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Abstract

This thesis addresses the problem of chemical vapor detection by using an integrated optical
holographic interferometer for precisiontérrogation of a chemical transducer. A monoliitsm
interferometer, incorporating dy-ockedi ocophol egmpphnc
scheme, achieves high sensitivity at high speed while mitigating the deleterious effects of
environmental noise and reducing costs associated with the replacement of expendable and poisonable
transducer-lockedl admpo fAisapifdl y alternates vapor sampl
and test sample, enabling synchronous detection and prediffierential measurements.

The prism geometry is designed to minimize interferometer sensitivity to laser wavelength
variations. To mitigate other sources of optical and electronic noise, the relatiee j@tagen the
beams is modulated, mixing the ldrequency signal to a sideband4ff kHz, using a piezoelectric
driven grating modulator. The prism system exhibitdisplacement sensitivity 0180 fm/Hz*?, a
signal-to-noise ratio of unity ira 1 Hz bandwidth Displacement sensitivity translates irsobstance
sensitivity depending on the transducer materials. One benchmark usés\poW (pyrrolidone) as an
ethanol sensor, with whicke achieve 8 0 | i mi t of d eppne(partd permillion)i®@®d) of 6
5s measurement timer 1.8 ppm/HZ"2.

A secand portablechemicalvapor sensor syam is presented It is designed for spatially
independent signal processing of a linear array in a ponpaltidength-balanced prism interferometer.
A volume-hologramstabilized 66m laser enables portability brequires furthesupport in the form
of a thermoelectriecooling system. While king nearlyan order ofmagnitudeof sensitivity,
attributablealmost entirely to the linewidth stability, this prototype successfully demonstragesotife
of concepfor various feature additions.

In addition to system detajlshis thesisexaminesvarious noise sources and the solutions

implemented to mitigatéhe noisecontributions. Supporting equipmentncluding the gas valve,



detection electronics, modulator components, and other desigespresented where relevant.
Presentations of several of the hurdteslving vapor delivery and concentration verétionare also
presented Finally, a few general conceptsecessaryfor an intimate understanding of the signal
detection methodologsire discussed A summary of estimated noise sources is also gfediowed

by a performance comparisongeveral otbr transductiofbasedechnologies.
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Chapter 1  Introduction

Tracequantities of airborne analyteiscluding weaponized agents, explosives constituents,
and solventsare of substantial concern pablic healthsafety, and national security. The problem of
detecting and identifying potentially harmful vapors in a field environment holds many challenges
regardless of the technology used. It is an understnt to say that the stadéthe art hazardous
vapor sensors are woefully short of providing adequate detection in maiwordgiscenarios. Many
technologies currently implemented for this task are severely limited by dynamic range,
discrimination, aalysis time, or costs associated with fabrication, maintenance, and disposable
component replacement.

This work presents a miniature holographic interferometer thaicadly interrogates
chemically sensitive polymex in a parallel array for traggas déection and discriminative
identification. Though precision interferometry can offer good vapor sensitivity, precision is hampered
by several factors in a system designed for field use. Factors including particulates, temperature, and
interfering vaporsincluding watereven in trace quantities, can mask analytes and degrade system
performance and decision certainty. In particular, vapor concentration tends to change slowly over
time scales where interferometry can be plagued by technical noise souroemitigate these
problems we employ a double modulation scheme where the first is -&elguency periodic
comparative sampling between the test gas and a reference gas such as Nitrogen. The second
modulation acts to mix the response signal awasnfiLf noise while effectively amplifying the signal
through heterodyne mixing with a kHz reference oscillafbine systenis integrated into a compact
design for robust, sensitive detectioand minimizationof costs associated with spent detector
elements.

The need for trace gas detection has existed for centuries and was typically delegated to
animals, most notably the highly adag&acanine and the single use CO/Cstnsor the Serinus
canaria. Use of animals is less desirable as currently they requir¢astilas upkeep, often expensive
training, and are prone to rapid fatigue and expiration in harsh conditions. Two research cornerstones

have set the basis for the system being preseatedngothers. In 1961R. W. Moncrieff established



the first cornersone by developing a nose wherein an artificial olfactory epithelium, or olfactory
membrane, of YC, activated carbon, or siliezbated a thermistor for chemical to electric
transduction. This detection process, established to be primarily one of pradscaption and
therefore easily reversible and repeatable, took one of the first steps towards the desired tireless,
robust, efficient, and highly adaptable artificial nose. Twenty yearsDatéd and Persaud reported

their theory that odorants can taemtified through use of several broatiyed receptor cells, or
transducersin lieu of highly specified transducerand verified their theory using semiconductor
transducers in an electronic nose. Their work established the second cornerstone,gen faradi
olfaction detection and discrimination using an array of transducers with varying chemical sensitivity
and selectivity.

Arrayed transducers in AArtificial,sulhased s
mass and optical spectroscopyth their ability to handle complex odors, possibly consisting of many
separate chemical species. Artificial noses utilize a collection of substaelemtive materials that
transform a substance signal into a physical one such as mass, resistance, vaptita| oefractive
index. Finding and synthesizing transducer materials that are both sensitive to and selective of the
substances of interest is of course crucial. Tremengsesrch haalreadybeen conducted on aspects
of chemical and biological emggeringthat arenecessary forréhanced chemical transducers use in
various broad and specific applications. However, as each of these transducers relies on some
adsorption interactigna material index shift must occur as the material itself, even ihyaiqal
adsorption process, is modified in the interaction. As any material is optically transparent if made thin
enough, any transducer material is therefore a viable component to our system. The challenge of
interest here is devising a means to ingate the transducers with high sensitivity and high speed
while also keeping expendable transducer costs to a minimum.

