which relates to a strain accuracy of 4nE
(nanostrajn). Clearly relatively simple gas lasers have sufficient wavelength
stability to be used in the laser strain gauge and thu s the acquisition of a sui table,
conventional laser source is not perceived as a prob lem.

Laser diode sources are less wavelength stable than conventional laser sources,
being particularly sensitive to changes in temperature. Due to their advantages of
compact size, ease of power supply, and ease of intensity modu lation it was
intended that they should be tested in the LSGs. This is discussed in section 5.2.

2.5

ElTects of strain gr adient, finite gratin g size and noise on strain
measurement

The effects of strajn gradient, finite grating or incident beam aperture and
imperfections in the grating structure due to curvature of the substrate or the
ingress of dirt can be modelled by introducing a complex factor b(a g) into
equation 2.3. 1a. Accordingly, the reflected field in the plane of the grating,
Ujg(a g) , can be written

2.5a

The plane wave spectrum, A(k rg) , is now given by,

Chapter 2

45

A(k ,.)= U;o

Jf[ Ir", exp[27tj(mk. + k,) . 3
m=_
Ill=-+-

g ]lb(3 g

~

)exp[- 27tj(k ' • . 3.

)~s.
2.5b

= U;O I,rm 15(mk g + k,. - k,g)®B (k ",)
11\ = __

where ® denotes convol ution and B(k,.) is given by,

2.5c

Assuming that convolution effects between the diffracted orders can be
neglected, the plane wave power spectrum, PA(k rg), can be written,

rn =+-

PA (k r.)= Po I, rm15(mk. + k ,. - k ",)18> PR(k ,.)

2.5d

111 = __

2

where Po (k ",)=IB(k ,g )1 • The plane wave power spectrum is a convolut ion of
delta fun ctions, which define the angu lar position of the diffracted orders, with
the function, Po (k ",), describing the spread of the di ffracted orders. For the case
of a perfect grating illumin ated by a plane wave the angular spread of the
di ffracted orders is dictated by the aperture defined by the grating extent. For
example it can be shown [2.5a] that the angular spread, Bd,, (k r . ) . of the
diffracted orders resulting from a circular grating of diameter, D, is given by the
Airy di stribution ,

2.5e

where Bo is a constant and J I is the Bessel function of first kind of order I .

The diffracted order divergence also increases the size of the spot on the detector.
The effect of the detector measuring thi s spot is now considered. From equation
Chapler 2

46

2.5d the plane wave power spectrum describin g the first (m=+l ) diffracted order,
PA+ I (k '.) , can be written,

2.5f

where r+l is the first order Fourier coeffi cient. The centroid of this di stribution (in
analogy to a centre of mass calculation), in k'g space (i .e. the pl ane of the
grating) k,g+1 is defined by,

2.5g

where dSk is a small element of the grating plane and the integral is eval uated
over the whole grating surface. Similarly, the centroid of the plane wave power
spectrum due to the m=-l diffracted order,

k 'g_1 '

is given by,

2.5h

Substituting k '. = k ;g - 2k g' where k ;g is a dummy variable, into eq uati on 2.5 h
gives

2.5 i

which, since kg is constant this gives

2.5j
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Comparison of equation 2.5j with equation 2.5g, not ing that the integral is over
the who le grating surface, gives

2.5 k

and therefore,

2.51

This shows that any distortion in the diffracted orders, resulting from corruption
of the grating or strain gradient, can be e liminated if the differences in position of
the centres of intensity of the diffracted orders are measured in the grating pl ane.

The effects of strain gradient, for the case of a linear strain grad ient in the
direction of the grating vector, will now be considered. The form of b(ag)
required to introd uce a Gaussian profile beam profi le and a diffraction grating
frequency grad ient (i.e. a strain gradient) is

()

]
I~i Y
[- 7lal] exp[21tjg (k.a

b a. = exp

2.5m

where g is the rate of change of grating frequ ency, in the direction of the grating
vector, and a is the Gaussian width of the incident beam to the lie intensity point.
This equation can be simplified if kg is chosen to be a vector in the x direction of
the grating surface and ag has a magnitude of x in the x axis direction. Thus, 2.5111
simplifies to

2.5n
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Tt can be seen that g is rate of change of the spati al frequency Cspatial frequency
bein g the rate of change of phase with x) term of bCa g) .

To determjne the effect of bCa g) on the d iffracted orders the power spectru m
PBCk rg) needs to be determined. This is achieved using the same procedure that
has been used in equations 2.5b-d. Thus,

where dSg is an element of the surface of the grating. This equation is much easier
to evaluate symbolicall y if the vectors are split into x & y components. Once
again , assuming that kg is in the x direction and denoting the x and y components
of krg as k, and ky allows 2.50 to be re-written as

evalu ating this integral gives

a ' k 'y
a1texp -

( I ' . )
-jg

4 -

4

a'

2.5q

The power spectrum, PBCk" k, ), of this mu st now be calcu lated to determine the
intensity distribution of the diffracted orders. This has been done by calc ul atin g
BCk" ky) B' Ck" ky) where B' Ck" ky) is the complex conj ugate of BCk" ky).
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2.5 r

This equation shows that the strain gradient symmetrical ly increases the width of
the di ffracted order in the directi on of the strain grad ient i.e. the x d irection. It is
also appare nt that the strain grad ient has the same affect as reducin g the width, a,
of the incident di ffracted order in the direction of the strain grad ient. Over the
width of the spot, which is typicall y l-2mm , the pitch of the grating is li kely to
change by a max imum of few tens of microstrain. For the case where the width of
the di ffracted order to lie intensi ty is I mm, the d iffracti on angle is 30°, the laser
wavelength is 632.8nm , and the strai n gradient is 10!l£fmm the lIa4 term is
approx imately 250 times greater than the g2 term. Thus, for this situati on, the
effec t due to strain gradient is insignificant when compared to divergence of the
beam, and will not be considered further in this thesi . For larger strain gradients
the effect will be much greater and will produce the same effect as reduci ng the
di ameter of the beam . It will be shown in the next section that if PSDs are used to
measure the diffracted orders this will resul t in an overestimate of the grating
frequency.

It should be noted that to achieve an 'ideal measurement' of thi s kind req uires
knowledge of the power spectrum expressed as a function of the refl ected wave
vector components in the plane of the grating. However, it is the angular
distri bution of the d iffraction order intensi ty, relative to the probe beam , that is
measured. It is poss ible to calcul ate the power spectrum from measurements of
the intensity distributi on of the di ffracted orders using a hi gh reso lution CCD
camera. In all but the last prototype instrument described in this thesis, position
sensitive detectors are used to measure the directions of the diffracted orders .
Since these devices inherently measure the centre of intensity of the light spot
incident on them the centre of the intensity of the diffracted order is measured in
angul ar space, not its centre of intensity in the plane of the grating. The fo llowing
section derives equations for the measurement bias resulting from this.
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2.6

Measurement Bias

This section shows that the effect of measuring the centre of intensity of the
diffracted orders using PSDs does not significantl y affect the strai n measured . To
achieve this we consider the mapping of the plane wave power spectrum onto an
equivalent power distribution in angular space. To simplify this we consider the
case where the grating vector is in the x, y pl ane and the incident beam is normal
to the grating, i.e. the z axis . In this si tuation,

Ik I= sin
rg

w here

<I>

2.6a

<I>

is the diffraction angle. By analogy wi th eq uation 2.4i the centroi d of the

power distribution in angul ar space,

<1>,

can be written,

2.6b

-

In order to estimate the value of

<I>

we use a Taylor series expans ion of the

arcsine function. This will be evaluated around the angle defined by the centroid
of the power spectrum in the pl ane of the grating, sin,llk

,.1. Thu s expandi ng,
2.6c

gives

2.6d

substituting this into equation 2.6b gives
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2.6e

Note that the term due to the second term of equat ion 2.6d is zero si nce, by
analogy with equati on 2.4i,

Ik,.1is defined by
2.6f

The first term of eq uation 2.6e represents a direct mapping of the

Ik,.1

component of the plane wave power spectrum onto angular space. The second
term of equation 2.6e represents an error term,

~q, :

2.6g

Therefore, the error, which is due to the measurement of the diffracted orders in
angu lar space using PSDs, is proportional to the second moment of the diffracted
order. This can be calcul ated from the size and distribution of the spot incident on
the detector.

If the centroi d of the power distribution in angular space is used to estimate the

centroi d of the pl ane wave power spectrum, a corresponding error, ~lk ,g+ll, wi ll
be expected. Thi s is given by,
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- I _Cllk,.1
I

~k ,. =~<\>~

=

~<\>

cos<\>

= ~~[l -rk:rr
Ik,gl

fJ~k ,. I-ik:l) p. (k g + k ig - k ,g)ds

2[1- lk,J ]

If p. (k , + k ;g - k ,.)ds

=

Since

2.6h

~k ,.I -Ik ,.1) and

k

k

p. (k , + k i• - k,.) are always positive it is clear from thi s

expression that measuring the centroid of the angular power distributi on res ults in
an over eSlim ate of the magnitude of the centroid of the plane wave power
spectrum.

A simil ar express ion can be found for the error in the centro id of the m=- I order.
Noting that at normal incidence k,g+' = -k,g_' it is clear from equation 2.6h th at
this error leads to an over estimate of the grating pitch.

In order to estimate the measurement error we wi ll assume that the spread of the
diffracted orders, defined by P.(k ,,), has a Gaussian shape. Equation 2.6h can
now be written as,

where a is the half width of the function PB (k ,. ) at the lie intensity point. Figure
2.6a shows these vectors in the plane of the grati ng for the case where k ig is zero
(i.e. the incident beam is normal to the gratin g) and a is small , relative to lkgl. In
thi s situ ation it should be noted, from equ ati on 2.5 1, since k ig is zero

Chapter 2

53

k 'C+1 = -k,c_1 and thus

Ik,.1 =Ik,l· As show n in figure 2.6a the simplification of

the variables to orthogonal axes is reasonable. Thus, equation 2.6i can be
simpli fied to

2.6j

The integral s in this equation are separable [2.6a] and can be simplified to

2.6k

Evaluating the integrals gives

2.61

6£, is calcul ated from thi s 61k,.1 must be divided by Ik'.I. A
further simplification is to write Ik. . = sin <\> and to change a, the width of the

If the strain error,

1

diffracted order in the plane of the grating to 3<J the width of the di ffracted order
where a

= ad cos<\>. Thus, eq uati on 2.61 can be written as

2

6£=-ad4

2.6m

With a 2mm diameter probe beam the typical diffraction order intensity plots are
shown in figures 5.5.3a and 5.5.3b. The width of the diffracted order at lie of the
maximum intensity is approx imately 6mill iradians, which gives a strain
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measurement error of 8.5I1e. It can be seen fro m fi gure 5.5.3 b th at the half width
is approx imately 3milliradi ans giving a strain error of 2.251l€. Thus, the errors are
less th an the LSG's target accuracy of IOIl€. This is espec iall y true when it is
considered that the strain measurements will normall y be taken relati ve to the
prev ious reading, which will also have the same error and thu s relative strai n
measurement will not meas ure thi s error. The error from this effect o nl y becomes
significant

if the qu ality of the grating changes significantl y between

measurements, or a very noisy grating is used. However co mpared with other
error sources encountered in thi s work they are not significant and are not
considered further.

2.7

Multi E lement Strain Gauge

It is worth noting at thi s point th at the strain measurement technique described

here could be extended to the use of crossed gratings to enable the surface strains,
exx, eyy, and exy to be measured. The measurement of the four first d iffracted
orders from a crossed grating wo uld give the two strains exx. eyy a nd the angle
between the m. From thi s inform ation exy can be calculated. The technique of
extractin g the principal strains from the fo ur first diffracted orders is d iscussed by
Moulder et. al. [2.7a] and Dupre et. al. [2.7b] . It would be straig htforward to
combine the vector theory described here with these theories since the vector
direction of the both of the crossed grati ngs coul d be calculated before and after
deformation. The knowledge of the grating vectors from this would all ow
principle surface strains to be calc ul ated.

2.8

Conclusions

For the first time an exact symbolic theory has been developed that calcul ates the
strain of an arbitraril y oriented d iffraction grating from the di rections of the two
first diffracted orders and the incident beam. Thi s theory extends Fourier Optics
theory for la rge angles of d iffraction usi ng a concise vector notation.

The theory has been used to:
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•

Explore the effects of strai n gradient, gratin g quality and the limited extent of
the diffraction grating used in the laser strain gauge. The result is that,
provided two diffracted orders are sufficiently accurately sampled, strain can
be measured exactly.

•

Explore the effect of using PSDs, which intrinsicall y measure the centre of
intensity of the li ght incident on them. It has been determined that this does
not significantly affect strain measurement unless the quality of the grating
changes between measure ments.

•

Determine the effects of errors in the measurements of the inc iden t and
diffracted orders on strain measurement. This leads to an equat ion for the
strain measurement error resulting from the most significant errors terms in
the directions of the incident and diffracted orders. Equation 2.4.2 i gives the
result of thi s and table 2.4.2a shows the accuracy to whi ch each error
component of each vector needs to be measured for a typical strain
measurement situation. It can be seen from this table that the allowable error
in the diffracted order measurement, in the x-z plane, is almost 2 orders of
magnitude less than the other diffracted orders.

•

Determine the wavelength stability required of the li ght source used. This
shows that inexpensive Helium Neon lasers have sufficient wavelength
stability for the strain measurement accuracy required of the instrument.

•

Show that the effects of strain gradient and beam divergence are not
significant in strain measurement in the typical situations encountered in this
work

•

Show that the surface strain tensor can be calculated if a crossed grating is
used and the four first order diffraction errors are measured.

Thus, from a theoretical viewpoint, a strain gauge us ing the techniques described
here should be possible and most significantl y limited by the accuracies to which
the diffracted orders can be measured.
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3 PRACTICAL MEAS UREMENT OF THE
DIFFRACTED ORDER DIRECTIONS

3.1

Introduction

As stated in the introduction the intention of this work is to produce a hand-held
instrument capable of measuring the pitch of an arbitrari ly oriented diffraction
grating. It is clear from the analysis of chapter 2 that such a device must measure
the angular position of the diffracted orders over a large angul ar range, to
accommodate any movement of the operative, and with sufficient accuracy to
make useful strain measurements. Discussions with H.Tinsley & Co. (a strain
Gauge manufacturer and partner in the project) suggested that an instrument
capable of measuring strain to an accuracy of

IO~E

would be sufficient for a

significant number of applications. Equations shown in table 2.4.2a show that the
angular positions of the diffracted orders must be located to an accuracy of
5.7x I0·' radians to achieve this.

In addition, simple alignment tests showed that an operative, with some practice
and the optical feedback from the zero (reflected) order, could align a probe laser
to an accuracy of 0.75 degrees to the normal to the grating, giving a total range of
instrument movement of 1.5 degrees. This results in the zero order having a
rotation ran ge of 3 degrees and the diffracted orders, for the typical case of a 30 0
diffraction angle, having a rotation range of 3.5 0 within the instrument. Since the
diffracted orders need to be measured to an accuracy of 5.7x lO·' radians and 3.5
degrees is 6.2xI0·' radians this results in the diffracted orders being measured to
an accuracy of approximately I part in 10,700.

As summarjsed in section 1.4 the work of Gatting et.al. [3.1a] gave the highest
gauge performance factor of any optical technique. Thjs technique used Position
Sensitive Detectors (PSDs) as the optical transducers. Thus, based on this work
PSDs were investigated to test their suitabi lity for use in the LSG instruments. In
particular, as described later in this chapter, these devices have a large dynamic
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range, provide relative ly simple analogue outputs and have a large temporal
bandwidth. PSDs were purchased from major suppliers in one and twodimensional fo rm and were characteri sed in terms of measure ment noi se, and
linearity, relative to interferometric distance measurements.

In addition to detector characteristics errors due to lens aberrations and
te mperature changes were considered both experimentally and theoreticall y. This
chapter begins with a discussion of the basic optical set-up used to measure the
angular position of the diffracted orders and the req uirements of optical and
mechanical components. Although, as will become apparen t, the ability to
measure the diffracted orders is limited by detector noise and diffraction grating
quality the measurement is ultimately limited by photon noise. Thi s fundamental
limit is discussed in the following section with the basic optical configuration,
before the main body of work concerning the characterisation of PSDs.

