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Abstract

This thesis deals with the development of optical sensosedan laser diodes and dedicated
diffractive optical elements. The thesis is divided intmtparts. The first part of the thesis deals
with development of interferometrically based displacetreensors intended for use in pressure
transducers. For the purpose of probing the deflection oflidgghragm in a pressure transducer,
a novel common-path interferometer has been developed.cdiiteal part of the common-path
interferometer is a multi-functional holographic optieéément (HOE) that handles function like
beam splitting and focusing of the light. The HOE works ashbiansmitter and receiver in
the common-path setup. This means that the stability isrémtén the HOE and the system is
self-aligning, which makes the sensor very robust. Thesealsp been devised a new technique to
extend the unambiguous measurement range of differemjglbdements. This technique is based
on probing three points on the object surface simultangarsd utilises the quadrature phase sig-
nals that are automatically provided by the specially desigHOE. During the project, there has
also been developed a new tool for conceiving new types ofmmmrpath interferometers by plac-
ing a specially designed HOE in the Fourier plane of & detup. The surface structure for the
Fourier filter can be calculated by Fourier transformingdilsired impulse response function of
the system. Thereby, the system can be designed to probeificspygoe of surface displacement.
The second part of the project deals with development otapfiow sensor systems. Firstly, a
new beam splitter system based on two linear gratings hasdmased. The beam splitter is in-
tended for use in laser Doppler anemometry systems, whefétige spacing in the measurement
volume is directly proportional to the wavelength of thentigource. This is compensated by the
beam splitter system by letting the closing angle of the tvatop beams be wavelength dependent.
Secondly, a new laser time-of-flight sensor has been dexdlophe sensor is intended for in-situ
calibration of other types of flow sensors, which are permtyeénstalled in large flow installa-
tions. The system is designed so that the transmitter amivezcfunctions are implemented in
a single HOE plane. This makes the LTV sensor self-alignimg) mbust. The multi-functional
HOE is additionally designed so that the LTV sensor to a fiesfree is wavelength independent.
All the diffractive structures are implemented as surfagleef structures in photoresist. These
structures have the advantage that they can be replicategl fas instance injection moulding.
Thereby one can mass-produce the structures at low costhwiakes it possible to manufacture
a cheap optical sensor.
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Dansk Resumé

Denne afhandling omhandler udviklingen af optiske sendmmseret pa brugen af laser dioder og
dedikerede diffraktive optiske elementer. Afhandlingerdelt i to dele. Den fgrste del omhan-
dler udviklingen af interferometrisk baserede forskydssensorer, som er tiltaenkt brug i tryk-
transducere. Et nyt common-path interferometer er blesteikiet med henblik pa aftastning af
afbgjningen af en membran i en tryktransducer. Den centl@lef common-path inteferome-
teret er et multifunktionelt holografisk optisk element (HQsom varetager funktioner sa som
straledeling og fokusering af lyset. Hologrammet virkemdeide sender og modtager i common-
path systemet. Dette betyder, at stabiliteten af systeiketssaf hologrammet og at systemet
er selvindstillende, hvilket ggr sensoren meget robust: dd@gsa blevet udviklet en ny teknik
til at udvide det utvetydige maleomrade for differentidtbeskydninger. Denne teknik er baseret
pa den samtidige aftastning af tre malepunkter pa objektenytter desuden de fase-kvadratur
signaler, som automatisk genereres af det specialudekhetbgram. | lgbet af projektet er der
ogsa blevet lavet et nyt veerktgj til at udvikle nye typer camnapath interferometre ved at placere
et specialdesignet hologram i Fourier planet af eh dpstilling. Overfladestrukturen for Fourier
filtret kan udregnes ved at Fourier transformere den gnskeulds respons funktion for systemet.
Derved kan systemet designes til at aftaste en bestemt wgrélamleforskydning. Den anden del
af athandlingen omhandler udviklingen af optisk basereale flensor systemer. For det farste, er
der blevet udviklet et straledeler system baseret pa tedirayitre. Straledeler systemet er tiltaenkt
brug i laser Doppler anemometri systemer, hvor stribeadiga i malevolumenet er proportional
med den anvendte bglgeleengde. Dette er kompenseret afistgil systemet ved at ggre vinklen
mellem de to anvendte laserstraler bglgeleengdeafheengigieFandet, er der udviklet en ny laser
time-of-flight (LTV) sensor. Denne sensor er tilteenkt sonikaringsveerktgj for andre typer flow
sensorer, som er permanent installeret i store flow instatler. Sensoren er designet sadan, at
sender og modtager funktionerne er implementeret i et hatngag. Dette gar sensoren selvind-
stillende og robust. Det multi-funktionelle hologram esdden designet sadan, at LTV sensoren
er tilneermelsesvis bglgeleengde-uafhaengig. Alle de Hiffra strukturer er implementeret som
overflade relief strukturer i fotoresist. Disse struktunar den fordel, at de kan blive replikeret
ved for eksempel sprgjtestgbning. Derved kan strukturessepaoduceres ved lave omkostninger,
hvilket muligger fremstillingen af en billig optisk sensor
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Preface

This thesis presents work carried out in the period Octob8et March 2003 and is submitted in
partial fulfilment of the requirements for the Ph.D. degretha Technical University of Denmark
(DTU). The work has been performed under the Industrial Re$eEducation Ph.D. program
(erhvervsforskeruddannelsen) and has been jointly firhbhgehe Danish Academy of Technical
Sciences (ATV), Kamstrup A/S and Bourdon-Haenni A/S.

The project was originally entitled “Optical Pressure Baumcer” and was started in 1999 on
the initiative of Kamstrup A/S and the Optics and Fluid Dynesrdepartment (OFD) at Risg Na-
tional Laboratory, while enrolling at Mikroelektronik Ceat (MIC) at DTU. The project stems
from an earlier industrial post-doc project, which was adustrial collaboration project (EPD
009/Risg) between Kamstrup A/S and OFD. This project wasded on the development of opti-
cal flow sensor techniques for use in heat meters. The inteofithe industrial Ph.D. project was
to strengthen the ongoing research on optical technolobigsvith the focus on the development
of optical techniques for use in pressure transducers. fdhgstrial Ph.D. fellow was therefore
employed in the process division of Kamstrup A/S. The contjposof the project, however, was
soon redefined due to the following events. In January 20@0ptocess division was bought up
by the Swiss investment company, CGS Management, whichbalsght the process companies,
Haenni Instruments in France and Bourdon-Sedeme from &ihdtad. In 2001 the three compa-
nies merged, and the Danish limited company was called Boukthenni A/S. Due to a change
of objective from the owners of Bourdon-Haenni, it was cmotediscontinue the Ph.D. project.
Kamstrup A/S chose to continue the project, and thereby gatpgortunity to intensify the al-
ready existing research program. From August 1st 2001, hie.Fellow has been employed by
Kamstrup A/S and working with optical flow sensors. Bourdéaenni A/S became fourth party
in the project, which received the new working title: “Opti&Sensors”.

Due to the above-mentioned events, this thesis deals withdavelopment of optical displace-
ment sensors and optical flow sensors. However, the systearsiuch resemblance since both
are based on the combination of laser diodes and dedicdfeattive optical elements.
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Introduction

Never express yourself more clearly than you think.
Niels Bohr (1885-1962)

Since the invention of the laser, numerous optical metsologthods have been devised. Many
of these optical systems, although proven to work in lalooya¢nvironments, still have to prove
their applicability in industrial environments. Thosetgyas that do take the step into commercial
systems are often bulky and expensive.

Advances within especially the CD/DVD player and telecomiuation industries have made
laser diodes affordable. Combined with holographic oradfive optical elements (HOEs/DOES),
laser diodes can provide cheap, robust, and compact syteishow promise for use in indus-
trial environments. The advantages of using HOEs are tlegtd¢hn be constructed to maintain
several optical functions of the system, such as beamisglifiocusing, and phase shifting. How-
ever, taking this step is not trivial. This is mainly due te flact that the characteristics of laser
diodes are sensitive to environmental changes, such agtatu®e. Since many industrial sensors
require being functional in systems with changing envirental conditions, this introduces prob-
lems that need to be dealt with. An obvious step is to temperatabilise the laser diode. How-
ever, even temperature stabilised laser diodes are undefiittein 1-3 longitudinal modes. Since
the diffraction angle of HOEs is wavelength dependent, dhigvoidably introduces wavelength
dependencies to the systems. However, in systems that basewavelength dependencies, the
dependency from the HOE can sometimes be designed so thataheel out, yielding a system
that is wavelength independent.

This thesis deals with the development of optical sensosedan laser diodes and dedicated
diffractive optical elements. More precisely it deals witvo types of sensors, viz. flow sensors
and displacement sensors. The HOEs are written in positigtopesist using an analogue writing
setup. The resulting holograms (after development) afacirelief holograms . There are other
ways to implement the HOESs, such as volume holograms usttgainatic gelatine or ampli-

tude holograms . The phase holograms (surface relief ananeholograms) have the advantage
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Introduction

compared to amplitude holograms that they are lossless.ekmwthe surface structures can be
replicated through for instance injection moulding usimymer materials, which is not possible
with volume holograms. This means that the HOEs can be maslsiged at low cost, which is an
important step in commercialising the sensor.

In many respects, it would be better to implement the diffvacstructures in glass such as BK7
in the sense that glass is harder, more durable, more tetapestable, and resistant to humidity.
However, the fabrication methods such as hot embossing adting yield unique possibilities
for the use of polymers. For instance, injection mouldidgves for a very high volume production
and the unit cost can be very low. This is especially useftihéproduction of disposable optical
sensors, for instance, for use in medical or biological iappibns. It is thus possible to make
sophisticated diffractive structures in polymers, whisldifficult or uneconomical using glass. It
is also possible to make unique designs such as lens arraysliiunctional holographic optical
elements. The planar technology of replication makes isibtes to integrate several pre-aligned
structures on a single substrate. These planar substatdsecused in combination in a stacked
planar optical structure, for instance, as suggested in[RefMoreover, the diffractive structures
can be produced with a very consistent quality, since theyathmade from the same mould tool.
This is especially important, if the alignment and stapitif the system is inherent in the HOE.

Displacement Sensors (Pressure Sensing)

In the process industry, there is a tradition for measutiregaressure of a medium by probing the
deflection of a thin diaphragm that faces this medium. Theoritgjof the commercial pressure
transmitters are either built from mechanical, piezo tesisor capacitive principles. The me-
chanical manometer principles provide relatively simgigtems [2], but has the disadvantage that
they are attached to the diaphragm and consequently oppesefiection of the diaphragm. This
can of course introduce limitations to the measuremenigogcand the resolution of the system
is also relatively low. Resistive methods such as straiggaprovides better resolutions, but have
the same restraint as the manometer, since the strain gasge be attached to the diaphragm
[3-5]. More recently, pressure sensors based on capapiiiveiples have been commercialised.
The capacitive sensors provide excellent accuracy andlditanally characterised by being non-
intrusive [6—9]. These are the same qualities that makeagensor methods attractive.

The purpose of the first part of the thesis is to synthesisedasdribe new methods for pres-

sure sensing based on optical measurement techniques ofémdial methods are to be examined
both theoretically and experimentally. As described presiy, the final system must be compact
and robust and it must be feasible to mass-produce the sahBmw cost. Optical methods are

characterised by being non-intrusive and have the potesfteahigh measurement precision and
resolution compared to the other probing methods mentioned

The project was initiated with the intent to explore to whagjiiee the implementation of optical
methods in pressure sensors could improve the measureneeigipn as well as the possibilities
of achieving a mechanical construction, which was simpilantthat of the existing products. The
ambition was to end up having an unique sensor technolodyswiperior performance compared
to the technologies used in products made by the competitors

2 Risg-R-1381(EN)



There are several optical methods that can be used to prelmeftection of the diaphragm. For
instance, whole field illumination of the diaphragm can bedusith the combination of a diffrac-
tive structure on the surface of the diaphragm, so that thected light is focused. An optical
fibre collects the focused light, and as the diaphragm dsfldw wavelength that is focused onto
the fibre end changes. By detecting the wavelength of theatell light, the deflection of the
diaphragm and consequently the pressure can be calculatedcan also attach an optical fibre to
the surface of the diaphragm. The light that is sent throtgHibre will change its characteristics
as the diaphragm deflects, and this can be used to calcuéateflection [10, 11]. However, this
method has the disadvantage that the fibre has to be attacteeldiaphragm, which can be both
inexpedient with regards to measurement accuracy and gtiodunethods. Finally, there are also
interferometric methods. For instance, the end of a fibreth@dentre of the diaphragm can con-
stitute the cavity of a low-finesse Fabry-Perot interfertan§l2—14]. In this project it has been
chosen to focus on the use of common-path interferometdris. Choice has been determined by
two factors. First of all, interferometry was chosen beeanisthe potential high resolution this
technique provides. Secondly, since it has been choseots fin the use of multifunctional holo-
graphic optical elements, the choice of common-path iaterhetry was an obvious one, since the
beam splitting and focusing are easy to achieve, at the saragetting a system that is insensitive
to common translations of the diaphragm, which is not the asthe Fabry-Perot interferometer.

Flow Sensor

An important part of energy meters for the district heatimguistry is a flow sensor that measures
the flow in pipes. There exist numerous examples of fluid redétased on mechanical, differential
pressure, magnetic inductive, ultrasound, or optical oaithjust to name a few [15].

Mechanical methods such as rotating propellers to estithat&olume flow have a simple con-
struction and are cheap to produce, but have a relativelyalmsuracy and the propeller is easily
exposed to small threads and the like that are carried wétfidlv. These can stick to the propeller
and change the mechanical properties and consequentlyebigipn of the system. Furthermore,
since the propeller has to be inserted into the flow, this ¢&n the properties of the flow by for
instance introducing turbulence, which of course is ineligret. Commercial heat meters based
on ultrasound sensors provide excellent measurementaagycaf about 1-3% as well as a simple
construction [15, 16]. The sensors in the ULTRAFL@)\&eries are based on ultrasound pulses
sent along and against the flow. Based on the time differeateden these pulses, the volume
flow can be estimated. However, since the pulses are sem tierilow direction, this means that
two mirrors are inserted into the flow. These obstruct the #od can influence the measurement
accuracy. In large flow pipe installations, the ultrasounashdducers are implemented so that the
measurements are performed across the flow pipe (with a aeenpalong/against the flow direc-
tion) and do not obstruct the flow. However, the area over lwttie ultrasound measurements is
based is small compared to the entire cross-section, whiclintroduce large uncertainties.

The purpose of the second part of the project is to explorpakeibilities of implementing optical
technologies in these heat meters. Optical flow sensorag@sting, since a potentially high ac-
curacy, as well as high acquisition rates can be achieveeloptical sensor also makes it possible
to obtain flow measurements over a broad range from only a fieMsito supersonic. Additionally,
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Introduction

optical methods are characterised by being insensitivéetdremagnetic radiation. Furthermore,
the optical methods have the advantage that they are nasive, since only light has to be sent
the point of interest. Another advantage of optical syst@rthat they have a very high spatial
resolution, which means that one can obtain very accurfdeniration about the flow characteris-
tics. This is especially applicable in turbulent flows. Heae the high spatial resolution is also
a disadvantage, since one is often interested in meastnéngotume flow, which is also the case
for heat meters. This means that the volume flow in principle to be calculated by integrating
measurements over the entire cross-section of the pipe ec$s that can be tedious and time
consuming. However, there are techniques to simplify thiegss, where velocity measurements
are taken at certain radii of the pipe. These techniques ihp&esible to obtain a relative accurate
flow measurement from only 5-10 measurements of the local[fl@w19]. Another disadvantage
of optical systems is that optical access is essential,ss@ating the installation of a window in
the flow pipe. These windows can in time be smudged by matteledan the flow, which can
influence the functionality of the sensor.

The most common used optical flow measurement principlesaaez Doppler anemometry or
velocimetry (LDA/LDV) and laser time-of-flight velocimatr(LTV). These are also the methods
that are pursued in this part of the project. The purpose vetifly the applicability of these me-
thods in industrial environments. The initial ambitionaseind up with a sensor system that can be
used for on-site re-calibration or re-verification of othgres of flow meters permanently installed
in large flow meter systems that are very difficult to disagsdemIn the long run, the ambition
is to end up with an optical sensor technology that can dyréet implemented in the heat meter
products.

Reader’'s Guide

The thesis is divided into five chapters (of which this introtion is the first) and one appendix.
Chapter 2 gives a brief introduction to the different stepslved in the production of holographic
optical elements. The chapter also describes how we hadeped the HOES used in the displace-
ment and flow sensors. Chapter 3 describes the work on théogevent of interferometrically
based sensor systems for probing differential displacésnafran object, for instance the deflec-
tion of a diaphragm as used in pressure sensors. The chaptengst other things, describes a
new method for extending the range of differential measerdm The work is described theoret-
ically and verified experimentally.

The work on the development of optical flow sensor systemedas laser diodes and HOEs
is described in Chap. 4. The work has been focused on tworsgstéirstly, a novel beam splitter
system for use in LDA probes has been devised. Secondly, "rsémsor intended for in-situ cal-
ibration of other flow sensors permanently installed in te&lfhas been developed. The systems
are described theoretically and verified experimentallgdifionally, the systems are compared
with a novel multiple laser time-of-flight sensor based onGSEL array.

Finally, the results from the project are summarised in Cha@and some concluding remarks

will be given. App. A describes the measurement of the wangthe dependency on the ambient
temperature. This is a measurement that will be referredveral times throughout the report.
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Holographic Optical Elements

The Colour of the World is changing day by day.

Victor Hugo (1802-1885),
Les Miserables

This chapter is intended as a brief description of the psE®#volved in the production of holo-
graphic optical elements (HOEs). The work of this thesissduet focus on the optimisation of
the manufacturing process nor on the prediction of the sar&dructure of the HOEs. The pro-
cesses have rather been used as a tool, which are used inogitrthe desired performance.
This chapter is thus not intended as a thorough analysiseafdnufacturing process. However,
in order to reproduce the results that are presented thoatighe thesis, it is important to know
the manufacturing process that we have used.

There are various ways to implement the HOES, for instanceoksne holograms in dichro-

matic gelatine or as amplitude holograms . The method weupussthrough surface relief holo-
grams. This type is chosen due to the lossless nature of plémgrams (in contrast to amplitude
holograms) and the fact that the surface relief structuegshe written in photoresist and later
replicated at low cost through for instance injection madgdwhich is not possible with volume

holograms.

If the interested reader would like to know more about thied#it processes, we would like them
to refer to Refs. [20] for the chemistry processes of phaisteRefs. [21, 22] for information on

how to simulate and predict the profile of the surface stmectRefs. [23-26] for the aberration
optimisation of HOEs, and Refs. [27, 28] for methods for iegilon of surface structures and
injection moulding.

Reader’s Guide

This chapter starts with a brief description of imaging lgoéphy . Subsequently, a basic de-
scription of the processes involved in writing in positiveoporesist is given. Following, a short
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Holographic Optical Elements

description of aberrations in holograms is given and howthiéng of holograms can be opti-
mised through aberration balancing. Subsequently, théugtion method we have followed is
described, and finally, a description of various replicatiechniques is given.

2.1 Imaging Holography

In 1948, Dennis Gabor suggested a new two-step, lenslesgrigiprocess, which we today know
as holography [29]. Gabor realised that when a suitablereoheeference wave is present at the
same time as light is diffracted or scattered from an objbeen information about both amplitude
and phase of the light from this object will be recorded, eifehe recording medium is only
sensitive to light intensity.

The fundamental problem in holography is that of recording kater reconstructing both ampli-
tude and phase from an optical wave originating from an eattbrilluminated object. In imaging
holography, which we explore here, the object is a point@aufSince it is coherent wavefronts
that are to be reconstructed, it is necessary to recordnraftion of both amplitude and phase of
the wave. Since the recording medium is only sensitive tenigity, it is necessary to somehow
convert the phase and amplitude to intensity. A tool to aghtis is interferometry, where an-
other wavefront, which is mutually coherent, but with knoglrase and amplitude, is added to the
unknown wavefront. This recording of a pattern between gaablwave and reference wave is
what may be regarded as a hologram (see Fig 2.1 (a)).

Writing of hologram Reconstruction of wavefront Reconstruction of wavefront
using A, using A, using A,

|
(©)

Figure 2.1: The basic steps in imaging holography. (a) shitvegecording of the hologram using the object
wave and reference wave, (b) shows the reconstruction ajriggal wavefront (virtual image) using an
exact duplicate of the reference wave, (c) shows the rexarigin of the real image using the conjugate of
the reference wave, and (d) shows the imaging using a rewatisin wave having a wavelength other than
the writing beams.

When the amplitude and phase information about the objeet Wave been recorded, then it re-
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2.2 Positive Photoresist

mains to reconstruct this wave. If one uses a reconstrutt@m, which is the exact duplicate
of the reference wave, then a wave emerges that to a mudiipticfactor is the duplicate of the
original wavefront (see also Fig. 2.1 (b)). Similarly, if@mnises the conjugate of the original
reference wave as a reconstruction wave, then one obtaiasefnant that is proportional to the
conjugate of the original wavefront (see also Fig. 2.1 (&))imaging holography, it should be
mentioned that if the reference wave is used as reconstruatave, then one obtains a wave that
can be regarded as a virtual image of the original objectil&ily if the conjugate of the original
reference wave is used, one obtains a real image, wherel faxtusing of the light occurs.

It should be noted that the only way to achieve aberratier-imaging is to use the exact ref-
erence wave or its conjugate in the reconstruction prockssis not possible to use the same
light source (or wavelength) for reconstruction of the wiemet, then one unavoidably introduces
aberrations in the imaging. In this case, it is necessargdaae the aberration using for instance
an aberration balancing scheme, where the different typabearrations introduced cancel each
other out as described in Sec. 2.3. The important parameteystimise are the radius of curva-
ture, R, and angle of incidencey, for the object and reference wave (denoted with subsc@pts
andRin Fig. 2.1 (a), respectively). These are determined by #s#red radius of curvature and
angle of incidence for the reconstruction and image wavesdtkd with subscript€; andl, in
Fig. 2.1 (d), respectively). This optimisation has to befgraned with the change in wavelength
from the writing setup to the applied wavelength in the retarction setup taken into account.

2.2 Positive Photoresist

Positive photoresist basically works in the following wayne illuminates the photoresist with
a certain intensity pattern. In the following developmerdgess, resist is removed in the areas
where the resist has been illuminated, thereby leaving giy®snage of the intensity pattern. In
the following, a brief outline will be given on the differeptocedures involved in the production
of surface relief holograms in positive photoresist andesfigially describe the factors that have
an influence on the shape of the surface structure.

Diazonaphthoquinone (DNQ) based positive photoresissistsof three different compounds:
A resin (a novolak), a volatile solvent, and a photoactivepound (PAC) [20]. The dissolution
rate of the pure novolak is significantly reduced when addingxposed PAC. The photoactive
compound is therefore often referred tothe inhibitor. As the resist is irradiated with wave-
lengths from 300 to 460 nm, which is the normal absorptiondbimmn DNQ based resist, the
inhibitor absorbs photons and the diazo group of the PACIis afp by photolysis. As a result,
the dissolution rate of the resist in the development piemcreased.

The resist has a non-zero rate of dissolution, even whenAkki® unexposed. This results in
film thickness loss even for finite development time. Thisalledl dark film lossor dark erosion
Between the values of unexposed and fully exposed PAC, #soldition rate increases in a non-
linear manner as a function of the irradiation dose [20]. @lssolution rate for the unexposed
PAC is a few A/s and can be as high as a few hundreds nm/s foxtimsed PAC [22].

The surface relief structure essentially depends on maayries such as the exposure energy
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Holographic Optical Elements

variation across the resist, development time, the laseelagth, developer concentration, and
the refractive index of the substrate. However, there amyncharacteristics for the resist that
have an influence on the final appearance of the photoresistvhith should be taking into ac-

count if one wants to simulate or predict the shape of the fadagf structure. First of all, the resist

has a sensitivity threshold, which is the exposure valuevidch the dissolution rate is relatively

unchanged. This usually means that the surface profile wtliflgt regions after development
when exposed with a sinusoidal intensity pattern. Thisceffan be removed by using an uniform
pre-exposure of the resist. However, this reduces thedrountrast of the surface structure. A
typical fringe contrast curve for positive resist is pldtie Fig. 2.2 [20]. In order to remove the

flat regions, the resist must be exposed uniformly with a dbatis so high that the minimum

film thickness becomes lower than the dark erosion height.
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‘ Figure 2.2: Atypical contrast curve for positive
° 10" 10° resist. The film thickness normalised to the film
Exposure Dose [mJ/cm’] thickness before immersion into the developer.
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Another thing one should keep in mind, when wanting to sineuthe profile is the so-called
bleachingof the photoresist. When starting to expose the resist gfistrhas a certain absorption
coefficient. However, the photo products of the PAC have atambsorption coefficient, which
means that the resist is bleached during exposure. Théniagtthat should be taken into account
is the fact that one often observes a reduction of the dexedoprate near the air-resist interface,
which can be attributed to the loss of solvent close to thaguheist surface [21]. These are all
small non-linearities, which might explain the surfaceafedtructures that are observed, especially
in the case of making multi-exposed holograms (see also3S2x.

2.3 Writing of holograms and Aberration Balancing

When using holographic optical elements for purposes ssiamagery or collimation, it is impor-
tant to address aberration problems. The short analysigeeétproblems follows the procedure in
Refs. [23-26].

Holograms show the classical Seidel image aberrationsefsels. However, the aberrations in
holograms occur due to a mismatch between the wavefrontstfie reference, object, and recon-
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2.3 Writing of holograms and Aberration Balancing

struction beams. Additionally, aberrations are introdLiftem the change in wavelength from the
writing beams to the reconstruction beam. In fact, the ordy to eliminate all types of aberra-
tion simultaneously, is to exactly duplicate one of the tamtion beams or its conjugate in the
reconstruction phase. This will not normally be possibld @rimpossible in this case, where the
photoresist is sensitive to blue wavelengths and the affiledlaser diodes used in this project are
red or near-infrared.

For the holograms constructed during this project, all peources and focal points are in the
same plane. This simplifies the expressions for the diftaggres of aberrations, which also can
be reduced to those of a rotational symmetric system. Thestauimage properties of the holo-
grams are also simplified and can be summed up in the folloaipgessions:

1 1 1 1

— = — 4 R 2.1

R~ R PH ( Ro RR> @D
sing; = sinac + pu (Sinag — SinagR) (2.2)

where i is the ratio between the reconstruction wavelength, and writing wavelength,
p = —1 denotes the real image, ampd= 1 denotes the virtual image. The second term of
the expression above is the focal length of the holograrm(fday lettingRc = oc0).