The focus of this thesis is to present such a system capable of interrogating a given transducer
with a good balance of speed and sevigitiwhile keeping expendable costs to a minimum. We will
begin by discussing our implementation of interferometry, long accepted as fundamental tool for
precision measurement. We will describe various design compomneeitgling the interferometer

itsdf, the phase modulator, and the photorefractive BaTiO3 around which the system is constructed. A

e n s



brief discussion on transducer interrogation will motivate further discussion of various design features
and how they contribute to system performance. iDeta sensitivity enhancement will then be
presentedin chapter 3along with experimental performance and anparison to an analytical
fieldvector formalism modelWe will then go into further detail asystem size and cost reduction in
chapter 4, limithg noise sources in chapter 5, and wrap up with detailanatyte deliveryand
transducer fabricatiom chapter 6 Throughout these chaptelements of the final system design are
presentedvhere they logically follow from the present discussions.

Thefirst two appendices cover some of the finer nuances associated with detection limits both
fundamental and when detecting a chemic@hese are not critical to understanding the material
presented, though they help clear up some common misunderstamdireyscomers in the artificial
olfaction community. Appendix C contains #able of the various noise sources with their relative
contributions, measured where possible and calculated otherwise, effectively summarizing Chapter 5.

Finally, Appendix D preses an overview comparison of various transducer basethologies for

vapor detection and attempts to address the quest



Chapter 2 532nm Prism System V3

2.1 Introduction

We introducethe basic reference system, the third evolution in a line of 4 frésed
interferometersdesigned to reduce the contribution of lasequency noise and environmental noise.
At t he sy sacempacs(2ct prisrebased holographic interferometesed to interrogate
transducers sensitive tolatile organic chemicals. The system optically probes a chemical transducer,
using interferometry to convert the phase infdiorato an amplitude signal, which is then detected
and measured through electronic means.

The prismés small size and monolithic constru
sources, including temperature and vibration, while making the sysienst for field deployment.
Phase modulation and beamsplitting are accomplished with a single diffraction grating sucé that th
interferometry is containeith a nearly monolithic structure. We use a photorefractive BaTiO3 crystal
for dynamic holographyenabling singldringe interferometric detection and phabét adaptation.
Phase adaptation is advantageous in two ways; it filters slow thermal, and mechanical, drift from the
interferometer signal while adapting to topographical-noifiormities in he chemical transducer
enabling rapid replacement of lesost, masgproduced transducers.

In the following sections we begin with an overview of the prism interferonaatdrits
components We then diescksbsoohe@, fians $chemdinwhichthe det ec
analyte gas is compared to a reference for low concentration and comparative detection. Finally, we

conclude after touching on a few key experimental points for optimizing performance.

2.2 Interferometer Design
The major features dhe optical nose are shownfigure 2-1. The interferometer sensitivity to
environmental noise sources is minimized by using a nearly mdnadiiéisign. Beamsplitting and

modulation occur at a pieariven diffraction grating after which one beam picks up phase



information from the chemical transducer. In this section we focus on the interferometry and how each

component of the interferometer is designed to reduce noise.

Analyte gas
I Reference gas

| hiS) 8 %

Figure 2-1: (A) A schematic of the optical noise system showing the geometry of the prism
interferometer A diffraction grating (DG) acts as a beam splitter while its transverse modulation
phase modulates the diffracted beam. Tdlgrper transducer converéschemicalvaporto an optical
phase shift, through totaiternal reflection(TIR), after which the signakxperience phaseto-
amplitude conversion in the BaTiO3 photorefractawed is detected by PIN photodiode¢B) A
picture of the actual prism interferometer, total volume of the prism is undet.2 cm

2.2.1 Holographic Interferometer

Dynamic holographic interferometry is particularly useful when optical wave fronts are poor
and time scales allow a holographic medium to automigticampensate for interferometer drifts.
Such drifts may include thermal expansion, structural or transducer fatigue, aging, and drift due to
chemical uptaker the presence afbackgroundnterferant A photorefractive crystal, used as a beam
recombine in a Mach Zehnder interferometeriligstratedin figure 2-2, is capable of performing the
operation of pathength stabilizationand single fringe phaseto-amplitude conversion without

additional serg equipment.



Figure 2-2: A Mach-Zehnderinterferometer usingA) beamsplitter and (B) a photorefractive as the
recombination elements. While the beamsplitter will recombine such that any ydu@eiors

between the beams dictates the brightness or darkness of the two output beams, the photorefractive
applies gain to one beam such that a single bright and dark fringe are observed at the two output

beams.

Two-beam couplingin diffusion-dominated mediajncluding Barium Titanate produces
nominal dark and bright outputs when used as the recombining element in aZ&taater
interferometer. Typical response times are on the ordéractfions of a second to marsgconds
wavelengths in the range of 532 nan780 nm In practice measurements of small signals are easily
obscured byarious sources of noise, which is especially problematic wkinigfringe detection. In
ref [10] we introduce a modulation scheme to improve #ignatto-noise ratio, though an
interferometer design that is resilient to external noise sources would further aid senshivitlyis
end we present the prism interferometer described in se2t®8 after we present hcomponents

that will enable said interferometer to function.

2.2.2 Grating Splitter/Modulator

A grating phase modulator is used to simultaneously perfwvmntasks. It acts as a
beamsplitter and as a phase modulator which provides the reference modidatisignal
enhancement and enables a weak-fi@guency calibration signal to evaluate the system sensitivity.
Additionally, interferometer integrity is maintained within the bulk prism using index matching fluid at
the gratingprism interface. Containirg the interferometer within the prism helge reduce
environmental intedrence includingfluctuations in air pressurand temperature Modulation is

achieved by applying a shedisplacement modulation along thg ¥ector of the diffraction grating,



shown infigure 2-3, the F'diffracted ordersre phase modulatguoportionate to the amplitude of the

displacement modulation.