3.2

Optical Configuration

As discussed in chapter 2 the vector directions of the two first orders need to be
measured re lati ve to the interrogating laser beam, in order to measure the strain of
a diffraction grating of arbitrary orientation. Since only the directions of the
di ffracted orders are req uired, not their positions, this can be conveniently
measured using a convex lens with a detector mounted at its focal plane, as
shown in fi gure 3.l a. The position of the diffraction spot on the detector gives the
direction of the diffracted order, relative to the optical ax is of the lens. This
arrangement can measure the direction of the diffracted order to a resolution
determined by the resolution of the detector and the focal length of the lens, given
by:

tu

t:,.8=-

(3.2a)

f

where

~e

is the angular resolution,

~x

is the resoluti on of the detector, and f is

the focal length of the lens.
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The PSDs discussed here measure the centre of intensity of the li ght spot, in the
presence of electrical noise. There is a fundamental limit to the resolution to
which any li ght spot can be measured, even with a noiseless detector, due to
' photon noise'. Consider a laser spot with a Gaussian intensity profile and a width
given by w (defi ned as the distance from the centre of the spot to the point where
the intensity drops to e" of the maximum intensity), centred at x=O. Since the
Gaussian function is separable, the eq uation can be considered in one dimension.
The probability, 1jI, of the photon hitting the detector wi thin a small region dx
centred at a can be therefore be written:

(3.2c)

Us ing results from Barford [3.2a] if the mean of this distribution is estimated
from N photon observations the standard dev iation of the mean, p, is given by

(3.2d)

where N is the number of photons detected (observations) by the detector during
the measurement. N can be calculated in terms of the wavelength o f light, A, the
time period of the measurement, t, the quantum efficiency of the detector, q, and
the intensity of the light spot, I, and is given by:

qtlt..

N=-

(3.2e)

he

where h is Pl anck's constant and c is the speed of light. Thus p is given by:

w~
p = ..fiqtIA

3.2f
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In the case of the LSG for typical values i.e.: w=O.2mm, q=O .1 3, t= I ms, I=80!1W,
and A.=632.8nm the stand ard deviation of the spot centroid due

to

photon noise is

O.8nm. Since thi s is 2 orders of magnitude bel ow the typical noise level of the
detectors this noise source can be neglected.

3.2. 1

Effects of temperature changes

It is clear that if the instrument baseplate is uni fo rmly heated the expansion wi ll
cause the components of the instrument to move apart, but the angles of the
components relative to one another to remain constant. Thus, since the lens PSD
combination measures the angle of the diffracted order, a uniform expansion will
not affect the strain measurement. However, a temperature change wi ll cause the
PSDs to move away from the lenses. For example the thermal expansion for
instrument #3, described in section 5.5, which used a steel basepl ate and a focal
di stance of lOOmm, meant that the PSD wou ld move approx imately l!1m away
from the le ns per degree Celsius (0C) temperature increase. As described

111

section 5.5.2 the PSDs were posi tioned at the focal pl ane to an acc uracy of
±20!1m and thus tempe rature changes would on ly be significant if they were
greater than ±20°C . Initial ly the instrument was only intended for laboratory use
and flu ctu ations in temperature of more than 5°C were not expected.

Of more concern were the potenti al effects of non-uniform heating o f the
baseplate that mi ght occur if a heat-producing component, such as a laser, was
incorporated into the LSG. The possi bility of this happening was avoided on the
later prototypes because they were designed to include no significant heat
prod ucing components. Thus the light source was fibre deli vered and the power
supply was separated from the instrument.

3.3

Optical component quality

It was necessary to consider the quality of the optics necessary

to

bring the

diffracted orders to focu s on the detector. Clearly, the angle-to-position mapping
of the diffracted orders depends on the quality of the lenses and other optics in
Chapler 3

61

the beam paths. The theory presented in chapter 2 shows that, to first order, the
error in strain, t.e, is given by

3.3a

where

<I>

is the angle between the veltical and the diffracted order and k, modulus

of the normali sed grating vector. To g ive an error less than 10microstrain this
equ ation shows, with <1>=30°, a linear mapping of angle onto position to an
accuracy of approximately 5.7llradians is required. In addition, the lens system
must have a sufficient angul ar field to cope with the instrument tilts and sufficient
aperture to capture the diffracted orders for the full range of till and di splacement.
Clearly, this latter require ment depends on the di stance between the in strument
and grating when being used, since the greater thi s is the further the diffracted
orders will traverse the lenses for given rotation of the grating.

To experimentally test the angular mapping of the lense used in the LSG the
angle of the input beam into the lens would have to be known to an accuracy
significantly better than 5.7Ilfadians. Thus if a rotary stage was used to contro l
the input beam it would need an accuracy of better than 5.7llfadians, and this was
not available. Theoretical investi gations were undertaken using Optica'''', a
commerc ial ray-tracing program, to assess the quality of the optics required in the
Laser Strain Gauge. Using the lens curvature and materials data for Me ll es Griot
LAO 123 100mm (F4) doublet lenses (which were used in instruments #2&3 ,
described in sections 5.4 and 5.5) combined with an instrument stand-off di stance
of 80mm rays were traced over an ang le,

e, of approximately ±2.5

degrees, as

shown in fi gure 3.3a. Thi s numerical analysis gave a mapping between the angle
of the di ffracted order and the position of the spot at the detector, positioned at
the focal plane of the lens. Figure 3.3b shows the error in spot position on the
de tector as a fun cti on of e between +2.5 and -2.5 degrees, gave a standard error
of l3llfadians (equivalent to approx imately a 221lE strai n measurement error) .
However, due to the systematic nature of this error the following third order
correcti on factor, cp can be used:
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3.3b

where

e is

the angle between the ray and the optical axis of the lens PSD

arrangement, as measured by the PSD, and c r is the correcti on factor, both
measured in radians. Using this correction factor reduces this systematic error to
0.03j.lradians. A correction for thi s systematic angu lar mapping error was
subsequently incorporated into the analys is softw are of the instruments.

Further to the errors caused by the designed shape of the lenses used there wi ll
also be an angular mappi ng error due to the imperfecti ons in manufacture of the
optics. Figure 3.3c shows how surface accuracy is defined by Melles Griot (the
supplier of the lenses). It can be seen that errors in the manufacture of the le ns
cause the surfaces not to follow their desired profi le. The exact imperfections of
each lens are not known. However, using figure 3.3c the approximate angul ar
error caused by these imperfections can be estimated. The imperfection can be
approximated to a prism of angle, 0:, the angle being defined by the surface
accuracy of the lenses, s, used (i n thi s case quoted as ')J4 at 546. 1nm) and the
diameter of the lens (in this case 25 .4mm). The ang le can be approximated as
being half the surface accuracy of the lens divided by a quruter of the diruneter of
the lens, giving

2(546.1nm)
0:

= 2s =
d

4
25.4mm

= I. Ix 10-' radi ans

3.3c

If this is assumed to act at a glass air interface the angular error, for small prism
angles, the foll ow ing eq uation can be derived from equation 5.54 in Hecht [3.3a]
giving

Om =o:(n-I)

3.3d

This leads to an angular error in transmitted berun of approximately 5.5x I0·'
radians. This error combined with the error of the mirrors used in in struments # 1
& #3, with a surface flatness of ')JIO, gives an overal l angul ar mapping accuracy

of 5.8xIO" radians, which is better than required to give 10j.l£ accuracy .
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Due to the uncertainty of the true lens aberrations, which are approximated in the
preceding theory, the quality of the lenses was checked experimental ly. Figure
3.3d shows the configuration used to assess the effect of using different parts of
the lens aperture. A laser beam of approximately 2mm diameter was scanned
across the lens whi lst the spot position was monitored using a PSD. Beam
steering optics using a double reflection was used to prevent any tilt of the beam
caused by a twisting of the linear slide (it was found that the double reflection
technique was essential for thi s test to be accurate). Thus in thi s test configuration
the beam traverses the lens whi le its direction remains constant. The results from
this experiment are given in fig ure 3.3e and they show that the spot position
moves by an RMS value of 0 .4~m (eq ui valent to approximately

5.6~e

accuracy)

for a beam traverse of 2mm. It should also be noted that the PSD had to be
positioned at the focal plane to an accuracy of better than

40~m

for this to be

achieved . It is interesting to note that since the spot centroid moves by
the diffraction limit of the lens, at thi s wavelength, is

4~

O.4~m

and

the geometrica l

aberrations of the lens are factor of 10 better than the diffraction limit.

3.4

Position sensitive detector operation and performance

The analyses presented in chapter 2 s how that the basic principle of sU'ain
measurement using this technique is theoretically feasible. However, the
detectors must have sufficient accuracy and dynamic range for a practical and
suitably accurate instrument. To thi s end, a programme of research was instigated
to assess the performance of various detectors and associated electronics. The
detectors chosen were PSDs because they were relatively inexpen sive (from £ I 0
per detector), had a bandwidth extending across the audio range, an output which
required simple process ing, and large dynamic range (80dB).

The resolution, accuracy, dynamic range, and bandwidth are the characteristics of
the detectors that determine the resolution, sensiti vity to the relative movements
of the LSG and diffraction grating, and bandwidth of the LSGs. Thu s
measurements of these parameters were required to accurately assess and
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optimi se the performance of the LSG. The following section s describe the
operation . performance. testing. and limit ations of PSOs.

3.4. 1 Structure and funct ion of ID and 2D PS Os

This section gives a brief overview of the structure and function of the PSOs (also
known as Lateral Effect Photod iodes) used in the proj ect. Figure 3.4. 1a shows a
sectional view of a 10 PSO. It can be seen that it is essentially a PIN photodiode
cons isting of three layers: P-l ayer at the top surface. an N-Iayer at the back
surface. and an I-layer in between them. When light falls onto the PSO. an
electric current proportional to the light intensity is generated at the positi on of
incidence. This charge flows down a potential grad ient through the res istive Player to the electrodes. Since the resistivity of the P-I ayer is. theoretically.
uniform the photocurrent collected by an electrode is inversely proporti onal to the
distance between the incident pos ition a nd the electrode. The PSD operation can
be thought of as a li ght-controlled vari able resistor and it can be shown [3.4. 1a]
th at the centroid. x. of the incident li ght on the detector is given by:

3.4. la

where i, & i, are the photo-currents from the two electrodes and L is the le ngth of
the detector. as shown in figure 3.4. lb. Figure 3.4. lc shows the equ ivalent circ uit
for a ID PSD. For the Hamamatsu S3932 12x lmm PSD Cj =80pF. and Rp=SOkQ .
Due to the relatively high value of R", the most significant factors in the
frequency response of the detectors are the capacitance of the PSO. the
positioning res istance Rp. and the feedback res istance (R, typically IOOkQ) of the
trans-impedance header amplifier. Thu s if the li ght spot is in the centre of the
detector the resistance to the current flowing from the PSD wi ll be
the detector wi ll have a frequency response up to

R';{ + R(.

and

k /R';{ + R(.) ]-I . which for this

case is 200kHz. Since the bandwidth of the LSG is limited by the analogue to
digital conversion the bandwidth of the PSOs and amplification electron ics is
normall y sufficient. Furthermore to reduce aliasing effects the electronics were
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generally set-up to low-pass filter the signal to below the sampling rate of the
analogue to digital conversion stages ..
Two-dimensional PSDs can be classified into two types: tetra-lateral and duolateral. Fjgures 3.4.1d & e show the structures and equivalent circuits of a tetralateral and duo-lateral PSDs respectively. It can be seen that the tetra-lateral
circuit has four electrodes on its front (P-layer) surface and has a very similar
equivalent circuit to the 10 PSD. Figure 3.4.1d shows that the duo-lateral PSD
has two electrodes on the front (P-layer) surface and two on the rear (N-layer)
surface. These two designs of detector have different characteristics: the tetralateral PSD has a theoretically non-linear position output exhibiting negative pincushion rustortion, whereas the duo-lateral PSD is theoretically linear. The
electronics required to amplify the output from the tetra-lateral PSD are very
similar to those required for the ID detectors, except that four inputs are required,
two for each rurection of measurement. The electronics to measure the
photocurrents from the duo-lateral detector differ in that a bias voltage needs to
be given to the input terminals of the amplifier. This circuit is shown in figure
3.4. If.
The issues of both duo-lateral and tetra-lateral 2D PSD performance, along with
the formulae used to extract position are discussed by Petersson and Lindholm
[3.4.1bj. When measuring the non-linearities of the detector the amplification
electronics and data acquisition electronics; crystal defects of the detector, nonuniformaties of the detector window and errors in the translation stages will affect
the measured linearity of the detector. These are discussed and quantified in the
following sections.

3.4.2 Testing and calibration of eleCtronics
The first studies concerned the Hamamatsu PSDs: S3979 (lx3rnm), S3931
(1x6rnm), S3932 (lx12mm). The circuit recommended by Hamamatsu, which
was made by H. Tinsley and Co. is shown in figure 3.4.2a. An essential
component in each channel is the analogue divider that is used to give position
output independently to the intensity of the incident light. Initial linearity tests
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showed that the electronics were the limiting factor in the accuracy of spot
position measurement. The. main limitation in the electronics is the quotient
calculation since analogue dividers are limited in their accuracy (the Analogue
Devices AD538 has an accuracy 0.5%). Because of this digital approach to signal
processing was chosen to obviate the need for analogue dividers.
The first AnaloguelDigital (AID) converter used was an Amplicon PCl6M48
board was used which had l6bit (Le 1 part in 65,536 or 0.0015%) resolution. The
noise and accuracy of the PC16M48 board was checked by comparing it to a
Phillips PM2534 precision voltmeter. This process was automated allowing over
3()()0 voltage measurement comparisons to be made, which allowed a statistical
measure of the accuracy of the AID converter to be calculated. From this, the
Amplicon PC16M48 was shown to have an accuracy of 0.02% or 1 part in 5,000.

As described in section 3.1 an accuracy of 1 part in 9,200 is required to achieve
the desired strain measurement accuracy and range of instrument movement. The
Amplicon PC16M48 AID board did not have sufficient accuracy for this
application so a National Instruments (NI) AT-MIO-16XE-SO data acquisition
(DAQ) board was purchased with accuracy guaranteed to 16 bits. The noise and
accuracy of the NI-DAQ board was again checked by comparison to a Phillips
PM2534 precision voltmeter. Table 3.4.2a shows the results of these experiments
and the accuracy improvement of the NI-DAQ board over the Amplicon AID
converter.