The total wavefront deviation for the Gaussian sphere albeagvidth of the hologram is given by
the following expression:

ATt :As+ Ac+AA, (23)
where the third order terms are assumed to give a sufficiestrigition,
1 1 1 1 1
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Ap = Ty I oc _ In o + pu I oo _ I ar , (26)
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wherex is the lateral distance from the centre of the hologram, aedstibscriptss, C, and A
denote spherical, comatic, and astigmatic aberratiospectively.

The aberration expressions as well as the Gaussian imagerpes are used to find the posi-
tions of the point sources for the two construction beamgngithe optimum grating period
distribution across the hologram for given desired desigpgrties. Since the parameters for the
reconstruction and image beams are known, one is left with dmknown variables, and since
there are five expressions, these parameters can be found.

In order to minimise the aberrations, the different typeslodérration have to cancel each other
out. First of all, the comatic aberrations are set to be zeralf values ofx (Ac = 0). Secondly,
the spherical and astigmatic aberrations are set to caacklaher at the edges of the hologram
aperture As = —A,). This leaves one with four expressions that are solved tbtfie four
parameters for the construction beams. This yields foderdifit solutions, where some of these
can be ruled out, since they are complex.
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2.4 The Writing Setup and Manufacturing Procedure

The manufacturing procedure of the holographic opticainelats is described in the following.
The positive photoresist is of the type, Shipley Micropp82828. 4 ml of the photoresist is
deposited on a glass substrate by spin coating for 30 sea@ndiB00 revolutions per minute.
The photoresist is thereafter soft baked at 90 degreesuSdini 30 minutes. The resulting sub-
strates are approximately 2:4n thick. The other side of the glass substrate is coated with a
index-matched absorber, such that internal reflectionsémtriting setup do not ruin the desired
structures. The entire resist is pre-exposed for 1.0-kdraks with a mercury lamp or equivalently
with an exposure dose of approximately 100 mJ/arorresponding to the threshold sensitivity of
the resist.

The resist is now prepared for the writing process. The mgitetup is depicted in Fig. 2.3.

M1
HeCd-laser @ 441.6 nm =
Electronic
shutter ]
Microscope objective Glan-Taylor
and pinhole polariser
M3
= (12718 ]
Pl LY v ]
Variable A/2-plate
A2-plate
M5

Microscope objective
and pinhole
Photoresist film on
x,y,z and © stage

M4

Figure 2.3: The writing setup for making the dedicated hodmipic optical elements.

The writing setup utilises a HeCd laser operating at 441.6h&80 mW. The laser beam is sent
through an electronic shutter, which can be set to obtaidéseéed exposure time. The laser beam
is then sent through a halfwave plate, which can be set sethet intensities for the two writing
beams is achieved in the film plane. The beam then passes a&l&r polariser, which splits
the laser beam into a vertical and a horisontal linearly ns#d beam, which have equal power.
The horisontal linearly polarised beam is sent through kb halfwave plate that rotates the po-

10 Risg-R-1381(EN)



2.5 Replication of Diffractive Structures

larisation so that there are identical polarisations inWelaser beams and a high modulation can
be obtained in the interference pattern, when the two beamisiter mixed. Writing beam W1 is
sent through a microscope objective with 20 times magnifinand a pinhole, P1. Writing beam
W2 is similarly sent through a microscope objective and agi@ P2, with the exception that
the objective has 40 times magnification. The position ofpimnoles can be adjusted to obtain
the desired distances to the photoresist film. The angleeofilim compared to the propagation
direction from P2 can be set to the desired value, while thheomiM4, ensures that the angle of
the writing beam, W1, is set to the desired angle of incidendbe normal of the film plane.

There are several things one should keep in mind, when gatpinthe analogue writing setup.
First of all, it is important that polarisation for the twoiting beams is identical. Secondly, the
optical path length of the two writing beams must be idettisiace the coherence length for the
isotope HeCd laser is only about 10 cm. Finally, all opticahponents should be screened such
that one does not introduce diffraction effects to the filrhemefore, the setup is constructed with
pinholes rather than lenses, which can introduce edgediftms.

When writing the holograms, the procedure is as follows.stFia series of holograms is writ-

ten. The exposure times for the different holograms are génduin (relatively large) fixed steps.

After development, the different holograms are tested,thadne having the characteristics that
are closest to those desired is identified. Subsequentlgwaseries of holograms is produced,
where the exposure times are changed in small steps aroangrdkiously identified exposure

time in order to achieve the optimum diffraction efficienBuentually, the most suited of the pro-

duced HOEs with respect to imaging properties and diffoacéfficiency is chosen for the setup
or replication.

For the development process, Shipley Microposit 351 D@elas used. The developer is di-

luted to 15% in demineralised water. The resist is develdpe@ minutes under agitation. The

substrate is placed with the resist side upwards so thaethewed resist flows to the surface of the
developer. Agitation ensures that new developer is coalliyiin contact with the resist, achieving

even development over the entire hologram. After 3 minutes substrate is removed from the
developer and is rinsed in demineralised water and is suksdy air-dried.

2.5 Replication of Diffractive Structures

The replication process basically involves making a coptheforiginal diffractive structure (the
master) onto a metal tool callede shimor the stampeand subsequently copying this structure
to workable material such as polymers.

Tools for Replication

In order to obtain a high quality replica of the diffractiieletures, it is necessary to make a metal
preform of the original diffractive structure. This prefoiis called a shim or a stamper and must
be the negative of the desired diffractive structure. Thenslan be manufactured using diamond
turning in metal or through electroforming of the originaffiéhctive structure. This so-called

master can for instance be a surface relief grating impléeden photoresist. This master can be
produced via E-beam writing or direct laser writing by congpgenerated structures, but also via
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an analogue writing setup by using the interference betw@ercoherent laser beams as used in
this thesis.

The procedure for fabricating the shim is illustrated in.FAg}

Sputtering Galvanic
of master bath Shim
~h
’I C C Figure 2.4: Fabrication of a shim from the mas-
ter with the surface relief structure that are to
replicated.

The fabrication method requires application of a thin layleconducting material on the surface
of the master. This can for instance be applied via ion-spuaty of for example gold, silver, or

nickel. The electroforming of the shim is performed by loingrthe master into a galvanic bath,
where for instance nickel ions can be deposited on the magtereby one obtains a nickel shim
that is a few hundreds microns thick, which is sufficient talda the replication of diffractive

elements having a surface relief depth of up to a few microns.

Replication Methods

There are various methods by which the replication of thenstan be performed. The choice
for the proper method depends on the surface structure ah#ster and the shim. Here three
common methods for replication will be briefly describea, ot embossing, injection moulding,
and casting. The three methods are illustrated in Fig. 2.5.

Hot Injection Casting
embossing moulding

o -

Polymer
replica Figure 2.5: Three different replication pro-
[ Y] cesses for making a polymer replica.

In hot embossing, the shim is heated to a temperature abewsttening temperature of the poly-
mer and is pressed down into a flat polymer substrate. Thé resat the surface structure of the
shim is moulded into the top layer of the polymer. After coglithe polymer replica is separated
from the shim. This can be a crucial process, where it can bessary to have pre-coated the
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shim with a thin film. Low aspect ratios (depth to period ratiess than 1) can easily be repli-
cated. Higher aspect ratios usually demand a higher defemmtol, especially in the separation
process. Furthermore, they demand a larger cycle time. Boe mformation on the production
of high aspect ratio structures via hot embossing, see $tamte Ref. [30].

Injection moulding is widely used in the mass-productiorplaistic products. In connection with
optics, injection moulding is, amongst other things, usadte production of collimation lenses
for laser diodes, low-cost camera lenses, and compact disespolymer material is injected as a
liquid resin into a temperature controlled mould with thasimside. The liquid polymer fills the
entire space in the cavity and is subsequently cooled aidifsed in the mould before the replica
is removed. Injection moulding allows for very short dutycleytimes (seconds) in connection
with compact disc production. Injection moulding can impiple be used to produce sub-micron
structures with depths exceeding 1 micron, i.e. high agicts. However, this procedure is not
trivial and it can be necessary to use special variationk agacompression injection moulding,
where the cavity is clamped after the liquid polymers havenkiajected.

For the casting process, a curable resin is poured in ligiaitt ©nto the shim. Depending on
the choice of material, the resin can be cured either by mgati UV radiation. After curing, the

replica can be separated from the shim. In order to obtaimp#oadly flat obverse of the replica,

a glass substrate can be used.

materials

The most common materials suited for replication of diffraestructures are thermoplastic poly-
mers such as polycarbonate. The choice of material depamis)gst other things, on the desired
optical properties of the polymer. Other important parargeto consider are the environmental
properties such as water absorption.

A very important property of the polymers to consider is theirkkage factor. The polymers
can shrink as much as 0.7% after the moulding, which meansghbahim has to be constructed
with this in mind. The proper adjustments thus have to be niadiee writing process, where
the gratings periods of the diffractive structure have tghmportionally larger compared to the
shrinkage factor.

The photo in Fig. 2.6 shows the first attempt of making a repb€ the holograms used for
the laser time-of-flight sensor described in Sec. 4.2.
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Figure 2.6: Photo showing from the left, the HOE for the lasere-of-flight sensor written in photoresist,
the Nickel master, and the replica manufactured in polyoadie via compression injection moulding.
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Displacement Sensors Based on
Common-Path Interferometry

The most exciting phrase to hear in science, the one that
heralds new discoveries, is not “Eureka!” (I found it) but
“That's funny..”

Isaac Asimov

When starting on the design of the optical pressure setiseasichosen to explore interferometric
methods to probe the deflection of the diaphragm, due to e $énsitivity of these methods.
However, it was soon realised that in order to achieve thé gfoa dynamic range of 1:10,000
some sort of rough assessment of the deflection was neceksaag also decided to explore the
use of holographic optical elements for maintaining thecaptfunctions of the system in an at-
tempt to construct a compact and robust sensor and makiogstigde to mass-produce the system
at low cost.

There are given numerous examples of optical methods foingakfferential measurements
of surface displacements or deformations in the literatéi@r angular displacements alone, the
methods are varied, such as feedback in laser diodes [#lintkrnal-reflection effect at an air-
glass boundary [32], and interferometric methods [33, 34].

Interferometric methods to probe displacements, vibnatior deformations [35—-37] have advan-
tages with regards to high sensitivity. However, interfeedric techniques usually have a limited
range in which an absolute measurement can be made, andstlies an be directionally am-
biguous. Phase stepping techniques can remove this arybégd extend the dynamic range for
absolute measurements to one wavelength. However, in twderplement the phase stepping
technique, several polarising optical elements or an @aafement are often needed. Other me-
thods for introducing the phase step utilises diffracticatiggs or dedicated holographic elements
together with interferometric techniques [38—40].
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In order to increase the measurement range beyond one wgtleldechniques such as two-
wavelength interferometry may be used [37,41-43]. Othdlkmown methods for extending
the measurement range are for instance phase unwrappimggees [44] or sub-Nyquist inter-
ferometry [45, 46].

Common-path interferometers are advantageous compaihdothier types of interferometers
with respect to sturdiness, since they are insensitive tonton object translations and only re-
quire a limited coherence length of the light source.

We propose a new type of common-path interferometer thanestthe measurement range and
where phase stepped signals are spatially provided by @fipatesigned HOE (see Sec. 3.3).
The system expands upon an earlier differential displacésensor [47] and an earlier vibrome-
ter system [35]. The former of these systems is describeadn $.1. Common to both of these
systems as well as to the new common-path interferometbaighiey are based on laser diodes
and the optical functions such as beam splitting and foguane implemented in a single HOE.
The system described in Sec. 3.1 can probe differentialatisments between two points on a
specular surface with a resolution of 0.5 nm. The new systends upon this system by in-
troducing a third probing point, thereby providing a secartdrference signal having a different
spatial frequency. At the same time the new system utiliseshree spatially phase stepped sig-
nals, which are automatically provided by the HOE as showthémmeasurements in Sec. 3.2.

The new method for extending the measurement range work&sinto two-wavelength inter-
ferometry, since the system provides two interferenceadiginaving different spatial frequencies.
However, an advantage of the system that we propose is thialyiises one wavelength and the
measurement range is determined by choosing the propaendést between the probing points.
The method is demonstrated by measuring the angular despkxat of a mirror. It is shown that
the system can probe the angular change with a ratio betweesensitivity and the measurement
range of approximately 1:14,000. We believe that the sys$selbest suited to measure this type
of object displacement, and the insensitivity to exterraatyrbations as well as the spatially pro-
vided phase stepped signals gives the system great pbfentiaeasurements of dynamic angular
displacement of mirror-like surfaces. However, the teghaj as we will also indicate, is not nec-
essarily restricted to this application and can easily bdifigal to probe other types of surface
displacements as for instance the deflection of a circulgstdagm in a pressure transducer.

Additionally, a new tool for conceiving new types of commpath interferometers by placing

a specially designed HOE in the Fourier plane of & detup has been devised. The surface struc-
ture of this HOE can be calculated by Fourier transformiregdsired impulse response function
of the system. Thereby, the system can be designed to probsiraditype of surface deflection.
The tool is described in Sec. 3.4.

3.1 Initial Optical Displacement Sensor

The objective of the system first constructed was to explare high a resolution or sensitiv-
ity could be achieved. This was necessary in order to eirtiet measurement range needed
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3.1 Initial Optical Displacement Sensor

to achieve a dynamic range of 1:10,000. The results preddme were first published at the
Northern Optics Conference 2000 [47].

3.1.1 The Constructed System

In a typical common-path interferometer, a laser beam is gplinto two beams, which are sent
to and reflected or scattered by an object. The two refleajdd tieams are mixed and the inter-
ference signal is observed, making it possible to detefdrdifitial displacements between the two
probing points on the object surface.

The central part of the constructed differential displaertrsensor is a holographic optical ele-
ment (HOE), which works both as transmitter and receivehénsystem. The HOE had originally

been devised for use in a laser time-of-flight velocimet&] [éne of the early prototypes of the

sensor described in Sec. 4.2). However, in contrast to ténuke displacement sensor, the LTV
system utilised a second dedicated HOE to collect the battksed light, thereby imaging the

light from the two probe beams onto two detectors. By usirgséime HOE as both transmitter
and receiver in the system, the light reflected from the digedace is mixed and an interference
signal can be measured on a detector.

Photo
Detector
f
HOE
Laser
Diode Collimating Beam
Lens Splitter J
Reflecting \~— " (4
Surface 1

Figure 3.1: The setup for the differential displacementssgn

The differential displacement sensor was constructed @srsin Fig. 3.1. The collimated light
from a laser diode (Sharp LD021MD) operatinghat 785 nm andP = 7.8 mW is focused onto
two spots on the object surface having a spacing of@50 The focal lengths of the lens elements
are such that the focal points are 37 mm from the centre of h&.H he required optical func-
tions in the sensor such as beam splitting, focusing, regwatibn and collimation of scattered
and reflected light are combined into a single HOE. This ersatile construction of a compact
and robust sensor.
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The HOE consists of two partially overlapping lens elemeriibe large diffraction angle (the
light is deflected 90 degrees) ensures that a high over&ladifon efficiency of approximately
40% of the incoming light is obtained. The displacement efléns elements in the writing pro-
cess determines the spacing between the foci. This is td ddigsee independent of small changes
in the operation wavelength of the laser diode.

As the two interfering beams follow the same path, both toténget and to the photo detec-
tor, the interference term or the AC-part of the detectonaigvill be determined by the axial
displacementgl, between the two probe beams on the object surface (see.E)g. 3

4
e cos(%d + gD) , (3.1)

wherea is the operation wavelength agds a constant phase term. It can be seen that the phase
of the detector signal is insensitive to any collective station of the object.

The objective for the construction of the system was to exploe resolution or sensitivity obtain-
able by the system. The resolution is determined by how mateyvals the interference signal
can be divided into and is thus determined by the peak-t&-peliage, Vy,, and the standard
deviation,o, of the measurements, or in other words the signal-to-naitsie. Knowing that there

is aA/2 distance between two peaks of the interference signal adieet reflection setup, the
resolution will approximately be given by:

A4
Vpp/o

3.2)

In the following section, the measurements of the resalutay displacement measurements on
mirror-like surfaces as well as rough surfaces will be esgdo

3.1.2 Measurements

The measurements were performed by using a gimbal mirrontrasushown in Fig. 3.2.

The rotation of the stage induces an axial displacentkertetween the two probing points on the
object surface. The rough adjustment of the displaceméraridled by a micrometer screw while
a piezo transducer handles the fine and touch-free adjustmen

The measurements were performed by translating the piamsducer in fixed steps. For each
position, data was collected over 1 second, and the meantdetautput and standard deviation
of the static measurement were calculated. The measuremwent performed with two different
piezo transducers having a total deflection of 15 angd®0 respectively. The stepwise introduced
axial displacement between the two probing points was 3.&aminl8 nm, respectively.

Mirror as Object Surface

The measurements that were carried out using a speculart ahbjdace (a mirror) are shown in
Fig. 3.3.
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Mirror Mount |

Micrometer
Screw

;

Piezo
Actuator

»31((15

Figure 3.2: lllustration of how the axial displacement beem the two probing point is obtained by rotating
a mirror on a gimbal mount.

The measurements performed with the [ piezo transducer showed a modulation depth of
69% with a peak-to-peak detector output of 9.98 V. The marinmieasured standard deviation
was 39.0 mV while the average was 10.4 mV (see Fig. 3.3 (a)JjngUsg. (3.2) this gives an
average sensitivity of 0.2 nm and in the worst case 0.77 nm.

A similar measurement was carried out with the @& piezo transducer. Although having a
decreased modulation depth (51%), the measurements shitav fEsolution due to less noise.
The measurements show an average resolution of 0.15 nm aostoase resolution of 0.52 nm.

Ceramic Disk as Object Surface

Similar measurements was performed with a gold-coveredntierdisk as target, which had a
roughnessRa, of approximately 500 nm. The measurements are shown ir3Hg.

The measurements distinctively show interference, atthauth a much lower peak-to-peak volt-
age of 100 mV and a modulation depth of only 25% (see Fig. 3)4 Tthe maximum and standard
deviations are 1.23 mV and 0.91 mV, respectively. This gavessolution of approximately 2 nm,
although only over a short displacement range.

The measurements over a larger displacement range clésly &@riations in the modulation,
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Figure 3.3: The measurements when measuring differenialacements on a mirror. The dashed line
shows the average standard deviation for the entire measemerange.

which must mainly be caused by speckle noise.

3.1.3 Summary

There was much experience gained from the construction afi-n@asurements on — the initial

displacement sensor. Firstly, it was demonstrated thajladeisolution was obtainable using ded-
icated HOESs to handle the optical functions in the systen,a@pproximately 0.5 nm on specular
surfaces and 2 nm on rough surfaces. Moreover, it was fouatdtte system was inherently stable
due to the common-path concept and the use of the HOE as lao#ntitter and receiver in the

system. The system was thus insensitive to common vibsatibithe object, at least within the

confocal parameter, which was approximately 0.5 mm. Thealpalignment was embedded in

the HOE, which reduced the need for alignment during asseanu use of the system.

However, the measurements also showed that a lot of imprewento the system could be ob-
tained. First of all, a general optimisation of the systens wacessary, especially for the case
of measuring the displacement of rough surfaces. It codd bé seen that the resolution of the
system was lower around the deflection tangents of the e@rer€e signal. It was therefore evi-
dent that the quadrature phase signal of the interferemg®lsivas needed in order to obtain a
high resolution over the entire displacement range. It u@saear that it was necessary to find a
method to determine the phase of the interference signadllfiit was also made clear that the
unambiguous measurement range for the system should belegta order to achieve the desired
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Figure 3.4: The measurements when measuring differengplacements on a rough surface. The dashed
line shows the average standard deviation for the entiresueament range.

dynamic range, since only a dynamic range of approximatdly0@0 was obtainable, even if the
guadrature phase signal was provided in the system. Therefome sort of coarse measurement
of the deflection had to be implemented.

3.2 New Displacement Sensor with Quadrature Phase Signals

After the experience with the initial displacement sensbere was a number of changes we
wanted to apply to the system. One of these changes was tgehha diffraction angle so
that the angle of incidence to the normal of the HOE plane vadefrees and the diffraction
angle perpendicular to the HOE plane. This would simplify writing process of the HOE, since
the lens elements should have the same focal length. It vadstdsimplify the alignment of the
system, since the HOE would be parallel to the object surface

Furthermore, it was chosen to construct some HOESs thatdintex a third probe beam in an
attempt to extend the range for unambiguous measuremeggsr(ere about this in Sec. 3.3).
When the HOEs were written, a number of 2-lens HOEs and 3HEDES were produced. The
exposure time for the different HOEs was varied in order t@iobthe optimum diffraction effi-
ciency in the desired diffraction order. At the time of protian, the problem with obtaining the
guadrature phase signal was not solved.

The introduction of the third probe beam made it somewhatenddficult to distinguish the dif-
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ferent interference signals. It was therefore chosen tergbgthe intensity profile in the detector
plane using a photo diode array without the use of a focusing in order to get a clearer picture
of the interference. We were immediately surprised to ofesaterference at several positions in
the array. Even more surprisingly, it turned out that twodyature phase signals were provided
automatically by the HOE, the two signals being shifte@0 degrees from the main diffraction
order. On further examination, it became clear that the uiack phase signals were also present
for the 2-lens HOEs. This fact ensures that high resolutsoobitainable for the entire displace-
ment range and it also enables the use of several methodetmilee the phase of the interference
signal.

3.2.1 The System

The optical displacement sensor with quadrature phasalsigonsists of a collimated laser diode
operating at 785 nm, a multi-functional HOE, and a photo diaday as illustrated in Fig. 3.5.

YEL S
Diode Array
Colﬁmalzng HOE
ens
bV peon
Splitter
Mirror
(a) (b)

Figure 3.5: The setup for the common-path interferometemshg (a) the HOE when operating as trans-
mitter in the system and (b) the HOE operating as receivelnénslystem.

The central part of the constructed common-path interfetemis the HOE, which operates as
both transmitter and receiver in the system. For the sakdaaty; we will describe these two
functions separately.

Figure 3.5 (@) illustrates the function of the HOE when opiegaas a transmitter. The colli-
mated light from a laser diode, operating at 785 nm, is setiddHOE at an angle of incidence
of 45 degrees to the normal of the HOE plane and the obsenfidction order is diffracted
normal to the HOE plane. The HOE is written as two partiallgrtapping lens elements, which
are written sequentially using a 3.8 mm wide aperture. Behatbe two exposures, the film was
displaced 1.2 mm, making the total width of the HOE 5 mm. Thoaftéength of the lens elements
is 35 mm for the operation wavelength. This yields a full Wwidt half maximum width (FWHM)
of 8 um in the focal plane and the confocal parameter is 0.5 mm. ighé¢ from the Oth order
reflection can easily be removed due to the large angularatipa between diffraction orders.
The applied diffraction order contains 40% of the total sraiited power. In order to obtain the
focusing effect, the grating period must vary across thetapeof the lens elements, so that the
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diffraction angles will also vary across the aperture. Duthe writing process in which the film
is displaced between recordings, the overlap area of tvaxadi} lens elements will consist of two
gratings having different grating constants. As a consecgiea beat between the two gratings or
adifference gratingwill appear in the overlap area. The grating constant of tfierdnce grating
will be approximately constant across the overlap area. diffierence grating has an important
effect when the HOE is used as a receiver in the system (sezabout this later in this section).

Figure 3.5 (b) illustrates the function of the HOE, when agieg as a receiver in the system. The
light reflected from the two points on the object surface itected by the HOE and diffracted in
the opposite direction to the incoming laser beam (see adgsBk5 (a)). Provided that the object is
in the focal plane of the HOE lenses, the reflected or scattagbt will be re-collimated by both
of the two lens elements and is sent to the detector arrayheibeam splitter as parallel beams.
Therefore, the area of the HOE where the lens elements ar@ppig will cause co-propagating
overlapping beams originating from the two points on theeobj Thereby, interference between
the light reflected from these two points on the object sarfzan be measured. The interference
that can be observed from the dark grey tinted area, G1, odidide array stems from mixing of
the reflected light from the two points on the object surfdnehe light grey tinted areas, K1 and
K2, the signal intensity does not change as the displacebeween the two points on the object
surface is changed. The light in these areas stems from the part of the HOE, where only one
lens element is written and therefore no interference ismlesl here. The co-propagating beams
ensures a good modulation depth of the interference sigmalssince the HOE both operates as
transmitter and receiver, the system is self-aligning &edstability of the system is thus inherent
in the HOE.

However, the difference grating that arise in the overlagaawill also cause the light to be
diffracted in slightly higher and lower angles than the ndiffraction. These so-called sidebands
will be observed on the detector array at positions G2 andr&hectively. More importantly,
the interference signals in the sidebands are shifted2 in phase from the signal in the main
diffraction order. Thereby, the HOE automatically prodaree phase stepped signals needed
for determining the phase of the interference signal.

3.2.2 Surface Profile for the Holographic Optical Element

As already mentioned, the grating period must vary acros@fiertures of the lens elements in
order to obtain the focusing effect. Since the desiredatifion angle and focal length of the lens
elements are known, the grating periad as a function of the lateral position of the HOE can be
calculated using the following expression:
Ac

Xj —X

NS

where; is the applied wavelength. is the angle of incidenc€y;,z) is the coordinate for the
focal point, andx is the lateral position in the HOE plane (see also Fig. 316thé derivation of
the expression it is assumed that the HOE is illuminated bdamepwave.

Ac(X) = (3.3)

sing; —

We choose to let the origin of the system of coordinates be¢hére of the HOE. In the current
setup, where the focal length of the lens elements is 35 mnttenténs elements are separated

Risg-R-1381(EN) 23



Displacement Sensors Based on Common-Path Interferometry

> Z
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i Figure 3.6: lllustration of construction and image beam
and parameters for calculating grating period.

by 1.2 mm, this means that the positions of the focal poings(a0.6,35) and (0.6,35) mm,
respectively. Inserting these parameters into Eq. 3.3esgilie grating period distributions as

illustrated in Fig. 3.7. The grating period varies from 1L@an to 1.202um across the aperture
of the lens element.
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P ) o 1 > Figure 3.7: The grating periods for the two lens
x [mm] elements across the HOE.

As it can be seen from Fig. 3.7, the grating periods of the s lelements differ for a given
position on the HOE. This means that a beat between the twimgsawill appear in the surface
structure. Thek-vector for this difference grating or envelope, which esislue to the double ex-
posed HOE, is given as the difference betweerktlrectors k; andk,, of the individual gratings,

2 2
Aci(X)  Aca(X)’
whereAc; andAc; are the grating periods for the two individual lens elememspectively. The

period for the difference grating is easily calculated gshyiss = 27/kgiss. The period for the
difference grating is plotted in Fig. 3.8.