Figure 2-3: K-space diffaction picture of an incident beam reflecting and diffracting off of a grating.
The-1st diffraction order is close td @ minimize angular dispersion with wavelength.

In principle, the reflectedbeam sees no phase shift while the diffracted orders gdase
shift proportionate to therder of diffraction. Regardless of theptical wavelength and pitch of the
grating, theamplitude of the gratinghase modulation directly translatesoptical phase For Piezo
actudion we use a 2mm cube PICMA pieetectrictransduce(PZT). Often a preload is applied to a
PZT to reduce hysteresis and allow thauator to push as well as pull. To this end we designed
small stainlessteel flexure into which the piezo is snugly pressed. This flexure preloagsetn
holds the diffractive grating in line with the piezo, and holds the linear actuated assembly parallel to
the surface over which the grating needs to transkigure2-4 shows a rendering of the flexutteat
was machined out of 304 stainless. Later versions, not used in this system, were fabricated using wire
electradischarge machining which yields superior tolerances 0010 0 ) and shorter

times than graduatgtudent machining.



Figure2-4: The piezo flexure designed to hold a 2mm cube piezo. The slot for the piezo has recessed
material to prevenglectricalshorting of theelectrodes through contact with the stainless steel flexure
The view in the right shows how the flexure can be mounted onto a surface such that the piezo will
push/pull parallel to the mounting surfac8ll units are in millimeters.

In summary, there arewvo parameters of the grating that are important to its aeing
beamsplitteand phase modulatofThe first is that the ratio between the reflected and diffracted beam
amplitudes is dependant on the phase depth of the grating and the incidence angle. The incidence
angle is controlled in the prism desjgwhile the grating depth is wavelengthdependanparameter
we have little to no control over, other than buying a different grating. Second, the optical phase shift
is derived directly from the grating phase shift regardless of pitch. Therefore, smallacetispht
amplitudes are necessary for higher pitch gratings to achieve the same phase modulation, though any

vibration noise will have a proportionately larger contribution.

2.2.3 Prism Design

The prisminterferometer design is not only small but robust tockhenvironmental
interference, and other common difficultieacountered byield devices. Figure 2-1 schematically
shows theprism interferometer, which has a volume of approximately*2claser beam incidert
Br ewst er 0s byadiftadion igratingsatp & sighal and reference beam. The transducer is
deposited on a glass slide, which is mednto the prism witlindexmatching fluid. After one beam
interrogates the transducer, bdtbams intersécard write a dynamic grating in Barium Titanate
(BaTiO3) crystal mounted directly on the prisnmPrecision odor detection is acoplished using the

difference between the two output beams



2.2.4 Prism Dispersion Minimization

Dispersion is a common probleémprecision optical systems as many components, especially
the diffraction grating and the photorefractive Bragg grating, are sensitive to waveldBgims
diffracted from the beamsplitter experienae angle fluctuation corresponding to any wavelength
fluctuation which for nonuniform phase frontscause swelling/shifting of the interference pattém
the photorefractive. Furthermore, since the photorefractive BaTiO3aaasphassensitive beam
recombiney it is also a frequencgensitive recombier, where the degree of wavelength sensitivity

scales with pathength mismatch To reduce the affect of dispersion in the photorefractive the relative

phasef :| f- 2|l between the beams should be independent of wavelength.

df
a/ (2.1)

This is commonly achievedith a balanceé-pathinterferometef1], implementin the present system
to within 0.1mm.

Figure 2-5 illustratesthe source of dispersion based coupling fluctuations. As wavelength
changes the grating wave vectodlwither expandand contract or shift. Anghange in Bgnment
between the opticahterferencepattern and the photorefractiredex gratingwill cause a change in
coupling conditions and be seen as an amplitude fluctuation. Therefoye fluctuations in
wavelength will cause amplitude fluctuais in the detected beams limiting the srsadhal sensitivity

of the system.
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Figure2-5: (A) Two beams interfere such that @i§ference in wavevectors foragrating wavevector
in the photorefractivand (B) the corresponddpace representation of this interaction

The effective displacement/’x, or path length fluctuation in one beais,found from the
phase shift in the interference pattern, whigprbportionate to the tative phase of the beams. The
phase dependence of the optical beams therefore directly translates to the phase dependence of the
grating with respect to the wavelength.

ax=00 =14 ¢ 22)
20 2pd /

There are two dominant dispersion terms to considEne lesser, and more obvious, is the linear
dispersion term that arises from the relative plsdsi between the two beams causedalshange in

wavelength.

%: Q%Singeq%c @er) P18%(O x) (2.3)

Where n is the refractive index of the medium, the-bgam coupling angle;gc is roughly 8 Dris

the optical patdength difference, and x is the spatial distance from the center of thée@m

couplinginterference pattern.
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The second, and stronger, of the dominant terms arises from the diffraction angle off of the
beamsplitter. As the wavelength shifts the angle tilts and, in the limit of small tilt, this is seen as an

angle change of one armtimetwo-beam coupling

[V &Grgc 0 2p . A
T Sae— Dmg( mx} 29-18(6 x) (24)

where Ly =416nm is thepitch of the diffraction grating, and,is the nf' order diffraction angle
measured at the grating. Since both terms deper(d)onx) we simply sum their contribution for

the remainder.

