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Optical Waveguide Gas Sensors

J.F. Giuliani, H, Wobltjen and N.L. Jarvis

Naval Research Laboratory
¥ashington, DC 20375

ABSTRACT

The development of small, portable and rugged devices for
detecting low concentrations of toxic vapors has rapidly
accelerated within the last several years due to advances in
microfabrication and ministurization techrniques in optics and
electronics. Moreover, the discoveries of solid organic film
coatings exkibiting color change reactions to specific vapors,
have made it possible to detect weak surface chemical reactions
at the film-vapor interface by means of a multiple reflecting
optical probe. A brief review of total multiple reflection and
the application of two prototype devices built at NRL for the
detection of low concentrations of ammonis and orgamophosphonate
vapors is presented. Preliminary data characterizing both
devices with regards to vapor response, reversibility, etc., will
be discussed. Several design modifications are suggested to
improve our devices.

INTRODUCTION

It is well known from geometrical optics that when a 1light
beam is internally reflected from the surface of an optically
transparent dense medium, such as glass, at angles exceeding the
critical angle, total reflection at the glass-air interface
occurs, From a wave optics point of view, a superposition of the
incoming waves with the reflected waves forms a standing wave
pattern perpendicular to the glass—air interface. At this




interface there is both a sinusui.dal variation of the electric
field amplitode with distance from the reflecting glass medium,
and a slowly decaying electric field whose amplitude exponent-
ially decreases with distance from the glass surface into the
air. This non-propagating wave is termed the ’'’'evanescent
wave’’, and it is used as a sensitive probe of the glass—air
interface, If a thin solid or liquid film is applied to the
glass surface then the evanescent wave can, in principle, probe
the film—eair interface. If a vapor is introduvced imto the air
sbove the film, and if the film is known to react with the vapor
to produce a modification of the film’s absorption coefficient or
refractive index, then this surface reaction will be sensed by
the evanescent wave.

The degree of interaction between the evanescent wave and
the film-vapor interface can be determined from Fresnel’s
equations (1). The solutions to these equations, however, give
little physical insight and it is more informative to look at the
evanescent wave probe interaction from a more phenomenological
point of view, Hence, for the case of a weakly absorbing film in
contact with a glass rod, the reflection coefficient at the film-
sir interface can be written as

R=1 -a de. (1)

Here, c is the absorption coefficient of the film, and de is
termed the effective thickness, and is equal to the thicknmess
required to yield the same absorption loss in a transmission
measurement., This effective thicknmess is thus & measure of the
strength of the interaction of the evanescent wave with the
film. There are two extreme film thickness conditions which can
modify the effective thickness de: 1) for films much thicker
than several microns, de is limited by the evanescent pemetration
depth dp and is given by

de = Moy Eozdp . (2)
2 cos ©

Here N is the refractive index ratio at the air-film interface,
Eo is zie light field amplitude at the film interface for an
incident wave having vnit amplitude, dp is the penetration depth
of the evanescent wave into the film, and is the angle of
incidence. 2) For films much thinner than the penetration depth
of the evanescent wave, the effective thickness is

de = nzl Eozdf . (3)

cos 9
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Here, d, is the actual film thickness, Experimental data
relating detéctor response to ammonia vapor as a function of film
thickness will be displayed later in this paper.

Finally, it can be shown that the effective thickness de and
hence the strength of the interaction between the evanescent
probe beam and the vapor-sensitive film may be enhanced through
multiple reflections at the film—air interface. Thus, the
reflection power for N reflections can be incorporated into
"’equation 1’' and is given for & weakly absorptive film by

Y = (l-o.de)N % 1-aNde. (4)

''Equation 4'’' brings out the most important feature of an
optical device based on multiple total reflection, and that is
the ebility to amplify many orders of magnitude, very small
changes produced in de or a which may occur between an organic
solid film and a vapor in a surface reaction,

OPTICAL WAVEGUIDE GAS_SENSORS

The first report of a practical organic-film-coated optical
waveguide sensor for toxic vapor detection was published by
Hardy et al (2) in 1975. A picrate dye was emplbyed as the
selective chemical ‘indicator for cyanide vapors, Svbsequently,
David et al (3) and Orofino et al (4) described similar devices
incorporating & ninhydrin-coated gquartz solid rod that could
detect ammonia vapor concentrations down in the parts per billion
range.,