Kaift (X) = ka(X) — ka(X) = (3.4)
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Figure 3.8: The period of the difference grat-
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It is seen that the period of the envelope to the surface prisfiapproximately 20 times greater
than the grating period of the lens elements.

The surface profile about the centre of the HOE should havéotloeving expression (observing
only a small part of the HOE):

2w 2
h(x) = ho + h; COS(A(;l(O) x) +h; COS<AC2(O) X) , (3.5)

wherehg is the average thickness of the phase gratingtanandh, are the amplitudes for the
two overlapping gratings, respectively. The shapehfoe h; is therefore expected to be similar
to the shape plotted in Fig. 3.9 (a).

Although one can easily observe the beating between the tatings, only the two gratings are
present. However, small non-linearities in the resist ldeyth respect to the exposure intensity,
exposure time and the development process can make theesprizfile appear mofftat (see also
Sec. 2.2), as would be the case if the difference gratingfested itself as a third grating,

2 2 2
h(x) = hg+ hy cos(mx> + hy COS(ACZ(O) x) +hs cos(mx) , (3.6)

wherehs is the amplitude for the difference grating (see Fig. 3.9.(Bhe scanning electron
microscope (SEM) scans do show that the envelope to thecsuofathe HOE in the area where
two gratings have been written is in fact flatter than the kxpe=of theditches although the profile
of the grating is more saw-toothed shaped rather than domig&ee Fig. 3.10).

3.2.3 Calculation of Diffraction Angles and Phase

This section will give an overview of the diffraction anglestained from illuminating the HOE
and the phases of the different diffraction orders. Theyaimwill be performed both with and
without treating the difference grating as a third gratinghie overlap area of the HOE.

Risg-R-1381(EN) 25



Displacement Sensors Based on Common-Path Interferometry

h_+2h _

ot2h; ' | ho+2h1 h3_
El
% h0+h3
ey
S h
e
©
Q
e
5
1]

h0—2h1 1 h0—2h1—h3'

0 10 20 30 40 0 10 20 30 40
X [um] X [um]

Figure 3.9: Illustration of surface profile for double ex@asHOE when (a) only the two grating components
are present in the structure and (b) when the differenceiggedppears as a third grating.

We assume a lossless gratifgx)| = 1) with a complex transmittance [49],
t) = exp[-i¢(0], 3.7)
where¢ is the phase function for the grating.

Single Exposed Holographic Optical Element

In order to keep the explanation simple, we will treat theeoabkere only one sinusoidal grating
has been written. Assuming that the phase shift introdugetthé grating is linear proportional

—-

£

B361 12KV x1@.888  1vm WND12 B367 12KV ¥4,888  1vm WD12

Figure 3.10: SEM scans of the HOE in (a) the area where onlygragng has been written and (b) where
two gratings have been written.
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to the intensity profile of the holographic writing setupe fphase and transmittance function take
the following form:
¢(X) = ¢o+ ¢1cogKX) (3.8)
4
t(x) = expl-igo] exp[—i¢p1coskx)], (3.9)

wherek is the grating vector. Expanding the transmission funciefds the following expression:

t) = expl-igal D i"Jn(¢)explinkx]

N=—00

exp[—i o] (Jo(¢1) +2) 1" n(g) COS[nkX]> ; (3.10)

n=1

Where J, is thenth order Bessel-function. From here on, we neglect the eohgthase term,
exp[—i¢o], and assume that a second order expansion of the abovestetfiicient for the analy-
sis of the diffraction angles,

t(x) & —2J(¢1) cog2kx) + 2i J1(¢p1) cosgkx) + Jo(¢1) - (3.11)

Assuming that the angle of incidence is eitherdd 45, then only 3 diffraction orders will be
observed as depicted in Fig. 3.11 with their respective @lshifts compared to the Oth order
diffraction. It is also seen from Eq. 3.11 that the differeric phase shift between two adjacent
diffraction orders is 90 degrees.

0. order (0°) 1. order (90°)

-1. order (-90°) — » 0. order (0°)

— 4 =

-2. order (-180°) -1. order (-90°)

(a) (b)

Figure 3.11: Observed diffraction orders and correspondphase shifts at the centre of the lens element
when the angle of incidence is (a) 45 degrees and (b) 0 degrees

3.2.4 Double Exposed Holographic Optical Element

Here, the same approach as for the single exposed HOE isvéallo However, it is assumed
that the surface profile and phase function take the form of £§, which therefore yields the
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following transmission function:
t(x) = expligo] exp[—ip1 coskix)] exp[—ig, coskox)]
exp[—i ¢o] Z i"Jn(¢1) explinksx] Z 1M Jn(¢2) expimkex]  (3.12)

N=—00

Again assuming that expanding up to the second order is iguffiand using the trigonometri-
cal relation, cofAcosB = %[cos(A— B) coq A + B)], yields an expression where diffraction
angles, efficiencies, and phase shifts can be derived from,

t(x) ~ 2%(¢1) Ja(¢2) [cOS(2(Ky — k2)X) + cos(2(ky + k2)X)]
—  2132(¢1) () [cOS((2ky — k2)X) + cOS((2k1 + K2)X)]
—  2131(¢1) o(¢2) [cos((ky — 2k2)X) + cos((Ky + 2K)X)]
—  2X(¢1) h(¢2) [cos((ky — k2)X) + cos((Ky + k2)X)]
= 2J(¢1) Jo(¢2) cOS2kiX) — 2Jo(1) J2(¢p2) CO(2koX)
+ 2 J1(¢1) Jo(¢2) coskiX) + 2i Jo(¢1) J1(¢2) COSKX)
+  Jo(d1) Jo(¢2) - (3.13)

The diffraction angles and corresponding phase shiftscaned from the expression above and are
depicted in Fig. 3.12.

2k, - k,(270 degrees)

A k, (90 degrees)

A k, (90 degrees)

2k, - k, (270 degrees)

2k, - 2k, (0 degrees)
k, - k, (180 degrees)
— »-Oth order (0 degrees)

Figure 3.12: Expected diffraction orders and phase shdtstlie double exposed HOE showing two main
diffraction orders and two sidebands.

With the two different beams being diffracted in the HOE, aaa observe interference in three
points around the main diffraction order (see Fig. 3.14)s Keen from Fig. 3.12 and Eq. 3.13
that the interference signals from adjacent diffracticshens are expected to be 180 degrees shifted
from each other. In other words, this does not explain whattsally observed. Therefore, we
pursue a method in the following, where a third grating caimoluce the quadrature phase signals.
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3.2.5 Holographic Optical Element with Three Overlapping G ratings

We here pursue the hypothesis that small non-linearitiéisemanufacturing process of the HOE
make the difference grating appear as a third grating agidedcin Eq. 3.6. In this case, the
transmission function takes the following form:

t(x) = expl-igo] exp[—ip1cogkix)] exp[—ig, cogkax)] exp[—i¢s cogksx)]
expl-igo] Y i"J(¢r) expinkix] Y i™In(g) expimk,x]

oo

> i'3(gs) explilksx], (3.14)

|=—00

whereks represents the difference grating. If making a second aggpansion, and expanding
the multiplied cosine-terms, a somewhat complicated esgive with approximately 75 terms will
result. However, only looking at the terms that will prodike same diffraction angles as shown
in Fig. 3.12, then the transmittance function will be given b

t(xX) ~ —2J2(¢1) Ji1(¢2) Jo(¢3z) (COKA(2ky — k2)X) + COK(2K1 + Kk2)X))
—  2J1(¢1) Jo(¢2) (¢3) (cos((Ky + kg)X) + cos((ky — k3)X))
+ 21 Jo(¢3) [J1(¢1) Jo(p2) cos(kiX) + Jo(¢1) Ji(¢h2) COSKax)]
—  2Jo(¢h1) J1(2) (¢3) (cos((k2 — k3)X) + cos((kz + k3)X))
—  2131(¢1) J2(¢2) Jo(3) (cO((2kz — k1)X) + cos((Ky + 2K2)X))
+  232(¢1) Jo(¢2) Jo(¢3) (oS 2(k1 — K2)X) + cog(2(ky + k2)X))
— 21 J0(¢1) Jo(¢2) J2(¢3) cO2K3X)
—  2X(¢p1) Jo(¢2) Jo(¢3) (cos((Ky — k2)X) + co((Ky + k2)X))
+ 21 Jo(¢1) Jo(¢2) J1(¢3) coIK3X)
+ Jo(¢P1) Jo(¢2) Jo(3) + ... (3.15)

The diffraction angles and phase shifts are depicted inFi33.

It is seen that if the proper diffraction term is dominantrttiee adjacent diffraction beams can be
shifted 90 degrees. That is, we would like the+ ks, ki, k», andk, — k3 orders to be dominant.
Since the difference in incident angles for the light refiedctrom the two points of the object is
matched with the difference grating, the four adjacentdiffion orders shown in Fig. 3.13 will
cause interference at three position as shown in Fig. 3.d4an 3.5 (b).

As can be seen from Eqg. 3.15 and Fig. 3.13, there will be twioadifion orders overlapping for
every diffraction angle. The overlying diffraction orden® shifted 90 degrees in phase compared
to each other. The measured phase will therefore dependtbrdifftaction orders and the phase
will be biased towards the stronger of the two diffractiodars as can be seen from the following

expression:
. . (o}
2 2
Cisin® 4+ Cycos6 = /C; + C5 sin (9 + arctan—l> , (3.16)

whereC, andC, are the amplitudes of the two quadrature phase signals.
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2k, - k,(270 degrees) , k, + k,(180 degrees)
A k, (90 degrees) , k, + k, (180 degrees)
A k, (90 degrees) , k, - k, (180 degrees)

2k, - k, (270 degrees) , k, - k,(180 degrees)

2k, - 2k, (0 degrees) , 2k, (180 degrees),
kﬁ k, - k, (180 degrees) , k, (90 degrees) ,
3

» 0. order (0 degrees)

Figure 3.13: Expected diffraction orders and phase shiftsing the alternative approach to analysing the
double exposed HOE.

3.2.6 Measurements

The purpose of these measurements is to estimate the @énsifithe new system as well as
determining the phase difference between the observeddifin orders. The diffraction effi-
ciencies of the Oth, 1st and 2nd order diffractions for thedpced HOEs were measured with a

. Sideband |
Sideband Main diffraction
A Main diffraction Main diffraction

Main diffraction Sideband
Sideband

Figure 3.14: The main diffraction orders and sidebands far two reflected beams will cause observable
interference at three points in the observation plane.
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power meter and by illuminating the HOEs with a collimateghtisource at an incident angle of
45 degrees at the design wavelength. The measured data saerba Tab. 3.1.

HOEno. | Emax[mdon?] | no%] | m (%] | n2[%] |
D.01 40 52.9 34.6 12.5
D.02 50 44.9 37.3 17.8
D.03 60 39.6 41.4 19.0

Table 3.1: The exposure energy and the corresponding medselative diffraction efficiencies.

The sensitivity of the system is estimated by following thens procedure as described in Sec.
3.1. The sensitivity measured in the central diffractiodesr(see area G1 in Fig. 3.5) is measured
to be approximately 0.3 nm for all the HOEs.

The measurements for estimating the phase difference betthe observed interference signals
were carried out in the following way. The interference sigrare observed in three positions of
the detector array (see Fig. 3.5 (b)). The object was tiltefixed steps using the gimbal mir-

ror mount, as described in Sec. 3.1. For each position, teege detector output of areas G1,
G2, and G3, respectively, was calculated. The measurerafirgisowed similar results to those

depicted in Fig. 3.15.
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5007,

intensity [a.u]

400
300

2001
1001

‘ Figure 3.15: The measurements on D.02. using
0 0.5 1 15 2 25 a mirror on a gimbal mount to introduce the
object angle [rad] x10°  angular displacement.

The measurements based on the different interferencelsifjoen hologram D.02 clearly show
that the two sidebands, G2 and G3, are in anti-phase andnatite shiftedt90 degrees from
the central diffraction.

A sinusoidal fit was used on the measured interference sigmakder to find the phase difference

between the interference signals. The measurements fineaOEs all showed that there is ap-
proximately a 90 degree phase shift between adjacent ortibesresults are summed up in Tab.
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3.2.

HOE no. detector distance from beam splitte} A¢1 [deq] Ago [deq]

D.01 2cm -88 95
D.01 3cm -90 85
D.01 4cm -89 85
D.02 3cm -90 90
D.03 3cm -94 91

Table 3.2: The constructed holograms and the corresponaiegsured phase differences from the centre
interference signals, G1.

These results substantiate the hypothesis that the differgrating in fact does manifest itself
as a third grating. In any case, the automatically providegidgature signal ensures that a high
sensitivity is obtained for the entire displacement rangg @so enables the use of some simple
methods for determining the phase including the sign ofniterference signal.

3.3 Displacement Sensor with Extended Measurement Range

This section describes a novel method that was devised ar twextend the measurement range
of the differential displacement measurements. The epuéisented in the section was first pre-
sented in Ref. [50].

3.3.1 Measurement Range Extension Technique

The idea behind the measurement range extension techntilisesua common-path inter-
ferometer scheme. In fact, the technique we propose hdigestiwo common-path interfer-
ometers, since a laser beam is split into three beams amttadirento three points on an object
surface; the 3 points being positioned on a straight linee distances between probing points
are denotedl; andd, as illustrated in Fig. 3.16, and the light beams reflectethftwo adjacent
points are to be mixed and observed. The centre beam actefrence beam for the two adja-
cent beams, and the observed interference signals willecoresitly be a function of the optical
path length difference between the centre beam and the timhpeal beams, respectively.

Izz/2

Figure 3.16: The common-path interferome-
ter implemented to probe the angular displace-
ment of mirror-like surfaces.
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3.3 Displacement Sensor with Extended Measurement Range

The measured interference signass,(obtained by mixing the reflected beams 1 and 0) 8nd
(obtained by mixing the reflected beams 2 and 0), will vanhmfollowing way:

2 4
S « cos(%zl + qbkl) R cos(%@dl + ¢k1> (3.17)

4
S « cos(%zz + ¢k2> ~ cos(%edz + ¢k2> (3.18)

wherez; andz, are the differences in optical path length between the eafer beam and beam 1
and 2, respectively, is the wavelengthy is the angular displacement of the object, @pdand
ke are constant but arbitrary phase terms, which can be igriotbé following analysis. We will
also introduce a parametév, that is simply the ratio between the optical path lengthandz,

M= 2 (3.19)

2
Fig. 3.16 shows an obvious application for the techniqueneip the measurement of angular
deflections of a mirror-like surface. In this applicationeaan see that the ratld is given by the
ratio between the distances, andd,, between the probing pointdA = d,/d,). If d; andd, are
made slightly different, it is recognised that the two ifgeznce signals will change with different
spatial frequency as shown in Fig. 3.17.

¢,
M
Figure 3.17: The obtained interference signals
3 with different spatial frequencies. The fringe
number can be calculated using the phase dif-
ference between the two signals, and the mea-
surement range is defined as the range for
Measurement Range which the phase difference between the two in-

terference signals goes from O ta 2

=
3

The phase difference between the two interference sigraadstreen be used to make a rough
assessment of the angular deflection, while the individualierence signals will provide the fine
assessment. The phase differengg, between the two interference signals is found using Eqg.
(3.17)-(3.19) and is given by the following expression:

2 2
¢qg = T|Zz — 71| = TlM -1z, (3.20)

having neglected the constant phase terms. The obtained pifferencegy, modulo 2r is equal
to the phase that would have been obtained from a system asi@yelengthA¢¢¢. This in turn
corresponds to the effective wavelength of the system,mikithe range for which unambiguous
measurements of the displacement can be performed. Théedfesavelength can be found using
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Eqg. 3.20,
2 2
z1 = —|M-=-1jz
Ao 2 . | |1
a2
A = ! A (3.22)
eff — |M —l| . .

As mentioned above, the ratiy], betweere, andz; is given byM = d,/d;, yielding the follow-
ing expression for the effective wavelength of the systemmfeasuring angular deflections,

ch
|dp — db

Provided that the common-path interferometer can proka displacements between two points
with a given sensitivity, then one can design the system ve kadesired angular sensitivity and
dynamic range, by fairly simple means. Increasing eitheor d, will increase the angular sen-
sitivity, while the range for unambiguous measurementstmdesigned by changing the ratio
betweerd; andd,.

Aett

(3.22)

The technique is not necessarily restricted to the measmeof angular deflections alone and
can easily be modified to probe other types of surface daflextas long as the ratigl can be
properly defined, see Eq. (3.19) and (3.21).

Pressure Sensing

Consider for instance the case of pressure sensing, wheteetiding of a diaphragm depends on
the magnitude of the lateral pressure, see Fig. 3.18. Theatiefh,z, of a circular diaphragm with
fixed edges loaded with a uniform pressure is [51]:

z=27(1 (r)z 2 (3.23)
=12 3 .
wherea is the radius of the diaphragmthe radial distance from the centre, agds the maximum
deflection that occurs at the centre where 0.

a circular diaphragm.

The deflection of the diaphragm can be probed by using the aowpath interferometer by for
instance letting the reference beam probe the centre ofdparhgm, one of the peripheral beams
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probing the rim of the diaphragm (at distamce- d;) and the last beam probing a point somewhere
between the centre and the rim (at distance d,). By observing Fig. 3.18 and using Eq. (3.23)
one can easily find the path lengthsandz,,

1 = Zp (3.24)

L = Zy— zo(l — (g-j)z)z (3.25)

From here it is straightforward to find the effective wavejémfor this application, by inserting in
Eq. 3.19 and 3.21,

Aeff = ——————». (3.26)

Two-wavelength Interferometry

A widely used method for making interferometric displacetmaeasurements with displacements
exceeding one wavelength is a two-wavelength Michelsarfietometer.

The new method that we have devised has many resemblance®-gavvelength interferom-
fetry. Therefore, the new method is compared with this cotiwaal method, in order to throw
light on advantages and disadvantages of the method thaawveedevised.

Reference mirror

Beam é

splitter ufy
Light A, > Object »d
source A, mirror /
d » Measurement Range o
Grating
Detectors

Figure 3.19: Two-wavelength interferometry based on a Misbn interferometer.

Similar to the approach that we have chosen, the phasedtitferbetween the two obtained inter-
ference signals obtained as the object is displaced withrie,d, can be used to make a rough
estimate of the displacement while the individual intezfere signals can be used to make the
fine estimation. The ratio between the obtained spatialfagies of the interference signals will
be given by the ratio between the applied wavelengiis= 11/1,) and assuming an operating
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wavelengthh = A, then one obtains the following expression for the effectiasrelength by
inserting in the general expressing in Eq. 3.21,

AA2
A1 — Aol

This is the well-known expression for the effective wavelnof two-wavelength interferometric
systems [41]. If one wishes to design the system to a speffifictiee wavelength, then it is seen
from Eq. 3.27 that one has to find two suitable wavelengthsclwim some cases may prove
difficult. It is thus more difficult to design a two-wavelehghterferometer to have a desired sen-
sitivity and measurement range compared to the method wmmgep where only one wavelength
is used and the sensitivity and measurement range is detsrby the chosen geometry.

Aett (3.27)

Objectives

Our objective is to verify the proposed technique for extegdhe measurement range of inter-
ferometric displacement measurements. In order to migimigertainties in the measurement
technique, we therefore choose to implement the techniguméasuring angular displacements,
where the exact position of the reference beam is not as taoas in the measurement of
diaphragm deflections. We also choose to measure on spsauafaces (a mirror), so that uncer-
tainties from surface variations are minimised.

The aim is to achieve a dynamic range of 1:10,000. Since tioe ponstructed common-path
interferometer could probe differential displacementthwai sensitivity of 0.5 nm (see Sec. 3.1),
we choose to construct the system so that it can make an ugaousi measurement of differential
displacements up to sm. Due to the reflection setup, this means that the effectareelgngth of
the system has to be 10m.

The system uses an operational wavelength of 785 nm. Thissreat the desired range can
be achieved by making the distances between two adjacemsaka= 1.2 mm andd, = 1.3 mm,
respectively, using Eq. (3.26).

3.3.2 The Optical System

An optical system was constructed in order to demonstrataetv measurement principle with the
desired dynamic range. The optical system consists of mr@ikd laser diode, a multi-functional
holographic optical element (HOE), and a photo diode arsagrewn in Fig. 3.20. The system
expands upon the system described in Sec. 3.2 by introdadhigd probing point (see also Fig.
3.5).

Once again, the central part of the constructed commoniptghferometer is the HOE, which
operates as both transmitter and receiver in the systemorAthé case of the previous system,
these two functions will be described separately.

Figure 3.20 (a) illustrates the function of the HOE, whenrafing as a transmitter. The laser
light is collimated and illuminates the HOE at an angle df.4Bhe only difference from the sys-
tem described in Sec. 3.2 is that the HOE splits and focusekgifit onto three point (instead of
two) on the object surface.
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Figure 3.20: The setup for the common-path interferométensng (a) the HOE when operating as trans-
mitter in the system and (b) the HOE operating as receivelnénsystem.

The hologram is written as three partially overlapping lel@ments, which are written sequen-
tially using a 2.5 mm wide aperture. The focal length of theslelements is 35 mm for the
operation wavelength yielding a full width half maximum mhieter of 8.um in the focal plane

(see also Fig. 3.21). Between the three exposures, the fillisfgaced 1.2 mm and 1.3 mm,
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4001

N | _

o 500 1000 1500 2000 2500 3000 Figure 3.21: A beamscan of the measurement
X [um] volume for the angular displacement sensor.
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respectively. The total width of the HOE is therefore 5 mm.eEmgle of incidence is 45and
the diffracted beams are orthogonal to the HOE plane. Tletbb alignment of the system as
well as the writing process of the HOE are simplified, sineeHHOE and object plane should be
parallel and all the lens elements have the same focal lefgtk light that is not diffracted by
the HOE can easily be removed due to the large angular sepatatween diffraction orders.
Additionally, the large diffraction angle ensures a higffrdction efficiency for the surface relief
hologram. The applied diffraction order contains 44% ofttital transmitted power.

Figure 3.20 (b) illustrates the function of the HOE, whenrafiag as a receiver in the system. The
light reflected from the three points on the object surfaamiected by the HOE and diffracted in
the opposite direction to the incoming laser beam (see ats@BF20 (a)). Provided that the object
is in the focal plane of the HOE lenses, the reflected or seattigght will be re-collimated by each
of the three lens elements and via the beam splitter is sehétdetector array as parallel beams.
Therefore, areas of the HOE where the lens elements areappary will cause co-propagating
overlapping beams originating from adjacent points on thjeai surface. However, since there
are two areas (as opposed to the system described in Sewh&@ the lens elements are overlap-
ping, one observes two different interference signals. itatthlly, the phase quadrature signals
from the sidebands that are automatically provided by th&t@ observed, which means that
interference can be observed at six different areas on tteetde array (see Fig. 3.20 (b)). The
interference signals G5, G1, and G3 stem from the pointsratgzhby distance; and G6, G2,
and G4 stem from the points separated by distalhc& he co-propagating beams ensure a good
modulation depth of the interference signals and since & Hoth operates as transmitter and
receiver, the system is self-aligning and stability is tmiserent in the HOE.

The test object (a mirror) is mounted on a gimbal mirror moasdescribed in Sec. 3.1. The
rotation of the mirror induces an axial displacement betwthe adjacent points on the surface,
and this displacement is probed by the common-path intarfeter.

3.3.3 Measurements and Signal Processing

The system for the experimental verification of the tilt sgreoncept is as illustrated in Fig. 3.20.
The measurements were performed as static measuremeniiffdognt angular positions of the
mirror. The mirror was rotated in steps of 607° rad and in total 3.91073 rad by translating

a piezo transducer. For each step a detector scan was mduda liviear detector array having
512 detectors with a centre distance of/2%, and from this scan the tilt angle of the object was
calculated after a calibration of the system. The gimbatanimount was positioned so that the
probing beams were close to the rotation axis. Howevergsihe total range for the angular
displacements for the measurement series is relativelyl sorapared to the confocal parameter,
which is measured to be 0.5 mm, the exact position does nettidwe very accurate.

As already mentioned, there are six different areas (G1lda6ihe detector array where inter-
ference signals can be found. The intensities from thesareas are calculated as the mean value
of the output from the detector pixels in the respective @ard@&e physical extent of the six areas
varies from 0.75 mm to 1.3 mm. For instance, the two centierfietence areas cover 0.85 mm
and 0.93 mm (34 and 37 pixels), respectively. These sizeasae®pected, considering the size of
the overlap areas of the HOE and the diffraction angle. Thasaare located at the same pixels
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3.3 Displacement Sensor with Extended Measurement Range

when the angle of the object is changed - at least within tlgailan displacement range of the
presented measurements.

Changing the position of the detector array along the prafiag path does not change the phys-
ical extent of the six areas; it merely changes the separattween the three diffraction groups,
neither does the phase difference between the interfergigoals change. This shows that the
beams are well collimated and that the object is placed ifidte plane of the three beams.

- - G5 — - G6
— G1 — G2
— G3 — G4
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Figure 3.22: The measurements showing the mean detectouotdlue of the three interference areas that

are obtained by mixing the two beams separated by (a) distenand (b) @, respectively, as a function of
the object angle.

Figure 3.22 (a) shows the mean detector output value of tiee ihterference areas G1, G3, and
G5 as a function of the object angle. These are the thredemtece signals obtained from mixing
of the two beams separated by distadge This plot shows the three phase shifted signals, how-
ever, it is seen that the system needs to be calibrated hefwide since the interference signals do
not have the same modulation depths and average intenditiegefore, in the calibration process,
the DC offset and scaling factor, which make the interfeeesignals comparable in amplitude and
average intensity, are found.

Figure 3.23 (a) illustrates the effect of this calibratitttshows that there is&a/2 phase difference
between the signals, the interference signals from the tdebands (G3 and G5) being shifted
+7/2 from the centre signal (G1). It is seen from Fig. 3.23 (b} siailar graphs are obtained
when plotting the interference signals from G2, G4, and G6éweler, the spatial frequency of
these interference signals are different, since thesalsigmise from mixing of the beams sepa-
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Figure 3.23: The interference signals after subtractinglataling showing the effect of the calibration
routine.

rated by distancd,, which of course is desired.