If the path lengths ar balanced, the interference pattern swells and contracts abaut x=0
Otherwiseg it appears that the entire pattern shifts, though it is still swelling dboutx. This means
that this dispersion noise effect can be minimized bwggiatting over the entire beam, with a
sufficiently large photodiode, as long as the arms are perfectly balanced. Additionally, spatial non
uniformities in transmission of the beams, say from scatter or inhomogeneities, increase the effective
amplitude nase detected at the twmeam coupling output. Skipping to the punch line, farasonable
path length matclof Dr =0.Jnm and a linewidth of <1MHz, as reported for the Coherent Compass
315M, we get an effective displacement noise of 320fbonsidering that specification sheets often
give uppetimits, as does our estimate of the path length matching, it is reasonable to expect the noise
to be smaller than this.

There are effectively two points that are critical for the design of tisenpriThe first is that
while a 0" order diffracted (reflected) beam will remain essentially unchanged, a diffracted beim of n
order (not equal to zero) will experience beam deflection as a function of wavelength. Therefore,
when two beams {band °1%) recombine in the photorefractive, one beam tilting will change the
coupling conditions and the tilt will be seen as a small signal. The second point is that the interference
pattern, and over longer time scales the resulting photorefractive gratihgwweil/contract if path
lengths are matched. They will further experience a phase shift proportionate to any path length
mismatch, which will contribute more significantly to energy transfer between the ports, for short time
scale fluctuations. If therdguency noise spectra at the signal of interest is significant, this will

contribute to noise on the signal. While optical path balancing will mitigate the second point, the first
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is minimized in geometry, by choosing the diffraction angle similar toithigure 2-3 such that the

angle deflects as minimally as possible.

2.2.5 Brewster Coupling

Having designed the prism for balanceath interferometry the next step is to maximize
energy coupling. To teiend we use a Brewster window at the input of the prism. However, since we
measure both beams leaving the photorefractive crystal we need to optimize the energy coupling out of
the system. Since the (+) port is more normal to the surface than)tipert( we angle the
photorefractive, and the prism face to which it mounts, to Brewster couple) thert(since it is the
steeper, and weaker, of the two beams. In this way the (+) port suffers a 12% hit in power while the

minus port is faithfully transmitd.

2.2.6 Total Internal Reflections

In this design total internal reflections (TIR) serve two purposes. First, they act to guide the
beams from the beamsplitter/modulator to the photorefractive in lieu of mirrors. Second, the reflection
taking place at t polymer acts to convert chemical content information into optical phase through the
refractiveindex based Fresnphase shift inherent to TIR.

However, this same Fresnghase shift will occur where it is not intended if there are
pressure, temperairor other refractive index fluctuations at the glgas interface. To this end the
housing and the vapor delivery head are designed to shield and minimize errant vapor flows over the
nontransducetotakinternal reflection TIR) interfaces. Additiondy, while the polymer interrogating
TIR angle is close to the critical angle to maximize sensitivity, the other angles are made steeper to
minimize the fundamental sensitivity to refractive index perturbations. That is, the angles are as far
from criticd as possible without compromising the balanced path length requiremeathnumber of
reflections are also minimized to further reduce the contribution of index fluctuations in the
surrounding atmosphere. In later designs, any-traorsducer interrogaity TIR is shielded from

external index fluctuations with a reflective silver coating, whighradected by a SiO2 coating.
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2.2.7 Additional Geometry

There are two final geometric constraints to the design of the prism. The first is that the
photorefractivecrystal should be as far from the polymer transducer as possible, preferably on the
opposite side of the prism. The reasoning for this is that the crystal acts as a phase sensitive
recombiner and so any perturbasoraused by vapor exposure will affecupling if they affect the
photorefractive in a significant way. Adedinally, the photorefractive BaTiO3 is both relatively
expensive and brittj@varranting its isolation from potential harm.

The second geometric requirement is for an odd numbetalfreflections. This allows for
rotation and translation of the prism to enable a beam alignment compensation for any manufacturing
tolerances. |If there were an even number of reflections the beam recombination would be more
difficult to adjust to theenter of the photorefractive to achieve optimal coupling. Additionally, an odd
numbe of reflections minimizes theffects of incident angular instability into the prism since a tilt in
the incident beam results in the center of the beam overlap tmgslkatthogonally to the
photorefractive grating wavevector, rather than along it. This, similar to the dispersion effects, will be
seen as an interference pattern that is swelling/contracting about the center rather than translating,

thereby decreasing sxciated amplitude coupling noise.

2.2.8 Assembly

The grating modulator flexure, and other permanent mounting components are attached to the
prism surface using a Norland UV cured adhesive. This enables alignment of components before
curing. The transducstide, photorefractive crystal, and diffraction grating are all optically coupled to
the surface of the BK7 prism using a Cargille Laboratories series A, index matching fluid (n=1.52).
The capillary force exerted by a micro liter of fluid provides they adhesion force holding the
photorefractive crystal arttansducer slide to the prism. The prism itself is located-pgii® contact
to a base plate and adheredht®esame base plate using a combination of UV adhesiva gederic 5

minuteepoxy.
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2.3 Chemical to optical signal transduction

2.3.1 Layer Sensitivity

Having established the interferometry, we need a means of signal transduction. More
specifically, we need a way to convert the chemical content being sampled to an optical phase.
Polymersorgion kinetics have been widely studied though the details of exactly how and why certain
polymers are selective to certain analytes and not others is beyond the scope of this work. We are
primarily concerned that our transducers act as a good little blexés that, when exposed to a
chemical, will, through refractive index or dimension variation, alter the phase of a beam interacting
with said transducer.