Attribute

Amplicon DAQ, PCI6M48

NI-DAQ. AT-MIO-16XE-50

Noise

0.6mV (0.006% of Full Scale)@ 1kHz

2mV (0.01% of Full Scale) @ 20kHz

Accuracy

0.03% (12bits)

0.0009% (Better than 16 bits)

Table 3.4.2a.
Once the linearity of the NI-DAQ board had been established it could be used to
check the linearity of the amplifier electronics. Some initial single stage
electronics were tested but it was found that the current drawn from the amplifier
by the AID board, especially during the multiplexing of different voltage inputs
caused amplifier non-linearities of 0.02%. The solution to this was to use a dual
stage amplifier, as shown in figure 3.4.2b, to isolate the trans-impedance
amplifier from NI-DAQ board. It was found that each of the amplifier channels
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had RMS accuracy better than 0.2mV or 1 part in 100,000. This accuracy is more
than sufficient for use in the LSGs.
3.4.3

Detector accuracy and noise

The accuracy of the detectors was measured by mounting them on a computercontrolled stage, with lmicron resolution, and monitoring their output as the
stage was moved. The experiment was computer controlled to allow the
collection of a significant amount of data. It was found however that the linear
stages used to move the detectors relative to the incident laser spot had a nonlinearity of 12microns. This accuracy was not sufficient for testing the PSDs and
to solve this problem a Michelson interferometer was used to encode the position
of the linear stage during the experiment, as shown in figure 3.4.3a. This figure
shows that the linear stage forms one arm of the interferometer and also holds the
. PSD under test. As the linear stage moves the photo-detector detects the light
intensity from one arm of the interferometer. Since the PSD is fixed t? the
moving arm of the interferometer the laser spot was simultaneously scanned
across the PSD. The signals from the detectors were captured by the AID
converter in the PC and the data was stored and analysed after a scan of the PSD.
The output from the photo-detector, i, is theoretically given by:

3.4.3a

where K is a constant,

I.

is the intensity of laser light used, x is the distance

moved by the detector, m is the modulation (0 ~ m ~ 1), Ais the wavelength of
the laser source used, and $ is an arbitrary phase constant. Thus, the number of
cycles in the output of the Michelson interferometer is directly proportional to the
distance moved divided by the wavelength of light used. Since each cycle equates
to a movement of the linear stage of half the wavelength used (632.8nm) counting
the number of zero crossings, after the mean intensity has been subtracted from
the photo-diode output, allows a distance, measurement accuracy of lS8.2nm.
This accuracy is sufficient to calibrate the PSDs and a computer program was
written to count the number of cycles from the photo-detector on the Michelson
interferometer. This prograni simultaneously acquired the output of the PSD
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under test and compared the measurements of the PSD and the interferometer.
From this data the analysis program constructed a look-up table of the error in
position measurement, which could be used to correct for any systematic error in
the output of the PSD. It should also be noted that the laser spot incident on the'
PSD is formed by imaging a pinhole. This ensured that the position of the spot
was fixed and not affected by the pointing stability of the laser.
The Michelson interferometer encoding the position of the linear stage allowed
accurate calibration of the detectors without the need for a high accuracy linear
stage. The use of look-up tables also allowed the accuracy of the PSDs to be
maximised since systematic errors could be corrected. Furthermore, the use of an
interferometer provided an absolute distance calibration relative to a stable laser
source. In the comparisons of the LSGs developed (that used the interferometer to
calibrate the detectors) with ERSGs and extensometers the LSGs proved to give
the most reliable strain measurement. It was often found that the ERSGs had up
to 50% errors in their calibration and always needed calibrating relative to an
LSG or extensometer.

3.4.4

One-dimensional PSD performance.

The one-dimensional (1D) detectors that were used in the LSG prototypes were
individually tested using the Michelson interferometer test rig and associated
software. The results shown in table 3.4.4a are the average of three or more tests
of the particular type of detector. These results were obtained with a spot
intensity of 80llW, a bandwidth of 70Hz, and a diameter of approximately
200llm.

Hamamatsu Detector

Range of

Accuracy

Accuracy with

Dynamic

(mm)

(1llIl)

LUT (1llIl)

Range

Ix3mm (S3979)

2

1.1

0,6

3333

Ix6mm (S3931)

5

1.1

0.6

10,000

Ixl2mm (S3932)

10

1.2

0.7

14,285

Table 3.4.4a.
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For the LSGs designed for hand he1duse the dynamic range is the most important
characteristic because it determines the limit of strain accuracy for a given tilt
range. It can be seen from table 3.4.4a that this value is greatest (and thus best)
for the lx12mm PSD.

The resolution of the ID PSDs was measured as a function of bandwidth. This
was achieved by varying the averaging time of data collection in software and the
results from this are shown in figure 3.4.4a. The noise level as a function of
bandwidth can be approximated by the following equations

nb3

= 34 10-<1 bO.63

3.4.4a

nb6

= 54 10-<1 bO.64

3.4.4b

n

bl2

= 82 lO-<lbo.67

3.4.4c

where n." n... nbl2 are the noise levels as a function of bandwidth for the 3, 6, and
12mm PSDs respectively and b is the bandwidth.
Since the accuracy of the PSDs and not the resolution of the detectors is the
limiting factor for the hand-held LSG instruments, the noise level, below
approximately 10kHz bandwidth, is not the limiting factor for these instruments.
This is because the resolution is better than the accuracy

(0.7~)

for the ID

PSDs below a 10kHz bandwidth. It is however interesting to speculate on the
source of the noise of the PSDs. Since the exponent of bandwidth in the equations
3.4.4a,b,c is more than the expected white noise source exponent of 0.5 there
must be an additional source of noise which increases with frequency. Typically,
electronic noise is either white or lIf, a combination of which will always give an
exponent less than 0.5. Thus the most probable sources of this noise are high
frequency laser intensity fluctuations or interference of the NO electronics from
the high frequency noise components of the computer in which they are installed.
The detector noise as a function of the incident light intensity was also measured,
the results of which are shown in figure 3.4.4b for the ID Hamamatsu detectors at
a bandwidth of 150Hz. The noise can be characterised by the following equations
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=O.l9i..()·73
nl6 =052i..()·79
n = 1.l4i..()·79
nl3

3.4.4d
~

3.4.4e
3.4.4f

i12

where nll, n", nill are the noise levels as a function of intensity for the 3, 6, and
I2mm PSDs respectively and i is the intensity of the incident light. It can be seen
from these equations that the intensity is raised to an average power of -D.77. If
the noise where only due to the PSD and NO conversion one would reasonably
expect this exponent to be -I, the exponent being slightly greater than -1
suggests that some of the noise originates from the laser source being used. This
conclusion agrees with the conclusion from the noise versus bandwidth results
that there is some high frequency noise originating from the laser or

th~

NO

electronics. The combination of these results suggests that the noise source is
more likely to be the laser source.

Since the light intensity on the detectors in the LSGs was typically

80~W,

using

an eye-safe ImW probe laser, the noise levels experienced were negligible
compared to the inaccuracies of the detectors when used in hand held LSGs.

3.45 Two-dimensional PSD performance
The need to measure the diffracted orders in 2D and the difficulties in producing
2D measurements from two ID detectors dictated an investigation into the
performance of 2D PSDs. The 2D detectors were tested using the same
Michelson interferometer that was used to test the ID detectors, as shown in
figure 3.4.3a, which could measure its position accurately along one axis.
Section 2.4.2 shows that the accuracy to which the diffracted order needs to be
measured in the

~Z+I

direction is much less than that in the

dY+1

directio(l. For

the case described in section 2.4.2 the spot position needs to be measured to an
accuracy In90 less in the l!.Y+1 than in the

~Z+I

direction. This means that

simultaneous high accuracy calibratio'n of both axes of the detector was not
required and look up tables only needed to be calculated for the horizontal axis,
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as shown in figure 3.4.5a. The vertical axis of the detector was therefore scanned
with the Michelson interferometer (by rotating the PSD) along its centre line to
enable calibration of detector in the vertical direction. Once the vertical axis had
been calibrated, the

horizont~

scans were made at 0.5mm vertical intervals. The

accuracies of both tetra-lateral and duo-lateral detectors were assessed to find the
most suitable detector for use in the LSG. The results of these analyses are shown
in table 3.4.5a.

Detector Type

.

UDT DLlO 2D Duo-lateral PSD

Accuracy

Accuracy with

Dynamic range

(~m)

LUT(~m)

Range!Accuracy

6.3

6.0

1,333

1.0

0.6

13,333

140

1.3

6,153

(lOxlOmm) with window
UDT DLlO 2D Duo-lateral PSD
(lOxlOmm) without window
Hamamatsu S5991

2D Tetra-

lateral PSD (lOxlOmm) epoxy
potted

Table 3.4.5a
It should be noted that the accuracy of the 2D UDT sensors was considerably
improved when the protective glass window was removed. This was due to
interference effects between reflections from the front and rear surfaces of the
glass window. Consultation with the manufacturers suggested that this cover is
for dust exclusion reasons only and !loes not enclose an inert atmosphere. It was
therefore reasonable to consider this modification when the detector was placed
in an instrument. It is also interesting to note that the linearity of the duo-lateral
PSDs was slightly better than that of the ID PSDs. It is suspected that this is due
to the transparent epoxy coating that is used to package the ID detectors. This is
due to the observation that this does not always have a smooth surface. The large
non-Iinearities of the tetra-lateral PSD are shown in table 3.4.5a. It can also be
seen that the non-Iinearities are systematic since the use of a look-up table
improves the linearity from 1401Jlll to-1.31Jl1l. Due to their lower accuracy and
dynamic range, when compared to duo-lateral PSDs, the testing and use of the
tetra-lateral PSD was concluded at this stage.
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The detector noise as a function of the incident light intensity for the duo-lateral
PSD was measured, the results of which are shown in figure 3.4.5b. The noise
can be characterised by the following equation

3.4.5a

where nbdl is the noise of the duo-lateral PSD and b is the bandwidth. From a
comparison of the coefficients of b in equations 3.4.4a-c and 3.4.5a it can be seen
that the duo-lateral PSD is factor of 50 more noisy than the ID PSDs. Thus to
obtain a similar noise level to the accuracy of the detector (0.6Ilm) the bandwidth
must be dropped to 625Hz.

The noise versus spot intensity was also measured, the results of which are shown
in figure 3.4.5c. The noise can be characterised by the following equation

nidi

= 3.55 j-o.79

3.4.5b

where n;dI is the noise level as a function of intensity for the duo-lateral PSD and i
is the intensity of the incident light iri'IlW. Again it can be seen that the duolateral PSD is noisier than the 10 PSDs. The results from these experiments show
that the performance of the 20 duo-lateral detectors, in terms of accuracy and
noise, for the range of intensities encountered, were suitable for hand held strain
measurement. Finally it is interesting to note that the noise level for all the PSOs
measured can be correlated to the square root of the PSO area, as shown in figure
3.4.5d. This result agrees with semiconductor theory [3:4.5aj, since Iohnson and
Shot noise are proportional to the square root of area.

3.5

Conclusions

. During the program of research into the directional measurement of the diffracted
orders the following conclusions were made:

•

Laboratory quality optics were sufficiently good to produce an instrument
capable of hand-held strain measurement.
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•

Concerns regarding the temperature stability of the instrument were
considered negligible if the instrument is heated uniformly.

•

The electronics could maintain detector accuracy if two stage amplifiers and
analogue to digital converters with 16 bit accuracy were used.

•

Calibration of the detectors was achieved using a Michelson interferometer.
This calibration served as a calibration for the instrument as a whole.

•

The Hamamatsu ID PSDs were sufficiently accurate for strain measurements,
as described in section 3.4.4, where there was no relative movement between
the diffraction grating and the instrument. Due to their. ID nature they could
not be used for hand-held LSG operation since the spot diffracted orders
needed to be measured in 2D. A system of optics was developed (this is
described section 5.4.1) using 2 ID detectors to measure the spot position in
2D. In practice this system was found to be difficult to align and 2D duolateral PSDs were found to be·more.accurate, obviating the need for ID
PSDs.

•

2D duo-lateral PSD had better accuracy than the ID PSDs, as described in
section 3.4.5, providing the glass window was removed. This was attributed
by the transparent epoxy window on the ID PSDs, which did not have a
smooth surface. The 2D tetra-lateral PSDs had poor linearity and were thus
not suitable foruse with the LSG.

3.6
3.1a
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4 PREPARATION OF DIFFRACTION GRATINGS

4.1

Introduction

This chapter describes the preparation and use of the diffraction gratings used
with the Laser Strain Gauge. The diffraction gratings are produced on many
materials including metals,. plastics, fused silica, photographic emulsion, and
photoresist. This is done using a variety of techniques including excimer laser
ablation, embossing, reactive ion etching, holography, and replication techniques.

So far, the use of reflective diffraction gratings with the Laser Strain Gauge has
been assumed. It is easy to justify this choice since the use of transparent gratings
would limit the use of the LSG to transparent objects. Reflective diffraction
gratings can modulate the reflected wave front in two ways:

•

Intensity modulation: Areas of the grating absorb light and thus produce an
intensity modulation in the reflected wave.

•

Phase modulation: The surface of the grating has uniform reflectivity and the
surface relief is such that the path length differences upon reflection cause the
phase to be modulated

The phase grating is the most light efficient of these since there is no absorption
of light. A phase grating with a sinusoidal profile can diffract a maximum of 68%
of the incident beam energy into the two first orders. In contrast, an amplitude
grating can only diffract a theoretical maximum of 12.5% of the incident beam
energy into the two first orders. These values have been found using the
following theories:

Figure 4.1 a shows the plan and cross-sectional views of a phase grating that on a
macroscopic scale to lies in the z=O plane, the surface profile can be described by
the following equation
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h = .£. sin (27tk ·3
2
."

4.1a

)

where h is the distance between the z=O plane and the grating surface, p is the
peak-peak 'depth' of the grating, kg is the normalised grating vector, and 3 g is a
vector in the plane of the grating (as described in section 2.3.1). Assuming 100%
reflection, of a unit amplitude incident beam the reflected wave, U'Il (3.), is
given by

4.1b

substituting equation 4.1b into equation 2.3.1g it can be seen that this can be
decomposed into the plane wave spectrum, A(k,g), given by

4.1c

where k'll is the projection of an arbitrary wave vector k, onto the plane of the
grating, 3 g is an arbitrary vector in the plane of the grating i.e. the z=O plane and
dS g is a small area of the grating. The solution of this equation, which is given. by
Spiegel [4.1a], gives

4.1d

where m is the inth diffracted order and Jm is the Bessel function of the first kind
of order m. In this section we are interested in the intensity, Im, of the diffracted
orders which are given by

I

m

=J

m

2(27tp)
A.

4.1e
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Figure 4.1 b shows the intensity of the diffracted orders against p, for a
wavelength of 632.8nm. It can be seen that the optimum depth for the diffraction
grating is 188nm since the maximum intensity (68%) is diffracted into the first
orders at this depth.

For the case of a sinusoidal amplitude grating the same derivation can be made by
substituting

4.lf

into equation 2.3.1g which gives

4.1g

and

4.1h

Again, we are interested in the intensities of the diffracted orders. In this case
there are only the zero and ±1 orders in existence and these intensities 10• and I±t.
and are given by

1

I =o 4'

1

1

4.1i

11 =16,1-1 =16
-'

Thus the total intensity into the two first orders or 12.5% of the incident beam
energy due to the energy in the zero order and the absorption of energy by the
grating.

Blazed diffraction gratings with specific (usually triangular) cross sections can be
made which diffract almost all the incident light into specific diffracted orders,
especially at low grating frequencies. The manufacture of these gratings is
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relatively complex [4.1 b] and the use of such gratings with the Laser Strain
Gauges was not necessary since there was enough (801lW) of laser power
available at the PSDs using an eye-safe probe laser (ImW).

There are many standard procedures for producing diffraction gratings and these
include mechanical, optical and chemical techniques. Most of these techniques
rely on the manufacture of a master grating followed by the replication of this (or
a sub-master) onto the sample. The direct machining of diffraction gratings into
the sample has the advantage for strain measurement that the grating is part of the
surface. This means that the grating will not creep relative to the sample over
time allowing measurement to be taken over the lifetime of the component being
tested.

4.2

Master grating manufacture

This section describes the manufacture of master diffraction gratings. Section
4.2.1 briefly describes grating manufacture using ruling engines. Section 4.2.2
describes how holographic films were used to obtain a surface relief structures
that could be replicated to produce phase gratings. Grating manufacture, using
photoresist,is described in section 4.2.4. and finally fused silica master grating
manufacture using reactive ion etching is described in section 4.2.5. The fused
silica· gratings were also used for Talbot imaging with the Excimer laser as
. described in section 4.4.

4.2.1

Master grating manufacture using ruling engines .

The first technique for producing diffraction gratings, used mainly before the
1970s, was to mechanically rule a series of grooves into a surface. A ruling
engine mechanically scribes each line of the diffraction grating individually using
a stylus. This is shown in figure 4.2.1a and it can be seen that the cross section of
the groove is determined by the shape of the diamond stylus used. The ability to
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design the cross section is useful in producing blazed gratings, and is one of the
advantages of ruling engines.
During the use of ruling engines many refinements were made to compensate for'
lead screw inaccuracies, variation in temperature and humidity, and vibration.
,

One such refinement by Michelson [4.2.1a] in 1927 used a cam to compensate for
imperfections of the lead screw. Advances were also made by Harrison and
Stroke in 1955 [4.2.1b] at MIT who introduced the use of interferometric control
to compensate for errors in the lead screws. This enabled the position of the lines
ruled to be controlled to an accuracy of 1140 of a fringe over blanks of
250x200mm.

The production of some of the larger gratings with this technique was very slow.
For example, it would take a week of machining to make a 250x200mm
diffraction grating with 3600lines/mm. Hutley [4.1b] gives an excellent account
of the achievements and difficulties of producing diffraction gratings using ruling
engines.