In order to calculate the angular displacement, one needitéomine the phases of the two centre
interference signals (G1 and G2). We use the phase of sighas@he fine estimation of the
displacement, but one might as well have chosen to use G@e 8ir interference signal has three
unknown variables, namely the average intenkjtyhe modulation depth, and the phase,, we
need three phase shifted signals in order to make the cadiylavhich luckily is automatically
provided by the HOE. Ideally, the three signals belonginght interfocal distanceqd;, would
have identical average intensities and modulation depths,

lci = lg(1+ ycosgy)
lcs = lo(1+ycod¢1+7/2)) (3.28)
les = lo(1+ycos¢—m/2),

by which conventional techniques such as 3Heucket techniqueould be used to determine the
phase [52]. However, if one observes Fig. 3.23 (b), it is $eemstance that the modulation depth
of G6 varies significantly over the range displayed. Using signal could therefore introduce an
error, when making the phase calculation. Therefore, weedtsdeploy a variation of th2+1
algorithm[53], where only two of the interference signals are used flase is then given by:

. l1— las
7= ama“((lsl T iea—210) tan<¢/2>> ’ (3.29)
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wherely = (lg1 + lg3)/2 is the average intensity, the overline denoting the aeematgnsity
over the entire dynamic range, apds the phase difference between the two applied interferenc
signals. The average intensitls, is found during the afore-mentioned calibration routiriy
making simple observations of the sign of the nominator ambchinator of Eq. (3.29), a modulo
27 phase calculation can easily be made. A similar calculaifthe phaseg,, using the signals
lg2 andlg4 is made. The calculated phases of the two interferencelgjgmaps are shown in Fig.
3.24 and it can be seen that the slopes of the two phases astiafuof the angular displacement

differ, as is desired.
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object angle [rad]

The phasesp; andg,, of the two interference signals (belonging to the inteafatistancesl; and
d,, respectively) have now been calculated. Subsequendypliase difference (modular, ¢q,

between the two signals is calculated and is shown in Fic.3.2

The phase difference is used to calculate the actual fringeber of the interference signals. In
other words, the phase difference is used to make a first reggiimate of the differential dis-
placement or tilt. Ideally, the phase difference woulddalla linear curve, which would make the
fringe calculation simple. However, if one observes Fig53it is seen that measurements are
not so ideal. In fact, it can be seen that the phase differenoet even monotonously increasing.
Therefore, we deploy a simple fringe determination alfonitin order to reduce the probability
of faulty calculation of the fringe number. The phase ddfere,¢q, is divided intoN intervals,
whereN is the number of fringes within the measurement range the.ratio between the effec-

tive wavelength Ac¢¢, and the operating wavelength

First, the phasegs, is probed. Based on whethey is smaller or larger tham, the phase dif-
ference ¢q, will be shifted+27 /4N (a quarter of a fringe). The fringe numbeny, is therefore

41
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Figure 3.25: Calculated phase difference be-
tween the two interference signals, correspond-
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found using the following expression:

(¢d+ 2’4” ) mod 27

(3.30)

I‘TJ fOI’ 0§¢1<7T
mp =
da—ZMN) mod 2r
L%J for m <¢1<2n
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Figure 3.26: lllustration of the fringe count algortithm pieted for a measurement range of 11 fringes

(N = 11) as a function of the unwrapped phase under ideal conditions
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where | .| denotes the floor-function. It is readily seen that the esgiom is a peridodic step-
function with N numbers of steps as a function of the phase differepgelJsing the algorithm
shown in Eqg. (3.30) allows for a certain margin of error fag tralculated phase difference as can
be seen from Fig. 3.26. The fringe numbers calculated framteasurements are shown in Fig.
3.27 and it is seen that it has the desired staircase shapeuvdny errors.

101

S [=2] oo
T T T

calculated fringe number

N
T

o | Figure 3.27: The calculated fringe numbers

0 o5 1 15 2 25 3 35 having the desired staircase shape as a func-
object angle [rad] x10°  tion of the object angle.

Having determined the fringe numbeny, and knowing that the period of the interference signals
corresponds to a displacementigf2, it is straight forward to calculate the differential desge-
mentAz,

Az = <m1 + ﬂ) & (331)

and converting this into an angular displacement is trigaice the distanced; andd,, between
the foci are known. These are more precisely determined h be 1.20 mm andd, = 1.31
mm by doing a beam scan in the focal plane (see Fig. 3.21).ngapplied the afore-mentioned
calibration routine and Eq. (3.29)—(3.31), the actual arngh be determined in real-time from the
detector scan. The angles measured can be seen in Fig. 8.R&aroticed that the measurements
follow a linear graph as expected. The effective wavelerigtiwhich an absolute measurement
can be made, corresponds to the displacement of approxymidténterference fringes, or equiv-
alently a differential displacement of approximately 4/3.

The sensitivity of the system has been estimated by caligalata for a long period for each
measurement position. The standard deviation of the meemunts of the two centre interference
signals (G1 and G2) shows that the system for these statisureraents has a signal-to-noise
ratio of 600. This means that the system can probe diffekdisplacements with a sensitivity
of approximately 0.3 nm on specular surfaces and has pravba even more sensitive than the
earlier common-path interferometer (see Sec. 3.1). Thatgaty of the interference signals is of
course lower at the deflection tangents of the sine-sigmalsibce the phase quadrature signal is
provided automatically by the HOE, the sensitivity at thpesitions is maintained. This means
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that the angular sensitivity of the system in its presenfigaration is approximately.8 x 10~/
rad. The range for unambiguous measurements for the systimger than 5 x 1073 rad, i.e.
the dynamic range can be divided into approximately 14,@00pding areas.
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object angle [rad] x10°  shows a magnification of a part of the plot.

The accuracy or reproducibility of the system, however,nistaer matter entirely. Since small
variations in modulation depth, average intensity, or etfenphase of the interference signals
are almost inevitable, it is difficult to obtain a system, whthe accuracy is comparable to the
sensitivity. It is seen from Fig. 3.28 that the measuremenar epproaches a factor 18 greater
than the sensitivity of the system.

3.3.4 Discussion

One of the main advantages of the system presented is thatvidps a simple and all passive
measurement of phase stepped signals. Another advantagmued to two-wavelength interfer-
ometry is that the interference signals with different Ep&itequencies are obtained using only one
light source (and wavelength). However, one of the mainlpraob of the present system and the
signal processing, is the slight variations of averagensitg and modulation depth for the indivi-
dual interference signals. These variations introducergrivhen making the phase calculations.
An active phase stepping method (for instance a movableerefe mirror in a two-wavelength
Michelson interferometer) might be advantageous in ttépeet, since the phase quadrature sig-
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nals provided here comes from the same interference signdlthe change in the variables of the
phase stepped signals will probably be smaller.

We also stated that one of the advantages of applying theitpeh for angular displacement
measurements is that the angular sensitivity and measntenaugge can easily be designed by
choosing the proper interfocal distancdsandd,. However, one should be aware that increasing
the measurement range makes increasing demands on theiqraafithe phase calculation. An
increase in the number of fringes within the measuremergeaneans that the phase difference
will be divided into more intervals, see Eqg. (3.30) and Fi@63 The maximum deviation from the
fitted curve allowed decreases proportionally with thigéase. In the measurements presented
here, it is seen that the deviations of the phase differefigefrom the fitted curve are quite large
(see Fig. 3.25). This means that we would not be able to extencheasurement range much fur-
ther than to the 11 fringes that we did, since this would teéadbulty fringe number calculations.
This type of error will be quite severe.

It must be noted that the system relies on using the speguigiiected light from the surface.
Consequently, a finite surface roughness will inevitablyure the specular component and in-
crease the diffusely scattered. The latter will give angnificant contribution to the measured
signal, while the decrease in the specular part will be ptapual to expf-4k?s2, ] wherek is
the wave number ang, s is the surface roughness [54]. Furthermore, the variatiorssirface
slope must be small so that the specularly reflected light doémiss the HOE entirely.

It is clear that in order to overcome the afore-mentionedlgras, an optimisation of the system
has to be carried out. Especially, if the system is to be usethEasurement on rough surfaces,
where the variations between the individual interfererigaads become quite prominent. Initia-
tives to improve the quality of the interference signalslddor instance be to make dedicated
apertures for the six signal groups and instead use focleisgs and separate detectors. Another
issue that could be interesting to examine is to vary therdepthe gratings in order to change
the energy distribution between the main diffraction osdard the sidebands. This might improve
the quality of the interference signals.

However, these initiatives might show that the signal qualannot be improved enough to use
the 3-bucketor even the2+1 algorithmin order to improve the accuracy of the system. Perhaps
new algorithms have to be developed, or using look-up tambight prove to be a better method
to improve the accuracy.

3.4 Impulse Response Function in Common-Path Interferom-
eters with Fourier Plane Filters

Along with the process of developing the methods for pressensing, we also explored other
methods than the ones described in the previous sectiohsafttapter. Amongst other things we
explored the use of diffractive optical elements placechi Fourier plane of a 4- setup. This
work is purely theoretical and has not yet been demonstiatprhctice. The work was originally
presented in Ref. [55] and later in Ref. [56].
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3.4.1 Introduction

Speckle shearing interferometry sinearographyis a well-known method for measuring the first
derivative of deflections for rough surfaces, which combingth electronic speckle interferome-
try (ESPI) makes it possible to obtain real-time correlafionges on a monitor [57].

A typical approach in shearography is to illuminate an abjeith coherent light and observe
the scattered light through a Michelson-type interfer@nethere one of the mirrors has a slight
incline, the size of the incline determining the size of theas. The introduction of a holographic
grating as the shearing element can yield advantages iraesplight efficiency, simplicity and
cost efficiency [58—61]. Holographic optical elements (H@&n also provide compact and self-
aligning systems for other types of interferometers, suchlectronic speckle interferometry sy-
stems (ESPI systems) or vibrometers [35], and displaces@r#ors as the ones presented earlier
in this chapter.

We introduce here a system that can facilitate an arbitngsg bf common-path interferometer
and with the proper design of the HOE can measure a desiredofypurface deformation. The
optical setup is a 4 system with an HOE placed in the Fourier plane as illustratdelg. 3.29.

[lumination
source .
A Detection
HOEI lAperture, (o System

T

: ) ; |: Detector
]

f f CCD-array, p

f

1

Object, r

Figure 3.29: The 4-f setup for measuring surface deflectith®r vibration. f is the focal length of the
two lenses, and andp are the position vectors in the object and observation plagspectively.

It is here assumed - for the sake of simplicity - that the dldgetluminated with coherent light in

a backscattering mode and that the system without the Fdiltée makes up an imaging configu-
ration. Furthermore, itis assumed that the HOE dividesribielént light into two fields with com-
parable strength and these fields interfere in the observatane (at the CCD-array). To ensure
fully developed speckle it is additionally assumed thatdhdace roughness is large compared to
the wavelength and that the illuminating spot size excengdaderal surface roughness scale [54].

The correlation fringe pattern is viewed by subtractinggbeckle pattern recorded with the object
in the undeformed state from the speckle pattern after amefiion of the object surface has taken
place, which results in the following average intensitytritisition on the monitor:

M(p) = ((I (p) — I’(p>)2> = Mpc(p) + Hint(P) (3.32)

wherellpc is a DC term andT;.; is an interference term. The interference term, which isdha
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interest, is given by the following correlation:

Mint(p) = Re{(Uo(p)Ug" (p)) (U5 (MU ()} (3.33)

where subscripts 0 and 1 denote the undiffracted and diffdafields, respectively, the prime in-
dicates the fields after deformation, the square bracketetdean ensemble average, and.Re
denotes the real part. It is seen that the interference &ndiy the correlation between the fields
before and after deformation of the object surface.

The fields are analysed using the paraxial approximatiom®tuygens-Fresnel principle util-
ising the ABC D-matrix formalism for the system and introducing soft (Gaas) apertures [62].
The Green’s function connecting the optical field leaving tbject plane with the field in the
observation plane without the Fourier plane filter takedotiewing form:

k%o (r +p)? 2§\ 2 ko2
Gr.p) =+ eXp[— wzp , 0* = (E) (1— i ﬁA) (3.34)

whereo is the 1/é intensity radius for the aperture in the Fourier plane andescribes an op-
tional slight defocus of the 4-system, viz. the offset of the target from the exact imagaela

The scattered optical field from the object can be expressed a

ur,t)=/1{)w(r,t) (3.35)

whereW (r,t) is the complex reflection coefficient with a random phaseothiced by the rough
surface of the object. The scattered field from the objeabiimected to the detected field through
the two Green'’s functions:

Ui(p) = /oo dr Gi(r,puU(r) ,i=1{01}, (3.36)

where the scattered fielt) (r), is given by Eq. 3.35 and the subscriptdenotes the unperturbed
and perturbed fields, respectively.

Having assumed that the surface gives rise to fully devel@peckle and assuming a reflection
coefficient of unit magnitude yields the following expressfor the correlation of two reflection
coefficients:

47

(W, HW*(rat) = (kz

Jsa-ra w1, (3:37)
where the factor #/k? accounts for the object acting as a Lambertian source. Hsgraed that
the displacement between the two recordings is very smdllcansists only of a simple out-of-
plane movement perpendicular to the object plane, by wiietidllowing expression relating the
phase functions before and after displacement is obtained:

W(r,ty) = W(r,ty) exp[—2ik Az;o(r)] (3.38)

where Az;5(r) = h(r,ty) — h(r,ty) is the local shift in axial position of the object surface be-
tween the recordings. We tacitly assume a backscatteritigabpystem, hence the factor 2 in the
expression that accounts for the reflection setup.
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3.4.2 Tilt Measurement

In order to keep things simple, we start by presenting a sigeamnterferometer, which is to be
used to measure change in tilt, following the guidelinescdleed earlier in this section. The
shearing interferometer works such that light from two oon the object surface is collected by
the optical system and interferes at a point in the detedémrepas illustrated in Fig. 3.30. Thereby
the system is sensitive to tilt along the axis between thepwints.

HOE Detection
' System

Detector

Figure 3.30: The receiver part for measuring tilt.

In this 4-f system, the shear can be obtained by letting th& H©® a conventional grating with
suppressed 1st or -1st order diffraction. The Green’s fanstfor the diffracted and undiffracted
fields thereby take the following form:

ikic [ +p)?
Go(r.p) = _anOO exp| - wzp)} (3.39)
- 2
ikicq (f+p—xf—k“)
Gi(r,p) = —ZﬂBlexp |- (3.40)

where Gy denotes the Green’s function for the imaging system, or tifes§stem without the
HOE, whileG, denotes the Green'’s function for the diffracted fieBd.and B, are theB-elements
from the system matrices for the undiffracted and diffrddéeam, respectivelyw is the resolu-
tion of the optical system, while; andx; denote the transmission coefficients for the diffracted
and undiffracted fields, respectively,is the wave number andl the focal length of the lenses.
X denotes that the shear occurs alongkexis. If we look atG,, it is seen that the “shear” is
determined by the grating constaat,and the applied wavelength.

The important term of Eq. 3.32 is the interference term. ldeorto derive an expresson for
the interference term, the correlations of the unpertuftedd before and after deformation of the
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object as well as for the perturbed field are needed,

" PokZo? 2(pg + p3) . N ,
(Uo(mUg™ () = 2‘;2’:;2@@[—% exp[—2ikho] exp[2ik (N, px + h,py)]

S S

2 2 2
exp[—Zf (hy 2+ y )} (3.41)

o
2 2.2
Ui(@Ui(p)) = (Uo(@Uo (p)) | — | exp|— exp[2ifah| .(3.42
iPU; o (o 2 AT euplaifaiy] . (3.42)
S

where the subscripts andy denote the vector components along xhendy-axes, respectively,
in the object and detector planes|s the spot radius on the objed is the power of the applied
light source, andh’ denotes the first derivative.

The interference term is then found using Eq. 3.33 multigythe two correlation terms,
Poxok102\” 4(p5 + pj) 4f2(h? 4 hy/?)
IT; = —_— ex — | ex —
mt(p) ( 2f27Tr52 ) p rsz p 0_2

2f2a? ox Afapy
kr2 kr2

exp[— } cos(2fahy) . (3.43)
Taking a closer look at the interference term, it is agaimgkat this is proportional to the grating
constant of the filter and also the focal length of the systdut more importantly, it is also
proportional to the tilth} of the surface. The detected signal is insensitive to comwitmnations
due to the nature of common-path interferometers, and afsmsitive to wavelength fluctuations,
since the size of the shear is linearly proportional to theekength, and the optical path difference
thereby is constant for a given change in object angle.

3.4.3 Curvature Interferometer

Let us now consider an example where the interferometerhe tased to measure change in cur-
vature, for example the deflection of a circular diaphragnmabke use of pressure sensing. We
design the HOE so that light from the centre of the diaphragferferes with light collected from
a circular ring at the edge, as illustrated in Fig. 3.31. Tigktlcollected from the edge of the di-
aphragm thus constitutes a reference wave for the lightesedtfrom the center of the diaphragm.

The two Green’s functions for the propagation of the unddfed and diffracted fields, respec-
tively, thereby take the following form:

k2 4 2

Go(r.p) = 4;0: exp[—(r wzp)} (3.44)
k2 L+ p— 2

Gi(r,p) = 4;1;’ exp[—(rz)—zRO):| (3.45)

whereG, describes the imaging system aB¢ describes the propagation of light from an annular
part of the object with radiu®, and widthw to the on-axis position in the observation plarg.
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Figure 3.31: The receiver part of the interferometer for m@ang curvature.
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andk; denote the diffraction efficiencies for the unperturbed peadurbed optical fields, respec-
tively.

In order to find an expression for the interference term of B2, one has to go through the
steps as described in the shearing interferometer. Thalatdtns, however, are somewhat more
painful for the curvature interferometer, so we will onlyepent the final result. We assume that
the surface curvature gives rise to a pure axial displacemen Az, = ar? + B -r +y,and
the important contribution to the interference patterroisnfd from the two essential terms of Eq.
3.32. Provided that the spot sizg, on the target is much larger than the diffraction limit of th
system, i.er? > (2f/ko)? and that the change in curvature is very smafl <« (kza)“)*l, then
one obtains the following relation for the on-axis conttibo:

I(0)  lyes (14 M cos(2kRoer)) (3.46)

wherel,¢s is the average intensity arid is the modulation depth of the interference pattern.

The system is seen to be insensitive to a common translafitime wbject due to the common-
path setup and is also insensitive to object tilt, since thesp contribution is cancelled out due
to the circular symmetry of the system. The system is thezefeen to be sensitive to change in
curvature only.

3.4.4 Impulse Response Function

An intuitive way of depicting the effect of an arbitrary HOBaped in the Fourier plane of the
ESPI or vibrometer system will be given next. The purposeotsomly to familiarise the user of
interferometers with the interferometers presented, lsat @ provide a tool for conceiving new
common-path interferometers.

It is intuitively recognised that any shearing-type ESyAtem will subtract the phase change
due to an axial translation of the object from the phase obhaegurring at a given lateral distance
(i.e. “the shear”) from the first position. Thus the systergaserally considered to measure the
change in slope of the object between the two exposuresthieefirst derivative. The area over
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which the axial displacement is averaged is given by thdutisn of the optical systemy.

Pursuing this idea, we can establish the following functibare named the impulse response
function (IRF), 2(rg), of the optical system referred to the object plane. We asstivat the
filter is placed exactly in the Fourier plane, which resuttshie effect from the IRF being transla-
tionally invariant. Furthermore, - for the sake of simpljci we assume the system to work in a
backscattering mode, i.e. we only consider and probe adaskationsAz(rp).

Object Arbitrary optical system Detector plane

A A

e /"

_____ e |

C D

Figure 3.32: lllustration of the impulse response functidhe system is affected by a piston-like deflection
in the z-direction at g and the effect is observed in the observation plangat

The IRF is defined as the phase chamyeeu:(po), in the detector plane due to a small change of
phase,Agin, atrg in the object plane over a small aréa consequently the units for the IRF is
m~2. The expression for the IRF are as follows:

(3.47)

Agoy
Q(ro,po): %—t(pO)} .

lim {
(A, Agin}—{0,0) | AAgin(ro)

If we observe the response at an arbitrary pgigt,in the observation plane and et vary over
the entire object plane, the IRF depicts the sensitivityhef éntire system referred to the object
plane.

The field incident on the Fourier plane filter is divided imeotfields, which in the object plane
are denoted), andU; for the undiffracted and diffracted fields, respectively.

The complex reflection coefficient is assumed to be delteetaied in input-space due to the

assumption of fully developed speckle. The relation betntbe reflection coefficient before and
after the phase changeratcan then be written:

. 4 .
(W)W (ry) = k—Zé(rl —12) (1+ Aexpl—i Agin]d(r1 — ro) — AS(rL — o)) (3.48)
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We can now calculate the interference term of Eq. 3.33, wisithe dynamic term of the expres-
sion of Eq. 3.32, by using the proper Green'’s functions (sge E36) and inserting the above
expression for the complex reflection coefficient,

[Tint(Po) = {/ / dradro(W(r) W™ (r2))v/1(ro)l (rz)Go(rl,po)GE(rz,po)} .

{/ / dr3dr4<\ll*(r3)\lﬂ(r4))\/l(r3)|(r4)Gj(r3,po)Gl(r4,po)} (3.49)

By using the expansion expf A¢in] =~ 1 —iAgi, and provided that the phase shiftrgtonly
occurs over a small ared, compared to the two Green’s functions, the following egpien is
obtained:

AN >
nimqoow(p) U dry |Go(r1,po)l? / dr3|G1(r3,po)l*> — AAgin |Go(ro,po)|?
/ dr3|G1(rs,po)l? + AAgin |G1(ro,po)|? / dr1|Go<r1,po)|2](3.50)

Besides the previous assumptions, we have here assumehlilhtiminating spot does not trun-
cate the extension of the Green’s functions, i.e. we hauaasg an infinitely large incident beam.
The purpose here is not to deduce the influence of the illuimdut to probe the influence of a
Fourier plane filter.

We can now find the phasego., in the detector plane by using the following relation:

Im{H(po)}} ~ IM{IT(po)}
Re(ll(po)} |  Re{ll(po))

where it tacitly has been assumed thai,; is small, since bottA and Agi, are small. Thereby
the following expression for the IRF is obtained:

(3.51)

Agout = arctan[

Agout(Po) _ _ [Gi(ro.po)l®  IGo(ro.po)l’®
AAgin(fo) [, drs|Gu(ra.po)l*  [72 dry|Go(rs.po)l®

Q(ro,po) = (3.52)

It is seen that the IRF as expected is independent of thelratiseen the two Green'’s functions.
The spatial position of the interference fringes indeedsditepend on the perturbing effect of the
holographic optical element in the Fourier plane, wherbasntodulation depth depends on the
diffraction efficiency of the filter.

Had the intensity distribution been included, the IRF wdudde taken the following form:

IG1(ro,p)) 1))~ |Go(ro,po)l* 1 (ro)
[50,dra|Gu(ra.po)?1(rs) [0, dry|Go(r.po)l® 1 (ry)

This expression shows that the strength of the IRF in this sasuld be weighed with the inci-
dent intensity at that point. This means that the IRF may laegéd by the intensity distribution
— especially in the case where the illuminating beam trigscane or both of the extents of the
Green'’s functions.

(3.53)

Q2(ro,po) =
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In the case where the Green'’s function multiplied by thedant intensity can be expressed as
a function ofrg + pg, the system is space invariant and the IRF is independerteopdsition in
the detector plane. This is the case for an imaging systeramimdinitely large illuminating beam.

Any possible defocus of the imaging system or curvature @fribident beam may be included in
the Green’s functions (see for example Eq. 3.34).

As already mentioned, the IRF gives the relative on-axissphzhange due to a small piston-

like deflection in thez-direction at positiorrg. Figure 3.33 shows the on-axis response for three
different types of interferometers.

8

(@ (b)

Figure 3.33: Impulse response for (a) a shearing systema (@)e-dimensional and (c) two-dimensional
curvature interferometer.

Figure 3.33 (a) shows the IRF for a simple shearing systemrenvhgrating with periody along
the x-axis and suppressed zero-order diffraction is placed enRburier plane. A positive and
negative contribution of widths is noticed giving rise to an impulse response function aggie
ing the first derivative in the-direction. Likewise, for the curvature interferometére tRF can
be determined both for the one-dimensional case probinggehan curvature in the x-direction,
Figure 3.33 (b), and for the 2-D case probing change in agecagvature, Figure 3.33 (c).

The IRF may be used not only to depict the effect of a given ieodiiter but also for synthe-
sising a Fourier plane filter based on a desired impulse nsgply Fourier transforming the IRF.

3.4.5 Summary and Discussion

A common-path interferometry system for measuring vartgpss of surface deflections has been
presented. The system can be designed to probe the degiecoftyeflection by a proper choice of
holographic optical element positioned in the Fourier plahthe system. This has been demon-
strated with a specially designed Fourier filter for detegthange in surface curvature. A tool for
depicting the effect of an arbitrary filter, called the ingmiresponse function, has been presented
and it has been shown how this tool can be used to design cospatbrinterferometers for speci-
fic measurements. Fourier transforming the IRF will provide phase function for the Fourier
plane filter, which subsequently can be implemented as aaxinfilter or preferably designed
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as an off-axis hologram with a carrier frequency bendingaiical axis 90 degrees, thereby in-
creasing the diffraction efficiency. Furthermore, obligneidence of the incoming beam and a
simultaneous use of an HOE will facilitate measurement giiéi order strain components.

3.5 Outlook

It is clear that the results described earlier in this chagte promising, but it is also clear that
a lot of work has to be done before a commercial sensor can\moged. This section tries to
speculate on methods to take this step and subjects foefusthdies.

First of all, we want to exploit the self-aligning featurestibe HOEs as well as the automati-
cally provided quadrature phase signals. Furthermoresagheor has to be implemented in a way
so that it easily can be assembled, thereby lowering theuptimh cost. We therefore suggest the
use of a stacking technigue, which is an easy way to achieeenpact and sturdy sensor and at
the same time making it feasible to reduce production costs.

One of the problems addressed is how to separate the deteitdrom the laser diode so that

light is not coupled back into the laser diode, which coulkenthe sensor unstable. The idea is
to have the beam splitting and focusing as well as the raagilénses in the same HOE plane,
as the system described in Sec. 3.3. However, in order taatepthe received signal from the

transmitted signal, it could be desirable to let the trattemHOE and receiver HOE be separate
holograms. The receiver hologram has to be written in an siidentical way as the transmitter

HOE, with the exception that the film has to be turned 180 deggcempared to the transmitter, so
that the reflected light is diffracted and collimated at aglaraterally reversed compared to the
normal of the HOE plane as illustrated in Fig. 3.34.

The complete setup consists of two stacked HOE layers antkamanics layer. The first HOE
layer is partly composed of a HOE that collimates and dirdstslight to the transmitter HOE,
which splits up and focuses the light onto three points ordthphragm. The diaphragm consists
of stainless steel and the reflecting side is polished to adtziness that only specular reflections
are observed. The receiver HOE collects the light refleateh the diaphragm and directs it to-
wards another HOE, which is simply implemented as a lineatirgg. The first order diffraction
from this grating is sent to a detector system. The deteg&iem could simply be a photodiode
array as used in Sec. 3.3, but could also consist of a ser@gzeofures and micro-lenses that sepa-
rates the six interference signals and focus them onto pleiteictors as illustrated in Fig. 3.34.
In order to get an easy method for assembly and alignmentede¢hsor, the HOE layers can be
constructed with alignment notches so that they can onlyieated in one way. Additionally, the
inclusion of spacers between the HOE layers can be usedudghralignment of the sensor.