Chemicalto-optical phase transduction requires a means of interfacing the light with the
transdeer, such that a phase change can occur. There are a variety of transduction methods to choose
from. Propagation through a waveguide made of the transducer dependsjoality and uniformity
of thetransducers. Any damage to a waneding polymer cald greatly affect the guiding conditions
making the sensors very fragile and short lived. Multiple bounces or passes through a polymer, and
possibly a gas, would improve phase response. However, any pass through vapor also subjects the
beam to noises agciated with air pressure and concentration inhomogeneity. Therefore, a means of
signal transduction that involves minimal interaction with the vapor is preferred.

The use of TIR shields the laser from exposure to the vapor flow and any associated inde
fluctuations. The phase uniformity of the reflection off of the surface will be comparable to the surface
quality of the polymer, which is potentially very non uniform. However, the photorefractive can
naturally adapt to any surface contour, thus palfforming singldringe interference, even though
surface features from one polymer to another may vary. In this way we save on the cost of making
optically flat polymes to within a thousandth or lessf a wavelength. TIR also improves
transductiorphase gain as it takes advantage of the Frgame$e argument on TIR, which is more

sensitive to surface index than optical path length. The mechanism for the increased sensitivity arises
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from the phase slope around the critical angle {+42a glass:aiiinterface) infigure 2-6 and the

change in the critical angle for small index changes.
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Figure 2-6. Calculated phase shift fdotal internal reflection(TIR) associated with the angle of
reflection. The beam is oriented TM or transverse magnetic. A change in the refractive index at TIR
results in the critical angle at ~%® shift left or right, which in turn changes the reflected phase for a
fixed ande reflection.

For TIR to occur the internal reflection must be at an angle greater than the critical angle.
g. = arcsirgeney (2.5)
C Mint

TIR at a BKZair interface with a 532nm index of 1.51:1, will have a critical angle of abouf.41.5

However, one might expect that since the refractive index of the transducer will rarely be equal to that

of the bulk material (BK7 in this case) the critical angle will change resulting in external coupling. To
alleviate this concern we use Snell 6s | aw to shov
the surface index changes, which we approximate a slab of material placed over a fandsting

TIR interface, the beam refracts to maintain TIR.

g; = arcsingen0 sin(q(% (2.6)
c f
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The final internal incident angle; is adjusted by the index of the slaly and the initial internal

incident angley,. We plot the final agle for a set of initial angles ifiigure 2-7 showing that as long

as the beam satisfied TIR in the prism, before the surface index changed, it will continue to do so

regardless of the material indeWe also show this graphically usingspace in .
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Figure2-7: The critical angle and the TIR angles depend on the refractive index of a perfectly flat layer
of index n deposited on a TIR interface originaketup for BK7air at 48 and 42. Under these

initial conditions, depositing a reasonable (n=1.3..1.5) transducer on the surface should yield a viable
transduction scheme without readjusting the incident angle every time a transducer material is
changed.
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Figure 2-8: K-space depictions showing that, as long as the incident beam is within the critical angle
for TIR, changing the refractive index at the surface, uniformly, will not result in a loss dfeEse
the beam will refract and still TIR within the polymer.
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Before proceeding further a detour is necessary to give a foundation upon which we can base
analysis of the sensitivity of the TIR angle. Since slabs of vapor will not be placed up®hRthe
interface we must work up an approximate model of what does occur at the interface. To this end we
examine the case of a monolayer, and an incomplete monolayer, of ethanol bound to the surface.
Afterwards, we will finish analyzing the sensitivity legison the TIR interface establishing the last bit

of foundation necessary to discuss a basic optical noise system.

2.3.2 Ethanol Molecular Size

To aid in the determination of the theoretical detection limits we need a model of how a
detection event occursWe know that in some manner an analyte, say ethanol, is adsorbed onto the
polymer. The actual mechanism is unimportant as long as, in the small concentration approximation, it
can be represented as a layer on the surface causing a change in path tHogttefaactive index.

We construct a model based on path length and index change for light that TIRs off of a surface where
adsorption events occur. Our model is based purely on the size and the refractive index of a condensed
(liquid) analyte. We usethanol as a baseline since it is a relatively safe volatile organic chemical
(VOC) to handle and there are a variety of polymers exhibiting varying sensitivities to it.

We approximate Ethanol §8s0H) as an ellipsoid with a major and minor axis dictaby
the longest and shortest dimension of the molecule. Q. Wei&trabfeled ethanol, using Chem3D,
from which they concluded a minimum diameter of 420pm while the largest diameter is estimated at
610pm. As an upper estimate we will use 610pm aseffective diameter of ethanol for our

calculations. It is unknown how accurate this madetthough the dimensions correspond to the
reported atomic density of liquid ethang| =1.03 @02 molecules/pm[3]. Regardless, we only need

an aproximation to estimate the thickness of a monolayer.

2.3.3 Concentration

Having established an approximate molecular size the next step is to determine a means of

estimating the phase response to the adsorbed layer. For this we need the surface conaémttatio
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will be proportionate to the vapaoncentration and the affinity, or stickines$the surface. Using

the vapor pressure we can determine the rates of evaporation and condensation under ideal equilibrium
conditions. However, rather than a simpbndensate we have a surface with a certain affinity for the
analyte in question and an airborne concentration well below the equilibrium vapor pressure.

Since a steady state enclosed system is not a reasonable approximation, the airborne
concentrationas far as the transducer is concerned, will hardly be affected by sorption/desorption
since it is constantly being replackgl continuous sampling Furthermore, since we modulate the
vapor concentration between that of a pure carrier, and that of d Bxeml concentration,
sorption/desorption events take place over half the modulation period. We modulate around 5 Hz
making the period for sorption/desorption around 0.1 second each.

