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Abstract 

This thesis addresses the problem of chemical vapor detection by using an integrated optical-

holographic interferometer for precision interrogation of a chemical transducer.  A monolithic-prism 

interferometer, incorporating dynamic holography in conjunction with a ñsniff-locked-loopò sampling 

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 

transducers.  The ñsniff-locked-loopò rapidly alternates vapor sampling (at 5 Hz) between a reference 

and test sample, enabling synchronous detection and precision differential measurements. 

The prism geometry is designed to minimize interferometer sensitivity to laser wavelength 

variations. To mitigate other sources of optical and electronic noise, the relative phase between the 

beams is modulated, mixing the low-frequency signal to a sideband of 40 kHz, using a piezoelectric-

driven grating modulator. The prism system exhibits a displacement sensitivity of 180 fm/Hz1/2, a 

signal-to-noise ratio of unity in a 1 Hz bandwidth.  Displacement sensitivity translates into substance 

sensitivity depending on the transducer materials. One benchmark uses poly(N-vinyl pyrrolidone) as an 

ethanol sensor, with which we achieve a 3ů limit of detection (LOD) of 6 ppm (parts per million) in a 

5s measurement time, or 1.8 ppm/Hz1/2.   

A second portable chemical-vapor sensor system is presented.  It is designed for spatially 

independent signal processing of a linear array in a portable path-length-balanced prism interferometer.  

A volume-hologram-stabilized 660 nm laser enables portability but requires further support in the form 

of a thermoelectric-cooling system.  While losing nearly an order of magnitude of sensitivity, 

attributable almost entirely to the linewidth stability, this prototype successfully demonstrates the proof 

of concept for various feature additions.   

 In addition to system details, this thesis examines various noise sources and the solutions 

implemented to mitigate the noise contributions.  Supporting equipment, including the gas valve, 
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detection electronics, modulator components, and other designs, are presented where relevant.  

Presentations of several of the hurdles involving vapor delivery and concentration verification are also 

presented.  Finally, a few general concepts necessary for an intimate understanding of the signal 

detection methodology are discussed.  A summary of estimated noise sources is also given, followed 

by a performance comparison to several other transduction-based technologies.   
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Chapter 1 Introduction 

Trace quantities of airborne analytes, including weaponized agents, explosives constituents, 

and solvents, are of substantial concern to public health, safety, 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 understatement to say that the state-of-the art hazardous 

vapor sensors are woefully short of providing adequate detection in many real-world scenarios.  Many 

technologies currently implemented for this task are severely limited by dynamic range, 

discrimination, analysis time, or costs associated with fabrication, maintenance, and disposable 

component replacement.  

This work presents a miniature holographic interferometer that optically interrogates 

chemically sensitive polymers in a parallel array for trace-gas detection 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 vapors, including water even 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 sources.  To mitigate these 

problems we employ a double modulation scheme where the first is a low-frequency periodic 

comparative sampling between the test gas and a reference gas such as Nitrogen.  The second 

modulation acts to mix the response signal away from 1/f noise while effectively amplifying the signal 

through heterodyne mixing with a kHz reference oscillator.  The system is integrated into a compact 

design for robust, sensitive detection and minimization of 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 adaptable canine and the single use CO/CH4 sensor, the Serinus 

canaria. Use of animals is less desirable as currently they require substantial 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 presented, among others.  In 1961, R. W. Moncrieff established 
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the first cornerstone by developing a nose wherein an artificial olfactory epithelium, or olfactory 

membrane, of PVC, activated carbon, or silica-coated a thermistor for chemical to electric 

transduction.  This detection process, established to be primarily one of physical adsorption and 

therefore easily reversible and repeatable, took one of the first steps towards the desired tireless, 

robust, efficient, and highly adaptable artificial nose.  Twenty years later Dodd and Persaud reported 

their theory that odorants can be identified through use of several broadly-tuned receptor cells, or 

transducers, in lieu of highly specified transducers and verified their theory using semiconductor 

transducers in an electronic nose.  Their work established the second cornerstone, a paradigm for 

olfaction detection and discrimination using an array of transducers with varying chemical sensitivity 

and selectivity.   