Due to the limitations of ruling engines a parallel approach to the production of
diffraction gratings was sought.. In 1872 Lord Rayleigh suggested the
photographic reduction of a large drawing, but concluded that this would be
impractical because the original, as he said, would have to be drawn on the wall
of a cathedral. Michelson also suggested in 1927 that a suitable diffraction
grating could be produced by photographing interference fringes, but
unfortunately, he did not have a suitable light source to put this into practice.
Since this time suitable light sources have become widely available and the
photography of interference fringes, and the subsequent manufacture of
diffraction gratings will be discussed in the following section.

4.2.2 Master grating manufacture using interference effects
Figure 4.2,2a shows how interference fringes can be produced using the
superposition of two mutually coherenrbeams, which produce an optical standing
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wave. With reference to this figure, the spacing of the fringes, x, is given by the
equation

X=

4.2.2a

2sin9

where A. is the wavelength of light used and 9 is the half angle between the
interfering beams. If a photosensitive medium is inserted into this fringe pattern
at an angle /) to the normal to the bisector of the beams the grating spacing
recorded on the media, d, is given by

d=

A,
2sin9coso

4.2.2b

It can be seen from these two equations that the minimum grating spacing that
can be obtained is ')J2 when 9=90 and 0=0. This cannot be achieved in practice
since the beams will be attenuated along the surface of the recording medium. As
an example of the grating frequencies that can be produced with this technique
consider the typical case where 9=600 , A.=458nm, and 0=00 • Here the' grating
spacing is 0.28JlID or approximately 3500 lines per mm. Being able to produce
such high frequency gratings in parallel was, and is, very important in
spectroscopy and thus much effort has been directed towards this technology.
In 1960 Burch et. al.[4.2.2a] produced gratings on photographic film using a

single isotope (198) Mercury lamp. The gratings were produced on Kodak V1056
emulsion which was then copied onto Kodak Maximum Resolution (MR)
emulsion to improve contrast and reduce turbidity. The Kodak MR emulsion
gratings were then developed and bleached to produce relief gratings (section
4.2.3 describes the bleaching process) of an approximately sinusoidal profile,
which could then be replicated. The granularity of the films used, with a grain
size of O.5JlID, gave this process a high level of scattering, unsuitable for the
spectroscopic uses for which they were intended. In addition, the intensity of the
Mercury lamp used precluded the use of dichromated gelatine and photoresist
(which

h~ve no granularity problems) since they are 103_105 times less sensitive
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than photographic films. It was not until the advent of high-powered argon ion
lasers in the 1960s that the use of dichromated gelatine and photoresist became a
practical proposition.

During the course of this work two interferometers were used to produce
diffraction grating masters, one at Loughborough University, for the production
of silver halide emulsion diffraction gratings, and one at the National Physical
Laboratory (NPL), for the manufacture of photoresist diffraction gratings.

4.2.3. Master grating manufacture using holographic film.

The production of diffraction gratings using silver halide film firstly involves
exposing the film to a periodic intensity pattern. Figure 4.2.3a shows a schematic
diagram of the interferometer used at Loughborough to achieve this. It can be
seen that two collimated beams of 25rnm diameter cross at the film plane. The
laser used was a lOmW HeNe Laser which gave beam intensities of
approximately 300~Wlcm2 at the film. The beam size was limited to 25rnm to
give uniform beain intensities and thus maximise fringe contrast across the
exposed area of the film.

The lenses used to collimate the diffracted orders were Melles Griot LAO 123
achromatic lenses,used in the later versions of the LSG. These were used
because they were known, from tests, to have a wave front curvature of
approximately 4~ radians over their central 2rnm region. This relates to an error
in grating pitch equivalent to a maximum error of 20ll£ across the 2rnm central
region of the grating produced, when a 30° diffraction grating is being made. The
use of these lenses resulted in a 25rnm diameter area being illuminated and thus
the exposure process was repeated over different areas of the holographic plate to
expose a significant area.

The beams incident on the film were collimated by observing the interference
between the front and back surfaces of a 6rnm thick optical flat placed in the
beam at an angle of 45°, This caused an interference pattern of the collimated
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beam sheared with itself by a distance of approximately 5.3mm. The pattern
could be tuned to approximately half a fringe by moving the lens relative to the
pinhole. This tuning gave a wavefront curvature of better than

14~ads.

The

combined effects of the wavefront curvature due to setting-up and the lens quality
result in a change of grating pitch across its surface. This pitch variation was
measured using the following technique. The gratings were first coated with
aluminium and then laterally scanned using LSG instrument #3 as shown in
figure 4.2.3b. The results from this are shown in figure 4.2.3c, which give a
standard error over the 2mm region of 20~. These results shows that if a 4mm
diameter region of these master gratings are used to replicate gratings onto the
samples under test the maximum strain measurement error due to movements of
the interrogation beam will be approximately

20~.

Although this error is twice

that required of the final instrument, it will only be observed if a large grating is

.

probed with the instrument. For this reason it was intended to limit the size of the
. grating to 2mm such that the probe beam always interrogates the whole grating.

Figure 4.2.3d shows the effects of exposure and development on the film during
the following steps:

•

Exposure of the holographic plate: Agfa 8E75 plates were used and exposed
for 0.1 seconds, which resulted in an energy of 30!Jlcm,2 at the plate.
Exposure photochemically reduces some of the silver bromide grains.

•

Development: Standard Kodak Dl9 developer was used for 4 minutes. This
amplifies the effect of exposure since the reduced silver haIide acts as a
catalyst to the further reduction of the silver halide in th~ grain.

•

Fixing: Standard Agfa-Gevlirt G321 was used for 1 minute. This removes the
remaining (unexposed) silver bromide grains from the gelatine leaving the
silver, which is opaque, in the exposed areas of the film. Thus a negative
image of the exposure is formed and in the areas where there is no silver the
gelatine layer shrinks, forming a surface relief.
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•

Bleaching: A rehalogenating bleach was made using the following recipe: 20g
ferric nitrate, 20g di-sodium EDTA, 30g Potassium bromide, 10ml conc.
sulphuric acid in llitre of distilled water. Rehalogenating bleach converts the
remaining silver into silver bromide crystals, which are transparent and much
larger than the original grains in the film. This causes the gelatine layer to
expand in these areas, increasing the depth of the surface relief. .

To measure the depth of the gratings an Aluminium coating was applied to
produce a highly reflective surface, and the intensities of the diffracted orders
were measured. Using the theory of section 4.1 and the assumption that the
grating has a sinusoidal profile can be used to calculate the depth of the grating.
In the process described above 36% of the incident light was diffracted into the
first orders and thus the peak-peak depth of the gratings, calculated using
equation 4.1e, was 95.9nm.

As in the general area of holography the overall development process described
here is somewhat of a 'black art' where particular techniques, developer, and
bleach recipes are often a closely guarded secret. The reader is directed to N.
Philips's series of papers [4.2.3a] which discuss similar processes and issues
regarding development of silver halide films in holography.

4.2.4

Master grating manufacture using photoresist

The process of making diffraction gratings with photoresist is similar to that of
holographic film, except that the process of development and the mechanism of
surface relief formation are different. Furthermore since high resolution Agfa
8E75 plates were used; which are 103_105 times more sensitive than photoresist
significantly longer exposure times (6minutes) and a 3W watt argon ion laser
operating at 458nm were used.

There are two types of photoresist, positive and negative. Positive photoresists
become more soluble during exposure because the long-chain polymer molecules
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from which they are made are broken down. Conversely, negative photoresists
become less soluble during exposure because the monomers from which they are
made are polymerised. In the applications for which photoresists were developed,
i.e. the microelectronics industry material is removed completely or left
undisturbed, in order to produce a mask which will protect the substrate from
chemical etchants. In the case of producing diffraction gratings, the resist is
exposed to a continuous range of intensities and the intent is to produce a
continuous range of removal of the photoresist. With care both types of resist can
be used to achieve this although it more usual to use positive resists. This is
because the development chemicals for positive resists are aqueous solutions,
which are more convenient, and less toxic than the organic solvents required for
negative resists.

The manufacture of interference gratings in photoresist was achieved as follows.
Clean glass discs were spin-coated at 2000rpm to give a thickness of
approximately 700nm with (Shipley Microposit 1400-17) photoresist and baked
at 91°C for lhour IOmin. Since the sensitivity of the photoresist used falls
dramatically at wavelengths greater than 500nm an argon· ion laser operating at
458nm was used to expose it to the interference fringes. The photoresist was then
exposed to 200jlW/cm2 intensity interference fringes for 6minutes, to give a total
exposure energy of 72m1/cm2• The photoresist was then developed using
Shipley's undiluted ammonium hydroxide developer, rinsed and left to harden
under an ultraviolet lamp for 30 minutes. This process gave groove depths,
measured using a Rank Taylor Hobson Talystep, of llOnm.
J

The interferometer used to expose the photoresist at the NPL has been patented
by M.C. HutIey [4.2.4a] and is shown in figure 4.2.4a. The purpose of this design
is to reduce the large-scale intensity non-uniformities at the plane of the film
caused by dust, scratches, and other blemishes on the optical components of the
system. The interferometer reduces these non-uniformities by a factor of
approximately 100. The novelty of this design is the use of a rotating diffuser
placed at the focus of the collimator to reduce the spatial coherence of the beams,
and produce a speckle pattern at the exposure plane. The diffuser moves during
exposure of the photoresist layer to move the speckle pattern, which averages the
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intensity pattern on the film. This interferometer has to be carefully aligned, to
ensure that the speckle patterns from both arms of the interferometer overlap to
enable the high frequency standing wave to remain stationary as the whole
speckle pattern moves. The technique of alignment uses the formation of
'enantiocyclic' fringes that are formed at plane A shown in figure 4.2.4a when the
photos~nsitive

plate is replaced by a plane mirror. The number of 'enantiocyclic'

fringes that are seen is minimised to ensure that the two beams produced by the
beam splitter are exactly overlapping. This ensures that when the diffuser is
introduced the speckle patterns from the two beams are overlapping; The
alignment process is quite lengthy and the reader is referred to M.C. Hutley's
patent [4.2.4a] for a detailed description of this.

4.2.5

Fused silica grating manufacture using reactive ion etching

Reactive ion etching is a common technique used in the electronics industry to
form surface structures in a variety of materials from the surface structure of an
exposed and developed photoresist structure on its surface. The basic process
used consisted of the following steps:

1. Form a grating in photoresist using the techniques described in section 4.2.3.
2. The fused silica blank with photoresist surface grating is placed in the path of
a reactive ion beam in a vacuum chamber. Hexaflouroethane (C 2F 6) was used
as the etchant and argon as the buffer gas with a 500V ion beam at 50mA for
30minutes. This process removed the photoresist, and fused silica at
approximately the same rate, leaving a grating profile in the fused silica
blank.

The peak to peak depth of the gratings produced using this technique as measured
by the Talystep was 90nm. The reactive ion etching process is thoroughly
described by Makh [4.2.5a]. Reactive ion etching is capable of producing
diffraction gratings with very well controlled depths and asymmetries, and has
been used in the production of blazed zone plates for use in the IOIUU spectral
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region [4.2.5.b]. For use with the LSGs fused silica diffraction gratings were
made for the following purposes:

•

For use as master gratings for the· production of silicone rubber and the
stamping of gratings into perspex, as described in section 4.3.2.

•

For use in the Talbot self imaging of their grating structure onto materials
being micro machined with an excimer laser, as is described in section 4.4.2.

4.3

Replication of master gratings

Before interfererice gratings became available in the 1970s virtually all gratings
sold were replicas. This was because the cost and time taken to producing ruled
gratings made it impractical to use these gratings on a commercial scale.
Replication techniques were very important in the development of spectroscopy,
enabling cheap gratings to be made.

4.3.1

The replication of the master gratings to produce a sub master

Lord Raleigh demonstrated that it was possible to replicate gratings using a
casting process and such replicas were used in commercial instruments as early as
1910. However, it was not until the early 1950s that high-quality replica gratings
became available. This process, shown in figure 4.3.1a, was patented by White
and Fraser in 1949. The master grating is first coated with a release agent. For
this work a 10nm layer of Victor Wet, available from Agar Scientific, was used.
The release agents used at other labs are often not disclosed but gold, oils, and
silanes are known to be used (WD40, a common invicid oil used to release seized
threads, is used at the NPL). The surface is then coated with a 400nm layer of
aluminium. This layer is intentionally thick to avoid pinholes in the surface,
which allow the resin to penetrate to the master-grating surface and adhere to it.
A thick layer does not affect the quality of the grating since it is the lower surface
that will be the diffraction grating surface. A layer 5-lOmm of epoxy resin or
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silicone rubber is then poured onto this surface. Finally, once the resin has fully
hardened the replica is separated from the master. This technique was used at the
NPL to produce a silicone rubber copy of the master gratings and, with minor
alterations at Loughborough, to produce gratings directly onto the surface of
samples, as described in section 4.3.2.

4.3.2

Replication of gratings onto sample

The replication of gratings onto the surface of components is an important
technology for this technique of .strain measurement since it allows
straightforward and cost effective application of gratings to the surface under test.
The process is shown in figure 4.3.2a for replication of gratings using small
spatulas produced using the hot stamping process, as described in 'section 4.3.3.
This process was also used to replicate gratings made from photoresist and silver
halide holographic plates as follows: A small drop of adhesive is placed on the
sample and then the master is pressed onto this with a force of approximately
ION, to produce a thin layer (IO-50!ll11) of adhesive, until it has cured. The master
grating is removed, parting the assembly at the release agent layer, leaving the
component with an aluminised thin film grating structure.
"

The most problematic operation in the production of thin film gratings was the
replication process. Many different adhesives and processes were tried. After
some trial and error a combination was found that could produce good quality
relief gratings. A summary of adhesives and their suitability is given in table
4.3.2a below.

Adhesive trade name

Type of adhesive

Quality

of

phase

gratings

Produced
Loctite Super Glue 3

Cyanoacrylate

Some good gratings obtained

Loctite Super Glue Gel

Cyanoacrylate

Similar to Super Glue 3

RS High gloss jet black Flame
encapsulent

retardant Poor results as not hard enough

Blackepoxy
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Plastic Padding Super Clear epoxy resin Generally good but prone to
epoxy

with amine

bubbles

Araldite

Epoxy resin

Good results but again prone to
bubbles

Araldite Rapid

Epoxy resin

Some good results but prone to
bubbles due to out-gassing

Araldite
HY1300

CY1301

+ Low-Viscosity

Good and consistent results

potting epoxy
Table 4.3.2a

The two-part, self-curing adhesives gave good results as other adhesives needed
exposure to the atmosphere andlor moisture and did not always cure in the centre.
of the grating. However, some good quality gratings were made in cyanoacrylate
adhesive, in a few seconds, but the results were inconsistent, with a yield of 510%. Other glues caused the gratings to "craze" after a short time and this was
attributed to shrinkage and out-gassing of the glue. Excellent gratings can be
produced with low viscosity epoxy resins, especially if it is allowed to partly cure
in a vacuum before bonding. This releases any air bubbles present and reduces
out-gassing. The cure time for bonding depends on temperature and varies·
between 1 hour at 100°C and 2 days at 25°C. At approximately 60°C grating
transfer takes about 3 hours.