In order to optimize and characterize the response of a system,usimgnpolymers with
varying sensitivities, the mechanisms for sorption must be understood. There are various models
relying on different interaction parameters to classify the binding affinjdés6] Regardless of the
mechanisms in play, in the limof small analyte concentrationse modelthe sorption of a gas by the
formation of a single or fractional monolayepnsisting of patchy coverage with an area of coverage
proportionate to the airborne and surface concentratidiowever, the specific t@s and sorption
coefficients are difficult to determine experimentall§. [ Therefore, we acknowledge thasgknown
conditiors (sorption rates and affinitieahd simplify the problem by saying that the concentration on

the surface is in some way proponate to the airborne concentrat(@; ! Ca) .

To estimate the coverage atite optical response we first revidihve base principle upon
which the optical nosebdbs novelty filter tetects |
polymer (array) interacts with a reference beam in the photorefraatitheg a phaseadaptive grating
which gives rise to amplitude fluctuations that spatially correlate to phase fluctuations in the beam.
This means that if a portion of the optideam were to experience a phase shift, the same spatial
portion of the beam would alter its state of coupling through the photorefractive such that an intensity
fluctuation would be observed in the same spatial region of the b8ame m imaging takeplace
between the polymer and thghotodiodes(the photorefractive is roughly at the focus of the

interrogating beam, and the distance between the polymer and diode is well within a hundredth of the
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Raleighrange) thephase, and therefore intensitypsstalk between spatial regions of the beam would

be minimal(minimal diffractive effects)as described ia bitmore detail in sectiod.3.

2.3.4 Molecular Monolayer Estimate

Since the photorefractive causes local phase shifts tadbected as local amplitude
fluctuations, the detection of a single polymer 0:
photodiode means that such a response would be indistinguishable from a weaker uniform phase shift
over the entire detéed beam. We also assume that said patches afisnblayer analyte were large
enough to see spatial fluctuations in phase and ignore difficulties associated witavalength sized
interactions, which is admittedly one of the weakest points of th& &irder approximation.
Therefore, with this list of assumptions, the novelty filteg] [effectively gives an intensity response
proportionate to the percent coverage. This analysis only works for our optical meangajatitar
and photorefractivphase processing, and few to no other nose systems, since we use a
photorefractivedynamic hologram to spatially process the phase shifts. This also means that removing
the photorefractive would likely negate this approxintatas many of our assumptions would no
longer be applicable.

With the above assumptionbgtanalyte concentration at the surface, or the surface coverage,
determines theffectiverefractive index at the surfacassuming we average over the surfaBether
than delve into the sorption/desorption kinetics we will look simply at the end result; a certain
concentration of molecules will be adsorbed onto the surface, through steady state exposure to a test
vapor, thereby changing the surface refractivendlée approxinate the surface concentration with
the number of adsorbed moleculgof diameter dover area A, from which we arrive at the average

refractive index at the surface.
MmNy + N, Oé N,d? 8 \
STTNLAN 22 B A
a p g -

2.7)

Where N, = A/ d? is total number of bindingites of the polymermssuming M<N,, and {n, ny} are

the refractive indies of the {analyte, polymer} respectively. The monolayer ddpththe long axis
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length of the ethanol molecule, estimated earldfe use the long axis as this will yield the largest
optical path length change to ensure we do not underestimate tbed ppth contribution to the phase
shift. The change in index is then calculated based on the surface concentration of the analyte.
N_{n,- 2

Dn =i+N:a) bn, rg)% (2.8)
This equation is useful to estimate the sensitivity limit based on surface concer@aiiN,, as
long as a means of determining surface concentration from airborne concenisitigrsorption
affinities can be found. Conversely, given a known chemical LOD and the associated refractive index
change, the surface concentration can be estimated based on the measured airborne concentration.
From this, a relation between surface and aite@oncentration can be estimated.

When calculating the phase shift associated with a thin layer deposited at the TIR boundary
one might think that the optical path added by that layer would be significant. To illustrate the
negligibility compared tohte phase shift, for a given fractional monolayer, we expand on the simple
model above to find the patangth change. If, at the transducer TIR surface, we deposit a monolayer
of the analyte, we estimate a phase shift corresponding to twice the opticalepgth in the

monolayer.

Nad 20 29)

fop =2 cos(q) /

The variabled is the effective dimeter of the analyte molecule (610pm), apds the internal beam
angle. If we now assume an incomplete monolayer, the phase angle is reduced proportionately by the

percentage of area covered.

n,N, d®2p
fop =222 ——"1 2.10
OoP COS(Q) A/ ( )

where A is the interrogated area angs\the number of analyte molecules in said region. Thi tif
a monolayer is then achieved foM/d?.
For completeness we include the change in incidence angle arising from the change in surface

index.
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Where the initial TIR angle is given by,z. We now calculate the optical phase shiff, due to
optical path length. \&then compare this phase shift to the phase shift associated with the refractive

index changeDn at the TIR interface. However, the phase shift due to the opticalfpgthfor a

fractional monolayer, isearly 3 orders of magnitude smaller than the phase shift arising from the
Fresnel equations at the TIR interface. This indicates that bulk diffusion is insignificant to the small
signal detection limit other than a potential accumulated drift source. cdimparison is shown
graphically infigure 2-9, after we discuss the TIR phase sensitivity.