Arrayed transducers in ñArtificial noseò sensors complement analytical techniques, such as 

mass and optical spectroscopy, with their ability to handle complex odors, possibly consisting of many 

separate chemical species. Artificial noses utilize a collection of substance-selective materials that 

transform a substance signal into a physical one such as mass, resistance, volume, or optical refractive 

index.  Finding and synthesizing transducer materials that are both sensitive to and selective of the 

substances of interest is of course crucial.  Tremendous research has already been conducted on aspects 

of chemical and biological engineering that are necessary for enhanced chemical transducers use in 

various broad and specific applications.  However, as each of these transducers relies on some 

adsorption interaction, a material index shift must occur as the material itself, even in a physical 

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 interrogate 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 sensitivity while 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 components, including the interferometer 

itself, the phase modulator, and the photorefractive BaTiO3 around which the system is constructed.  A 
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brief discussion on transducer interrogation will motivate further discussion of various design features 

and how they contribute to system performance.  Detail on sensitivity enhancement will then be 

presented in chapter 3 along with experimental performance and a comparison to an analytical 

fieldvector formalism model.  We will then go into further detail on system size and cost reduction in 

chapter 4, limiting noise sources in chapter 5, and wrap up with details on analyte delivery and 

transducer fabrication in chapter 6.  Throughout these chapter elements of the final system design are 

presented where they logically follow from the present discussions.  

The first two appendices cover some of the finer nuances associated with detection limits both 

fundamental and when detecting a chemical.  These are not critical to understanding the material 

presented, though they help clear up some common misunderstandings to newcomers in the artificial-

olfaction community.  Appendix C contains a table of the various noise sources with their relative 

contributions, measured where possible and calculated otherwise, effectively summarizing Chapter 5.  

Finally, Appendix D presents an overview comparison of various transducer based technologies for 

vapor detection and attempts to address the question of ñwhich technology is better?ò  
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Chapter 2 532nm Prism System V3 

2.1 Introduction 

We introduce the basic reference system, the third evolution in a line of 4 prism-based 

interferometers, designed to reduce the contribution of laser-frequency noise and environmental noise.  

At the systemôs core is a compact (2cm3) prism-based holographic interferometer used to interrogate 

transducers sensitive to volatile organic chemicals.  The system optically probes a chemical transducer, 

using interferometry to convert the phase information to an amplitude signal, which is then detected 

and measured through electronic means.   

The prismôs small size and monolithic construction reduces sensitivity to environmental noise 

sources, including temperature and vibration, while making the system robust for field deployment.  

Phase modulation and beamsplitting are accomplished with a single diffraction grating such that the 

interferometry is contained in a nearly monolithic structure.  We use a photorefractive BaTiO3 crystal 

for dynamic holography enabling single-fringe interferometric detection and phase-drift adaptation.  

Phase adaptation is advantageous in two ways; it filters slow thermal, and mechanical, drift from the 

interferometer signal while adapting to topographical non-uniformities in the chemical transducer 

enabling rapid replacement of low-cost, mass-produced transducers.   

In the following sections we begin with an overview of the prism interferometer and its 

components.  We then discuss the ñsniff-lock loopò, a synchronous detection scheme in which the 

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 of the optical nose are shown in figure 2-1.  The interferometer sensitivity to 

environmental noise sources is minimized by using a nearly monolithic design.  Beamsplitting and 

modulation occur at a piezo-driven diffraction grating after which one beam picks up phase 
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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.   