Although originally intended for pressure sensing, the sneament principle is probably bet-
ter suited for vibrometry. This is due to the spatially pamd quadrature phase signals, which
makes the system suitable for dynamic measurements. Menebe vibrometer setup is simpler
to implement, since only two lens elements are necessatyeitransmitter HOE. Furthermore,
the detector unit can be made much simpler, since the thteddrence signals can be focused
onto three point detectors using a hologram identical tetieethat collimates the laser diode (see
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Figure 3.34: A proposal for the future design of an opticatbd pressure sensor, where the majority of the
optical functions of the system are implemented in two sthblologram layers.
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Figure 3.35: A proposal for the future design of an optical
based vibrometer, where the the optical functions of theesys
are implemented in two stacked hologram layers.

The use of the identical hologram for the detector unit ispossible for the pressure sensor, since
the two adjacent interference signals would be focused thietsame detectors.
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3.6 Conclusion

A new interferometric system that can probe differentigpticements has been devised. Addi-
tionally, a novel technique for extending the measuremamge of this system has been presented.
The technique has been demonstrated by constructing arsj@teneasuring the angular deflec-
tion of a mirror. The system is constructed as a common-paghferometer that simultaneously
probes the out-of-plane displacement of three points orbgatbsurface. A theoretical description
of the measurement range extension technique shows howkiigty and measurement range
easily can be designed by choosing the proper distancegéetive probing points. Furthermore,
the description shows how the technique can be reconfigorgdd measurement of other types of
differential displacements, such as the deflection of algtegm in a pressure sensor - the purpose
that it originally was intended for.

The central part of the system is a multi-functional holgiuia optical element (HOE) that in-
cludes all the optical functions of the system and operasebath transmitter and receiver in
the system. The HOE, additionally, provides spatially ghstepped interference signals, which
mutually are shifted byr/2. This makes real-time phase measurements possible arek rirek
system well suited for measurement of dynamic displacesneng. viborometry. The origin of the
observed phase quadrature signals is not fully understdod.ever, the presence of a non-linear
difference grating gives a plausible explanation of theaff This hypothesis is still to be proven,
and is a subject for further studies, perhaps through stinakthat predict the shape and func-
tionality of the surface structure based on the writing aedetbpment procedure of the HOE.

The optical alignment is imbedded in the HOE, which redutesreed for alignment during
assembly and use of the system. This combined with the conpatinscheme provides a system
that is insensitive to common vibrations and when appliea lssensor is insensitive to in-plane
displacements. Furthermore, the system can be produceldwatast through replication of the
HOE, which is implemented as a surface relief grating. Trstesy is thus well suited for applica-
tions in industrial environments and especially showsm@efor use in commercial vibrometer
sensors. It is demonstrated that the common-path intenteter can probe differential displace-
ments with a sensitivity of approximately 0.3 nm. The systan in its present configuration
with interfocal distances; = 1.20 mm andd, = 1.31 mm, respectively, measure angular dis-
placements on specular surfaces with a sensitivity of aqymitely 25 x 10~ rad and facilitates
absolute measurement over a range larger ttfar 3072 rad, i.e. the system has a dynamic range
of 1:14,000. However, the system still needs a great deaptinisation, especially if used on
rough surfaces, where revised algorithms for the phaselesiten have to be developed.

A suggestion for a future design of a pressure sensor andm#ter has been given. This sug-
gestion is based on stacking of layers with multifunctiodd&Es. The stacking should allow for
an cheap production of the layers through replication ofsindace structures and additionally
allow for easy alignment of the system. However, it wouldéeheen advantageous to demon-
strate the use of the measurement principle in a viborometypsand in probing the deflection of
the diaphragm. However, this has not been made in time fertligsis, and the applicability of
the system for these purposes are still to be demonstratethefmore, it would have been pro-
fitable to make replications of the HOEs and demonstrateshetithese replicas in a differential
displacement sensor.
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Computers are useless. They can only give you answers.
Pablo Picasso (1885-1973)

Since the invention of the laser, several optical methodmfeasuring velocity have been devised.
Most of these methods are based on the Doppler effect, aligiproposed by H. Z. Cummins

et al. [63] and later used for dedicated flow measurementsWyRoreman et al. [64]. Laser

Doppler Anemometry (LDA) systems are widespread [65—-68]@mmercial systems have been
available for nearly four decades. Another common laseedasethod, which has been devel-
oped during this period, is the laser time-of-flight veloeter (LTV), also known as laser dual

focus anemometry (L2F) [69-71].

These laser based anemometry or velocimetry systems ngkessible to obtain excellent mea-

surement accuracies and acquision rates for velocity memsunts in, for example, fluids or

gasses as well as for solid surfaces. The systems, howegeansaally based on advanced and
delicate optical technologies and voluminous laser systewhich makes miniaturisation of the

systems difficult and generally makes the systems expetsivianufacture.

In the following a short description will be given of the tereptical flow sensor techniques, which
are pursued in this project, comparing advantages andwdintabes of the different techniques.

Laser Doppler Anemometry

Doppler shifts occur when there is movement of either thet lspurce or the receiver. Other pos-
sibilities are when a medium is propagating or an intenvgmhject reflects or scatters light. In
LDA the Doppler shift occurs when a moving particle or objscatters or reflects light from the
source to the receiver. This is the same principle as useddaiRR where the frequency of the
source, however, is substantially lower than the frequaridight. In practice the Doppler shift
is not accurately measurable in LDA systems, since the Rogtiift is very small compared to
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the frequency of the light source. Therefore theterodyning principleor optical beatingof 2
frequencies is used in the LDA [68].

Typical LDA sensors have a measurement volume of 0.1 mm imelier and 1 mm in longi-
tudinal length with a fringe spacing of 24m. A basic LDA system can measure one velocity
component independent of the degree of turbulence. Depgiodithe geometry of the system, the
signal processing and setup, one can expect measuremarda@es of 0.1-1%. Velocity measure-
ment can be obtained from signals where the signal-to-naise is less than -5 dB [67, 68, 72].

The LDA systems usually rely on high power and wavelengtbilitad lasers such as the Ar-
lon laser. The systems also use high quality optics thatrisfuldy aligned so that the two laser
beams intersect at their respective beam waists. This éngakin order to achieve a minimum
spatial gradient in the measurement volume [73, 74]. Coroialesystems are therefore rather
bulky and expensive in manufacturing terms. Another thivgg timits the possibilities of minia-
turisation via the use of laser diodes, is the fact that timgér spacing in the measurement volume
is directly proportional to the wavelength. Due to the utaiaty of 1-3 longitudinal modes of the
laser diode (see App. A), this usually renders the use of lisdes impossible.

Laser Time-of-Flight

LTV systems rely on high quality of the foci of two parallesk&xr beams having a well-known
spacing. These two focal spots will be imaged onto two detedarefully avoiding any crosstalk.
Particles passing through both beams in the measurememhgolill scatter light that is sent to
the two detectors. By, for instance, cross-correlatingtémeporal signals of the two detectors,
one can find the time delay between the two signals, thereing lable to calculate the velocity
of the particle, since the beam spacing is known. A laser-tifaiight system with an numerical
aperture comparable to that of an LDA system will be able ¥ giomparable measurement ac-
curacies [71].

Generally, LTV systems will yield spot intensities that amge or two magnitudes larger than
those from LDA systems, while the digital signal processiaguires a signal-to-noise ratio of
approximately 10 dB [75].

The basic time-of-flight design does not contain any waglenlependent optics and can thus
more easily be implemented with laser diodes as the lighicgou

Multiple Time-of-Flight

More recently, several authors have suggested multiple-tififlight sensors based on edge emit-
ting laser diode arrays [75, 76]. The former of these systisrhased on an array of four 30 mw
laser diodes, which enables measurement accuracies caiig@o commercial LDA systems.
The total intensity in the measurement volume increases thi¢ number of laser beams. This
method has the advantage that several time-of-flight measents are obtained when a patrticle
passes through the measurement volume. Thereby, one casggtessful velocity measurement
from signals with a lower signal-to-noise ratio. As someghnew, a multiple time-of-flight based
on an array of evenly spaced vertical cavity surface emittaser diodes (VCSELS) [77]. This
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method has some advantages compared to the use of lases,ditldhe fact that VCSELSs have
circular symmetry, relative small beam divergence and ndermiwopping between longitudinal
modes.

The multiple time-of-flight sensor is probably one of theiesisways to implement a compact
and robust flow sensor. However, these systems are not veityiéleFor instance, only VCSEL
arrays with a spacing of 250m exist, which means that one cannot design a system withir@des
ratio between beam diameter and beam spacing. Furtherthesg system are only advantageous
in conditions where a relatively large measurement volwradlowed.

Reader’s Guide

During the period of the PhD project, the PhD fellow has wdrka three different flow measure-
ment systems. A new beam splitter for LDA systems based ealigratings has been developed.
The new beam splitter enables the use of laser diodes in LBt#B)s by letting the fringe spacing
in the measurement volume be independent of wavelengttgebaimhe work on this system has
been aimed at a proof-of-principle so that it would supploet patenting of the system [78], and
the work has thus not been aimed at the development of a cacrahproduct. The work on the
LDA sensor is described in Sec. 4.1 and has been submittegptiedl Optics [79].

The commercial aspects of the work has generally been fdcosehe development of a tool
for calibrating the ultrasound sensors. This tool has beended on the development of a time-
of-flight sensor, which can be used to make a flow profile messent of flow pipes up to DN200
(@200 mm). The LTV sensor is based on a single multifunctidredographic optical element
that allows for a robust, self-aligning system that to a filsgree is independent of wavelength
changes. The work on the laser time-of-flight sensor is desttin Sec. 4.2. Due to the commer-
cial development of the system, a lot more work on the devetoy of the digital signal processing
has been performed on this system compared to the othensydtescribed. The system has been
patented (see Ref. [80]) and a scientific paper on the systémpreparation [81].

Finally, the PhD fellow has performed the characterisatibthe measurement volume of a mul-

tiple time-of-flight sensor based on a VCSEL array [77]. Eheseasurements will be compared

to the other systems. This type of sensor is probably theestasf the three sensors to make
as a compact and robust sensor. However, the sensor is tatleuior measurements in large

flow pipes, since a large working distance will yield a largacdng between the probe beams and
therefore a very large measurement volume. The work hadyrtegen included in the thesis as a

comparison to the other systems and is described in Sec. 4.3

4.1 Laser Doppler Anemometry

We propose a hew beam splitter system that makes it possihiset non-stabilised laser diodes
for Laser Doppler Anemometry (LDA) systems by making thetayswavelength independent.

The beam splitter consists of two linear diffraction grgéirthat produce two parallel beams with
a beam spacing, which is wavelength dependent. This engy&ssive wavelength compensation
of the fringe spacing in the measurement volume. The distetween the two parallel beams
can be chosen by changing the distance between the twoggatimile the distance to the mea-
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surement volume can be designed by choosing a condensiagviimthe proper focal length.
This means that the system can be designed to have a desigel $pacing in the measurement
volume. The gratings are implemented as surface reliefgnaios in photoresist. This makes it
possible to mass-produce the beam splitter system at a Iststtn@ugh replication of the struc-
ture. The method for passive wavelength compensation dfitige spacing is demonstrated both
theoretically and experimentally. This work has been stiieahito applied optics (see Ref. [79]).

4.1.1 Measurement Principle

The most common configuration of the LDA system is iierential Doppler Techniquer
Dual Beam Techniquésee for instance Ref. [68]). Figure 4.1 shows the schem#dica simple
arrangement for this technique.

Equal Path .
Length Beam Condensing Flow
Splitter Lens T
7777777777 Condens1/g Stop
Eens-
T\ 7
Laser e A oI m e m e m b s B s . ‘I}S‘ Photo
‘ = .-~ P | Detector
' = P /
: — 7 v
S R ~Zoo Amplifier
N

v
Signal
Processor

Figure 4.1: Typical setup for the LDA-system.

A laser beam is split up into two beams of equal intensity b@/&® equal path length beam split-
ter and later both beams are focused and crossed at the pdiett imvestigation by a condensing
lens. Scattered light from particles passing through thigan is imaged onto a photo detector.
Since the light scattered from both beams reaches the det@otultaneously, a beat frequency,
corresponding to the difference in Doppler shifts from the scattered beams, is obtained. The
beat frequency is directly proportional to the particleédocity component perpendicular to the
fringe geometry, which emerges in the cross section. Whearticle passes through the cross
section, the modulation of scattered light measured atecttetchanges due to differing illumi-
nation of the particle. The output signal from the detectopriocessed to find the velocities of
the particles. Additionally, the optical path lengths foe two beams are assumed to be the same.
Thereby it is ensured that the beam waists are located aathe distance from the lens and the
beams are coherent in the measurement volume.

If two-dimensional velocities are required to be measutkdn there must be two extra beams
present in the LDA system. These must be aligned in such alwedytte fringe geometry emerg-
ing in the measurement volume is perpendicular to the otireyd geometry. If extending this to
3D-measurement of the velocity then an additional two beamst be used. In practice the laser
beam pairs which are placed in planes perpendicular to etheln, dave different wavelengths.
Thereby the measurement of the three velocity componentbedistinguished from each other.
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Miniaturising LDA systems

The LDA systems usually rely on high power and wavelengthilised lasers such as the Ar-lon
laser. The systems also use high quality optics that aréutigraligned so that the two laser beams
intersect at their respective beam waists. This is es¢émtiader to achieve a minimum spatial
gradient in the measurement volume [73, 74]. Commercidegnys are therefore rather bulky and
expensive in manufacturing terms.

There have been many attempts to miniaturise LDA systents tivé intention to introduce the
measurement technique for industrial purposes. Howewéhget best of our knowledge, there has
not yet been introduced any low-cost commercial system.s Thprobably due to the lack of
affordable medium power lasers and the price of the optiocalpgonents needed to generate the
diffraction-limited beams that are necessary to obtaifigehtly accurate fringe spacing.

Some of the proposed systems for miniaturisation are basdithre lasers [82] while others are
based on laser diodes [83—85]. The latter is an obvious wayrtiaturise LDA systems. However,
laser diodes are significantly temperature dependent aamdtemperature stabilised laser diodes
will be undefined within 1-3 longitudinal modes due to mod@$i¢see App. A). Wavelength
changes will normally give rise to changes in the fringe sga the measurement volume and
thereby influence the measurement accuracy.

Some of the laser diode systems are based on conventioizd [§8], while others try to compen-
sate for the wavelength uncertainty by using diffractivéiag elements [48, 82, 86, 87]. In order
to obtain high diffraction efficiencies, these types of egss usually require the use of volume
holograms, which are difficult to replicate. Dam-Hansenlehave considered this dilemma by
using surface relief holograms with high spatial frequesdémplemented in photoresist for an op-
tical flow sensor, which combines replicability through festance injection moulding and high
diffraction efficiency [48]. We propose a new diffractiveane splitter for use in LDA systems that
utilises these ideas. Additionally, we try to devise a flexibystem that does not have limitations
on the working distance and closing angle such as the sygiempesed in Refs. [86,87]. The
wavelength compensation is achieved by changing the disthatween the two parallel beams
as the wavelength changes. Thereby the closing angle ofithbdams after the condensing lens
will also be dependent on the wavelength. The two paralleiiseare generated by a beam splitter
consisting of two linear gratings positioned laterally grared to the propagation direction. This
also ensures that higher diffraction efficiencies can béeael, since the diffraction angles are
large.

4.1.2 Optical System

The object of the system presented is to provide a flexiblesangle beam splitter arrangement
that ensures that the fringe spacing in the probe volumepsdanstant despite wavelength fluc-
tuations of the applied light source.

The fringe spacing4, in the measurement volume of an LDA system assuming phrediee-
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fronts is given by:

A
A= 2sin6/2)° (4.1)
where2 is the applied wavelength ardis the angle between the probe beams. When a patrticle
passes through the measurement volume and the interfepatteen, the intensity of light sent
to the detector will vary because of differing illuminatio the particle. The frequency of the
measured signal will be given by the particle velocity comgat, v, , perpendicular to the fringe
geometry and the distanc&, between the fringes,

Vi _ 2v, sin(0/2) ' 4.2)
A A

The measured frequency is equivalent to the difference jpplw shift from the scattered light of
the two probe beams.

f =

It is readily seen from Eq. (4.1) that an increase in wavdlengll increase the fringe spac-
ing. If the system can be designed so that the argldaetween the probe beams follows the
wavelength fluctuations, the change in fringe spacing catobgensated.

¥
- B A,
A o 01/
//// ’ f S
~ d
i P
(@) (b)

Figure 4.2: Two ways of producing two parallel beams using tliffraction gratings as a beam splitter.
(a) is a common approach and (b) is the new proposed configurathe dashed lines illustrate the beam
splitting for a higher wavelength.

Our ambition is to construct a beam splitter that compesdatewavelength fluctuations in LDA

systems by making the distance between the two parallel dzamh are sent to the focusing lens
wavelength dependent. This is achieved by letting twoatition gratings handle the beam split-
ting. However, we do not want to put any restrictions on thekimg distance of the system.

Therefore, we have displaced the gratings laterally astitiied in Fig. 4.2 (b) rather than longi-
tudinally as in Fig. 4.2 (a), which is a more common approage (for instance Ref. [87]). The
new method also makes it possible to make a more diffracfiiicient system, since only the Oth
and 1st order diffraction are present and where arbitrdigieficies between these two diffraction

orders can be obtained.
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The diffractive beam splitter is schematically illustihie Fig. 4.2 (b). A collimated laser beam,
originating from a laser diode with a collimating lens isigent to a linear grating at an angletaf
to the normal. The grating both diffracts and transmits itjlet! The diffracted light is diffracted
at an angl@, to the normal and is sent to another grating, which has the sgating period and
positioned at the same angle as the first grating. Therefioeeljght diffracted from the second
grating will be parallel with the transmitted light from tfiest grating.

Knowing the diffraction dependency on the operation wavglle, A, and the spatial frequency,
A1, of the diffraction grating, one can derive the followingpesssion for the diffraction angk
(see also Fig. 4.2 (b)),

A .
6, = arcsm(— — sm@l) (4.3)
Ay

wheref; is the angle of incidence on the first grating. The shift ifirdidtion angle,A6,, due to
small shifts in wavelength and/or grating period then takesfollowing form:

1 1 A
Abp = — AL — —AA) . (4.4)
2 \Ag A2
1-— (Ail — sm@l)

The change in diffraction angle will lead to a changsd, in the distance between the two pa-
rallel beams. Provided that the grating period is constamt( = 0), then the change in beam
separationAd, will be given by:

sind, sin Aé
c0sf, COSAB, — Sind, Sin Af,

where it has been assumed that the light is deflected at ae ahg§0 degrees( + 6, = 9(°).

The transmitted light from the first grating is reflected by tmirrors in order to ensure an equal
path length in the two arms (see Fig. 4.3). The two paralleht®from the beam splitter system
have a beam spacirdjes = 2d and are sent to a condensing lens, which focuses and crbsses t
two laser beams at their waist points. These two beams willdm®tedorobe beamsThe result

is that a fringe pattern arises in the section where the twoiseare overlapping. It is important to
have the mirrors in the beam splitter system, since it is sgang for the two beams to have equal
path lengths in order to obtain a good fringe geometry [7B, 74

We choose to implement the beam splitter system so that tiie ahincidence and diffractior);
ando,, are both 45 degrees. Equation (4.5) can then be simplified to

B SinA9>
~ COSAH, — Sin A6,

d~ Afd. (4.6)

where the last derivation can be made singg is small.
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’ Figure 4.3: The LDA system based on
%— —————————— beam splitter consisting of diffractive op-
tical elements.

The anglesdm; anddy,, of the two probe beams are given by:

dTES/z
f

O = arctan( 4.7

(4.8)

des/2 + Ad
Oy = arctan("BS/—Jr),

f

where f is the focal length of the condensing lens (see Fig. 4.3).fihge spacing for two plane
waves intersecting at an angledaf, + 62 is given by the following expression,

A+ AL

m=—————. (4.9)

2 sin (fuctine)
The compensation of the fringe spacing occurs since theadifbn angle of the gratings is ap-
proximately proportional to the wavelength (see Eq. (4.4)hat is, the diffraction angle will
increase if the wavelength increases. The distance bettheetwo parallel beams will thereby
increase with the distanad (see Eg. (4.6)) and consequently also the arfigles+ 62, between
the probe beams (see Eq. (4.7) and (4.8)). The denominatq.of4.9) will thus increase and
compensate for the increase in wavelength in the numerator.

Using Eg. (4.3)-(4.9) withPAA; = 0, the change in fringe spacing of the proposed system as
a function of wavelength will vary as shown in Fig. 4.4. Thiscompared to an uncompensated
system, where the fringe spacing will be proportional towla@elength according to Eq. (4.1).

In this comparison there has been assumed a centre wavetsnigeE 672 nm, the beam distance
dres = 38 mm and the focal length of the lens beihg= 400 mm, which yields a fringe spacing
of approximately 7.08m.

It is seen from the magnified plot in Fig. 4.4 (b) that the newteymn does not perfectly com-

pensate for the wavelength changes as is the case for tleersyptesented in Refs. [86, 87]. This
is due to the slight asymmetry about the centre axis of the lveam splitter system. However,
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Figure 4.4: The change in fringe spacing as a function of thegelength compared with an uncompensated
LDA system.

it is a huge improvement compared to an uncompensated systénit leaves one with a system
that can easily be designed to achieve a desired fringe gepwfethe system, since the fringe
period can be changed by altering the lateral displacenfahtdwo gratings and mirrors and/or
choosing another focusing lens. The change in fringe spdoina &5 nm wavelength change
is smaller by more than a factor of 42 compared with an uncosgted system. Fora0.3 nm
change in wavelength, corresponding to a mode hop in a lé&s@e,dhe change in fringe spacing
is reduced more than 200 times.

Temperature Dependence of the Gratings

Variations in the temperature will not only influence thehtigource. It will also influence the
diffraction angles of the light due to expansion or conicacbf the gratings. The changa,A;,
in grating period is given by:

AA]_ =a AT A1 s (410)

whereq is the linear thermal expansion coefficient for the matarsdd andAT is the change

in temperature. The diffraction anglg, is therefore seen to be directly proportional to the tem-
perature fluctuation according to Eq. (4.4), assuming thattémperature does not change the
wavelength of the light sourceA¢ = 0). The change in fringe spacing due to the temperature
fluctuations is depicted in Fig. 4.5 for different materiafshe gratings.
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Polycarbonate would be a material choice, if one wants thcagp the diffractive structures, for
example through injection moulding. However, it is seenfrBig. 4.5 that the temperature
dependence is quite severe when using polycarbonate. Bhiagy should therefore either be
constructed in materials with a lower expansion coeffigilke BK7 or fused silica, or be tempe-
rature stabilised. Alternatively, the system should be lwioed with a temperature sensor, so that
the corresponding change in fringe period is known.

Turning of Fringes

Since the system is not symmetrical about the optical axésfringes will shift orientation as the
probing angles change due to wavelength fluctuations. Tiflisagult in a measurement error, the
magnitude of which will be estimated here. The change ineargp, for the fringes will be given

by:

where the change in probing angle9,, can be found from Eqg. (4.8). The velocity measurement
error, Av /v, will therefore take the following form:

A 1
el : (4.12)
v COSA¢

whereuv is the correct velocity of the flow.

The measurement error due to fringe turning simulated viiéhsame parameters as previously
described is depicted in Fig. 4.6.

It is seen that the error due to fringe turning is much smadhlan the change in fringe spacing
depicted in Fig. 4.4 and the effect is therefore negligible.
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AN [nm] of the fringes as the wavelength is varied.

Optimising the length of the Diffraction Arm

Previously in this section, it was assumed that the disebheéwveen the two gratings and the two
mirrors were identical. However, this does not necessgiéid the optimum compensation for
wavelength changes. In general there will be a optimumdatistance between the two gratings.
This distance will depend on the chosen geometry of the ystieat is, be dependent on the
chosen distancel.s, between the two parallel beams from the beam splitter syated the focal
length, f, of the lens (see Fig. 4.3). The optical path length diffeeebetween the diffracted and
undiffracted arm can then be equalised by tilting the twaonér as illustrated in Fig 4.7.

Figure 4.7: General setup of the LDA sys-

tem, where the gratings assure optimum
compensation for wavelength changes and
the mirrors ensure equal path lengths in the
two arms.

If the LDA system has a low numerical aperture, then the asnimof Eq. (4.7) and (4.8) will be
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small. In this case, Eq. (4.9) can be approximated with theviing expression:

A+ AM N A+ AA
Ores + Ad Ores + — 1  gar’

1/1—(1\il—sin01)2 M

where the last derivation has been made using Eq. (4.4) a@d (4

(4.13)

m ~

The system is least sensitive to wavelength changes whesiape of Eq. (4.13) as a function of
AM is zero. We therefore differentiate Eq. (4.13) with respethe change in wavelengtha and
solve the resulting expression equal to zero. This yieldgahowing relation for the ratial /dyes:

d cosf
— = 2_ _ (4.14)
Oies  SiNO; + sindy
For a system with a low numerical aperture wheére= 6, = 45, the optimum ratio betweeth
andd,s is therefore 50%.

If the numerical aperture is not small, then the analysissalimes not hold and finding the op-
timum ratio betweerd and d,.s becomes quite complicated to solve analytically. Howeiter,
can easily be solved empirically by trial and error. Thisrapgh yields a relation between the
optimum ratiod/d;es and the numerical aperture (or equivalerdlys/2f) as depicted in Fig. 4.8

100

90 b

200 1 Figure 4.8: The optimum ratio between the dis-
100 | tance between the two gratings, d, and the dis-
o ‘ ‘ ‘ ‘ tance between the two parallel beamgsgdfor
0 0.2 0.4 o 0.6 0.8 1 the beam splitter as a function of the numerical

aperture of the system.

If again assuming a centre wavelength of 672 nm, a distarteesba the two parallel beams of 38
mm and the use of a condensing lens with a focal length of 400 thmen one obtains from Fig.
4.8 that the optimum distance, between the two gratings is 19.04 mm. That is, very closkeo t
previously proposed design whete= d.es/2. If one observes the relation between the optimum
grating spacing and the focal length of the lens as illusttan Fig. 4.8, it is seen that the lower
the numerical aperture, the closer the optimum rdfid ¢s gets to 50%.
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In this configuration it means that the system can readily dmgthed with the two mirrors an-
gled 45 degrees to the incoming beam. This makes alignmehedafystem easy and additionally
it means that the beam splitter system can be constructedmaubstrates, both substrates con-
taining one grating and one mirror as illustrated in Fig.. 4t9s also seen from Fig. 4.8 that as
long as the system does not have a very high numerical apgettien the ratio betweahandd; s

is close to 50% and one can readily use the implementationrshoFig. 4.9.