4.3.3

Hot stamping of master gratings into plastic

Master gratings can be copied into perspex by the technique of hot stamping. This
was originally demonstrated by Bryan-Brown et. al. [4.3.2al, using fused silica
master grating. In this process the sample is heated to 160°C and a small sheet of
perspex (6cmx6cmx3mm) is compressed onto the grating surface in a press. The
perspex, which is initially at room temperature, is distorted by. the hot grating
curving up slightly at the edges to leave a central point of contact. As the plastic
heats up, this point of contact spreads outwards in all directions expelJing aIJ air
bubbles until the plastic is in full contact with the grating surface. The grating and
replica are then left to cool and separate naturally due to their different thermal
coefficients of expansion. This process works well with fused silica master
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gratings. Due to their ease of manufacture holographic plates were also used as
the master gratings in this process. Since holographic plates are much weaker that
the fused silica blanks less force was used during the stamping phase of the.'
process. The perspex blanks of approximately 2cmx2cmx5mm were placed on
the holographic relief holograms and a weight of approximately 2kg was placed
on top. This stack was then placed in a furnace, heated to approximately 140°C
for 30 minutes, and then allowed to gradually cool. The results from this were
adequate although some deterioration of surface quality was noticeable and was
attributed to uneven shrinkage or contraction of the gelatin layer at r~sed
temperatures. For the purposes of routine attachment of gratings to sample
surfaces this hot stamping process was used to produce hundreds of small
spatulas (cut out from a perspex sheet using a carbon dioxide laser). Each of these
spatulas has a 3mm diameter on a raised area at one end, as shown in cross
section in figure 4.3.2a. The grating at the end of the spatula is coated with a
release layer and a thick coating of aluminium that is adhered to the surface of the
sample. A photograph of these gratings is shown in figure 4.3.3a.

4.3.4 Foil embossed gratings
The time taken and therefore the cost of maSter grating manufacture by the
methods described is relatively high and for this reason the commercial
production of grating submasters was investigated. Embossed gratings similar to
those found on credit cards can be made inexpensively. Advanced Holographics
based at Loughborough University can produce kilometres of embossed gratings
using this technique for a tooling cost of around £10,000. Since the commercial
production of gratings was not in the project's original remit or budget, the
production of gratings by this method but on a smaller scale was investigated, as
described in section 4.3.2.

4.4

Excimer laser machining of diffraction gratings.

The Laser Strain Gauge can be made to measure strain using any periodic
structure or grating. Reflective gratings formed in the surface of the sample are of
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interest because they will eliminate creep between the grating and the surface,
and because they eliminate the need for adhesive. They also improve the
robustness of the gratings when exposed to high temperatures. Micromachining
techniques using an Excimer laser were developed to produce these gratings and
the technique has been demonstrated.in a number of materials of interest. The
following sections describe the research undertaken:

4.4.1

Overview of micro machining using an excimer laser

Micromachining of detailed structures using excimer lasers has recently been
demonstrated in a variety of materials [4.4.1a]. The short wavelength (198-308
nm) gives photon energies in the region 4.1 - 6.6 eV which is sufficient to break
the chemical bonds in organic and polymeric substances. In these cases the
mechanism of material removal is termed photoablative to distinguish it from the
purely thermal processes more commonly observed using infrared laser sources
e.g. C02 and YAG. For the machining of metals and ceramics with much higher
bonding energies the mechanism for material removal is thought to be a thermal
process. However, in these cases the short wavelength and short pulse duration
(IOns - 30 ns) of excimer lasers results in localised thermal effects.
Although micromachining of periodic structures using Excimer lasers has
recently been demonstrated in polymers little is known about machining
mechanisms in metals and other materials of interest to mechanical engineers. A
program of study was therefore initiated to investigate the formation of grating
structures in a variety of materials.

4.4.2. Imaging techniques

The production of gratings using an excimer laser requires the formation of a
high intensity periodic structure at the surface of the sample to be machined.
Three methods of achieving this were considered: lithography (as used in the
electronics industry), projection, and Talbot imaging.
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The most obvious way of producing an intensity distribution on the test material
is to place a reflection or absorption mask on the surface of the sample, as is done
in many lithographic techniques. However, the mask must be able to absorb or
reflect the incident energy without being damaged. Metals require the highest
fluences of any group of materials to be ablated. Since
, metals were of principle
interest in this study their use· as a mask was excluded, and therefore use of
lithography was considered impractical.
In order to machine diffraction gratings into engineering materials, a robust

replication process was required that produced the necessary distribution of
intensity at the workpiece, with sufficient energy to remove or redistribute
material. A projector system was purchased from Exitech Limited that was
specifically designed to suit the excimer laser available in the laboratory. The
specification of this system was to machine gratings of up to 1000 line pairs per
millimetre (lp/mm) over an area of Imm'.
The Excimer laser at Loughborough is a multi-mode device, lasing in many
longitudinal and transverse modes. Therefore, the beam quality is poor,
exhibiting high divergence and non-uniform intensity. The micro-machining
projection system shown in figure 4.4.2a was designed and built by Exitech. This
configuration is essentially a projection system that uses an objective lens to demagnify an image of a mask onto the surface of interest. The design also utilises a
scanning mirror that was used to scan the illuminating beam across the mask.
This technique improves machining uniformity and allows higher fluence at the
work piece because the surface is etched in a sequence of machining operations.
>

This beam iIIuniinates a mask of 15x15mm and a demagnification factor of 1: 15
gives a field of Imm2 with fluences of up to 50 Jcm-' on the component surface.
This is sufficient to machine most commonly found metallic and ceramic
substances. It should also be noted, however, that the system is wideband and as
such can simultaneously machine multiple gratings of different frequency
including crossed gratings for multidimensional strain measurement.
The most critical component of the projection imaging system is the objective
lens. The original objective supplied by Exitech was of triplet design with a
numerical aperture of NA=0.2 resulting in a theoretical cut-off frequency of 1600
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lp/mm at the workpiece. At a resolution of 1000 lp/mm the depth of field is
approximately 5JUI1. In order to locate the workpiece to this accuracy a distance
transducer, shown in figure 4.4.2b, was developed and added to the projection
system. This transducer is a laser triangulation device using a position sensitive
detector and a laser diode. The transducer can be used to establish a datum level
to an accuracy 0.1JUI1. Using the transducer in conjunction with a motorised
platform the practical efficiency of excimer laser machining is considerably
enhanced as the sample can be quickly and reliably positioned at the focal plane
of the objective lens.
The original projection lens system supplied by Exitech could not be made to
give uniform gratings at 1000 lp/mm. High quality uniform gratings could only
be made at lower spatial frequencies (dOOlp/mm). Considerable research effort
was necessary to establish the mechanism responsible for these results. In
consultation with Exitech, parametric studies initiated including extensive realignment of the optics, fitting of a more powerful field lens and exchange of the
original masks were undertaken. However, it became clear that the objective lens
was not diffraction limited and a better quality lens was supplied by Exitech. The
projection system now performs to specification.
Whilst working to improve the projection system Talbot imaging of the grating
structure onto a sample was investigated. Talbot imaging is an interference effect
observed close to the surface of a grating in which an image of the grating is
formed without imaging optics [4.4.2a]. The master grating is however the same
size as its image and must be able to withstand the energy of the laser pulse at the
surface of the sample. A way of achieving this was to use a transparent grating,
made from fused silica to allow the transmission of 248nm light produced by the
excimer laser. Fortunately, these had been made at the NPL for use as masters in
the grating replication process and these were used to try Talbot imaging as a
machining process.
It is not immediately obvious how a phase grating can be 'self imaged' to produce
an intensity grating, which is required to machine diffraction gratings into a
sample. For the case of a sinusoidal amplitude grating, which only produces zero
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•
and first order diffraction beams, it is well known that the intensity pattern
repeats with a period, t, the Talbot distance [4.4.2a] given by

t=

A.

4.4.2a

I-HIT

where d is the pitch of the diffraction grating and A. is the wavelength of light
used.
To understand the process of Talbot imaging the interference of the' diffracted
orders close' to the surface of a phase grating was numerically analysed. The
analysis used the principle of reversibility of light [4.4.2b] and knowledge of the
intensity and direction of the diffracted orders from a sinusoidal phase grating.
The directions of the diffracted orders from a phase grating were determined from
the following equation, as derived in section 2.3.1, for the case when the incident
beam is perpendicular to the grating. Thus the diffracted order direction, kr, is
given by

4.4.2b

where m is the order of diffraction, kg is the grating vector and fi is the normal to
the grating. The intensities' of the diffracted orders, I~, can be deduced from
equation 4.1e, for the case of a transmission grating of refractive index n, and are
given by

I = 2(n -1))
J

m'

m.

p(n
A.

4.4.2c

where m is the mth diffracted order, Jm is the Bessel function of the first kind of
order m, p is the peak-peak depth of the grating (as shown in figure 4.1a), and A.
is the wavelength of light used. The value p(n-l)/A. is the phase depth modulation
of the transmitted beam.
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The numerical analysis reversed the directions of the diffracted orders, summed
their electric field vectors close to the surface of the grating, and calculated the
resultant intensity. The summation algorithm was written in Mathematica™, a
symbolic and numerical maths software package. Figure 4.4.2c shows the
intensity pattern formed just after a phase grating with a peak-to-peak phase
modulation of I radian (which results in relative diffraction order intensities of
0.59, 0.19, 0.013 for the zero, ±I, and ±2 orders), a grating pitch of 21Ull and a
wavelength of 248nm (which results in the diffracted orders directions of 0, ±7,
and ±14degrees from the normal). It can be seen that the intensity pattern repeats·
every 32.3IUll, as predicted by equation 4.4.2a, and the planes of maximum
intensity modulation are between the planes of phase modulation and constant
intensity. This shows that a phase grating self images itself by producing planes
of phase modulation and produces intensity modulation planes that can be used to
machine diffraction gratings.
Experiments were. undertaken to prove the principle of Talbot imaging to
machine diffraction gratings. In comparison with the projection imaging system
only relatively low 'fluences are possible (approximately 5Jcm") to avoid damage
to the fused Silica gratings. Figure 4.4.2d shows the practical set-up for Talbot
imaging of a fused silica master grating. It can be seen that the master grating was
tilted at a very slight angle to ensure that the correct height of the grating would
be found somewhere across the width of the grating. Once set-up the Excimer
laser pulses were scanned across the grating. The results from this showed that
periodic structures could be produced in carbon steels at the relatively low
fluences allowed by the fused silica grating. The simplicity of Talbot imaging
offers significant potential as a practical means of producing diffraction gratings
on samples. Unfortunately, manufacture of gratings using this technique was not
continued because the fused silica gratings of the correct pitch were not
commercially available (at a cost affordable to us at the time). Furthermore, due
to equipment breakdown at the NPL further fused silica phase gratings could not
be manufactured.
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4.4.3

Experimental analysis of the excimer laser machining process

Initial machining tests were carried out on a sample of stainless steel with a
proprietary polished finish. This sample was placed in a jig controlled by a
computer driven multi-axis stage. A rotating dielectric mirror fitted directly after
the output coupler of the laser allowed control of the fluence at the workpiece in
the range ~J-ID J/cm2. The power output was calibrated as a function of mirror
rotation using a Coherent LM-PlO power meter. Gratings were successfully
machined into the stainless steel sample using both projection and Talbot
imaging. Typical gratings produced are shown (those shown are of gratings
produced by projection imaging) in the scanning electron micrographs of figure
4.4.3a. Best results were obtained at peak fluences in the region of 0.5-1 Jcm",
which was substantially less than the lOJcm" predicted by Exitech.
The micromachining of diffraction gratings into a large number of materials has
also been attempted and qualitative results of this process are listed in table
4.4.3a.

Material
316 Stainless Steel
15-7PH Stainless Steel
Mild Sheet Steel
Polvethvlene Terephalate(PET)
Chrome Plate
Polvimide
P.T.F.E.
Silicon Carbide-Reaction Bonded
Aluminium Nitride (AIN)
ConnerlBervIIium
AluminiumlLithium
Titanium
Titanium!AluminiurnIVanadium
Aluminium Sheet (Reflectors)

Qualitv of Machining
Good
Good
Good
Good
Good
Good
Poor (Blisters)
Poor
Poor
Poor
Poor
Poor
Poor
Poor
Table 4.4.3a
I

In each case the fluence and number of pulses were optimised to produce the best
gratings. Where the quality of the gratings was poor this was caused either by
surface distortion or cracking of the oxide surface layer. Figure 4.4.3b shows a
scanning electron micrograph of the cracking of the oxide layer on titanium. This
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effect was attributed to oxide layer on the surface of these materials being
significantly harder than the underlying material and during rapid heating and
cooling this layer cracks. Further research needs to be undertaken to understand
the processes occurring and how best to improve grating manufacture.

Further to machining directly into samples a high temperature silicone lacquer.
(Methylphenylsilicone resin) was applied, by dipping, to samples and gratings
were machined directly into this. The. methylphenylsilicone resin can withstand
temperatures up to 600°C, thus allowing strain measurement from these gratings
up to this temperature on samples

~at

cannot be readily machined with the

excimer laser.

Study of the metal samples under high power optical and electron microscopes
reveals that the surface appears to have melted and flowed. The apparent
redistribution, rather than removal, of material is an explanation for the relatively
low laser pulse energy required. It is also interesting to note that small scratches
on the surface prior to machining are effectively filled by the melt, suggesting
that it may be possible to produce high quality gratings on relatively poorly
polished surfaceS.

In order to investigate the phenomenon of material distribution further small
samples of stainless steel, aluminium, titanium and perspex were machined with a
beam of uniform intensity in a Imm' area. Multiple pulses were used to machine
the samples to a depth in the region of 50-100J.UI1. The weight of the samples
were compared before and after machining and the peak depth was measured
using a microscope with a calibrated depth scale. Vaporisation of some material·
and subsequent condensation back onto the surface was minimised by blowing air
across the surface of the sample during machining.
Figures 4.4.3c-f show the results of these experiments. In each experiment a.
comparison of the measured peak depth is made with a calculated value derived
from the weight measurements. For the metal samples it. was found that a
variation of depth was observed over the Imm' region. Figure 4.4.3g shows a
cross section of a 500J.UI1 deep excimer laser machined hole in stainless steel. Due
to the shape of this hole its theoreticat peak depth was calculated by assuming
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that the machined volume was bounded by a two-dimensional parabolic surface.
In the case of the Perspex sample, a rectangular machined volume was assumed.
These results are further discussed by Coupland et.al. [4.4.3a].
It can be inferred from these results that the machining of metals using an
Excimer laser, at fluences of up to 10 Jcm-2. is almost entirely due to
redistribution of material. The most probable explanation of these results is the
redistribution of material whilst in the liquid phase to form, in this case, a raised
lip around the machined area.
For the case of the Perspex sample, a clearly defined machined area with a welIdefined rectangular profile was observed at high fluences (>3 J/cm'). At lower
fluences, however, a machined volume with a curved profile similar to the metal
samples was observed. If the Excimer laser machining of Perspex were purely an
ablative process a square profile, which is independent of fluence, would be
expected. Since at Iow fluences material appears to have melted and redistributed
this result suggests that the machining of perspex is to some extent a thermal
process.
It is interesting to compare these results with work in the more general area of
laser damage. Of particular interest is the study of Laser Induced Periodic Surface
Structures (LIPSS) i.e. small scale grating like structures observed when high
power (pulsed) laser beams are incident on a workpiece. Since they were first
noted by Bimbaum [4.4.3b] in 1965,several mechanisms have been proposed to
explain various types of LIPSS [4.4.3c] and this work provides valuable insight
into material redistribution mechanisms in the excimer machining of diffraction
gratings.
For the case of a uniform plane wave incident on a substrate, Emmony et al
[4.4.3d] have proposed that scattered waves from the surface cause .local
variations in intensity. This causes a feedback mechanism that reinforces
preferred spatial frequencies. The foimation of this type of LIPSS is highly
dependent on the angle of incidence and polarisation state of the illumination.
This result indicates that the intensity; phase curvature and polarisation of the
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beam are key parameters if structures of comparable size to the laser wavelength
are to be machined.
The generation of a second type LIPSS is attributed to induced capillary waves.
Simple models show that the short time duration and high energy of a pulsed
laser is sufficient to melt the surface to form a thin molten skin that typically
survives for 1O-50ns before solidification. It has been postulated that the
formation of plasma above this skin results in capillary waves that are frozen
upon solidification. The machining of periodic structures results from a spatially
periodic forcing mechanism giving rise to two capillary waves of a single
wavelength propagating in different directions.
Finally, a relatively weak mechanism that could explain the observed
redistribution of material, particularly with multiple pulse machining, is that of
thermal expansion followed by non-uniform resolidification. If the absorbed
energy forms parallel molten troughs of material, then this effect will cause
material to move from high to low temperature regions thus forming a relief
grating. Multiple pulse machining is likely to enhance this structure.