 

 

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.  The polymer transducer converts a chemical vapor to an optical 

phase shift, through total-internal reflection (TIR), after which the signal experiences phase-to-

amplitude conversion in the BaTiO3 photorefractive and is detected by PIN photodiodes.  (B) A 

picture of the actual prism interferometer, total volume of the prism is under 2 cm3. 

 

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 automatically compensate for interferometer drifts. 

Such drifts may include thermal expansion, structural or transducer fatigue, aging, and drift due to 

chemical uptake or the presence of a background interferant.  A photorefractive crystal, used as a beam 

recombiner in a Mach Zehnder interferometer as illustrated in figure 2-2, is capable of performing the 

operation of path-length stabilization and single fringe phase-to-amplitude conversion without 

additional servo equipment.   
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Figure 2-2: A Mach-Zehnder interferometer using (A) beamsplitter and (B) a photorefractive as the 

recombination elements.  While the beamsplitter will recombine such that any phase variations 

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 coupling in diffusion-dominated media, including Barium Titanate, produces 

nominal dark and bright outputs when used as the recombining element in a Mach-Zehnder 

interferometer.  Typical response times are on the order of fractions of a second to many seconds 

wavelengths in the range of 532 nm to 780 nm.  In practice, measurements of small signals are easily 

obscured by various sources of noise, which is especially problematic using dark-fringe detection.  In 

ref [10] we introduce a modulation scheme to improve the signal-to-noise ratio, though an 

interferometer design that is resilient to external noise sources would further aid sensitivity.  To this 

end we present the prism interferometer described in section 2.2.3, after we present the components 

that will enable said interferometer to function.   

 

2.2.2 Grating Splitter/Modulator 

A grating phase modulator is used to simultaneously perform two tasks.  It acts as a 

beamsplitter and as a phase modulator which provides the reference modulation for signal 

enhancement and enables a weak low-frequency calibration signal to evaluate the system sensitivity.  

Additionally, interferometer integrity is maintained within the bulk prism using index matching fluid at 

the grating-prism interface.  Containing the interferometer within the prism helps to reduce 

environmental interference including fluctuations in air pressure and temperature.  Modulation is 

achieved by applying a shear-displacement modulation along the Kd vector of the diffraction grating, 
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shown in figure 2-3, the 1st diffracted orders are phase modulated proportionate to the amplitude of the 

displacement modulation.   

 

Figure 2-3: K-space diffraction picture of an incident beam reflecting and diffracting off of a grating.  

The -1st diffraction order is close to 00 to minimize angular dispersion with wavelength. 

 

In principle, the reflected beam sees no phase shift while the diffracted orders see a phase 

shift proportionate to the order of diffraction.  Regardless of the optical wavelength and pitch of the 

grating, the amplitude of the grating phase modulation directly translates to optical phase.  For Piezo 

actuation we use a 2mm cube PICMA piezo-electric transducer (PZT).  Often a preload is applied to a 

PZT to reduce hysteresis and allow the actuator to push as well as pull.  To this end we designed a 

small stainless-steel flexure into which the piezo is snugly pressed.  This flexure preloads the piezo, 

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 translate.  Figure 2-4 shows a rendering of the flexure that 

was machined out of 304 stainless.  Later versions, not used in this system, were fabricated using wire 

electro-discharge machining which yields superior tolerances (<1/10000ò) and shorter fabrication 

times than graduate-student machining.   
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Figure 2-4: The piezo flexure designed to hold a 2mm cube piezo.  The slot for the piezo has recessed 

material to prevent electrical shorting of the electrodes 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 surface.  All units are in millimeters. 