Figure 4.9: A possible way to implement the beam splitter kD& system with a detection system con-
sisting of a lens and a photodiode. Constructing substraiés one grating and one mirror simplifies the
alignment of the system.

However, if one desires to design a system with a high numleaperture, then one can still
achieve the optimum compensation by designing the thtth.s according to Fig. 4.8 and tilting
the mirror in order to obtain an equal optical path lengthhimtiwo arms.

4.1.3 Measurements

The objective of the measurements is to demonstrate thairtposed diffractive beam splitter
configuration compensates for wavelength fluctuations. therowords, our aim is to make a
proof-of-principle. For simplicity, we therefore choogedonstruct the system without a normal
LDA detection system and instead make a direct intensity s€éhe measurement volume.

The measurements for verifying the wavelength compergaidA system were performed with
a tunable external cavity laser diode having a centre wagéhteof 672 nm. The laser beam is
made circular by an anamorphic prism pair. The collimatesidight was sent through a 1:1
beam expander and then through the novel beam splitterstimgsof two linear gratings with a
grating period of 475 nm and two mirrors. The lenses of therbegpander are movable so that
the beam can be adjusted so that the two probe beams cros# atfipective beam waists.

The gratings are implemented as transmission surfacé gesigngs in photoresist on a glass sub-
strate. They are produced using an analog interferomedtigpsemploying a HeCd laser at 441.6
nm as described in Chap. 2. The depth of the grating struseiethe diffraction efficiency of
the grating and the applied grating period ensures that tvidydiffraction orders are present,
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Figure 4.10: Figure that shows how the measurement setupristructed with the 1:1 beam expander in
order to be able to adjust the position of the beam waist.

namely the Oth order (undiffracted) and the 1st order (@iftied). The ratio between the energy in
the Oth and 1st order diffraction order is 44/56 for the firsttimg and 10/90 for the second grat-
ing. These values ensures approximately equal intengitighe two parallel beams and thereby a
fringe visibility of nearly 100% in the measurement voluritde total efficiency of the diffractive
beam splitter without anti-reflection coating of the glasissirates is better than 80%. Using anti-
reflection coated components will make it possible to obaairfficiency close to 100%.

The distance between the two parallel beams was set to 38 miitiharfocusing lens had a focal
length of 400 mm. Thereby a fringe period of approximate§87.m according to Eq. (4.9) was
obtained. The wavelength of the tunable laser diode wasgehim steps of 1 nm from 665 to
679 nm. For each wavelength, 10 scans of the measurememealere made, such as the one
depicted in Fig. 4.11. The scans were made with a Photon Ieambscanner with a 0.2m
resolution positioned in the cross section of the two lasamnts. Prior to the measurements, the
beam scanner was translated through the measurement vi@emsure that the two probe beams
crossed at their respective waist points and to make suréhihbeam scans were performed in the
correct position. The scans were Fourier transformed totfiadringe spacing using a Gaussian
fitting function in the frequency space. The results of thasoeements are shown in Fig. 4.12.

The error bars show the mean measured fringe spacing togeithehe standard deviation of the
measurements. The standard deviation is approximatebyfeicent of the mean fringe spacing.
The dash-dotted line shows the theoretical fringe spacngt uncompensated system, while the
dashed line shows the theoretical fringe spacing for thesysiem. The measurement uncertain-
ties are seen to be so large that the effect of the new beattesglystem cannot conclusively be
verified. For comparison, the theoretical change in thgé&iperiod due to a 5 nm change in wave-
length is approximately 0.015 percent (see also Fig. 4.4pt s, the measurement uncertainty
is approximately 10 times greater than the quantities tleafre trying to demonstrate. However,
the dashed line is within all the error bars, and the measemésrclearly show that the diffractive
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Figure 4.11: Beamscan of the measurement volume for a sysitbnf = 400mm and ¢gbs = 20 mm.

beam splitter compensates for wavelength fluctuations.

4.1.4 Discussion and Conclusions

A novel beam splitter system that can be used for passivelarayth compensation of the fringe
period in laser Doppler anemometry (LDA) systems has beesepted. A theoretical examina-
tion of the beam splitter shows that significant improvenudrthe wavelength sensitivity of the
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Figure 4.12: The measured fringe period in the
cross section of the measurement volume. The
wavelength was varied using a tunable laser
diode. The error bars show the standard devia-
tion of the measurements for the different wave-
lengths.
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LDA system can be achieved by using the beam splitter in teeeBycompared to a conventional
LDA setup. This is substantiated by the measurements, wiésh carried out by making beam
scans in the cross section of the measurement volume. Treuneeaents were performed using a
tunable laser diode so that it indeed was the wavelengtmdepey that was tested rather than the
temperature dependency. The theory and measurementatewlibat non-stabilised laser diodes
can be used together with the new beam splitter in LDA systems

However, if the wavelength fluctuations in the system wermctur due to changes in the temper-
ature, then one should be aware that this can influence otbpepies of the system and thereby
also the fringe period in the measurement volume. The testyrer fluctuations could for in-
stance influence the collimation of the laser diode, whiclild@esult in spatial gradiants in the
measurement volume, since the two probe beams would norlamgesect at their beam waists.
More obviously, the temperature fluctuations could makegtiading material expand or contract,
thereby changing the grating period and consequently hisdiffraction angles. The theoretical
treatment of this subject shows that the change in fringegén the measurement volume due
to changes in the temperature can be quite severe when tiiveggrare fabricated for instance in
polycarbonate. Using this type of material in a replicapoocess, therefore means that the system
either should be temperature stabilised or the temperahgeld be probed in order to calculate
the corresponding shift in fringe period. Alternativellietgratings have to be constructed in a
material with a lower thermal expansion coefficient.

One of the main advantages of the new beam splitter setugiisttis very simple and easy to

align. One can design the system to have a desired fringe efeplny choosing the proper dis-

tance between the parallel beams from the beam splitter ¢smsawith the proper focal length.

The angle of the mirrors in the beam splitter configuration ba changed so that equal path
lengths in the two arms as well as the optimum wavelength emsgtion can be achieved. This
means that one does not have to construct new gratings,rigaiwato a lens with a different focal

length. This would be necessary for instance in the systexsepted in Ref. [86, 87], since the
diffraction angles of the grating have to be matched withdlesing angles of the probe beams.
Additionally, the large diffraction angles in the beam #ph we present, make it possible to im-
plement the gratings as surface relief holograms with hiffradtion efficiencies instead of using

volume holograms. This means that the beam splitter can Bs-praduced at low cost through
replication of the structure, for instance by injection rding. One of the disadvantages of the
system compared to Ref. [87] is that our system does notgibrfeompensate for wavelength

fluctuation. This would be the case for Ref. [87] as long agdiiffeaction angle from the gratings

and the closing angle of probe beams are matched, in whiehtlkadringe period in the measure-
ment volume would be one half of the grating period. Howether,compensation with the system
we propose is still significant, and it leaves one with a sydfeat is more flexible.

4.2 Laser Time-of-Flight

The laser time-of-flight velocimeter (commonly abbreviate LTV) or laser dual focal velocime-
ter (L2F) works by using two parallel focused laser beamb wiknown distance. When particles
pass through the first of these beams, the time to which iegdhe second laser beam is measured.
Thereby one can get a measure for the velocity componenépeiqular to the beam direction.
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4.2.1 Measurement Principle

Figure 4.13 shows a typical LTV system, where a laser bearplisup into two beams by a
wollaston prism. The two laser beams are made parallel byhdestsing lens, carefully chosen
and positioned to obtain the desired beam spacing.

Beam

Splitter =y [

>z
] L =}
— — | ||:|
Wollaston X Detectors

Prism 5 = = A /i
Flow

S

“ U UDetectors

Figure 4.13: lllustration of a typical laser time-of-flightelocimeter system where both the forward scat-
tered and backscattered light is observed.

The figure shows two ways of collecting the light scatteramrfrparticles passing through the
measurement volume, viz. the forward and backward scdttagist. For both configurations, a

condensing lens collects the scattered light. This lerecthirthe light towards another lens, which
focuses the two beams onto two detectors. In other wordéigtitescattered from particles passing
through the measurement volume is imaged onto two detedpestures in front of the detectors

ensure that cross talk is reduced and preferably removed thhe system. Additionally, the size

of the apertures can be used to limit the extent of the meammevolume (confocal system).

The LTV system can be used in two different configurationsgibackscattered or forward scat-
tered light. The backscattering configuration has the adgarthat there only has to be one access
window to the flow. Additionally, the receiver system is @l&ggned since the receiver and trans-
mitter are on the same side of the flow. The forward scatterargiguration demands two access
windows, and the system must be aligned on both sides of the ich in some cases may
prove difficult. Furthermore, the transmitter and recernmrst be moved simultaneously if the
system is used to obtain a flow profile across the pipe. How#weibackscattering configuration
has a disadvantage with respect to efficiency, since thesbattkring coefficient is often several
orders of magnitude lower than the forward scattering aciefit.

In the focal plane of the collecting lens, a beam stop shoelgdlaced so that the direct reflected
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light (or transmitted) light is not imaged onto the detestawhich would result in a smaller dy-
namic range due to saturation of the detectors.

The two detectors both measure a temporal signal origipdtiom the focal areas of the two
probe beams, respectively. By cross-correlating the tgonads, one obtains a peak around the
time delay,z, between the two signals. This can be converted into a \tglbgi the following
relation:

2D
o (4.15)
T

where D is the beam spacing, which is known from calibration of thetem.

4.2.2 Optical System

The idea of implementing all the functions of a laser timelight velocimeter in a single HOE
plane was first proposed in [58] and later for a dedicated flemssr in Ref. [48]. However,
problems with this setup emerged when placing small apestur front of the detectors in order
to reduce crosstalk as well as the extent of the measurenodining. Due to the wavelength
dependency of the diffraction angle, one could observetligesignals sometimes would disappear
due to mode hops of the laser diode, resulting in the lighbeatg coupled through the apertures.

Figure 4.14: lllustration of the old configuration
where the transmitter (grey tinted) and receiver had
different diffraction angles.

In the LTV sensor presented here, this problem is solved thindethe total deflection angle for
the transmitter and receiver HOE be identical. In order taimese the diffraction efficiency of
the gratings, the total deflection angle is set so high thgitdri order diffractions are suppressed.
More precisely, the total deflection angle is set to 90 degrekich also simplifies the alignment
of the HOE. The transmitter HOE is placed in the centre of tkEHplane. Since this HOE has
the function of splitting the incoming beam into two beamd &otusing them in the plane where
measurements are to be performed, the HOE consists of tiiallyaoverlapping lens elements.
Two receiver HOEs are placed on each side of the transm8iace the function of these HOEs
are to image the light scattered from the two measurementgt two detectors, the receivers
only consist of one lens element. The layout of the tranemand receiver HOE is depicted in
Fig. 4.15 (a).
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Figure 4.15: (a) The layout of the HOE showing the mutual pasiof the transmitter (grey tinted) and the
receiver. (b) shows the four combinations of implementiegtansmitter and receiver.

The HOE is a surface relief hologram and can be implementadidnways, as a transmission
HOE or a reflection HOE. The HOE itself is implemented in phesist, which makes it obvious

to implement the HOES as transmission holograms. Howeyeapplying a reflective coating to

the surface relief structure, they can be used in a reflesttup. The reflection coating could be
a thin layer of Au, but other materials such as Al or Ag coulsbdbe used. This leaves one with
the four possibilities for implementation of the HOE plarseshown in Fig. 4.15 (b).

In many aspects, it would be preferable to implement thestratter and receiver as different
types of holograms, thereby separating the received beamtfie incoming beam. However, the
coating of the HOE introduces difficulties in the productmfithe HOE. Therefore, for the sake
of simplicity, it was chosen to use transmission holograwts for the transmitter and receiver.

The ambition is to construct an LTV system intended for usiaw pipes with a large diame-
ter (up to DN200) with a measurement precision better th@rb%. The focal length of the lens
element was therefore set to be 160 mm from the centre of tHe. HOprder to obtain the desired
precision, it was chosen to construct the system with a betieeen the waist diameter and beam
spacing to bav,/D =~ 0.03. Through trial of different configurations of the trantmst HOE, a
version for which a 22um radius for the 1/&intensity of the two laser beams is obtained with a
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beam spacing of approx. 6Qm. It should be noted that if the LTV system were to be used in
smaller pipes, it would be desirable to construct the sen#tbra shorter focal length. This would
mean that the laser beams would have narrower beam waisthemedy a smaller measurement
volume, just as the confocal parameter would be smaller #s we

Mirror ﬁ Coll.

Coordinate system and HOE orientation Achromat

Amplifiers

Fibres | &

Detectors

Figure 4.16: The chosen setup for the laser time-of-flighicimeter.

The resulting design of the LTV sensor is depicted in Figb4td can be seen on the photograph
in Fig. 4.17. A laser diode operating at 50 mW and 785 nm englg,Iwhich is collimated by a
condensing lens. The laser diode and collimating lens aenasled in a cooled and temperature
stabilised unit using a Peltier element. The collimatednbéssent to a mirror that directs the
light towards the transmitter HOE, which splits the lasearheup into two beams and focuses
them at a distance of 160 mm from the centre of the HOE. Thesasfghcidence is 65 degrees
to the normal of the HOE plane and the angle of diffractionSgi2grees to the normal. The light
scattered from particles passing through the two laser béamollected by the receiver HOEsS,
which recollimate and send the light past the mirror to tHe@mat lens. The mirror removes the
light that is directly reflected from the access window in flegv pipe. The achromat has a focal
length of 40 mm and focuses the two laser beams onto two dfibcaends. It is necessary to use
a refractive lens such that one does not introduce a new eyt dependency. The fibres are
multimode fibres with a core diameter of a®n and are positioned in a holder with two v-grooves
having a spacing of 32@m. The edge of the holder is angled 25 degrees since the twosbea
are not focused in the same plane due to the slight differenaeerage optical path lengths from
the two focal points to the receiver HOEs. The sensor is nezlioh specially designed base plate
that ensures easy assembly of the system. The sensor cam$lated along the propagation di-
rection of the probe beams by the use of a rail system. Thetebyneasurement volume can be
positioned at the desired position in the flow under invesitg. An electronic ruler monitors the
position of the sensor.

With the setup suggested, all the optical components catalseghon the same side of the HOE,
which means the effective working distance can be maximigeiditionally, it makes it possible
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Figure 4.17: Photo of the LTV system.

to construct a compact and robust setup.

Notes on the Production of the HOE

The transmitter HOE is written as two partially overlapplegs elements, both having a 11 mm
aperture. Since the total angle of deflection is set to 90ed=yrit is impossible to construct
the system so that the HOE plane is parallel to the measutepteare, such as the case of the
constructed common-path interferometer (see Sec. 3.2% sbimewhat complicates the writing
process of the HOE (as well as alignment of the system). lardmdobtain the interfocal distance
of 600 um between the two beams, it means that the film should be diti62..m between expo-
sures due to the 25 degrees angle of the HOE plane compatedreasurement plane. However,
this angle also makes it necessary for the different lemaehés to have a different focal lengths
in order for both beams to be focused in the measurement.plane

The (x,2z)-coordinates in Fig. 4.16 for the centre of the two trangmiigns elements are therefore

(—300, — 1399) and(300,139.9) um, respectively, while the receiver HOEs have the coordmat
(0,0).
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The radius of curvature and centre angle of incidence fotwloewriting beams have been found
using an aberration balancing scheme for a desired cotistiugnd image beam (see Sec. 2.3).
The sizes of the writing parameters are listed in Tab. 4.1.

writing Beam #1 writing Beam #2 Focal Length
Ro[mm] | ao[deg] | Rr[mm] | «ar[deg] f [mm]
Transmitter Lens #1 | -213.867 23.8608 -864.451 -20.0639 159.8601
Transmitter Lens #2 | -214.241 23.8608 -865.963 -20.0639 160.1399
Receiver Lenses -214.054 | 23.8608 -865.207 -20.0639 160.0000

Table 4.1: The writing parameters for the constructed HOE.

The different writing parameters for the lens elements awnodate for the lenses needing to have
different focal lengths in order to focus in the same plane.

Wavelength Dependency

The HOEs are written using a interferometric writing setoghotoresist. In the writing tech-
nique, two laser beams are used, and the resulting pexiodof the gratings across the HOE will
depend on the angle of illumination and curvature of phas&$rfor the two writing beams in the
following way,

A0
sinar(Xy) — Sinag(Xn)

Ac(Xp) = (4.16)
wherel is the wavelength of the writing beams amd and«g is the angle of incidence for the
reference and object beams across the HOE, respectively.

Similarly, the grating period of the HOE must comply with tdhesired image properties according
to the following expression:
Ac

Achn) = sinac (Xn) — sina; (Xn) (4.17)

whereic is the applied wavelength, ang andw, are the angle of incidence and diffraction of
the reconstruction beam and image beam, respectively.

Furthermore, the following relations applies to the foaaidth and angle for the image beam
in imaging holography:

1
R = (4.18)
1 1 1
A ee (- )
a) = arcsin(sinac + pu (Sinag — sinar)) (4.19)

whereu = Ac/Ag andp = {1, — 1} describes the real and virtual image, respectively.

78 Risg-R-1381(EN)



4.2 Laser Time-of-Flight

By observing EQq.(4.18) and (4.19) one can obtain an estimiateow much the measurement
volume and the individual focal points move as a result ofelength fluctuations. As can be seen
from Eq. (4.18), the focal length is inversely proportiotmthe operation wavelength, while Eq.
(4.19) shows that the diffraction angle is approximatelypartional to the operation wavelength
for small fluctuations. This means that the measuremenmlmoves along a straight line for
small changes in the operation wavelength. More precitiedy- andz positions of the two focal
points move as depicted in Fig. 4.18.
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Figure 4.18: The movement of the measurement volume as idiumd the change in wavelength. (a)
shows the x-position of the two beam waists, (b) the x-distdetween the two waists, (c) the z-position
of the two beams (nearly coinciding), and (d) the z-distdreteveen the two waist points.

Since the two beams have a slight difference in focal lengdtiesr wavelength dependency will
also be slightly different. With regards to the location loé measurement volume across the flow
pipe (thez-direction) it can be seen from Fig. 4.18 (c) that the measerg volume moves ap-
proximately 1 mm for a 5 nm wavelength shift. Foe®.3 nm shift (corresponding to a mode
hop), the measurement volume moves gh. This will of course influence the precision with
which the flow profile across the pipe can be determined. mrmethe difference between the
z-positions of the two waists does not vary much — only 1.8 for a 5 nm shift in wavelength,
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which is much smaller than the confocal parameter.

The movement of the measurement volume along the flow pigextiirection) is as much as
1.5 mm for a 5 nm shift in wavelength. This, however, does drdye a negligible influence on
the precision of the measurements, since it is the profilesadhe pipe, which is of interest. The
interfocal distance, however, is another matter entirélyis seen that the spacing changes 2.6
um for a 5 nm shift in wavelength, which introduces a measurdgragor of 0.43%. For a&0.3
nm shift in wavelength, the corresponding change in beamisgpas 0.16.m. This introduces a
measurement error of 0.026%, which is well below the prenigiat we try to obtain.

Temperature Dependency

We here examine what effect the changes in the ambient temoperhave on the measurement
volume. Only the effect due to expansion or contraction efHHOE is analysed and not the effect
on the characteristics of the laser diode or the collimation

We will restrict ourselves to look at the interfocal distaralong the flow direction, since the
analysis of effects due to wavelength fluctuations showatlttte predominant effect on the pre-
cision of the measurements are found here. The expansidredi©OE has two effects on the

interfocal distance. First of all, the two lens elements enfwrther apart as the temperature in-
creases, which means that the focal points also will mowbdumpart according to the following

expression:

AD
5 =aAT, (4.20)

whereq is the linear thermal expansion coefficient for the gratirgterial andAT is the change
in temperature.

Secondly, the imaging of the individual lens elements clkathge to the grating period across the
HOE being larger. To a first approximation, the expansiomeftiOE corresponds to a reduction
of the operating wavelength in the following way,

Ac
hores = T AT

As can be seen from the analysis of the wavelength dependedegrease in the operating wave-
length will result in the two focal points moving closer tochaother as can be seen from Fig.

4.18. Since the expansion of the HOE can be perceived as eadecin wavelength, this means

that the expansion also counteracts the fact that the ceftine lens elements move apart, thereby
reducing the effect of the temperature fluctuations. Tha &ftect of the temperature fluctuations

are found using Eq. (4.18)-(4.21) and is depicted in Fig94.1

(4.21)

As can be seen from the from Fig. 4.19 the temperature depewndevery dependent on the cho-
sen material for the HOE. However, even for the choice of ganllgonate, the interfocal distance
only changes 0.045% for a 25 centigrades change in ambiaper@ture. The effect from fluc-
tuations in the wavelength of the laser diode is therefoem $e be considerably more dominant.
Table 4.2 shows the linear thermal expansion coefficientdi@vant materials and the maximum
allowed change in temperature in order to keep the relaticettiainty,A (2D) /2D, below 0.01%.
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Figure 4.19: The beam spacing along the flow
direction as a function of the temperature as-

0 suming the system is designed for use at 25 de-
temperature [°C] grees centigrade.
Material o [1076 K1) ATo.01%[K]
BK7 7.7 41
Fused Silica 0.55 574
Polycarbonate 57 5.54

Table 4.2: Linear thermal expansion coefficient and the maxn allowed temperature shift .

4.2.3 Measurement Volume

In this section we will throw light on how the appearance & theasurement volume influences
the measurements and how one optimises the design. Méaitéeisave influence on the character-
istics are the degree of turbulence within the measurenmaotne, the velocity gradient and the
angle of acceptance for the measurement system. It shouldtbd that the following analysis
assumes dealing with Gaussian laser beams. The focal plahe two laser beams as well as
the flow direction are assumed to be along Xhaxis. The waist radiiw,; and w,, are aligned
along thex- andy-axes, respectively and are assumed to be identical fomhéaser beams. The
two semi-axes of the beam waist will normally be differentddaser diode, thereby obtaining an
elliptical focus as illustrated in Fig. 4.20.

The distance between the two laser beam is denozdwhile the confocal parameterz?2 is
twice the size of the Rayleigh length and is given by:

(4.22)

wherea is the wavelength and is the refractive index of the medium.

As can be seen from Eq. (4.22) one cannot design the two ptaesng andw; independently. In
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=z

Figure 4.20: lllustration of measurement volume
and the parameters used to describe the charac-
teristics.

return, the extent of the measurement volume along-#rds can be reduced by placing apertures
in front of the detectors.

The measurement volume is depicted in Fig. 4.20. In the cleniaation of the measurement
volume, we use two quantities, viz. the ratio between theswgite,w,, along thex-axis, and the
distance between the two beam®),2and the ratio between the two semi-axes of the beam waist,
wi/wy. The ratio between the two semi-axes will for the laser diodle are using be approx-
imately 1:3 and the divergence between the two axes is appabaly inversely proportional to
this ratio.

Focusing

The size of the two waist points is determined by the desiizg for the integration volume in
the flow pipe. Additionally, there is a demand for sufficiemtensity in the two beams in order
for the scattered light to be detectable. This is especiaifyortant when using a backscattering
configuration due to the lower amount of light compared toravéod scattering configuration.
The measured powePRy, at the detector will be given by the following relation:

Po
TWiws

Py =25 TiTe (4.23)

where the suffixess, r, andt, denote scattered, receiver, and transmitter, respggctgdenotes
the power of the light sourcd, is the transmittance of the HOE in the applied diffractiodesy
andS; is a scattering coefficient that depends on the size of theatot lens or HOE.

In Fig. 4.21 the received poweRy, is plotted as a function of the waist size;, for different
ratios between the two waistsy/w,. The power of the laser diod®, is assumed to be 50 mW
andSsis 10*and 16 mm~1 for the forward and backward scattering configuration, eetipely.
The values for the scattering coefficient are found from ahezdime-of-flight experiment. The
transmitter efficiency is assumed to be 10% (for each beath)renreceiver efficiency to be 40%.
If, for instance, the demand for the minimum detected powek iW, then it is seen that the
semi-axis has to be smaller than @.&1 for a backscattering configuration wheosg/w, = 3.
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Beam Spacing

When the flow is turbulent, not all particles passing throtighfirst laser beam will necessarily
pass through the second laser beam as well. The larger tiheedefjturbulence, the smaller the
probability will be that the particle will contribute to aszessful measurement of the velocity. The
spacing between the two beams has to be designed so thateddesiuracy of the measurements
is obtained and at the same time the angle of acceptance ratat the turbulence conditions.

The probability,p,, for a particle to contribute to the velocity measuremeethels on the degree
of turbulence and the spacing between the two beams. Due tGalussian intensity profile of
the laser beams, this probability will depend on where thiégha passes through the focal points.
The probability, p,, can consequently be approximated by the intensity digtdb in the beam
waist [88],

) (Aer)® _wp
pi (Ax) = |_o = exp[— 2%2 :| ,  0d= 5D’ (4.24)

where it has been used thatr = y/D.

The probability distribution function for a flow directiod«, in a turbulent flow is denoteg, .
The probability will approximate a normal distribution,

1 1 Aa)?
Py (Aa) = Eg—qexp[—(zjg } (4.25)

where the standard deviatian,, assuming an isotropic turbulence, can be approximatedttt
turbulence intensity] u, which is given by the ratio between the standard deviatfaheovelocity
measurements and the average measured velocity [88].
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The probability, pg, of a successful time-of-flight measurement is therebyrgive the follow-
ing expression:

o 11 1
P =/ PP d(A0) = = s = - (4.26)
o “JEta \/1+(2u—5’lg—;Tu)

The probability for a successful time-of-flight measuretriemplotted as a function of the turbu-
lence in Fig. 4.22 intensity for different valuesof/D andw,/w;.

(b)

W1/D=0.20

Py [%]
Py (%]

Figure 4.22: Plots of the probability of detecting partislas a function of the degree of turbulence. Graph
(a) depicts the probability for different values of/D and wz/w1 = 3 and (b) for different values of
w2/w1 andwi/D = 0.025.

Normalised Measurement Error

The normalised measurement erkqy,of the particle velocity when the particle passes throbgh t
measurement volume under the maximum angle of acceptangeaced to the when the particles
pass atAx = 0 is given as follows:

€ = 2[)2[; °_1- 1o (%)2 1+ ((Z—j)z - ) (%)2. (4.27)

The measurement error is plotted as a function of the rativden the waist diameter and the
beam spacing for different values of ellipsity in Fig. 4.280te, however, that the measurement
error is positive for circular beams (one measures a too Vedgcity component, sincé < 2D),
while the error is negative for the ellipses.
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1 | — w2wl=1
10 ---w2/wl=3 s
- - w2wl=5 e T T

Measurement Error [%)]

Figure 4.23: The normalised error in measured
velocity of a particle passing through the mea-
surement volume at the maximum angle of ac-
ceptance compared to the measurement if the

107 16’1 particle had passed through in the anglex =
w, /D
0.