It may appear that this section discussed bulk sensitivity rather than surface sensitivity. For
the case of masuring the phase difference using just the change in optical path this is true, there is
effectively no distinction. For small concentrations (ppm) there will be little to no difference between
this simplified partial monolayer model at the surface, tiedabsorption of an identical number of
analytes into the bulk of the polymer. However, this analysis was indeed of a surface effect since if the
analyte were absorbed into the polymer bulk, the Fresnel phase shift (to be discussed shortly) would
only occur while the analyte molecules exist in transition at the surface. Once they diffuse deeper into
the polymer the Fresnel phase shift would be lost since it is the index at the TIR interface that gives

rise to the nearly threardersof-magnitude more ssitive Fresnel mechanism.

2.3.5 Molecular Multilayer Estimate

One issue with the previous section is that sorption may also take the form of a molecular
multilayer at the surfaceThis effectively comes down to #hdifference between using tharigmuir
isotherm which assumes the limit of a monolayer, and the B&herm which is based on the
Langmuir but assumes no such limit to uptaje [Sincethe BET model is based on tharngmuir
model, in the small vapor pressure approximation Rg#ie two scale @arly identically. For the

particulars the reader is referred & [
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To explain thisseemingly circular argumergimplistically, we look at a basic case for
sorption on a surface at low airborne concentrations. The nialeqtake wuld be governed by the
affinity between analyte molecules compared to the affinity between said molecule and the transducer
surface. If the affinity between molecules is Jmsmpared to the affinity for the transducer surface
this effect isnegligible The condition under which the potential formation of a fractional multilayer is
significant compared to the fractional monolay@gcurs when the ratiof affinities (molecule
molecule vs molecuipolymer)approacheshe inverse ratio in stace coverage~(L/ppm). Sincethe
probability of an analyte molecule hitting a sorbed analyte molésslay ¢ 1 i n aofmi I I i on
hitting the bare surfacéhe contribution to detection by the formation of a fractional multilafeer
ppm airbone concentrationss negligible.

We examindwo extremecircumstances undevhich the ratio of affinities would approach a
million, such that thdractional multilayer formation would rival that of the fractional monolayer
First, the heat of vapordtion is so high that the analyteaisything butvolatile whenin liquid form. If
such heat were liberated upoondensationit would likely cause théi ¢ | uahanalyte molecule®
be liberated from the transducer surface since the hetgsofptionwas so much lowerWhile this
rapid adsorption/desorption might yield a larger signal than the single sorption event, the probability of
such an everaccurringwould be proportional again to the surface coverage and it would decrease the
actual concenéttion on the surface.

Second, the affinity for the transducer is so low that the analyte will likely not stay on the
transducer long enough for a second analyte to attachrtedning a poor transducer was selection
was made for the analyte of intere&ranted, the above assumes ppwrels, but the purpose of the

following sections ito determine limit of detection, hence ppm and lower concentrations.

2.3.6 TIR Phase Sensitivity

Having examinedhe optical phase shift arising from an increased optiatl m the surface
adsorbed monolayer, this section looks at the phase shift due solely to the refractive index change at
TIR. Again, this section relies on the assumption made in se@i@i3and2.3.4 primarily noting

that the photorefractive allows for spatially dependant phase fluctuations to give rise to amplitude
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fluctuations in the same spatial region. The total detected intensity fluctuatiqmepoetional tathe
percentage of coveragand we therefore approximate the response as a unénawtive index and
therefore opticaphase responsethe magnitudeof which scales with the fractional coverage.
Borrowing the Fresnel equation for TM reflectifats],

coSgg - N[ 112 SIF G (212)

CoSgrig + ns\/l - sif gr |

&
E

we calculate the phase delay based on the refractive iadéixe surface of the polymeg(nn

comparison to air gx1).
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Using just the TIR phase shift we find the effective displacement and its dependence on an index
changeDn, which is associated with a monolayer or a fractional monolayer as per eq@atjon

ax=[ 4y (ng+Dn)- i (n,) 1(532nm/2 (2.19
We plot the resulting displacementfigure 2-9, from which we see that the sensitivity to the Fresnel

phase shift is nearly 3 orders of magnitude over that of the propagation through the monolayer.
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Figure 2-9: The effective displacement (for 532nm) from the Fresnel equations (top line) and the
averaged optical path length (OPL) of a partial monolayer (bottom line) given an dtichragd
index-perturbation Dn for TIR glass:air interface at 45 The S/N=1 LOD of 180fm (2.1urad) is

equivalent to a TIR phage-index sensitivity 0f2.4C10" RIU (refractive index units) and an optical

path length to index sensitivity &9¢C10° RIU .

Fromhere we work backwards to estimate, to first order, the surface concentration necessary
to yield our achieved displacement LOD of 180fm, defined by a unity S/N. The index at the TIR

surface is expressed asm,-Dn which, using equation®.7) and(2.8), expands to

Oé ,d° 0
ng ? N Bp +A n, (215

where N is the number of analyte particles adsorbed on the surface. The index Bhaaigine TIR
interface can then be found.

N,d?
A

Dn {n, n) (n njc (2.16)

For an index sensitivity oR.4C107 RIU (refractive indexunits) the effective surface concentration
Cis just over a ppm. The systemds ac'faireoine c hemi c:
concentration) corresponding to a sensitivity ®7(10° RIU, which in turn corresponds to a

theoretical surface concentration G&=4ppm. The loss in sensitivity is due to noise introduced by the
vapor sampling at the transducer, likely associated with temperature, pressure, and analyte fluctuations.

The values used for the various indices ofagtion are given in the table below.
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Material Refractive index (532nm)
BK7 1.51-1.52

Poly(N-vinyl pyrrolidone) 1.53

Cellulose Acetate Butyrate 1.475

Air 1.00003

Water 1.33

Ethanol 1.36

Table2-1: Refractive indices of important materials for the optical nose.