 

In summary, there are two parameters of the grating that are important to its acting as a 

beamsplitter and phase modulator.  The 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 design, while the grating depth is a wavelength-dependant parameter 

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, smaller displacement 

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 prism-interferometer design is not only small but robust to shock, environmental 

interference, and other common difficulties encountered by field devices.  Figure 2-1 schematically 

shows the prism interferometer, which has a volume of approximately 2cm3.  A laser beam incident at 

Brewsterôs angle is split by a diffraction grating into a signal and reference beam. The transducer is 

deposited on a glass slide, which is mounted to the prism with index-matching fluid.  After one beam 

interrogates the transducer, both beams intersect and write a dynamic grating in a Barium Titanate 

(BaTiO3) crystal, mounted directly on the prism.  Precision odor detection is accomplished using the 

difference between the two output beams.   
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2.2.4 Prism Dispersion Minimization 

Dispersion is a common problem in precision optical systems as many components, especially 

the diffraction grating and the photorefractive Bragg grating, are sensitive to wavelength.  Beams 

diffracted from the beamsplitter experience an angle fluctuation corresponding to any wavelength 

fluctuation which, for non-uniform phase fronts, causes swelling/shifting of the interference pattern in 

the photorefractive.  Furthermore, since the photorefractive BaTiO3 acts as a phase-sensitive beam 

recombiner, it is also a frequency-sensitive recombiner, where the degree of wavelength sensitivity 

scales with path-length mismatch.  To reduce the affect of dispersion in the photorefractive the relative 

phase 1 2f f f= -  between the beams should be independent of wavelength.   

 0
d

d

f

l
=  (2.1) 

This is commonly achieved with a balanced-path interferometer [1], implement in the present system 

to within 0.1mm.    

Figure 2-5 illustrates the source of dispersion based coupling fluctuations.  As wavelength 

changes the grating wave vector will either expand and contract or shift.  Any change in alignment 

between the optical-interference pattern and the photorefractive-index grating will cause a change in 

coupling conditions and be seen as an amplitude fluctuation.  Therefore, any fluctuations in 

wavelength will cause amplitude fluctuations in the detected beams limiting the small-signal sensitivity 

of the system.   
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Figure 2-5: (A) Two beams interfere such that the difference in wavevectors form a grating wavevector 

in the photorefractive and (B) the correspond k-space representation of this interaction. 

 

The effective displacement xd , or path length fluctuation in one beam, is found from the 

phase shift in the interference pattern, which is proportionate to the relative 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.  

 
2 2

d
x

d

f l f
d l l

p p l

D
= = D (2.2) 

There are two dominant dispersion terms to consider.  The lesser, and more obvious, is the linear 

dispersion term that arises from the relative phase shift between the two beams caused by a change in 

wavelength.   
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Where n is the refractive index of the medium, the two-beam coupling angle TBCq  is roughly 80, rD  is 

the optical path-length difference, and x is the spatial distance from the center of the two-beam 

coupling interference 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 arm in the two-beam coupling.   

 ( ) ( )132
cos 2.9 10

2 cos

TBC

d m

r x r x
qf p

l l q
Lµ å õ
=- D - º- Ö D -æ ö

µ Lç ÷
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where 416d nmL =  is the pitch of the diffraction grating, and mq is the mth order diffraction angle 

measured at the grating.  Since both terms depend on ( )r xD -  we simply sum their contribution for 

the remainder.   

 If the path lengths are balanced, the interference pattern swells and contracts about x=0.  

Otherwise, it appears that the entire pattern shifts, though it is still swelling about r xD =.  This means 

that this dispersion noise effect can be minimized by integrating 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 noise detected at the two-beam coupling output.  Skipping to the punch line, for a reasonable 

path length match of 0.1r mmD =  and a linewidth of <1MHz, as reported for the Coherent Compass 

315M, we get an effective displacement noise of 320fm.  Considering that specification sheets often 

give upper limits, 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 the prism.  The first is that 

while a 0th order diffracted (reflected) beam will remain essentially unchanged, a diffracted beam of nth 

order (not equal to zero) will experience beam deflection as a function of wavelength.  Therefore, 

when two beams (0th and °1st) 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 grating, will swell/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 the frequency 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 to that in figure 2-3 such that the 

angle deflects as minimally as possible.   