4.5

Conclusions

This chapter describes the production of diffraction gratings by many techniques.
Firstly studies were conducted into grating preparation as thin, aluminised, film
adhered to the surface of the component and replicated from photoresist, silver
halide, stamped perspex, or silicone rubber masters. Secondly, gratings were
formed by direct machining into the component of interest using an Excimer
laser. In both cases, the gratings formed a reflective surface relief.
Methods to replicate aluminised thin film gratings have been investigated as an
inexpensive method to produce gratings on any material. With this
method any
,
surface relief grating can be coated in a release agent followed by an aluminium
layer and replicated onto the sample under investigation. The replication process
involves adhesion of the coated grating to the sample and then removal of the
grating, after the adhesive has cured. The adhesive and grating part at the release
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layer to leave a copy of the grating's surface structure, with an aluminium layer at
the surface. As a cost effective method of producing sub-master gratings used to
transfer the grating onto the sample a method of replicating the surface structure
of photoresist master gratings by a hot stamping process was developed. This
operation is similar to the way credit card holograms are reproduced. Since the
hot stamping process is quick sub-master gratings can be made in bulk (hundreds
have been made) and have successfully been fabricated as break-off "fingers" on
a plastic stringer.
The micro-machining of gratings in a variety of materials was shown to be
possible using a projection system and Talbot imaging. Although micro
machining using excimer lasers has been demonstrated by a number of groups
little was previously known about grating production in anything other than
carefully prepared polymeric materials. The existing Excimer laser in the high
power laser facility at Loughborough University was adapted for micromachining by commissioning a commercial projection system designed by
Exitech Ltd. Work was undertaken to prepare gratings in a number of materials of
engineering interest and to establish the machining mech~isms involved. These
studies showed that the process by which gratings were formed was largely by
redistribution of material rather than removal. The process is believed to be a
thermal mechanism following surface melting and expansion. These findings are
similar to those observed by other researchers in related areas of laser materials
processing. Successful gratings· have been produced in a number of steels and
steel alloys together with float glass and most polymeric substances.
4.6
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5 DEVELOPMENT OF INSTRUMENTATION
5.1

Introduction

This chapter describes the development and performance of the Laser Strain
Gauge (LSG) prototype instruments as they evolved. With this in mind, the
performance of the Position Sensitive Detectors (PSDs) in each instrument will
not be dwelt upon, since this has been described in chapter 3. It is intended that
this will allow the reader to gain an understanding of the development of the
instruments', the main problems encountered, and the solutions found.

5.2

Initial studies

A proof of principle experiment was performed to gain confidence in the strain
measurement using the basic concept of the LSG technique. The objective of this
was to demonstrate microstrain resolution and to gain experience with the
components used. The basic LSG configuration shown in figure 5.2a used two
3xlmm one dimensional (ID) Hamamatsu detectors mounted in the focal plane
of 500mm focal length, piano-convex lenses. A helium neon laser beam was
expanded to a diameter of 3mm and was used to probe a thin film reflective phase
grating of 532 lines/mm, giving a diffraction angle of 19.7°. The grating was
replicated onto a standard stainless steel test spatula using the replication
technique described in section 4.3.2. An electrical resistance strain gauge (ERSG)
was mounted on the reverse side of the spatula by H.Tinsley & Co. to enable the
strain measured by both techniques to be compared. The test specimen was
mounted in an Instron tensiometer and subjected to a sinusoidal cyclic load of
approximately OAkN peak-peak amplitUde. A photograph' of this experiment is
shown in figure 5.2b.
The outputs from the position sensitive detectors were processed using the
analogue electronics shown in figure 5.2c. This circuit uses two analogue dividers
to calculate the quotient of the difference and the sum of the current outputs from
the PSDs. The circuit is recommended by Hamamatsu (the manufacturers of the
PSDs used) to give a voltage output proportional to the position of the light spot
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on the detector. The two position signals from the detectors were subtracted to
give a voltage output proportional to strain. This voltage and the electrical
resistance strain gauge output were then processed by an Analogue to Digital
(NO) converter and the outputs were logged using a personal computer (PC).
Figure 5.2d shows the outputs of both'strain gauges during this experiment and
figure 5.2e shows a scatterplot of this data. It can be seen that there is good
correlation between these two measurements, the standard deviation being
4.lmicrostrain. To determine the noise level of the strain gauge a series of
measurements were taken with a fixed strain on the sample. Figure 5.2f shows the
outputs of the PSDs and the associated strain output during this experiment.
Analysis showed that the noise level of the instrument was 1.1microstrain, over a
bandwidth of 2Hz.
These r~sults, at an early stage, were very encouraging since they showed that
this arrangement had an acceptable' noise level and good correlation with an
ERSG. However since one-dimensional detectors of area 1x3mm were used this
LSG could only accommodate a horizontal grating rotation of 0.05 degrees and a
vertical grating rotation of 0.13 degrees. The right hand side of figure 5.2a shows
the rotations and displacements that are referred to in this chapter and these are
defined as follows:

•. Axial Rotation. Rotation of the diffraction grating about the axis of the probe
beam of the LSG.
•

Axial Displacement. Displacement of the diffraction grating along the axis
defined by the probe beam of the LSG.

•

Vertical Rotation. Rotation of the diffraction grating about the axis
perpendicular to the probe beam axis and the grating vector (out of the page
in figure 5.2a).

•

Horizontal Rotation. Rotation of the diffraction grating about the grating
vector axis.

Two experiments were performed to determine the errors caused by movements
"

'

of the diffraction grating:
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1.

Vertical Rotation: A PC was used to control a rotary stage, to which the
diffraction grating was fixed, whilst it recorded the output of the LSG using
an AID converter. Figure S.2g shows the results of this experiment that, over
a measurement range of 0.07 degrees, show a standard strain error of 3J.1E..
This corresponds to a detector linearity of 0.1 percent.

2.

Axial Displacement: For this experiment the PC was used to control a linear
stage to move the diffraction grating in a direction parallel to the axis of the
probe laser beam. Figure 5.2h shows the results from this, and subsequent
analysis shows that the error caused by this movement was 2.2J.1E over
9.lmm. It can also be seen from the position measurements from both
detectors that the linear stage also undergoes a vertical rotation of 5x10·

4

radians during its movement. This rotation will also cause a strain
measurement error. The results of the experiment show that this rotation, due
to its low magnitude, does not significantly affect the displacement error
measurement.
The results described above were obtained using a helium neon (HeNe) laser as
the light source which gave a wavelength stability better than I part in 106• Due to
their small size, price, ease of power supply, and ability to be modulated the use
of laser diode sources was planned for use in future LSGs. To determine the
effect of this on the LSG an experiment was conducted with a ImW, 670nm
collimated laser diode substituted for the HeNe laser. To eliminate the effects of
grating movement the LSG and grating were clamped to an optical bench. Two
tests of the wavelength stability, which has been deduced f~m the strain readings
of the Laser Diode, were undertaken:
I

The Laser Diode was allowed to reach its normal operating temperature while
the output of the LSG was recorded. This measured any changes in the
wavelength of the Laser Diode. Figure 5.2i shows the strain output and the
positions of spots A & B on the PS·Ds over 700 seconds. It can be seen that
strain measured is stable to l;15J.1E which corresponds to a wavelength
stability of the Laser Diode of O.77pm (picometres).

2 In the second test the output of the LSG and the temperature of the Laser
Diode were measured during warm-up from room temperature (22.5°C) to
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operating temperature (2S.8°C). The temperature was measured using a
thermocouple adhered to the surface of the Laser Diode's case and therefore
only gave an indication of the operating temperature of the Laser Diode
cavity. Figure S.2j shows the output of the LSG and the temperature of the
case during and after warm-up. Figure S.2k shows a scatter plot of
. temperature against strain gauge output, which has a 220microstrain (O.ISnm
wavelength) change per cC. This wavelength drift is caused by changes in the
length and refractive index of the laser diode cavity as is warms up. The steps
in the graph are caused by the NO quantisation of the signal from the
temperature gauge. Temperature compensation of the LSG could be achieved
by accurately monitoring the· temperature of the Laser Diode, and
compensating for the change in wavelength of the laser using the data
collected.
Although these initial results were very encouraging the optical instrumentation
used was large (approximately 600xSOOxlS0mm) and heavy. Furthermore the
range of component tilt which could be accommodated was insufficient for hand
held use. Since an intended advantage of this technique was the ability to make·
absolute strain measurements quickly and easily, without cumbersome and
problematic electrical connections, the design of LSGs that could be hand held
was pursued. It was also realised that the use of laser diodes would only be
practical if the temperature of the laser cavity could be accurately. measured, or
temperature stabilised.
The instrument used for the proof of principle experiment was cumbersome since
no attempt was made to steer the diffracted orders. The next design was smaller,
using beam steering prisms to redirect the diffracted orders. This instrument,
which will be referred to as instrument #1, was intended to be a platform with
which to test a number of design variants. Instrument #1 and its derivatives are
described in the following section and subsequent instruments are then discussed.
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5.3

Instrument #1

To be more compact instrument #1 has the Helium Neon laser underneath the
baseplate, the interrogation beam being directed to the grating via a periscope.
The diffraction grating pitch used for this instrument was 1117 lines per mm, to
give a diffraction angle of 45°. Upon diffraction each diffracted order passes
through 45 degree constant deviation penta-prism and then through the Fourier
transform lens. Using this basic configuration two methods of measuring both
diffracted orders were investigated and these are described in sections 5.3.1 &
5.3.2.

5.3.1

Instrument #1 using two 10 PSDs

Figure 5.3.1a shows instrument #1 configured to use two one-dimensional PSDs
mounted one above the other. These detectors used the electronics shown in
figure 5.2c, which was used with the proof of principle instrument. The beams are
redirected to their respective detectors using the steering mirrors located at the
rear of the instrument. Instrument #1 in this configuration is effectively a folded
version of the proof of principle instrument using a larger diffraction angle. It
therefore serves as a test bed to investigate the effects of making _a compact
instrument.
Initial experimentation showed that the resolution of this instrument was 1.81l£,
which is worse than that obtained from the proof of principle instrument of 1.11l£.
This was disappointing since this instrument was expected to be capable of a
resolution 2.8 times better than the proof of principle instrument due to the higher
diffraction angle. It was also noted that the HeNe laser became hot within the
confined space of the instrument.
To determine whether this extra noise was caused by the optical configuration or
the electronics a 12.51JlI1 pinhole was attached to the front of one of the PSDs.
-.-

The diffracted order was then directed towards the pinhole until a maximum
intensity on the PSD was recorded. This ensured that any movements of the beam
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would not result in a movement of the light spot on the PSD. This served to
isolate the optics from the electronics helping to determine the source of the
noise. During this experiment, the noise level on the PSD reduced by
approximately 0.7JUI1 (equivalent to

.

contributed 50% of the noise of the

IJ.l£). Therefore, beam movement

instru~ent.

The most likely source of this

noise is caused by the diffracted order travelling through 500mm of warm air
currents generated by the warm baseplate of the instrument. Another possible
source of this noise is directional instability of the laser, which is equivalent to a
vertical rotation of the grating. However since the magnitude of noise is
equivalent to a grating rotation of 1.41ll'adian and is common to both beams it is.
not likely to be a dominant source of noise in the strain measurement. Thus, the
evidence suggests that up to 50% of the noise in this instrument was caused by
the beams traversing warm air currents.

5.3.2

Instrument #1 using phase sensitive detection and one PSD

Figure 5.3.2a shows instrument #1 configured to use one PSD. It can be seen that
each beam passes through a liquid crystal modulator (LCM), which modulates the
polarisation of each diffracted order. Each beam then passes through the Brewster
window and the polariser in front of the PSD. This modulates each beam's
intensity at the detector. The Brewster window is used to reflect some of the light,
which would otherwise be attenuated at the polariser, to a target viewed by the
. user to aid alignment of the instrument. Each beam is modulated by its LCM at a
different frequency by its oscillator and LCM driver electronics shown in figures
5.3.2b and.5.3.2c. These figures also show the circuitry that demodulates the
signals using phase sensitive detection to give the equivalent signal output as two
PSDs, each with one incident spot. Wilmshurst [5.3.2a] gives a very good
description of the Phase Sensitive Detection techniques employed here to
demodulate and separate the signals from the PSD. It should also be noted that
this design utilises the long focus (500mm) lenses of the original instrument and
therefore is limited in the range of diffraction grating rotation.

The advantages of using a single detector are:
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•

The diffracted orders move together across the detector, except during axial
rotation of the grating. This means that the non-linearities in detector response
are common mode, except during axial rotation.

•

Modulation of the diffracted orders filters the background light from the
signal.

Modulation frequencies of 680Hz and 1070Hz were chosen so that there was
minimal cross talk between the channels. The highest frequency that the
diffracted orders could be modulated was limited by the ferro-electric LCMs and
was approximately 1070Hz. Above this frequency, the modulation depth
decreases, significantly reducing the" signal modulation: The modulation rolls off
above 1kHz at approximately 40dB per kHz. Despite the anticipated benefits of
diffracted beam modulation, noise, which could be attributed to the electronics
and the LCMs, decreased the detector resolution to approximately 2.75J.UIl, which
relates to a strain accuracy of 3.9!l£
Tests of the effects of grating displacement on strain measurement gave an error
of 1O.4!l£ during an axial grating displacement of 6mm. This displacement causes
a translation of the diffracted orders across the lenses and the LCMs and, ideally,
"

no movement of the diffracted orders on the detectors. Therefore, this test gives
an indication of the quality of the optics in the diffraction order path. The
previous prototype instrument, that used the same FT lenses, had an error of 2.211

e during this test. The additional error measured during these tests can therefore
be attributed to the extra optical components used in instrument #1. These
components were the penta-prisms, the LCMs, and the mirrors. Calculations,
using the specified optical quality of the mirrors and lenses, meant it was clear
that this error was caused by the LCMs, for which there was no optical quality
data available.
The philosophy behind the use of phase sensitive detection was to make the
diffracted order measurement common-mode. This configuration makes the
,

detector common to both beams but different sets of electronics still have to be
used for the Phase Sensitive Detection channels. The electronics therefore had to
have the same accuracy as the spot detection when using two detectors.
Chapter 5
"

109

Measurement of the phase sensitive detection electronics, by H.Tinsley & Co,
showed a linearity of 0.1 percent. The non-linearity was principally due to the
amplification reversing electronics used before the integrator in the Phase
Sensitive Detection circuit, as shown in figure 5.3.2c.

The spot measurement accuracy required by the LSG depends on its mode of
operation. If the LSG is always precisely aligned to the diffraction grating then
the inaccuracies of spot measurement· directly translate to inaccuracies in the
strain measurement e.g. if 1O~ is required over a range of lOme 0.1 % accuracy
is sufficient. H. Tinsley & Co. specified that a commercial instrument should
have an accuracy of

lO~

and to be hand-held a diffraction grating rotation range

of 1.5°. Thus, the diffracted orders need to be measured to an accuracy of
10J.l!adians (for lO~ measurement accuracy with a 45° diffraction angle), which
corresponds to a spot measurement accuracy of approximately 0.01% of their
maximum displacement. In this case, the Phase Sensitive Detection electronics
must also have an accuracy of better than

om %. It was felt impractical by H.

Tinsley & Co. (a precision electronics manufacturer) to pursue the development
,.

ofthe Phase Sensitive Detection electronics to this accuracy.
The performance of instrument #1, using phase sensitive detection, was
considerably worse than the initial prototype, which used separate detectors. A
further problem with the use of phase sensitive detection was the cost and
availability of the LCMs. The only known source at that time was Thorn EMI and
the cost of these was £500 each. This was considered too expensive for
incorporation into a commercial strai':l gauge. For these reasons, full trials of
instrument #1 were not undertaken.

5.3.3

Conclusions from instrument #1 development

Much was leamt from the development of instrument #1 and this can be
summarised as follows:

• The long focus lenses used in the basic configuration did not give an
acceptable tilt range for hand held use.
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• It was felt that the instrument to grating distance 25-31mm, resulting from the

relatively large diffraction angle of 45 0 was too small for easy access to the
diffraction grating.
• The use of a single detector and phase sensitive detection to separate the
signals was not feasible due to the availability and optical quality of the LCMs
and the limited linearity of the Phase Sensitive Detection electronics.
• The heat generated by the HeNe laser, combined with the path of the diffracted
orders was a significant noise source.
• To allow horizontal and axial rotations of the diffraction grating the spot
positions need to be measured in two dimensions.
For these reasons, work on instrument #1 was not continued and work focused on
instrument #2.