If one wishes to have a system with measurement errors sntiadle 1%, it can be seen that the
ratio, w1/ D, must be less than 0.141 for a system with circular focaltgoim a system with an el-
liptical focus, the ratio must be less than 0.054 and 0.0B@$gw; equal to 3 and 5, respectively.
Equivalently, if one wishes to obtain a system with an acyubeetter than 0.2% the corresponding
values ofw,/D should be less than 0.063, 0.024, and 0.017, respectivelys&gjuently, the two
elliptical configurations presented need a larger relatigeance between the two beams in order
to obtain the same accuracy as a system with circular beastsyai

Another limitation of the ratio between, and 2D is the fact that this ratio dictates a lower limit
for measurable degrees of turbulence. Consider for inst#me situation, where a laminar flow
is to be measured. The beams can be oriented in a certain ramgje where measurements can
be obtained. Consequently, a probability distributionction, p, meas With a standard deviation,
o4 = wy/2D, is measured, suggesting a degree of turbulence that iddast not exist. Provided
that Eg. (4.25) describes the real angle distribution infline, one can show that the measured
standard deviation will depend on bath ando, through the following relation:

Oo,meas = 4/ Udz + 05‘ (4-28)

Remembering that the turbulence intensity can be apprd&oint o, , then using Eq. (4.26) it
follows that,

2
TUneas = 1/ TW2+ (;”—2) , (4.29)
from which one can find the true turbulence intensity, knaatime geometrical properties of the
system, provided that the turbulence intensity is largeoral tooy = w,/2D. As a consequence,

small values of the ratio betweety, and D are required in flows of low turbulence, while higher
values can be tolerated for higher degrees of turbulence.
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4.2.4 Statistics for LTV Measurements

A measurement will consist af observed time delays or velocities of particles passinguidin
the measurement volume. Each of these observations carsenped by a random variabig.

If these random variables are independent, then accorditiggtcentral limit theorem, the sum of
these observationg,, will be normally distributed with the mean valyeand variancer? when
the number of observations are large [89],

Z Y Xi—nu _ N
n =

=YX (X—u). 4.30
o on — (X=n) (4.30)
The maximum likelihood estimator far will be given by:
n
— X;
X = —. 4.31
le ~ (4.31)

However, one cannot be certain that the sample avedags,exactly equal tge. We can only be
certain that the calculated average is closg tnd that we are confident that we get closer to the
correct value the more observations we use for our caloumatr herefore, it is more valuable to
be able to describe an interval that we have a certain defi@mfidence that will lie within.

We can obtain a desired degree of confidence by using thevialipprobability:

P(Z>zl=a=1-®(z,), (4.32)
where
Y
®@) = —— / o4 (4.33)

for Z being a unit normal.
Thereby one can get the following two-sided confidence valdpy using the following expres-
sion:

Pl-zu2<Z <zyp}=1-a. (4.34)

Thereby one can derive the following expression by usingranditing Eq. (4.30),

— o — o

In other words, there is a 10D— «) percent probability that will lie between(X — 4/2%) and
(X + Zoz/Z%)-
If one wishes to have a system with a relative uncertaiitypr the measurement of the mean

velocity, then it follows from Eq. 4.35 that in order to olrta (1 — «) confidence level for the
mean velocity lying within the interval{ — 8« ; X + 8] that the relative uncertainty is given by:

5 =221y, (4.36)

NG
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where it has been used that the turbulence intensity is dqudlle relative standard deviation,
Tu=o/u.

The expression above can be used to calculate the necessabenof observations in order
to obtain a desired uncertainty with a given confidence lavel flow with a known turbulence

identity,
2
n= (Z"%T”) . (4.37)

Figure 4.24 depicts the necessary number of observatiom$uastion of the turbulence intensity.
The calculations have been made #or 0.1, 0.5, and 1%, respectively, using Eq. (4.37). The
confidence level was set to 95%, which means #iat = 1.96 using Eq. (4.32) and (4.33). The
full-drawn lines show the number of particles that passughoboth beams, while the dashed lines
shows the calculated number of particles (passing throlgHitst beam), where the probability
for a particle passing through both laser beams and sucdgssbntributing to the measurement
has been included (see Eq. (4.26)). The calculations are faad system with elliptical beam
waist withw,/w; = 3 andw,/D = 0.02.

, o Figure 4.24: Calculated number of observa-
0 ' ' - tions needed to obtain a relative uncertainty of

10100 10* 0.1, 0.5, and %, respectively with a confidence
Tu [%] level of 95%.

This means that in order to obtain a relative uncertainty. b¥4) 0.5% and 1%, respectively, under
conditions where the turbulence intensity is equal to 108618369, 5348, and 1337 observations
are needed, respectively.

4.2.5 Signal Processing

The digital signal processing (DSP) in optical flow senssmxitremely important, since the mea-
surement accuracy often relies on the DSP. In the systennildbeddere, the DSP has to be very
flexible, since a high dynamic range is required on velocigasurements (1:10,000). This also
implies the need for variable integration and sampling $inse that a similar measurement accu-
racy is obtained over the entire dynamic range.
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For the purpose, a special DSP card was developed for thisTise card has two analogue to
digital converters that can sample at 500 kHz with a 8 bitltggm. A PC frontend to perform
flow measurements was created using LabView. Screen dumpsfie LabView program can be
seen in Fig. 4.25 and Fig. 4.26.
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Figure 4.25: Screen dump from the written LabView prograime program is the PC frontend of the flow
sensor. The top left window is a plot of the correlation girifthe top right windows shows the correlation
string in the velocity space and the Gaussian fit to this gtrimfhe bottom window shows the history of
velocity measurements.

The program was made so that it changes the sample rate exgctwdhe last obtained valid ve-
locity measurement. The sample rate can have any vdlue, 500/i kHz, wherei is a positive
integer. Provided that the flow sensor does not detect a fléoeitae at the given sample rate, a
scanning procedure begins. This scanning procedures biadetecting for high flow velocities (at
high sampling rates). If the sensor does not detect any uigaimis velocity, the sampling speed
changes to a lower velocity range. This procedure continmésan unambiguous flow velocity
is measured. Once this has been obtained, the samplingsrdttarmined from the measured
velocity such that the delay time is approximately 200 sanplervals, which gives a relative
uncertainty of+0.25%.
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The sampled detector signals are clipped to binary sigtiads signal getting the value O if it
is below a pre-defined threshold value and 1 if it above thestiwld value. The signal processing
can now be performed in various ways.

Correlation Calculations

The cross-correlation between the two detector signalsaoelated using a special Fast Fourier
Transformation (FFT) routine implemented in a programrmaatgical device (PLD). This routine
enables real-time correlation using one bit XOR, OR, and Adyerations. The total correlation
string is a 256 element array. The correlated signals fraenséttond detector are delayed 50
samples compared to the first detector signals, therebgiagaihe correlation peak around= 0
and in the same process getting a higher precision.

Figure 4.26: Screen dump from the written LabView prograrme $etup-page shows the many variables
that can be set in the flow measurement program.

In order to get a better estimate of the time delay betweemtbaletector signals, one can apply
a non-linear curve fit to the cross-correlation function.hds been chosen to implement three
different fitting functions to choose from,
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e Gauss function
e Slanted Gauss function (Gaussian in the velocity space)
e triangle function

The correlation functions well, and when measuring on sslifaces, a hormalised correlation
coefficients [90] close to 1 can be obtained. Even for measeinés on water flows, a correlation
coefficient above 0.8 can be obtained.

However, the light scattering particles in the water flowl wénerally have many different sizes,
which results in the detector signals having varying pedlkes A few large particles will result
in large signal peaks and a good correlation, which thereliyhewe high weighting in the total
correlation function compared to the contributions froma#ier particles. Since larger particles
do not follow the flow as well as small particles, the measmisican be biased towards a wrong
velocity, since a large time delay (and thereby a lower \iglpis detected.

Signal Clipping and Threshold Levels

In order to reduce the influence from the larger particleshenvelocity measurement, one can in-
troduce hard clipping of the detected signals. This can Ine dmalogue by increasing the detector
gain. However, there is a limit for how high this can be setthia created LabView program, it
is done digitally by an on-off clipping determined by a threlsl level. If the sampled signal has
a value above the threshold, a signal having the value 1 isrgerd, and O if the sampled value
is below the threshold. The cross-correlation is subsetyuealculated between the clipped (or
binary) signals.

If the correlation coefficient for the unclipped signals high, then the correlation function for
the binary signals will take a triangular shape. In pringjghis could help one get a more accu-
rate estimate of the time delay between the two signals,althetdiscontinuity of the correlation
function [91]. Even for flows with a lower correlation coefént, the hard clipping can help on the
precision of the measurement, since the weighting of tlgelparticles takes the same weighting
as the smaller particles in the calculation of the crossetation function. This will decrease the
bias error introduced due to large particles with a highstimpared to the flow. Additionally, the
threshold level can be set so that the effect from opticalemtecal noise in the system is reduced
significantly.

Furthermore, it is an advantage to perform the FFT cal@anation 1 bit signals with respect
to calculation time compared to 8 bit signals and can onlydyedhis way in the PLD.
Auto-correlation

It should be noted that signal processing can be simplifiaasinyg only one detector and calculat-
ing the autocorrelation function instead. The detectortapes in front of the detector, however,
must be the same as for a cross-correlation system in ordeduce the extent of the measurement
volume.

The problem with this method is that the unavoidable peakrata = O can be so wide that
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it overlaps the correlation peak around the wanted timeyd€larThis will give rise to a reduction
in accuracy for the determination efand thereby also the velocity. The advantage of the method
is that only a single signal is to sampled and that only thecartelation is to be calculated.

4.2.6 Measurements

This subsection describes the measurements performediamitrthe laser time-of-flight sensor.

The purpose of the measurements is to examine how the optisedm compares to the design
specifications and thereby how the system is expected torperf-inally, the system is also tested
in flow measurements in order to estimate its applicabikityvall as the created LabView program.

The Measurement Volume

The measurements on the measurement volume are perforrgetan estimate of the parallellity
of the two probe beams as well as measuring the confocal jeéeam

The measurements are performed using a Photon Inc. beamescdiine beam scanner is trans-
lated through the measurement volume in fixed steps of 0.1 mihfax each position 5 beam
scans are made. The measurements through the volume lkekidi waterfall plot shown in Fig.
4.27.
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Figure 4.27: A waterfall plot (left) of beam scans made indis&eps of 0.1 mm through the measurement
volume. The plot on the right side shows a single beam scan.

The measurements are analysed by a program created in MATLAdprogram detects the peaks
and makes a Gaussian fit to the peaks and returns the waiss &l spacing between the peaks.
The results from the signal processing is shown in Fig. 4.28.
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Figure 4.28: The measured widths of the probe beams and #ra bpacing as a function of the propagation
direction.

The average beam spacing frat®.45 mm of the beam spacing is measured to be 60ir64
with a standard deviation of 0.84m using the Gaussian fitting function. The same values found,
using a Gaussian fit to the autocorrelation function, shanatrerage beam spacing to be 600.85
um with a standard deviation of 0.6/m. The latter value is probably a better estimate of the
standard deviation one could expect from particles pagsirmygh this part of the measurement
volume, since the autocorrelation function is closer todigmal processing one would perform
when detecting the scattered light from the volume. Thatrie,can expect a relative measurement
accuracy of 0.11%. It should be noted that #hexis relate to the position of the translation stage
on which the beam scanner head was mounted.

‘ ‘ Beam #1 Beam #2

wo 8.75726 8.49127
20 5.03909 5.06433
M2 0.78017 0.97334
A 0.785 0.785

Table 4.3: Values for the fitting parameter for the two proleains.

It can be seen that the waist radius is approximatelyu@band the confocal parameter is found
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to be approximately 1.2 mm. Furthermore, it is seen thatwitelteams are focused in the same
plane. It should be noted that the value\df is found to be smaller than 1, which it ought not be.
This value is probably due to the fitting routine, where thei€d&n function is only fitted to the
the scan values around the top of the peak. Wevalue indicates that the probe beams are not
perfectly Gaussian, in which ca$#? would equal 1.

Detector plane

The measurements on the signals in the detector plane wetarped in the same way as the
measurements on the measurement volume, viz. translatiegra scanner in fixed steps in the
propagation direction, for each position taking 5 measeargmand subsequently processing and
analysing the data. The measurements was performed bypglagitchable mirror in the centre of
the measurement volume. First, the mirror was angled sathhé reflected light was sent through
the lower receiver HOE. With the mirror in this position, aasarement series was carried out,
measuring the radius of both semi-axes for both detectiambe Afterwards, the mirror was tilted
upwards, such that the reflected light was collected by tipeudOE, and the same measurement
procedure was repeated. The results from the measurengepbatprocessing are shown in Fig.
4.29.
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Figure 4.29: The measurements on the detector volume.

It is seen from Fig. 4.29 that the focal points of the beambectadd by the two collector HOEs
are coincident. It is also seen from the curve fits that thelte@ms are separated by a distance
of approximately 0.13 mm along the propagation directioartfermore, it is seen that the two
beams are separated with a spacing of approximatelyu322which is close to the design spe-
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cifications. This in turn, means that the angle between tlefd@al points is approximately 22
degrees, which is close to the 25 degrees angle of the edpe tibte holder.

The 1/e intensity waist radii for the four beams are seen tp batween 5.0 and 5.4m (equiv-
alent to an 1/&intensity radius of 7.1-7.¢um). The vertical scan shows that the 1/e intensity
beam radius equals approximately /A8 or three times the size of the other semi-axis. One does
not observe any focal point for the vertical semi-axis, Ihig ts not necessarily due to astigma-
tism, but can also be caused by the linear slit scan wheraithegboth beams are being scanned.

In Fig. 4.30 the different scans at different position in fvepagation direction for both the
upper and lower HOE used as receiver. The scans show thagkhedceived by the upper and
lower HOE is coincident in the detector plane. This meanslitfat from both HOEs are coupled
in to the two receiver fibres.
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Figure 4.30: The scans made at different po-

sitions in the propagation direction show that

500 600 the light received by the two receiver HOEs are
coinciding at the detection plane.

The measurements of the detector plane also indicate sahkeprs. These relate to the fact that
the core of the fibres that are used to collect the light havemeter of 50um. This is quite
large compared to the Pléntensity radius of approximately 7,5m for the focused light beams.
This of course makes it easier to couple the light in to theefipbut it also means that the natural
apertures from the fibre ends in themselves do not resteoexkent of the measurement volume.
This is a problem that will have to be dealt with in the futu@n the other hand, it is clear that
cross-talk is removed from the system.

Calibration Measurements

The following calibration measurements were performedgisi Sony grammophone player. A
single gold thread having a 2bm diameter was mounted vertically on the edge of the gram-
mophone player 15 cm from the centre. The sensor was mouatdthsthe gold thread passed
through the measurement volume, thereby making sure thatcontributions from a confined
area of the measurement volume were obtained. The rotapaad of the grammophone player
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was monitored with a light emitting diode shining throughadehin the grammophone player. A
photo diode on the other side measures the signal, and a tehgmalysis of the measured sig-
nal showed that the rotational speed had a standard deviaiti®.008% compared to the average
speed. The measurements were performed by translatingfiieénsor in the direction of light
propagation. For each position, a number of velocity meamants were performed. The results
from the measurements are shown in Fig. 4.31.
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Figure 4.31: The measurements performed

with a gold thread mounted on a grammophone

player. The plot shows the measured velocity
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A number of things can be seen from the measurements. Firml,af is seen that the sys-
tem is quite stable. The relative standard deviation fomtlagority of the different measurement
positions is less than 0.1%. Furthermore, it is seen theodeability is quite good, since the
measurements performed one day apart coincide. This shaivihe position of the measurement
volume is stable.

The measurements also indicate a problem with the systeme sielocity measurements can
be obtained within 2.4 mm of the measurement volume in thgifodinal direction. This is a
problem, since we want to achieve a well-confined measurenmdtime. However, the relative
standard deviation of the average measured velocity wiki@r2.4 mm is 0.32% and is well within
the design parameters. Furthermore, the measurementd dv@@onclusive information about
the extent of the measurement volume, since the measurewigi@ined far from the centre of the
measurement volume need longer correlation times to otitaiwelocity measurements due to the
lower intensity of the beams at these positions, i.e. theszsorements get a lower weighting than
those from the centre of the measurement volume.

It can also be seen that the measurements from the centre eheélasurement volume give a
lower velocity than the measurements from the outer pai@f/blume. This result is consistent
with the measured profile of the measurement volume, wherddlam spacing is largest in the
centre of the measurement volume (see Fig. 4.28).

Risg-R-1381(EN) 95



Flow Sensors

Flow Measurements

The flow measurements are performed using a flow chamber.eghsdction has a quadratic flow
channel with an inner edge length of 10 mm and a total leng8bahm. Optical access is pro-
vided through two plane glass windows on each side of the fltamber. Since the LTV system
works in a backscattering setup, one of the windows has bele mon-reflective so that parti-
cles passing the light reflected from the rear window do natrdaute to the measurements. The
window is 3 mm thick and the area of the window is so large thdbés not restrict the receiver
of the LTV system. The test section is connected to an uppgrdawer water reservoir, which
are held at constant water levels. These are connected sifioan hoses with a diameter of 10
mm. The inlet to the test section is straightened so thatdtie between the length of the inlet
and the diameter of the hose is greater than 50, which is urfitor the flow to nearly settle after
upstream pipe bends. The water flow is constantly monitoyeanbultrasonic flow meter giving
an estimate of the mean flow velocity.

The system allows for stable flows in the range 1-240 |/h, tvhéccontrolled by adjustment
of a valve. The flow uses demineralised water seeded with-Bptlgparticles having an average
diameter of 3Qum. The velocity is found from the cross-correlation striygnbaking a Gaussian
fit to the correlation in the velocity space. The turbulenttensity is found at the same time by
evaluating the width of the Gaussian function, having tatkensize of the seeding particles and
width of the probing beams into account. The LTV sensor is mbed on the flow chamber, and
the axial position of the measurement can be changed usaifjsystem. A digital ruler monitors
the position of the sensor on the rail. The volume flow rate dsitored by an ultrasound flow
meter.

Measurements in Centre of Flow Chamber

The following describes measurements performed in theeehthe flow chamber. The centre of
the chamber is found by making a profile of the cross secti@mreby locating the symmetry axis.
The measured velocity in the centre of the chamber as a amofithe mean velocity is depicted
in Fig. 4.32 together with the corresponding turbulencerisities measured. The experiment has
been carried out varying the volume flow from 3 to 240 I/h.

The max/avg-ratio as well as the turbulence intensity aea $& depend on the volume flow, and
the flow is seen to be divided into three flow regimes. The lamilow regime is found approxi-
mately where the average velocity ranges from 0 to 0.1 m/shé&sverage velocity approaches
0, the flow should ideally follow a Poiseuille flow and the naag-ratio becomes approximately
2.25. For comparison the ratio would approach a factor 2eifdtoss section of the flow chamber
had been circular. The degree of turbulence is seen to b@xipyately constant at 3% in the
laminar regime.

The transitional regime lies approximately in the regionevéhthe average velocity is between
0.1 and 0.3 m/s. In this regime, the flow profile is unstable mag switch between laminar and
turbulent states. The velocity profile changes from a neealjpdic shape to a near logarithmic
shape, which has a more flat profile with sharp edges [92]. rgutie transition the measured
max/avg-ratio drops from approximately 1.7 to 1.3.
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Figure 4.32: The measured velocity and turbulence intgnsithe centre of a quadratic flow chamber as a
function of the volume flow.

The turbulent regime is found in the region where the avexagecity is greater than 0.3 m/s.
In this regime the turbulence intensity stabilises and exlgeconstant at 14% [93]. As the vo-
lume flow increases, the flow should theoretically approactoee logarithmic-like shape and the
max/avg-ratio should accordingly approach a factor 1. Hexehe measurements in the turbu-
lent region show that the ratio slightly increases inst&dds indicates that conditions with either
the LTV sensor or the flow system make the experiments diftanftheory. More likely, it is a
combination of the both. A condition of the optical systerattimfluences the measurements is
that the measurement volume is larger than intended, duetiatge apertures of the fibre ends,
as also indicated by the calibration measurements. Fuontbrey;, the optical system is designed
for flow pipes with a much larger diameter, which means th&t itot really suitable for mea-
surements in this flow chamber. Once again, the size of thsunement volume is the limiting
factor. Conditions in the flow characteristics are also etguto influence the measurements. For
instance, the fitting of the circular hose to the quadratier fdhamber can introduce unintended
vortices. Furthermore, the friction conditions are notessarily identical at both walls, since one
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of the windows has been made non-reflective. This can int@@dsymmetries in the flow at cer-
tain volume flow rates so that the ratio between the veloditshé centre of the chamber and the
average velocity changes.

However, the measurements show some promising resulte iseihise that the results are repro-
ducible. This is seen from the coinciding measurementsaietaken one day apart. This means
that the measurements performed with the LTV sensor carcirbfaused as a calibration curve
for the given flow system.

Profile Measurements

It was chosen to make a profile measurement of the volume flmw fhe laminar regime and one
from the turbulent regime. The measured profile of the lamiagime is measured at a volume
flow rate of 21 I/h corresponding to a mean velocity of 0.058 amd is shown in Fig. 4.33.
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Figure 4.33: Measurement of the velocity profile and the esponding turbulence intensities across the
quadratic flow chamber performed at a volume flow of 21 I/h.

Itis seen that a parabolic curve fits well with the measurdmdtowever, it is seen that the profile
is very flat and that the measured velocities are much grtésarthe average velocity (calculated
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from the ultrasound measurement) over the entire croseeedthe measured velocity, however,

is in agreement with the previous measured max/avg-ratappfox. 1.7 (see Fig. 4.32). The

profile measurement additionally substantiates the fattttte size of the measurement volume is
not suitable for a flow chamber of this size. The velocity naeaments are the result of numerous
particles passing through different positions of the mesament volume. Due to the parabolic

shape of the flow profile, the measured velocity at a givenl gadaition of the measurement

volume is therefore a combination of particles having ayfdarge range of velocities. Since

there are more of the faster particles passing through thesmnement volume in a given time

period than the slower particles, the velocity measurertends to be biased towards the higher
velocities. Additionally, the turbulence intensity is lewin the centre of the flow chamber and
thereby a larger share of the particles passing through ¢htrec of the measurement volume
contribute to the measurement.
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Figure 4.34: Measurement of the velocity profile and the esponding turbulence intensities across the
guadratic flow chamber performed at a volume flow of 222 I/h.

The same conditions as described above are observed indfile pneasurement performed in
the turbulent regime (see Fig. 4.34). These measuremantsediormed at a volume flow rate of
222 I/h corresponding to a mean velocity of 0.62 m/s. Oncéatfae measured profile is seen to
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be flat and the velocities measured are approximately 1@stigneater than the average velocity
(calculated from the ultrasound measurement).

It is again seen that a parabolic function fits well with theasweed profile. This again shows
that the spatial resolution of the system is not high enowgrstiowing the boundary flows and
therefore the sharp edge of the logarithmic profile is diffitndetect. However, it is seen that the
flow sensor is sensitive to the axial position of the sengut, that relatively small axial changes
of the sensor position are detectable. This indicates igeftaw profile probably does not have so
sharp edges. It would therefore have been better to meaflore jgrofile further into the turbulent
region. However, this is not possible with the flow systenmviated.

The turbulence intensities measured in the two profiles ghaiwariations are found across the
profile and that the flow sensor is sensitive to these chan@hi is especially apparent from
the measurements in the laminar region, where the changerbirence intensity are significant,
varying from 2.5% in the centre of the flow chamber to above 1@%r the walls. It should be
noted, however, that the depicted turbulence intensitiesat the true turbulence. Due to the long
measurement volume, there will be an apparent turbulenb&hws caused by particles having
different velocities throughout the measurement volumigis 15 especially in force in proximity
to the boundary flows where the variations are greater thémeigentre of the profile. Therefore,
the apparent turbulence is also larger near the walls of tinedchamber.

4.2.7 Application of LTV sensor and Outlook

Once the LTV sensor has been optimised so that uncertafndi@sthe velocity measurement in a
small volume element have been minimised, it is still leftexide what method is to be used to
determine the volume flow. Although the accuracy of the mesmsant system is high, it is notable
that other sources can influence the accuracy of the volumenfleasurement significantly. The
uncertainties are for instance:

Determining the area of the cross section for the flow pipe

The position of the measurement volume

The choice of method for determining the flow rate

Velocity gradients in the measurement volume

Flow measurements in flows that are temporally unstable

e Asymmetries in the velocity profile

Asymmetries in the flow are the main contribution to uncettas [19]. It is therefore important to
determine whether the system is to be able to measure asyicathéiows or if it can be assumed
that the flow profile is symmetric. In order to achieve thig et has to be straightened so that
the length of the inlet is 50 times greater than the diamettreopipe.

There are several methods that can be used to determinelthmeséiow based on the measure-
ments of velocities in a number of points along one or moré nathe flow pipe.
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Volume Flow Measurements

The single point methods demand volume flow calibrationjlaimo the one depicted in Fig. 4.32.
The method can either be based on measurement performegl denire of the flow pipe or at a
suitable distance from the centre. This point could foranse be chosen to be the point where
the local velocity is expected to equal the average flow vigloThis point is called the Aichelen
point, which is located 0.76 times the radius of the pipe ftbmcentre [19]. The errors will be
substantial if using this method on asymmetrical flows.

The multi-point methods utilise simultaneous measuremehthe local velocity at strategically
chosen points. The number and positions of these discrates@re chosen so that both the num-
ber of points and the measurement uncertainties are miimnisor instance, four measurements
at the Aichelen distance could be used together with a meamunt in the centre of the pipe [19].

The velocity-area methods are characterised by dividiegetbhss-section into a number of rings
having the same area. In each ring, one or more measuremiatg poe determined so that the
average velocity in the ring can be measured directly. Theitipas of the measurement points
are determined by the theoretical model used. By calcgldtie mean of the measurements from
all the rings, the average velocity for the entire crossige®f the pipe can be calculated. Uncer-
tainties of approximately 0.5-1% are obtainable using riéthod [18].

In the numerical methods, the local velocity is measured aeweeral positions in the cross sec-
tion. Based on these measurements, an analytical integratithe velocity profile is calculated,
for instance using spline-functions. The numerical meshdd not need a theoretical model to
describe the flow, and assumptions about the volume flow dnecuessary.