We have shown that the Fresnel phase shift at the TIR interface is the most sensitive
fundamental transduction mechanism in this system, for the detection of chemical interactions with a
transdicer. Again, the transduction gain is effectively limited by the physical response of the
transducer to the chemical being detected. Therefore, after attaining the most sensitive interferometer
possible, detection limits can only be improved upon by avipg the transducer response and
selectivity. Since the advent of transducer based nose systems, entire fields of study have been
developed for the purpose of optimizing transdu¢@yst7, 54, 59]. Therefore, we shall not delve

further into chemical transduction gain mechanisms leavingubidkt to the respective experts

2.4 Optical Nose System

Having established theterferometer all that remains is to integrate it into a system for the
detection of chemical vapors. This requires a means of exposing the transducer to the vapor sample
and of extracting a measurand from the system in the form of a voltage. This ggctidaces the
concept of a sniffock loop, a synchronous exposure and detection scheme for the detection and
discrimination of small content signals. It then concludes with a functional overview of the entire

sensor systerfollowed by a discussion of ¢hperformance

2.4.1 Sniff-Lock Loop

The last component in the chemitadoptical transduction system is the vapor valve. When

systems are running for long periods of time, or moved fooim environment to another, they may
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experience drift. The magnitudé a signal drift can severely limit the sensitivity to small signals as

their fluctuationsare easily swamped Mammals also have a similar drift offset as they adapt to
chemicals, but they can improve their sasadjnal sensitivity by sniffing, whereiihé test gas (inhaled
volume) is compared to a reference (exhaled volume). Similarly, we use a valve that actively switches
between the test and reference gas, or filtered test gas. The rapid switching enables comparison or
differential measurements thegeimproving sensing sensitivity and long term stability.

We mentioned that the sensitivity of the chemical detection was degraded compared to the
displacement detection, due to noise associated with vapor exposure. It was further noted that large
pressire fluctuations potentially dominated the noise of chemical detection, and so a solenoid switch,
which has a characteristic dead time, was a less than ideal valve. We developed a sinusoidal
modulation valve which takes two input vapors, a test and refereand sinusoidally mixes them
between two output ports. The flow through one of these ports is incident on the transducer and the
other is often used to verify the delivered concentration with an independent instrument.

Because the design of the valgnsures that the flow never stops, and also equally balances
the total impedance between the two output ports, the pressure noise sources are drastically decreased
all owing for the chemical LOD to get wincehi n a
Figure2-10 shows the basic cross section of the valve. A typical flow rate through a port in the valve

is 300ml/min and the valve is rotated at the signal frequency

Ref. Mixed Analyte

Ny OUT IN} Rotar

(A) (B)

Figure 2-10: (A) A cross section of the sinusoidal valve showing two input gasses and the mixed
output controlled by the position of the rotor. (B) A 3D rendering of the valve showing the rotor
mounted on the outeliameter of the drum at a%angle.
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2.4.2 The Optical Nose System

Having presented the chemidatoptical signal transduction, the photorefractive phtse
amplitude modulation conversion, and the prisiterferometer design we have the tools necessary t
discuss the system as a wholdigure 2-11 shows a function schematic in which thg port

experiences phase modulation from both the reference modulatiand the chemical signads , or

its simulated PZT displacemeat the same frequency. Because the photorefractive demodulates on a
peak/trough the strongest amplitude modulation present occurs at the second Hawgonithis
second Armonic can limit the dynamic range for detecting small sum/difference frequegciesy,

as it will rail the detector output if the gain is too large. To improve the dynamic range a 25dB notch
filter attenuates the second harmonidtsat the fundamentaly dominates, enabling a signal dynamic

range of over 55dB. The result is then twice demodulated, extracting the content information from the

sum/difference frequency, and the DC output is read by a datasgioguiboard (DAQ).

(”‘:S S==<«Reference gas |
(Laser) \ /=== « Analyte gas |
Valve pott |
BaTiO3 < I
\ Gain I
\ 1 + Port o> : DAQ
PN 1l
P Lock-in @coR]-> Lock-in @oos]

o, Signal || o, Reference f Refn ARefin

Figure2-11: System schematic depicting both modulation mechanisms that occur o poet @nd
the detection electronics used to extract the mixed sigpal k. A notch filter suppresses the

second harmonic of the reference modulation enabling a dynamic range of over 55dB.

We maximizethe detected S/Ny thechoice of modulation depth , which in turn impacts the

effective photorfactive twoebeam coupling gain. The optimum modulation depth may be determined

using a fieldvector formalism to analyze photorefractive-th@am coupling I0]. The experimental
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optimum S/N is achieved fook ¢ 0.1 @y, or 1/10" of a wavebngth, over which the noise rapidly

dominates small signal detection. The amplitude of the mixed signal scales as the product of the first

order Bessel functions operating on each of the modulation depths.

lsum ait~ 10J187t) J( Qcos (g W (217)
where }is the total intensity leaving the photorefractive. Therefore, while we gain some advantage
fromthephot orefractivebds ability to filter out sl ow

rather than the weaker quadratic, response to small signals. The optical nose system, minus supply and

demodulation electronics, is showrfigure 2-12.

Figure 2-12. Image of nose system including compass 315M laser (right), pump (bottom right),
interferometer (center), valve (left), and detector (top left).

2.43 Sensing Performance

The prism system exhibits an equivalent displacement sensitivity of about 180
thatds a S/ N of wunity in one second forThisa di spl

measurement is accomplishedngsa simulated 5 Hz weak signal added onto the reference signal