 

2.2.5 Brewster Coupling 

Having designed the prism for balanced path interferometry the next step is to maximize 

energy coupling.  To this end 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 the (-) port we angle the 

photorefractive, and the prism face to which it mounts, to Brewster couple the (-) port 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 transmitted.    

 

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 the polymer acts to convert chemical content information into optical phase through the 

refractive-index based Fresnel-phase shift inherent to TIR.   

However, this same Fresnel-phase shift will occur where it is not intended if there are 

pressure, temperature, or other refractive index fluctuations at the glass-gas interface.  To this end the 

housing and the vapor delivery head are designed to shield and minimize errant vapor flows over the 

non-transducer total-internal reflection (TIR) interfaces.  Additionally, 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 critical as possible without compromising the balanced path length requirement.  The number of 

reflections are also minimized to further reduce the contribution of index fluctuations in the 

surrounding atmosphere.  In later designs, any non-transducer interrogating TIR is shielded from 

external index fluctuations with a reflective silver coating, which is protected 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 

photorefractive crystal 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 perturbations caused by vapor exposure will affect coupling if they affect the 

photorefractive in a significant way.  Additionally, the photorefractive BaTiO3 is both relatively 

expensive and brittle, warranting its isolation from potential harm.   

The second geometric requirement is for an odd number of total reflections.  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 the center of the photorefractive to achieve optimal coupling.  Additionally, an odd 

number of reflections minimizes the effects of incident angular instability into the prism since a tilt in 

the incident beam results in the center of the beam overlap translating orthogonally 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 associated 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 transducer slide, 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 the only adhesion force holding the 

photorefractive crystal and transducer slide to the prism.  The prism itself is located by 3-point contact 

to a base plate and adhered to the same base plate using a combination of UV adhesive and a generic 5-

minute epoxy.        
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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.  

Polymer-sorption 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 black boxes that, when exposed to a 

chemical, will, through refractive index or dimension variation, alter the phase of a beam interacting 

with said transducer.   

 Chemical-to-optical phase transduction requires a means of interfacing the light with the 

transducer, 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 depends on the quality and uniformity 

of the transducers.  Any damage to a wave-guiding polymer could 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 associated 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 index 

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 still performing single-fringe interference, even though 

surface features from one polymer to another may vary.  In this way we save on the cost of making 

optically flat polymers to within a thousandth or less of a wavelength.  TIR also improves 

transduction-phase gain as it takes advantage of the Fresnel-phase 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 (~420 in a glass:air interface) in figure 2-6 and the 

change in the critical angle for small index changes.   

 

 

Figure 2-6: Calculated phase shift for total 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 ~420 to shift left or right, which in turn changes the reflected phase for a 

fixed angle reflection.  

 

 For TIR to occur the internal reflection must be at an angle greater than the critical angle. 
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TIR at a BK7-air interface with a 532nm index of 1.51:1, will have a critical angle of about 41.50.  

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 Snellôs law to show that while a change in the incident angle occurs when 

the surface index changes, which we approximate with a slab of material placed over a pre-existing 

TIR interface, the beam refracts to maintain TIR.     
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The final internal incident angle fq  is adjusted by the index of the slab fn  and the initial internal 

incident angle0q .  We plot the final angle for a set of initial angles in figure 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 index.  We also show this graphically using k-space in . 

 

 

Figure 2-7: The critical angle and the TIR angles depend on the refractive index of a perfectly flat layer 

of index n2 deposited on a TIR interface originally setup for BK7-air at 450 and 420.  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.   