The numerical and velocity-area methods use a number ofurezaent points along one or more
radii. For symmetrical flows, it is sufficient to measure game radius. For asymmetrical flows,
however, the number of radii is generally more importantttiee number of measurement points
along the radii.

In-Situ Calibration Sensor

We suggest a calibration or reference measurement systesd lo@ the LTV sensor developed.
The volume flow is to be calculated using profile measuremalatsg one or more radii. A
computer-based system suggests the positions for locatitielmeasurements based on the
velocity-area and/or numerical methods and the desiredunement uncertainties.

The measurement installation has to be constructed sopliabaccess can be achieved along a
sufficient number of radii. The LTV sensor is movable, thgrallowing the measurement volume
to be moved along these radii. Provided that the workingadist of the LTV sensor allows for
measurements over the entire diameter of the flow pipe, wgestighe installation of three access
windows so that there are 60 degrees between each radilee nie¢asurement volume can only
be moved a distance corresponding to the radius of the pipacsess windows are suggested.

Since the LTV sensor only makes it possible to obtain locéboiy measurements from one
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point at a time, an auxiliary measurement of the volume flae imneeded in order to be able to
accommodate for temporal changes in the volume flow. Thdiaryximeasurement can be carried
out using the flow sensor that is to be re-calibrated or rdiedr

4.2.8 Summary and Discussion

A novel laser time-of-flight sensor has been developed. En¢ral part of the system is a multi-

functional holographic optical element (HOE) that mainsaihe majority of the optical functions

of the system. The HOE layer contains both the transmittdiraceiver functions of the system.
This makes the system self-aligning and the stability of¥ymtem is thus inherent in the HOE.
The HOE layer is additionally designed so the total angledaffection for the transmitter and

receiver HOE are identical, which ensures that the systeafitst degree is wavelength indepen-
dent.

A theoretical description of the wavelength dependencheflystem shows that the beam spacing
of the two probe beams changes approximately 0.026% for ar@.8hift in wavelength, which
corresponds roughly to a mode hop for the laser diode useslthiBoretical description also shows
the changes in the ambient temperature does not have adéiiggnice on the characteristics of the
measurement volume. The interfocal distance of the twogh@ams thus changes only 0.045%
for a 25 degrees centigrade change in ambient temperatwen,ifethe HOE is implemented in
polycarbonate, which has a large linear thermal expansiefficient compared to for example
BK7 and fused silica.

The calibration measurements carried out by moving a thid tywead through the measurement
volume show that the relative standard deviation of vejogieasurements from a well-confined
point in the volume is less than 0.1%. Furthermore, the nreasents showed that the total relative
standard deviation is only 0.32% over a 2.4 mm longitudiaalge of the measurement volume.
However, the measurements also show that the longitudingth of the measurement volume is
too large, since we want to achieve a well-confined measurensdume. This can for instance
be achieved by putting smaller apertures in the detectistesy. The apertures are presently 50
um in diameter and made up by two multimode fibre ends. Howévenould be noted that the
measurement volume is probably somewhat smaller than 2.4simge the reflected light from
particles in the centre of the measurement volume will hakigher intensity and thereby more
signals meet the binary clipping level, which is set fromdigital signal processing.

The measurements of the flow in a quadratic flow chamber witim@er length of 10 mm show
that the LTV system can be used to obtain measurements froowa The measurements per-
formed in the centre of the chamber show that the sensor dactibbe used as a calibration tool,
since the measurement relative standard deviation of tlesumements are about 0.5-1% and that
the results are reproducible. The measurements of theityelmofile across the flow chamber
show that the LTV system is sensitive to small axial changahd measurement volume of the
system. However, the measurements show that the measureohgme is too large for accurate
measurement of the profile in a flow installation of this siZéis is seen clearly, since the mea-
sured velocities are greater than the average flow velatitiye chamber.

It would therefore be advantageous to test the LTV sensoherinistallation that it is intended
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for, i.e. flow pipes with a large diameter (up to DN200). Ferthore, it would be profitable to
construct a system based on replicas of the presented sgsiislemonstrate that the same sys-
tem properties are achievable. This, however, has not lmapleted within the time-scope of the
PhD project.

4.3 Multiple Time-of-Flight

This section deals with a constructed multiple laser tirfilight system (MLTV). The MLTV
system is probably the one of the flow systems presentedsthbsis that is easiest to miniaturise
and show excellent promise as a sturdy and compact senseeuvdn the system is not so flexible
as the other systems presented, since it is based on a VC&Hylthat has a fixed spacing between
the individual VCSELSs. This means that the measuremeninvelgan only be configured with a
certain ratio between beam spacing and waist. This alsosrtbanit is not so applicable for flow
measurements in pipes with a large diameter. For this redkisnis not the flow measurement
system that is pursued in this project, but the charact@isaf the measurement volume is in-
cluded in order to provide some comparisons with the LDA am¥ kystems. For more details
on the system or flow measurements performed with the systeRRef. [77].

4.3.1 Principle of Method

The multiple time-of-flight sensor consists of two parts.via transmitter that illuminates the

measurement volume and a receiver part that probes the ieviér@d measurement volume. The

light source is a VCSEL array and the near field of these VCSiesmaged either as spots or

sheets with a specific beam distangg,. This distance is determined partly by the magnification,
M, of the imaging system and by the pitch distanag, of the VCSEL array, i.e. the distance

between the individual VCSELSs.

VCSEL
Array

Detector

St

Figure 4.35: The transmitter (left) and the receiver (riphte each based on a clean imaging system. For
generating sheets instead of spots in the measurement&ptucylindrical lens, {, is inserted.

The transmitter system is implemented as a clean imagirigraysvhich replicates the near field of
the VCSEL array in the measurement volume, while maintgittie original propagation direction
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of the beams as illustrated in Fig. 4.35. The beam distanit¢hen be given by:

f
Am=|M|Ag = f—ZAS, (4.38)
1
where f; is the focal length of the lens facing the VCSEL arrdyjs the focal length of the lens
facing the measurement volume, afaglis the pitch length of the VCSEL array. The pitch length
for commercial VCSEL arrays for the telecommunication sty is 250m.

In order to generate light sheets in the measurement volaragijndrical lens with focal length,
fe, can be inserted with the symmetry axis parallel to the VC&Ehy. The ratio between the
beam spacing and the width of the beams/sheets is indepesfdenwhile f; and f. can be used
to model this ratio, which can easily be varied from 1:1 ta0D:1

The receiver part is imaged onto a detector that is large giméar collecting the entire image.
The receiver part consists of a clean imaging system withaiadphigh pass filter positioned in
the Fourier plane of the object, thereby blocking the diyettansmitted light. The velocity com-
ponent,v, is found from the beam spacing,,,, and the peak separation, obtained from the
autocorrelation of the temporal detector signal,

v . (4.39)
T

4.3.2 Experimental Setup

The VCSEL array is a single modex10 array from Avalon Photonics and has 10 VCSELs on a
straight line with a common cathode and individually addaé$e anodes. The VCSELSs operates
at single mode with an optical output of approximately 0.5TWe operating wavelength is 850

2 nm, and the full width at half maximum beam divergence isaximately 12 when operating
at4 mA.

Both the clean imaging system of the transmitter and receive implemented by the use of
two 40 mm achromatic lenses. The optional cylindrical lenmbunted between the two trans-
mitter lenses and up against the lerigs, The measurement thereby has a beam spacing of 0.25
mm, sinceM = 1, and the total width of the measurement volume is 2.3 mm.

In an ideal system, the beams have a waist of nG If the system is used in the spot con-
figuration, the height of the measurement volume is twicesihe of the waist size, while the
height is approximately 14 mm in the sheet setup. The fuljitoiinal length of the measuring
volume for the spot and sheet setup isidh and 130um, respectively.

4.3.3 Measurements of the Measurement Volume

Figure 4.36 shows the intensity distribution obtained bimg a beam scan in the image plane
of the transmitter system using a Photon Inc. beam scanner.

This scan is performed on the system operating in the shaégaoation. By applying a Gaussian
curve fit to the individual beams, the individual beam widthsl spacing between adjacent beams
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Figure 4.36: The measured intensity distribution acrossemsurement volume with sheets using a beam
scan with 2um resolution. The inset shows a close-up of one the sheatmad at 0.2¢m resolution.

are calculated. Stepping the beam scanner through the reeszexut volume and finding the axial
position with the lowest mean beam radius identifies the analgne. At this image plane, the
mean sheet spacing is measured as 24®8with a standard deviation of 0.36m (0.14%). At
the estimated position of the image plane, the mean beamsr&imeasured as 7/m with a
standard deviation of 2..m and the height of the measurement volume is measured as 10 mm

Moving the scanner through the measurement volume (withiange of+ 0.4 mm along the
optical axis), the systematic deviation in the mean spaicimgtimated by linear regression as 0.4
uwm/mm. Further, the maximum standard deviation at a giveal gasition is estimated as 1.1
um (0.44%). The deviations are systematic and accordirigdyakial positions of the waist points
appear to fit a typical curvature of field in the image planeegsaed in Fig. 4.37.

The most extreme axial position of the waist points is disptaby several Rayleigh lengths esti-
mated to be 18.5xm by measuring the average a mean beam divergence of s is one of
the main reasons for the high value of the mean beam radiusevéw, the minimum beam waist
in the image plane is measured as 413. This is approximately a factor of two greater than
expected, which is also indicated by the divergence anghlaus,Toptical aberrations as well as
limitations in the scanning resolution are expected tocaffee individual waist measurements.
The longitudinal length of the measurement volume is meastoughly to be 0.3 mm (see also
Fig. 4.37). Flow measurements have been performed in the spradratic flow chamber as
described in Sec. 4.2. These measurements have been peforma forward scattering setup in
both the spot and sheet configuration. The results can bars&ai. [77].

Risg-R-1381(EN) 105



Flow Sensors

— VCSEL1
— - VCSEL2
-—+ VCSEL3
— VCSEL4
— - VCSEL5
-— VCSELG6
50 ‘ VCSEL7
VCSELS8
VCSEL9

0.1

r—
|

1/e? radius [um]
focus position (z) [mm]

-0.2 0 0.2 0.4 ' 2 4 6 8
z [mm] VCSEL No.

Figure 4.37: The beam radius for the different VCSELSs as atfan of the axial positions of the measure-
ment volume (left) and the estimated waist point of therdiftpositions found from curve fitting (right).

4.3.4 Discussion and Summary

A simple and inexpensive laser anemometer for low or mediamwep applications has been pre-
sented. The technology of the VCSEL arrays has enabled despfical imaging system as the
key to implement a robust and temperature-stable multgderltime-of-flight sensor. The sheet
spacing is determined only by the magnification of the imggystem and the pitch length of the
array. Therefore, the spacing will only vary with the thetegansion coefficient for the substrate
of the array. Furthermore, the only wavelength dependendhebeam spacing is that which en-
ters through the wavelength dependence on the optical fizgion of the imaging system.

The system provides parallel light beams with a maximumatiar in spacing of 0.44% through-
out the measurement volume. However, the system displagtharrlarge field of curvature and
spherical aberrations making the variations of the axiedfgoint for the different VCSELSs vary
several Rayleigh lengths. These variations can be redugddrtinstance, using field flattening
optical components. This, however, will make the systemenggpensive. The asset of the sensor
is for short working distances with beam spacing not too famf the intrinsic pitch length of
the VCSEL array. This makes the system especially appkcabimeasuring boundary flows. In
return, the system is not applicable when a large workintadie is needed, since this will make
the measurement volume very large.

The method, compared to conventional LTV systems, has thentabe that several time-of-
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flight measurements contribute to the total velocity meam@nts. This means that successful
velocity measurements can be obtained from signals withivarlgignal-to-noise ratio than for a
two-beam LTV system. One can introduce new beams in the mexasmt volume without trad-
ing off the power of the individual beams, simply by choosamgarray with more VCSELSs. This
however, makes the measurement volume wider, which mighheexpedient. Furthermore, the
method, compared to conventional LDA system, has the adgarthat direction of the flow can
be determined by introducing asymmetry in the measurenwuaine, which is easily obtained by
switching off one of the VCSELSs.

It should be noted that a multiple time-of-flight system cbalso be achieved by using one laser
diode and a specially designed HOE. This would also be a simgthod for eliminating the prob-
lems with spherical aberrations. Additionally, it leavesavith more design possibilities, since
the beam spacing, number of beams and working distance cdadigned independently. The
trade-off is of course that the individual beams in the mesment volume will have less power.
Furthermore, it can be difficult to design the HOE so that titividual beams display Gaussian
behaviour.

4.4 Discussion and Conclusions
Three novel flow sensors have been presented.

A new beam splitter system for wavelength compensationeofrthge spacing in the measurement
volume for laser Doppler anemometry systems has been gmeldt has been both theoretically
and experimentally verified that the use of the beam splis@r improve the wavelength sensi-
tivity of the LDA system significantly, compared to a convenal LDA setup. This indicates that
non-stabilised laser diodes can be used in combinationthvtmew beam splitter system, which
can reduce both size and production costs of commercial Libdgs. These are traditionally
based on gas lasers and delicate optics making the systdkysadma expensive. The new LDA
system, however, has not been demonstrated in a flow ingtallal his is therefore a subject for
further studies of the system.

A novel laser time-of-flight system has been developed. €hear is intended for in-situ calibra-
tion of other flow sensors permanently installed in the figlde central part of the LTV sensor is
a multi-functional holographic optical element that wodssboth transmitter and receiver in the
system. This makes the system inherently stable and the l@Esdditionally designed so that
the system to a first degree is insensitive to wavelengthgdsgnThis, in combination with the
use of a laser diode as the light source, provides a sendds tfaoust and compact. It has been
demonstrated that the LTV sensor can be used to measure arfiil@ jn a quadratic flow cham-
ber with an inner length of 10 mm. However, the measuremeninve of the LTV system is too
large to give detailed information about the flow profile. s due to the fact that the LTV sensor
has been designed for measurements in larger flow instaitatpipes up to DN200). Should the
LTV sensor instead be used for flow measurements in smadlliatibns like the quadratic flow
chamber, the sensor should have been designed with a sfamaétength, which would reduce
the extent of the measurement volume. The LTV sensor is ¢ttoaavorking prototype, but mea-
surements on large flow installations are needed beforedstahation of the applicability of the
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sensor can be given.

Finally, the characterisation of the measurement voluma ofultiple laser time-of-flight sys-
tem based on a VCSEL-array has been given. The sensor psavilmple and robust system and
has the potential of being very compact, and is additiondiyinguished by being temperature
and wavelength independent. The system, however, showbex ftarge curvature of field and
spherical aberrations, which make the axial positions efitizal points for the different VCSELSs
vary several Rayleigh lengths. This can be corrected byriyegp choice of optics, but will make
the system more expensive.

The LDA sensor has the advantage compared to the other sythatrseveral fringes are present
in the measurement volume. These fringes presently havacngpof approximately 7Zcm, and
the system can measure one velocity component no matteretireed of turbulence. The LDA
sensor is also advantageous to the LTV sensor in the sensa #wecessful velocity measure-
ment can be performed from signals with a lower signal-ts@eatio, which is due to the fact
that several fringes in the measurement volume contrituteed measurement. The LTV sensor
on the other hand has the advantage that the spot interaittesf a magnitude greater than the
fringe intensities of the LDA system, which is due to the fhett all the power of the transmission
system is present in two beams. Furthermore, the beam gpatihe LTV system is to a first
degree independent of temperature changes. This is natssig true for the LDA sensor, where
temperature changes might influence the collimation ofitie source. This would introduce gra-
dients for the fringes in the measurement volume and thendlogence the accuracy of the system.

The multiple laser time-of-flight system and the LTV systera eomparable in accuracy. The
relative standard deviations for the beam spacing over ntieeemeasurement volume are thus
as low as 0.44% and 0.32%, respectively, for the two systédrhe. multiple laser time-of-flight
system has the advantage compared to the LTV sensor thatlgmmassing through the mea-
surement volume will contribute to several time-of-flightasurements. Therefore, a successful
velocity measurement can be obtained from a signal with ail@ignal-to-noise ratio. Moreover,
the system can add more beams to the measurement volumey $ignpldding more VCSELs
to the array. This means that more time-of-flight measurgésnesin be obtained without trading
off power in the individual beams. However, the width of theasurement increases with each
beam. The problem with the system, however, is that it in eoy Wlexible. Commercially avail-
able VCSEL arrays are only found with a pitch of 28, which means that the system cannot
be designed with a desired ratio between beam diameter amd deacing. This makes the sy-
stem virtually useless for measurements in large flow iladiah, since the large working distance
would make the measurement volume very large. The VCSEly aystem thus works best in
configurations where the beam spacing in the measuremeamhedk not too far from the intrinsic
pitch length of the array.

It should be noted that a multiple time-of-flight sensor cdoallso be achieved by using one laser
diode and a specially designed HOE by adding more lens eksr@the transmitter part of LTV
sensor. This would leave the possibility to design the sysde that the beam diameter and spa-
cing can be chosen independently. This could also elimitieggroblems with the curvature of
field in the measurement volume. The trade-off, however,lavba less power in the individual
probe beams.
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| have not failed 700 times. | have not failed once. | have seded in proving that those 700
ways will not work. When | have eliminated the ways that vatlwork, | will find the way that
will work.

Thomas A. Edison (1847-1931)

This thesis deals with the development of optical sensosedan laser diodes and dedicated
diffractive optical elements. The work has been divided imto parts, namely the development
of interferometrically based displacement sensors andékelopment of optical flow sensor sy-

stems. All the diffractive structures are implemented a$ase relief structures in photoresist.

These structures have the advantage that they can be tegliesing for instance injection moul-

ding. Thereby one can mass-produce the structures at laywdoish makes it possible to manu-

facture a cheap optical sensor.

The object of the first part of the project was to explore to idegree the implementation of
optical sensor techniques in pressure transducers coylcym the measurement precision and
dynamic range. For the purpose of probing the deflection efdiaphragm in a pressure trans-
ducer, a novel common-path interferometer has been deabldfhe central part of the common-
path interferometer is a multi-functional holographiciogk element (HOE) that handles function
like beam splitting and focusing of the light. The HOE worlssbath transmitter and receiver in
the common-path setup. This means that the stability isrémtién the HOE and the system is
self-aligning, which makes the sensor very robust. Durlmg development of the interferome-
ter, a technique to extend the unambiguous measuremerd dditifferential displacements was
devised. This technique is based on probing three pointh®mbject surface simultaneously
and utilises the quadrature phase signals that autonptésal provided by the specially designed
HOE. The system has been demonstrated to having a sensifidit3 nm for differential displace-
ments and it has been demonstrated that a dynamic rangedo®Qalis obtainable for an angular
displacement sensor. The automatically provided quadratiase signals make the system espe-
cially suited for dynamic measurements such as vibromatrgl,a proposal for the future design
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of a vibrometer has been given. This design is based on stpackiHOE layers, which ideally
provides a robust sensor as well as easy alignment and dysefitiiie sensor. Based on the same
principles, a proposal for the future design of a pressune@ehas been given. However, the mea-
surement principle has not yet been demonstrated in théngrolb a diaphragm and the system is
still to be optimised, especially if the system is to be usedofobing the displacement of rough
surfaces.

During the project, there has also been developed a newdoobhceiving new types of common-
path interferometers by placing a specially designed HCQRarFourier plane of a 4-setup. The
surface structure for the Fourier filter can be calculatedrbyrier transforming the desired im-
pulse response function of the system. Thereby, the systenibe designed to probe a specific
type of surface displacement. Based on this principle, a&lniyype of curvature interferometer
has been proposed. This interferometer can probe the defietta circular diaphragm by letting
light reflected from the annular part of the diaphragm imerfin the detector plane with light
collected from the centre part of the diaphragm. The systewgver, has only been described
theoretically and has yet to be experimentally verified.

The second part of the project deals with development ofcapfiow sensors based on laser
diodes and dedicated diffractive optics. In this work, twetems have been devised, which both
have been described theoretically and experimentallyfiedri Firstly, a new beam splitter sys-
tem based on two linear gratings has been devised. The bdéier$p intended for use in LDA
systems, where the fringe spacing in the measurement vakudiectly proportional to the wave-
length of the light source. This is compensated by the bedittesfby letting the beam spacing
between the two parallel beams from the beam splitter sybe@approximately proportional to
the wavelength. It has been demonstrated both theorgtiaatl experimentally that the wave-
length sensitivity of LDA systems can be reduced signifigansing the beam splitter system.
The system, however, has not yet been demonstrated in a ftap. dé¢ should be noted that the
beam splitter is not necessarily restricted to the use of lsipgtems, but can also be used in other
systems where a wavelength dependent spacing between tallejlaeams is needed. This could
for instance be used to make a wavelength independentridbse

Secondly, a new laser time-of-flight sensor has been dexdlophe sensor is intended for in-situ
calibration of other types of flow sensors, which are permtyeénstalled in large flow installa-
tions. The system is designed so that the transmitter amivezcfunctions are implemented in
a single HOE plane. This makes the LTV sensor self-alignimg) mbust. The multi-functional
HOE is additionally designed so that the LTV sensor to a fiesfree is wavelength independent.
It has been demonstrated experimentally how the LTV sermoibe used to measure a velocity
profile for a given flow installation. A base plate for mouugtithe different optical components of
the LTV sensor has been designed and the assembly of thendyatebeen standardised, although
still in need of optimisation. Additionally, digital sigharocessing has been developed for the
sensor, and a PC front-end for the system has been createyl LethView. The LTV sensor is
thus close to a working prototype. Before this can be verifiee system, however, needs more
thorough testing on the flow installations that it is intethder (flow pipes up to DN200). Since
the HOE of the LTV sensor has many similarities to the HOE efdisplacement sensor, a future
design of the LTV sensor could be based on the same prindglasiggested for the vibrometer
and pressure sensor, i.e. stacking of HOE layers. This qualide a more compact design for
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the LTV sensor, as well as simplify the design of the systéneesthe transmitter and receiver part
of the sensor would be separated. Furthermore, the desiggh move the need for the achromat
in the detector unit.

In conclusion, it has been demonstrated how the use of dediddiffractive optical elements
in combination with laser diodes can make up various typesptital sensors. The sensors are
sturdy and compact and have the potential of being mass+peoidat low cost through replication
of the diffractive structures. However, functional sessoased on replicas of the original surface
relief structures are yet to be demonstrated, and this ibtiee immediate subjects for further
studies.
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Temperature Dependence of Laser
Diodes

The laser used for the laser time-of-flight sensor describegec. 4.2 is a high power AlGaAs
laser diode, ML64114R from Mitsubishi, which provides eb#tasingle transverse mode oscilla-
tion with a typical emission wavelength of 785 nm and cordiimailight output of approx. 50 mW.

Since the emission wavelength is strongly dependent orethpdrature and also on the operating
current, a characterisation of this dependence have beda marder to locate a stable working
condition.

The operating current is set to 124.0 mA to obtain an outputegpaf 50 mW. The laser diode
is installed in a thermo-electric cooled mount so the terpee of the laser diode can be con-
trolled within 0.01 K. The emission spectrum is measuredgisin Instaspec spectrometer with a
HeNe laser at 632.8 nm as reference and with a wavestar spextar. Figure A.1 shows the mea-
sured emission spectrum for the laser diode. It is seentibdaser diode has a peak wavelength
at 785.0 nm and a FWHM value of 0.5 nm.

In Fig. 2 the measured peak emission wavelength is shown aactidn of the temperature.

The arrows indicate the sequence of one measurement sapiers ¢quares), while another mea-
surement has been performed (solid squares) to check traaibility.
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Figure A.1: Measured emission spectrum of
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Figure A.2: Measured peak emission wave-
83 o0 21 22 23 24 25 26 27 28 length of a Mitsubishi ML64114R laser diode
Temperature [deg C] at 124.0 mA, as a function of the temperature.

A local linear temperature dependence of 0.06 nm/K is oleskridowever, the linear regions are
separated by abrupt changes in the peak wavelength with aitudg of 0.35-0.5 nm. This is
due to mode hops, i.e. jumps from one longitudinal mode t@msety lying mode. Furthermore,
a strong hysteresis effect is observed. At°Z5 for example, the laser diode will have a peak
wavelength of either 784.4 nm or 785.1 nm, dependent on thpdgature history.

Similar curves have been measured for other samples of the sge of laser diode, with mi-
nor changes in the position of the modehops. The concluditimisis that even if the laser diode
is temperature stabilised, the wavelength will still be efivted within 1-3 logitudinal modes, i.e.
approx. +£0.5 nm. Therefore it is important to design the optical sem$o be independent of
these wavelength changes.
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Abstract (max. 2000 characters)

This thesis deals with the development of optical sensors based on laser diodes and
dedicated diffractive optical elements. The thesis is divided into two parts. The first part
of the thesis deals with development of interferometrically based displacement sensors
intended for use in pressure transducers. For the purpose of probing the deflection of the
diaphragm in a pressure transducer, a novel common-path interferometer has been de-
veloped. The central part of the common-path interferometer is a multi-functional holo-
graphic optical element (HOE) that handles function like beam splitting and focusing of
the light. The HOE works as both transmitter and receiver in the common-path setup.
This means that the stability is inherent in the HOE and the system is self-aligning,
which makes the sensor very robust. There has also been devised a new technique to
extend the unambiguous measurement range of differential displacements. This tech-
nique is based on probing three points on the object surface simultaneously and utilises
the quadrature phase signals that are automatically provided by the specially designed
HOE. During the project, there has also been developed a new tool for conceiving new
types of common-path interferometers by placing a specially designed HOE in the Fou-
rier plane of a 4-f setup. The surface structure for the Fourier filter can be calculated by
Fourier transforming the desired impulse response function of the system. Thereby, the
system can be designed to probe a specific type of surface displacement. The second
part of the project deals with development of optical flow sensor systems. Firstly, a new
beam splitter system based on two linear gratings has been devised. The beam splitter is
intended for use in laser Doppler anemometry systems, where the fringe spacing in the
measurement volume is directly proportional to the wavelength of the light source. This
is compensated by the beam splitter system by letting the closing angle of the two probe
beams be wavelength dependent. Secondly, a new laser time-of-flight sensor has been
developed. The sensor is intended for in-situ calibration of other types of flow sensors,
which are permanently installed in large flow installations. The system is designed so
that the transmitter and receiver functions are implemented in a single HOE plane. This
makes the LTV sensor self-aligning and robust. The multi-functional HOE is addition-
ally designed so that the LTV sensor to a first degree is wavelength independent. All the
diffractive structures are implemented as surface relief structures in photoresist. These
structures have the advantage that they can be replicated using for instance injection
moulding. Thereby one can mass-produce the structures at low cost, which makes it pos-
sible to manufacture a cheap optical sensor.
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