5.4

Instrument #2. An instrument using four lD PSDs

Instrument #2 was designed to avoid many of the problems of instrument #1, and
with the guidance of H. Tinsley & Co. the following design objectives were
chosen:

• To be a small instrument capable of hand-held use and it was determined
experimentally that this required that the instrument tolerate approximately
1.5 0 of instrument rotation.
• To use off the shelf, relatively inexpensive, components;
• For most engineering applications an accuracy of 1O,iE during hand-held use
would be required.
• To use diffraction gratings of approximately 500lines/mm. This was chosen
because gratings of this frequency could be manufactured using the Excimer
Laser Machining System and allowed a greater instrument to grating distance.
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5.4.1

The design of instrument #2

At this time the development of the PSD measurement system, electronics, and
data acquisition was not complete and it was believed that the 12xlmm ID
Hamamatsu PSDs were the detectors with the best accuracy and dynamic range.
Thus, these detectors were chosen and combined with cylindrical lenses and
beam splitters, to measure the positions of the diffracted orders in two
dimensions.

The diffraction angle was chosen to be 19.7°, to allow a larger instrument to
grating distance, and therefore used gratings of 500lines/mm, which at this time
could be machined by the Excimer Laser Projection System. To produce a
compact instrument prisms were chosen to redirect the diffracted orders. Shorter
focal length lenses were also used to allow a greater tilt range. Figure 5.4.1a
shows a schematic diagram of instrument #2 which measures 204x103x60mm.
Figure 5.4.1b shows the cylindrical optics used to measure the direction of each
diffracted order in two dimensions and figures 5.4.1c&d show internal and
external photographs of the completed instrument.
The cylindrical lenses, in combination with the Fourier transform lenses, image
the surface of the diffraction grating onto the position sensitive detector in the
direction perpendicular to the length of the detector. In the direction along the
length of the detector, the cylindrical lenses have no focal power and thus the
detector still measures the position of the diffracted order at the focal plane of the
Fourier Transform lens. Thus with the use of a beam-splitter it is possible to
measure the horizontal and vertical position of a diffracted order using two
orthogonal position sensitive detectors and cylindrical lenses.
This design also had the benefit of reducing the noise of the detection system
when compared to using a single two-dimensional (2D) PSD. This is because the
noise of a photodiode increases as the square root of surface area, as decribed in
section 3.4.5, and the use of two ID PSDs results in a smaller surface area. In this
case since 12xlmm PSDs are being used the surface area for each detection
channel will be 24mm'. In contrast if two 12x12 mm PSDs were used these
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· would have a surface area of 144~2, thus giving a surface area 6 times that of
the two ID PSDs system. Thus, the noise from the PSDs will be reduced by a
factor of 2.4.

5.4.2 The performance of instrument #2
During testing of instrument #2 it was found that displacements of the diffraction
grating caused large strain measurement errors because the detectors were not
accurately mounted at the focal plane of the Fourier Transform lenses. The
mechanism of focusing and alignment designed into this instrument consisted of
sliding the optical arrangement and locking it in place with clamping screws.
Using this adjustment system, it was found, even with great care, to be impossible
to align this system to sufficient accuracy due the movements of the optics when
the system was clamped after adjustnient. The error caused by, displacements of
the diffraction gratings was approximately 280J!E for a displacement of 8mrn of
the diffraction grating. This. oversight in the design was in part due to the
increased sensitivity of the instrument to displacements when using shorter focal
length FT lenses. It was easy to show (in hindsight!) that the strain error due to'
displacements is inversely proportional to the square of the focal length of the FT
lenses. Thus, when this is reduced from 500mrn to lOOmrn, Le. between
instruments #1 and #2, the sensitivity of alignment increases by a factor of 25.
This meant that the PSDs had to be mounted to within IOj.Ull of the focal plane of
the lenses.
For instrument #2 the error caused by vertical rotation of the diffraction grating
of 3.4 degrees was 400J!E. Figure 5.4.2a shows the resolution of instrument #2 as
a function of bandwidth, which can be expressed by the following equation

r = 0.15bo. 9S

5.4.2a

where r is the resolution of the instrument and b is the bandwidth of the
measurement. Despite the inaccuracies of the instrument due to its set-up' strain
could be measured to a resolution of IJ!E with a bandwidth of 7Hz if there was no
movement between the instrument and the sample.
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The inaccuracies of instrument #2 caused by solid body motions were reduced by
writing the instrument software to sample only when the instrument was aligne!l
to within 0.05 degrees. Alignment was aided by an optical display on the
computer, which showed the position and intensity of the diffracted orders on the
PSDs, and an acoustic output, which beeps faster when the instrument gets closer
to the alignment condition. With this feedback the small alignment tolerance
could be achieved due to random motion of the instrument whilst being hand
held, with the aid of a solid probe from the front of the instrument to the grating.
The solid probe was required to reduce the degrees of freedom of the instrumeht
when being hand held, thus making alignment much easier. The accuracy of
instrument #2 in this configuration, in a back to back test with an ERSG, was·
1Ol1£. Furthermore, the use of a probe is not satisfactory as pressure exerted on
the probe could affect the measurement, especially when compliant materials are
under interrogation.

In parallel to the development of this instrument measurements of the accuracy of
the UDT 2D PSDs was also being investigated. These investigations, as described
in chapter 3, found that with the front cover removed the 2D PSDs had a greater
accuracy than the ID PSDs. Due to the difficulties of positioning the detectors at
the focal planes of the lenses another instrument was designed using the 2D duolateral PSDs and an improved system of detector positioning.

5.5

Instrument #3. An instrument using two 2D PSDs

The design objective of instrument #3 was to make a hand held LSG which gave
a more accurate strain measurement when hand-held and was easier to build,
tune, and align than instrument #2.

5.5.1

The design of instrument #3

Figure 5.5.1a shows the design of instrument #3 and figures 5.5.1b&c show
internal and external photographs of the completed instrument. The adjustable
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mirrors were specially made to have three adjustment screws, as opposed to the
normal two, to enable the mirror to be translated' and rotated, This allowed the
path length between the lenses and the detectors to be altered; enabling the
detectors to be positioned at the focal planes of the FT lenses, Each detector used
was tested and look up tables were calculated from the Michelson Interferometer
accuracy measurements, described in section 3.4.3, allowing compensation for
systematic measurement errors of the detectors. The data acquisition and
measurement software, which was written during the project, read each look up
table when the program was first executed and used this information to improve
spot position measurement accuracy, The spot position, intensity,. strain
measurement, and grating orientation calculations were then displayed in the
graphical user interface, shown in figure 5.5.1 d. This interface was written to run

in the Microsoft Windows 3.1 operating system to. give an easy to use virtual
instrument panel with graphical output of the strain measured and audio/visual
alignment information to aid the user when the instrument was hand held.

5.5.2 Tuning of instrument #3
As mentioned is section 5.4.2 the positioning of the PSDs at the focal plane of the
Fourier transform lens is crucial to eliminate the effects of displacements of the
diffraction grating on strain measured. The experiment shown in figure 5.5.2a
was used to position the PSDs at the focal planes of the detectors. It can be seen
from this that two mirrors are used to simulate the effect of the diffraction
grating. This ensures a constant angular deviation of the returned beam
independent of the linear stage rotations. With this c6nfiguration the following
procedure was followed for each detector:
1. The output beam was first adjusted to be parallel to the longitudinal axis of

the baseplate of the instrument. This was achieved by measuring the height
,
of the beam at varying distances from the instrument when it was standing
on its side and on its base on a large flat table. The output beam was then
adjusted until the beam heights were constant to within O.5mm at distances
of 0,1, and 2m from the instrument. This meant that the output beam was
aligned to the instrument to within 0.014degrees.
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2. The mirrors and zero position of the linear stage were set-up using the
following procedure:
a.

The mirrors on the instrument were aligned so that with an unstrained
diffraction grating, orthogonal to the output beam, the diffracted
orders were at the centre of the PSDs.

b .. A mask with a Imm hole at its center was mounted concentrically in
front of the lens.
c.

The positions of the translation stage and the mirrors on it were
adjusted until the beam went through the aperture and was incident on
the center of the PSD. This ensured: (a) that the diffraction angle of
the diffraction grating was replicated by the mirrors on the translation
stage, and (b) the position of the reflected beam passed pass axially
through the Pr lens.

d.

The position of the linear stage was noted and the aperture was
removed from the front of the lens.

3.

The linear stage was moved approximately 2mm to move the beam
towards one side of the lens. This simulates a displacement of the
diffraction grating. The linear stage is then moved in O.4mm steps until
the beam returns to the center of the lens and then to the other side of the
lens .. During this movement the position of the spot on the PSD is
recorded, using the instrument software, producing a graph of spot
position against stage displacement, as shown in figure 5.5.2b.

4.

The slope of this graph was calculated and from this information the
distance of the PSD from the focal plane of the lens can be calculated.
This distance is converted to the number of turns required on the mirror
adjusters and the path length is then adjusted. For example in figure 5.5.2b
the slope of the graph is -2.3J.Un1mm. Since the diffraction angle is 30
degrees the beam moves 0.5mm across the lens per mm of stage
movement and using trigonometry it can be calculated that the detector is
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0.46mm from the focal plane of the lens. This relates to 1.5 turns of the
adjustment screws on the mirror~

5.

Steps 3 and 4 are repeated until the diffracted order movement was less
than 1 micron, as shown in figure 5.5.2c

It can be seen from figure 5.5.2c that there are higher order errors that cannot be

zeroed by adjusting the position of the detector. This is caused by aberrations of
the lens, which are discussed in section 3.3.

5.5.3

The performance of instrument #3

The strain errors measured for instrument #3, using replicated gratings on the
v

sample, during different movements of the diffraction grating relative to the
instrument are summarized in table 5.5.3a below.

Type

of

Grating Amount of Measured

Strain Intensity

Movement

movement

Error (!l£)

change (%)

Axial rotation

0.25°

5.67

1.2

Axial rotation

1°

300

2.9

Vertical Rotation

0.228°

5.4

4.2

Vertical Rotation

1°

250

7.6

Horizontal rotation

2.2°

180

Axial Displacement

1.6mm

4.9

.

6.8
3.8

Table 5.5.3a
It can be seen that the intensity change is 7.6% in the case of vertical rotation and

the measured strain error is 250!l£., The change in intensity during these
experiments was surprising, since if the whole spot were to remain in the detector
one would not expect any intensity
change. An explanation
of this result is that
,
,
the diffracted orders had significant background noise that extended further than
the edges of the PSDs. Thus as the diffracted orders moved windowing by the
detector caused some of the background noise to miss the detector and reduce the
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intensity of light incident on the detector. Since PSDs measure the centre of
intensity of the incident light spot, an error in the measurement of the position of
the centre of intensity would be expected.
To test this hypothesis the diffracted orders were sampled using a Charge
. Coupled Device (CCD) camera placed at the focal plane of a 35mm lens. Figures
5.5.3a & b show the diffracted order intensity distribution of the master and
replicated diffraction gratings used with the LSGs. Figure 5.5.3c shows the
background intensity distribution on the CCD when there is no light incident on
it. This shows that the noise around the diffracted order is not due to the camera
and frame grabber card, this noise only contributing; on average, 1.4% of that
seen around the diffracted order.
The CCD camera images of the diffracted orders were analysed numerically to
simulate the PSD. The algorithm used cuts out sections of the CCD camera image
corresponding to the angular view of the PSD and then performs a centre of
intensity calculation. The area cut out from the CCD camera image was moved to
simulate the movement of the diffracted order across the PSD. This enabled the
intensity changes and spot movements' due to the effects of windowing could be
calculated. To gather enough of the surrounding area of the diffracted orders they
were sampled at the focal plane of a 35mm lens using a 6x5mm CCD camera.
This gives an angular field of 9.8 0 horizontally and 8.10 vertically. The 2D PSDs
used in the instrument had dimensions of 9x12.5mm which were mounted at the
focal plane of a l00mm lens and thus an angular spread of 5.10 horizontally and
8.10 vertically is incident on the detector.

Table 5.5.3b shows the results of calculations that simulate a vertical rotation of
the diffraction grating by 10. It 'can be seen for the different types of grating that
as noise intensity increases the strain e~or and intensity change increase.
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Diffraction
grating

Noise
intensity
relative to no light
condition
on
camera
66
69

Master !!ratin!!
Replicated
grating
Excimer
laser 72
machined grating

--c-

Strain error Intensity change
' diffracted
caused by of
order caused, by
windowing
windowing (%)
(ue)
54
4
,
150
5
2880

15

Table 5.5.3b

It can be seen that, the calculated error caused by vertical rotation of 10 correlate

well to the experimental values presented in table 5.5.3a. The results from the
theoretical and experimental tests support the hypothesis that the strain
measurement errors are caused by diffraction order noise.

These results paint a relatively poor picture of instrument #3, especially when
used with an excimer machined grating. If however, the instrument is mounted on
a tripod it performs very well and has a strain resolution of 0.54J.IE at a bandwidth
of 4Hz. This compares extremely well with the ERSG, which has a noise level of
I.1ll£ at a bandwidth of approximately 2Hz. Furtbermore a back to back test of
the LSG with an ERSG gave good results, as shown in figures 5.5.3d&e. It
should be noted that the reading from the ERSG is smaller than that from the
LSG due to a scaling factor error in ,the ERSG. A linear regression fit of this data
showed that the outputs of the two techniques gave a RMS error level of 3.9ll£.

The gratings used for strain measurement were replicas of professionally made
master gratings and these were replicat~d in normal laboratory conditions. Given
the intended use of the diffraction gratings i.e. in engineering environments the
instrument should be able to tolerate damaged or noisy gratings. This
investigation has shown that the use of PSDs to measure the positions of the
diffracted orders to allow a strain measurement accuracy better than 54ll£, with a
master grating, over a true tilt range of 10 is possible. Using the gratings made
with the excimer laser the strain measurement accuracy reduces significantly to
2.9me.
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It was obvious from the experiments that some kind of thresholding was required

to eliminate the background noise from the detectors. This could only be
achieved using a pixelated camera, such as a CCD camera and centroid analysis.
A prototype instrument was made to test this hypothesis, as described in the next
section.

5.6 ' Instrument #4. A prototype instrument using one CCD camera

Time constraints at this stage in the project meant that an optical bench top
prototype was made instead of self contained instrument. Figure 5.6a shows the
design of this instrument. It can be seen that only one CCD detector is used with
two probe beams from two different lasers, which produces two light spots on the
CCD. This configuration was chosen for the following reasons:

•

The use of a CCD enables the independent detection of more than one light
spot.

•

The FT lens could now be common to both diffracted beams and thus give a

. . common mode error. This allows the tolerance of the lens to be relaxed.
•

The use of .one detector allows inaccuracies in it to be common mode to
reduce their effects.

Care was taken to ensure that the probe beams were accurately collimated since

any wavefront curvature in these will result in an erroneous strain being
measured. This error will occur as the grating traverses the beams during hand
held operation. The beams were expanded and collimated to a diameter of
approximately 25mm using the wave front shearing technique described in section
. 4.2.3. This technique gave a wavefront curvature better than

14~ads,

which

could give a strain error up to 20!l£ during relative instrument grating
displacement.
Figure 5.6a shows that both diffracted orders are incident on the CCD. A problem
with this technique occurs when. both diffracted orders overlap, making
separation of the diffracted orders impossible. The instrument was adjusted so
that this did not happen in the following analyses. If a practical instrument were
Chapter 5

120

to be made the two input beams would be chopped and sampled at separate times,
thus avoiding this problem. The interrogation beams were expanded to allow
transverse movements of the grating during hand held use. The system was set-up
so that the two diffracted orders were almost normal to the diffraction grating but
sufficiently far apart to be resolved on the CCD camera. In this way the diffracted
orders were as close as possible to make their paths as common as possible.