 

 

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 of TIR because 

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 upon the TIR 

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 based on 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 occurs.  We 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 length and/or refractive 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 use ethanol 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 (C2H5OH) as an ellipsoid with a major and minor axis dictated by 

the longest and shortest dimension of the molecule.  Q. Wei et al [2] modeled 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 as the effective diameter of ethanol for our 

calculations.  It is unknown how accurate this model is, though the dimensions correspond to the 

reported atomic density of liquid ethanol 81.03 10lr
-= Ö  molecules/pm3 [3].  Regardless, we only need 

an approximation 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 concentration which 
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will be proportionate to the vapor concentration and the affinity, or stickiness, of the surface.  Using 

the vapor pressure we can determine the rates of evaporation and condensation under ideal equilibrium 

conditions.  However, rather than a simple condensate 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 

concentration, as far as the transducer is concerned, will hardly be affected by sorption/desorption 

since it is constantly being replaced by continuous sampling.  Furthermore, since we modulate the 

vapor concentration between that of a pure carrier, and that of a small fixed 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, when using polymers with 

varying sensitivities, the mechanisms for sorption must be understood.  There are various models 

relying on different interaction parameters to classify the binding affinities. [4,5,6]  Regardless of the 

mechanisms in play, in the limit of small analyte concentrations, we model the sorption of a gas by the 

formation of a single or fractional monolayer, consisting of patchy coverage with an area of coverage 

proportionate to the airborne and surface concentration.  However, the specific rates and sorption 

coefficients are difficult to determine experimentally [7].  Therefore, we acknowledge these unknown 

conditions (sorption rates and affinities) and simplify the problem by saying that the concentration on 

the surface is in some way proportionate to the airborne concentration( )s aC C´ .   

To estimate the coverage and the optical response we first review the base principle upon 

which the optical noseôs novelty filter detects the presence of an analyte.  The beam interrogating the 

polymer (array) interacts with a reference beam in the photorefractive writing a phase-adaptive grating, 

which gives rise to amplitude fluctuations that spatially correlate to phase fluctuations in the beam.  

This means that if a portion of the optical beam 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 beam.  Since no imaging takes place 

between the polymer and the photodiodes (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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Raleigh range) the phase, and therefore intensity, cross-talk between spatial regions of the beam would 

be minimal (minimal diffractive effects), as described in a bit more detail in section 4.3. 

 

2.3.4 Molecular Monolayer Estimate 

Since the photorefractive causes local phase shifts to be detected as local amplitude 

fluctuations, the detection of a single polymerôs partial response (partial in surface area) with a single 

photodiode means that such a response would be indistinguishable from a weaker uniform phase shift 

over the entire detected beam.  We also assume that said patches of sub-monolayer analyte were large 

enough to see spatial fluctuations in phase and ignore difficulties associated with sub-wavelength sized 

interactions, which is admittedly one of the weakest points of this first order approximation.  

Therefore, with this list of assumptions, the novelty filter [13] effectively gives an intensity response 

proportionate to the percent coverage.  This analysis only works for our optical means of interrogation 

and photorefractive-phase processing, and few to no other nose systems, since we use a 

photorefractive-dynamic hologram to spatially process the phase shifts.  This also means that removing 

the photorefractive would likely negate this approximation as many of our assumptions would no 

longer be applicable.   

With the above assumptions, the analyte concentration at the surface, or the surface coverage, 

determines the effective refractive index at the surface, assuming we average over the surface.  Rather 

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 refractive index. We approximate the surface concentration with 

the number of adsorbed molecules Na of diameter d over area A, from which we arrive at the average 

refractive index at the surface.    
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Where 2/pN A d=  is total number of binding sites of the polymer, assuming Na<<Np, and {na, np}  are 

the refractive indices of the {analyte, polymer} respectively.  The monolayer depth d is the long axis 
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length of the ethanol molecule, estimated earlier.  We use the long axis as this will yield the largest 

optical path length change to ensure we do not underestimate the optical path contribution to the phase 

shift.  The change in index is then calculated based on the surface concentration of the analyte. 
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This equation is useful to estimate the sensitivity limit based on surface concentration Cs=Na/Np, as 

long as a means of determining surface concentration from airborne concentration using sorption 

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 airborne concentration 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 to the phase shift, for a given fractional monolayer, we expand on the simple 

model above to find the path-length change.  If, at the transducer TIR surface, we deposit a monolayer 

of the analyte, we estimate a phase shift corresponding to twice the optical path length in the 

monolayer.   
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The variable d is the effective diameter of the analyte molecule (610pm), and q is the internal beam 

angle.  If we now assume an incomplete monolayer, the phase angle is reduced proportionately by the 

percentage of area covered.   

 
()

3 2
2

cos

a a
OP

n N d

A

p
f

q l
=  (2.10) 

where A is the interrogated area and Na is the number of analyte molecules in said region.  The limit of 

a monolayer is then achieved for Na=A/d2.   

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 byTIRq .  We now calculate the optical phase shiftOPf , due to 

optical path length.  We then compare this phase shift to the phase shift associated with the refractive 

index change nD  at the TIR interface.  However, the phase shift due to the optical path OPf , for a 

fractional monolayer, is nearly 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.  The comparison is shown 

graphically in figure 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 measuring 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, and the absorption 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 three-orders-of-magnitude more sensitive 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 surface.  This effectively comes down to the difference between using the Langmuir 

isotherm which assumes the limit of a monolayer, and the BET isotherm which is based on the 

Langmuir but assumes no such limit to uptake [8].  Since the BET model is based on the Langmuir 

model, in the small vapor pressure approximation P<<Psat the two scale nearly identically.  For the 

particulars the reader is referred to [8].   
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To explain this seemingly circular argument simplistically, we look at a basic case for 

sorption on a surface at low airborne concentrations.  The molecular uptake would 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 low, compared to the affinity for the transducer surface, 

this effect is negligible.  The condition under which the potential formation of a fractional multilayer is 

significant, compared to the fractional monolayer, occurs when the ratio of affinities (molecule-

molecule vs molecule-polymer) approaches the inverse ratio in surface coverage (~1/ppm).  Since the 

probability of an analyte molecule hitting a sorbed analyte molecule is sayé 1 in a million to that of it 

hitting the bare surface, the contribution to detection by the formation of a fractional multilayer, for 

ppm airborne concentrations, is negligible.     

We examine two extreme circumstances under which the ratio of affinities would approach a 

million, such that the fractional multilayer formation would rival that of the fractional monolayer.  

First, the heat of vaporization is so high that the analyte is anything but volatile when in liquid form.  If 

such heat were liberated upon condensation, it would likely cause the ñclumpò of analyte molecules to 

be liberated from the transducer surface since the heat of desorption, was so much lower.  While this 

rapid adsorption/desorption might yield a larger signal than the single sorption event, the probability of 

such an event occurring would be proportional again to the surface coverage and it would decrease the 

actual concentration 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 attach to it, meaning a poor transducer was selection 

was made for the analyte of interest.  Granted, the above assumes ppm levels, but the purpose of the 

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

 

2.3.6 TIR Phase Sensitivity 

Having examined the optical phase shift arising from an increased optical path in 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 sections 2.3.3 and 2.3.4, 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 fluctuations are proportional to the 

percentage of coverage, and we therefore approximate the response as a uniform refractive index and 

therefore optical-phase response, the magnitude of which scales with the fractional coverage.  

Borrowing the Fresnel equation for TM reflection [43], 
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 we calculate the phase delay based on the refractive index at the surface of the polymer(ns) in 

comparison to air (n0=1).   
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Using just the TIR phase shift we find the effective displacement and its dependence on an index 

change Dn, which is associated with a monolayer or a fractional monolayer as per equation (2.8). 

 TM s TM s=[ (n + n)- (n ) ](532nm/2 )xd f f pD  (2.14) 

We plot the resulting displacement in figure 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 ethanol-inducedï

index-perturbation nD  for TIR glass:air interface at 450.  The S/N=1 LOD of 180fm (2.1urad) is 

equivalent to a TIR phase-to-index sensitivity of 72.4 10 RIU-Ö (refractive index units) and an optical 

path length to index sensitivity of 53.9 10 RIU-Ö .   