5.6.1

Calculation of the spot centroids

To assess the performance of this instrument experiments were undertaken to
simulate the movements that would occur during hand held use and to assess the
noise of the instrument. These included displacements along all axes and
horizontal tilt of the grating.
Figure 5.6.1a shows a picture of the diffracted orders incident on the CCD
. camera. Figure 5.6.1b shows a, three-dimensional plot of one of the diffracted
orders to show the level of background noise. The algorithm used to find the
centroids first looked for the brightest pixel on the image to' find the brightest
diffracted order. The algorithm calculates the centre of intensity of this peak and
thresholds out intensities below a pre-deterrnined noise level, in this case an
intensity of 30 grey levels. To find the' centroid of the other diffracted order the
values in the area around the brightest peak were set to zero and then the brightest
pixel found and the centre of intensity around that around calculated. Thus, the
spot positions could be calculated and the strain of the sample determined.

5.6.2 Performance of instrument #4
To determine the effects of grating movement on the performance of this
instrument the strain errors were calculated when the grating was translated or
rotated. Table 5.6.2a shows the strain output errors of prototype instrument #4 for
various movements of the diffraction grating as defined in figure 5.6a.
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Type of movement

Range of movement

Strain Error (Iffi) .

Vertical rotation

2.6 degrees

24

Longitudinal

4mm

37

4mm

40

Displacement
Transverse
Displacement
.

Table 5.6.2a
Further to this, a test was perfonned to assess the noise of the CCD camera,
which was 101ffi.
It can be seen from these results that prototype #4 holds much promise for this
technique of strain measurement and further work should be directed in this area.
A possible problem with the use of CCD cameras is their frame rate. This will
limit the maximum allowable speed of mpvement of the instrument, if the frames
for each beam measurement are not captured synchronously.
5.7

Summary of instrument characteristics and conclusions

The instruments described in this chapter show that the accuracy to which strain
can be measured is dependent on movement between the instrument, the
diffraction grating, and the quality of the grating under i~vestigation. With no
movement between the grating, using instrument '#3 a strain resolution of 0.541ffi
was achieved and with a back to back test between this and an electrical
resistance strain gauge gave a correlation of 3.91ffi.
The accuracy of the instruments reduced when movement between the grating
and the instrument was introduced. The best achieved with instrument #3 was an
accuracy of 541ffi over a tilt range of 10. The accuracy of the instrument can be
improved if software is used to only take strain readings when the sample was
aligned to a greater accuracy e.g. 0.05 degrees. However this relies on the random
movement of the person holding the instrument and reduces the number of
readings taken. This is tolerable if static strain is being measured. However if
dynamic strain were' measured, especially if the orientation of the sample is a
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function of strain, inaccurate readings would result. Instrument #2 used this
technique and achieved a back to back accuracy of 101l£ with an electrical
resistance strain gauge. Unfortunately the alignment of the instrument was
relatively difficult and required a solid probe from the front of the instrument to
the grating to ensure the correct stand off distance of the LSG from the diffraction
grating. The use of a probe was not satisfactory as pressure exerted on the probe
could affect the measurement, especially if a compliant material was under
investigation.
The limiting factor in the performance of instrument #3 when being hand held
was the optical noise around the diffracted orders, as shown in figure 5.5.3a,
combined with the windowing effects of the detectors. An improvement of the
optical quality of the diffraction gratings to produce approximately one thirtieth
of the background noise would be needed to allow hand held operation' of
instrument #3. Prototype instrument #4, with the use of CCD camera, shows
promise because the background noise can be filtered out, and this gives a strain
measurement accuracy of 241l£ over a tilt range of 2.6°. In the case where there is
no movement between the instrument and the diffraction grating, a resolution of

IOIl£ was achieved. The use of inexpensive CCD cameras limit measurements to
25 frames a second and the post processing may further limit the speed of
operation. Further work should determine the limitations of this system. '
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6 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
6.1

Conclusions

The research and development of optical instrumentation that measures surface
strain over a small (1-5mm2) area, using reflective diffraction gratings, has been
described. Strain is calculated from the directions of the two first orders
diffracted from the grating. The diffraction grating is prefabricated and adhered
onto the surface of interest or machined directly into the surface using an excimer
laser. The propagation vectors of the diffracted orders are measured using
position sensitive detectors mounted at the focal plane of positive lenses.

A review of electro-mechanical and optical techniques has been given to provide
background knowledge of techniques currently used to measure strain. It was
found that the mechanical techniques were limited to situations where the strain
field was known to be constant over a relatively . large area. The optical
techniques described could overcome some of the shortcomings of the electromechanical techniques although they introduced a set of problems of their own.
These problems included the limitation of these instruments to environments
where the orientations of the sample and the instrument can be closely controlled,
the requirement for post processing of the data, and the availability of skilled
operators. Furthermore, although there is a need for these optical techniques in
industrial engineering environments, they are not widely used.

A significant advance in the development of a new optical strain measurement
instrument, which has high accuracy, is easy to use, and is tolerant to relative
movements between it and the grating has been presented. Because of the
objectives of this work, many new problems have been tackled.

A new theory has been. developed in which the strain of an arbitrarily oriented
diffraction grating can be found from the vector directions of the incident and two
diffracted first orders. A full error analysis of the resulting equations was also
undertaken. From this theory it was shown that:
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•

The effects of grating distortions are not significant if both first orders are
measured.

•

The effect of using PSDs, which intrinsically measure the centre of intensity
of the light incident on them, does not significantly affect strain measurement.

•

The wavelength stability of inexpensive Helium Neon lasers is sufficient for
the strain measurement accuracy required of the instrument.

•

The surface strain tensor can be calculated if a crossed grating is used.

A large program of research was undertaken concerning the directional
measurement of the diffracted orders using position sensitive detectors (PSDs).
This included the development of calibration equipment (based around a
Michelson interferometer) that was capable of measuring the accuracy of PSDs to
O.3!lJ11. From this work the following conclusions w.ere made:

•

Laboratory quality optics were sufficiently good to produce an instrument
capable of hand-held strain measurement.

•

Hamamatsu 10 PSDs were sufficiently accurate for the case where there was
limited movement between the diffraction grating and the instrument. 10
detectors could not easily be used for a hand-held LSG operation since the
diffracted orders needed to be measured in 20. For this case 20 duo-lateral
PSDs were found to be most accurate.

•

20 duo-lateral PSD had an accuracy of O.6!lJ11 providing their protective glass
window was removed. Their accuracy was better than the accuracy of 10
PSDs of over the same measurement range. 20 tetra-lateral PSDs had poor
linearity and were thus not suitable for use with the LSG.

•

Electronics, using high quality two stage amplifiers, and analogue to digital
converters with 16-bit accuracy were required to maintain measurement
accuracy.

Diffraction gratings were produced by many techniques. Grating preparation as
thin, aluminised, film adhered to the surface of the component and replicated
from photoresist, silver halide, stamped perspex, or silicone rubber masters was
studied. Gratings were also formed by direct machining into the component of
interest or onto a thin lacquer using an excimer laser.
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Replication techniques were also investigated as an inexpensive method to
produce gratings on any material. From these investigations a "hot stamping"
process was developed by which sub-master gratings can be made in bulk, as
break-off "fingers" on a plastic stringer:

The micro-machining of gratings in a variety of materials (steels and steel alloys
together with float glass and most polymeric substances) using an excimer laser
has been described. This was achieved using a projection system and Talbot
imaging with resolutions up to lOOOlines/mm. This work represents advancement
of this field since little was previously known about grating production in metals,
and the mechanisms involved. These studies showed that gratings were formed
by a thermal process that was largely a redistribution of material rather than
removal.

. In total five prototype instruments were designed and built with the aim of

producing an easy to use, relatively inexpensive, strain gauge with approximately
. IOIl£ accuracy. This woas achieved with varying amounts of success as different
configurations and techniques were tried. Techniques, which were shown suitable
and unsuitable for use in these prototypes, are as follows:

•

The use of liquid crystal modulators and phase sensitive detection for the
measurement of the diffracted orders caused significant linearity problems.

•

The use of two ID PSDs and cylindrical optics proved very difficult to align
and the use of 2D duo-lateral PSDs was preferred.

•

The effects of the background intensity speckle pattern and the windowing
effect of the PSDs caused the majority of the strain measurement errors when
the instrument was used in a hand-held configuration.

•

The errors caused by background noise from the diffraction gratings can be
overcome by the use of pixelated detectors that can threshold this noise.

•

Accurate knowledge of the directions of the output beams is critical to avoid
systematic errors due to instrument grating movements.
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The overall performance of the instruments in various situations was quantified.
With no movement between the grating and the instrument a strain resolution of
O.54JlE was achieved and with a back to back test between this and an electrical
resistance strain gauge gave a correlation of 3.9JlE. The most significant errors
were caused by rotations of the grating relative to the instrument. With a rotation
of 10 between the grating and the instrument with PSDs used to measure the
diffracted orders an accuracy of 54JlE was achieved. With the use of a CCD
camera, which can remove the background noise, a strain measurement accuracy
of 24JlE over a tilt range of 2.6 0 was achieved. However, in this case the
resolution of the strain measurement dropped to IOJlE.

6.2

Suggestions for further work

The direction of further work will depend on the instrument .characteristics that
are required. If high resolution measurements ~e required and the movement of
the instrument with respect to the grating can be limited then development of
prototype #3 would be most suitable. To develop this instrument an experimental
or theoretical study would need to be undertaken. This would determine the
quality of the grating required to achieve the measurement accuracy required.
This would also lead to an assessment of the limitations of this technique, where
PSDs are used, due to the optical quality of the gratings. If a high tolerance to the
movement of the instrument with respect to the grating is required the
development of prototype #4 would be most suitable. In this case the use of a
CCD camera allows the thresholding of diffracted order background noise, which
is most significant in reducing the accuracy of the instrument. With this
instrument errors in the collimation of the probe beams can also cause large
measurement errors. Thus attention should be paid to this effect.

For both techniques the manufacture of diffraction gratings onto the surface of
the component needs to be improved. For gratings adhered to the surface the use
of a fast setting adhesive that produces good quality gratings would be an
important advance. Further to this the continuation of the work into producing
gratings with the excimer laser using Talbot imaging could greatly improve the
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speed of the machining process. To enable this work a source of fused silica
phase gratings needs to be found.

Long term strain measurement tests, to prove the potential of this technique are
also required. These tests could take the form of a comparison of two gratings of
similar pitch over the period of months to years. For general use, where the
direction of the strain being measured is not known before the measurement the
development of a crossed grating system would be required to enable calculation.
of principle strains on the surface.

More generally, extension of any simple to use optical technique that could be
used for strain measurement onto an arbitrarily curved surface, with no prior
preparation of the surface required would be a major advance in optical strain
measurement. To achieve this it is generally acknowledged that relative
movement of the surface in three dimensions needs to be measured. The need for
such technology is partly driven by the advances in Finite Element Analysis
(FEA), which can accurately predict strains on relatively flat surfaces, the
problem areaS being those with tight radii.

1
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Figure S.3.2c. Phase sensitive detection electronics of one channel
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Figure S.4.le. Internal photograph of instrument #2

Figure S.4.ld. External photograph of instrument #2

100

•
•

:s;,;

10

g'" .

•

Os

'-'

•

=
0

0.j:l

.El
0
'"

1
10

~

Bandwidth (Hz)

100

•

001

Figure S.4.2a Resolution of instrument #2.

1000

Diffracted

Sample with diffraction
grating attached .

·/

Temperature
stabilised
laser diode
. delivery fibre

Electronics

2D PSDs Collimating Fixed Adjustable
optics
Mirrors mirrors

Fourier
transform
lenses

Figure S.S.la. Schematic of instrument #3

Figure 5.5.1 b. Internal photograph of instrument #3

Figure 5.S.le. External photograph of instrument #3

III

ill

File Graph
Chans Voltages
Positions Intensities
o (3) 5.616V
-0.062mm
82.2uW
5.899V
-0.064mm
1 (4)
2 (1)
5.216V
0.005mm
6.287V
0.472mm
3 (2)
4 (7)
3.512V
-0.055mm
54.9uW
5 (8)
4.179V
-0.390mm
6 (5)
4.017V
0.003mm
3.670V
-0.235mm
7 (6)
ector theory=0.04 corrected=0.05 mstrain
ligned reading=0.04 corrected=0.05 mstrain
ligned average=0.03 corrected=0.04 mstrain
0.1

;,

1.1"

jrr

ms

f
#"

o
~

.

~

-0 .1 0

l

"

•

IL.....----...I
1300

\~

t

.~

IJ

.

~
~-

'\

;.'

i\.

~

Reading

1

Zero Positions

1

ResetZero

1

Print LUT Into

11

Save Reading

11

Del Reading

1

~-

-~~

w

AID

o Alignment Beep
o Write Data
~

<~.

Calibrate

# Averages

~

...~

I

I
I-

Free Memory = 12581120 bytes
330

Figure S.S.Id Graphical user interface written for instrument control and data presentation

Linear Stage
(
)

Laser Beam

Mirrors, mounted
on linear stage

/
Temperature
stabilised
laser diode
delivery fibre

Electronics

2D PSDs Collimating Mirrors Adjustable
optics
mirrors

Fourier
transform
lenses

Figure S.S.2a. Experiment used to set PSDs at the focal plane of the FT lenses

6

•

•

4

•
2

•

-2.5

-2

-1.5

-1

•
-0.5

Linear stage position (mm)
1.5

,.....,

2

2.5

'"

§= -2
g
El
-4
'"
&.

..-.--

-

•
•

•

0

P-

rJl

.a

Figure 5.5.2b. Spot position against position of linear stage

1.5

1
";i;'

§

0.5

.~

g
§

:.e

Linear stage position (mm)

o~~~~~~~--~~~~--+-~~~~~~~~~-+~~

o

'"o
P-

0.8

12

1.6

2

o ..Q.S

~

-1

-1.5

Figure 5.5.2c Position of beam on PSD v Position of linear stage

150

1

~100

'-'

,~

5

.s

50

15

Angle (millirad'lans)

30

45 .

Figure 5.5.3a Intensity of the diffracted order from a replicated grating

o
200
Co>

~

. . . 150
~

~

.~

\'3 100

,<

~

.s

,

,.

J

50

Angle (milliradians)

30

45

Figure 5.5.3b Intensity distribution of a diffracted order froro a master grating

r------+-----~
.

200

c
~

..!l 150

~

.e-

..l3
.,
]

100

,

50

o

An

15
gle (milIiz:ad'
lans)

45

Figure 5.5.3c Background noise of CCD camera and frame grabber card

50

Strain measured by instrument #3

Strain measured by ERSG

40
30

20

40

320

-30

-40

-50

Measurement number

Figure S.S.3d Back-to-back test of LSG #3 with an ERSG

50

'"""
~

~_

40

•• (

:!r·t •·.•...
, .. '-;- .

>.!3 .

.cOB
"'g
CI.I

~

g

~"=
ot:::

30

•

"'

• 0', '0 "0
. ; .... ,.• •

-30

-40

-20

. .... - ...
.
'.':'.,
... ..",.'.. . .
••••

'

I •
•• '

0- • '.Il10 ,
"0. : ..... •
• I
'

"": 0'_.,,' ..

~:.

0

10

• -11\' ..... .
"-

' •••
,. ......
•

, ','; ::','
"

1

0
'"

•

" •.'0' :'
....

10

','

'0 1° • •

' . "0

•

i"- I

.. ....'·10
•

."0.

....

:.. :.~.~

20

EI~

.~
J::j

•

•

~.

'.

10

20

30

Strain measured by ERSG (microstrain)

'

-20
-30

-40
-50

Figure S.S.3e Scatterplot of the back-to-back test

40

I

Horizontal
Rotation

~
......----.....

0

/?

Vertical

'lII Rotation

Horizontal
Displacement

o

Axial

CCDCamera

. Rotation

E

Sample

)

X

Vertical
Displacement

Axial
Displacement

Defmitions used for grating
movements relative to LSG.
Defmed in section 5.2

Figure 5.6a Prototype instrument #4 using 2 input beams and a CCD detector

40

o

o

25

50

Angle (milliradians)

Figure 5.6.1a Image formed on the CCD camera from diffracted orders in instrument #4

a

150

~

,g
~

~ 100

S

oS

50

,5
An I

10

" g e (millirad"
.
lans) "

15

Figure 5.6.1b Intensity distribution of one diffracted order