 

From here 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 as ns=np-Dn which, using equations (2.7) and (2.8), expands to 
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where Na is the number of analyte particles adsorbed on the surface.  The index change Dn at the TIR 

interface can then be found. 
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For an index sensitivity of 72.4 10 RIU-Ö  (refractive index units) the effective surface concentration 

Cs is just over a ppm.  The systemôs actual chemical LOD is roughly 514fm (for 1.8ppm/Hz
1/2 airborne 

concentration) corresponding to a sensitivity of 76.7 10 RIU-Ö , which in turn corresponds to a 

theoretical surface concentration of Cs=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 of refraction 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 

Table 2-1: 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 

transducer.  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 improving 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 transducers [9, 47, 54, 59].  Therefore, we shall not delve 

further into chemical transduction gain mechanisms leaving that work to the respective experts. 

 

2.4 Optical Nose System 

Having established the interferometer 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 section introduces the 

concept of a sniff-lock 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 system followed by a discussion of the performance.   

 

2.4.1 Sniff-Lock Loop 

The last component in the chemical-to-optical transduction system is the vapor valve.  When 

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

their fluctuations are easily swamped.  Mammals also have a similar drift offset as they adapt to 

chemicals, but they can improve their small-signal sensitivity by sniffing, wherein the 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 thereby improving 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 

pressure 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 reference, and 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 valve ensures that the flow never stops, and also equally balances 

the total impedance between the two output ports, the pressure noise sources are drastically decreased 

allowing for the chemical LOD to get within a factor of 3 of the systemôs optimum performance.  

Figure 2-10 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 sw .    

 

 

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 outer diameter of the drum at a 300 angle.   
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2.4.2 The Optical Nose System 

 Having presented the chemical-to-optical signal transduction, the photorefractive phase-to-

amplitude modulation conversion, and the prism-interferometer design we have the tools necessary to 

discuss the system as a whole.  Figure 2-11 shows a function schematic in which the (-) port 

experiences phase modulation from both the reference modulation Rw  and the chemical signal Sw , or 

its simulated PZT displacement at the same frequency.  Because the photorefractive demodulates on a 

peak/trough the strongest amplitude modulation present occurs at the second harmonic2 Rw .  This 

second harmonic can limit the dynamic range for detecting small sum/difference frequenciesR Sw w° , 

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 harmonic so that the fundamental Rw 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 data acquisition board (DAQ).    

 

 

Figure 2-11:  System schematic depicting both modulation mechanisms that occur on the (-) port and 

the detection electronics used to extract the mixed signalR Sw w° .  A notch filter suppresses the 

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

 

We maximize the detected S/N by the choice of modulation depth Rd , which in turn impacts the 

effective photorefractive two-beam coupling gain.  The optimum modulation depth may be determined 

using a fieldvector formalism to analyze photorefractive two-beam coupling [10].  The experimental 
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optimum S/N is achieved for 0.1 2Rd p¢ Ö , or 1/10th of a wavelength, 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.   

 ( )/ 0 1 1( ) cos ( )sum dif S R S MI I J t J td d w w´ °è ø è øê ú ê ú (2.17) 

where I0 is the total intensity leaving the photorefractive.  Therefore, while we gain some advantage 

from the photorefractiveôs ability to filter out slow environmental fluctuations, we also get a linear, 

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

demodulation electronics, is shown in figure 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). 

 

2.4.3 Sensing Performance 

The prism system exhibits an equivalent displacement sensitivity of about 180 , 

thatôs a S/N of unity in one second for a displacement of about 1/1000 the size of an atom.  This 

measurement is accomplished using a simulated 5 Hz weak signal added onto the reference signal 