OPTICAL WAVEGUIDE AMMONIA GAS SENSOR

In 1983 we at NRL reported an ammonia vapor device (5) based
on the latest techniques of solid state electronics and
miniaturized optical components. Our device was a practical
improvement over the foregoing devices in that the organic
chemical sensitive coating showed reversibility to ammonia vapors
over many vapor/air cycles, and use was made of a capillary tube
configuration, which sllows for more thanm 600 optical reflections
to be achieved over a 9 cm length. Moreover, the electronic
packaging required only a few square centimeters of space, and
was battery powered. The simplicity and ruggedness of this
device makes it useful for portable point detectiorn in environ—
mentsl monitoring applications. Details of the device, and
preliminary device response and sensitivity data were presented
in (3). For this paper, additions]l data is presented which
illustrates the important roles of water vapor, and film thick~
ness for the detection of smmonia vapors.




Figures 1 and 2 illustrate both the combined effects of
water vapor and film thickness on the detection level limits of
anhydrous ammonia vapors. For the case shown in figure 1, the
thickness of the dye film coating was estimated to be less than
one micron. As is evident, a relative humidity of 40 percent
limits the lowest detection level for anhydrous ammonia vapors to
asbout 60 ppm. However, for the case of a dye film thicker than a
few microns, as shown in figure 2, the sensitivity limit to
anhydrous ammonia vapors in dry air, i.e., 2 to 3 percent water
vapor, reaches levels in the parts per million range, as would be
predicted from '‘equation 2'’, 1In this case, the evanescent
probe wave samples a larger thickness of the dye film, However,
the increased sensitivity to ammonia can be more than offset by
a 40 percent relative humidity, which as shown in figure 2,
completely masks the ammonia response over the same concentration
range shown in figure 1.

Preliminary kinetic data of the relative response of our
device to high concentrations of ammonia vapors, or saturated air
(i.e., 80 percent water vapor) is shown in figure 3, for a thick
dye film coating. Note particularly the slower rise time of the
water vapor response as compared to the ammonia vapor response.
These curves suggest 2 possible discrimination time scheme for
the separation of the two interfering effects.

ORGANOPHOSPHONATE OfTICAL YAVEGUIDE VAPOR SENSOR

Recently, we have coated a capillary tube surface with an
organic dye which is known to produce 2 color change when reacted
with organophosphonate compounds. This dye is an ethyl analogue
of Michler’s Eetomne, (i.e., 4,4-bis diethylamino benzophenone)
also called ''EMEO’’ (6).

Figure 4 shows the optical density as a function of
wvavelength before (A) and after (B) reaction with 1 mg of an
organophosphonate simulant, methane sulfonyl chloride (C53802C1).
with a 9% solution of ''EMEO’’ in acetone.

Note the significant growth in the absorption edge in the
bluer spectral region and a small red band around 600 nm. These
spectral changes result in the observed pale yellow color after
reaction (B), This ''EMEKO’'’ solution was evaporated onto a
capillary and incorporated into the optical waveguide system
described in (5). Figure 5 displays the response of our device
to the simulant vapors under dry air conditions. The data points
are a composite of many different film coatings and simulant-dry
air cyclings. Concentrations down to below 10 ppm are achieved.
Although the dye coating is selective to this toxic vapor, there
are a number of practical limitatioms, including '’'shelf-life'’,
photo-chemical degradation, reversibility and to a lesser extent,




its thermal stability. With respect to the photo-chemical
degradation problem, we have repeated and extended the investi-
gations reported by Poziomek et al (7) to excitation wavelengths
at 560 nm and 650 om. Changes in the optical spectra for
''EMKO’' as a function of the excitation wavelength are shown in
figure 6. Here, the change in optical density over the visible
spectral region is plotted for a 10 percent EMKO/MeOH solution,
irradiated at 325 nm, 560 nm and 650 nm, respectively, for three
hours at eack excitation wavelength. As can be seer, irradiatiom
at 325 nm produces 2 significant increase in the UV absorption
edge, in addition to a weak band around 425 nm, confirming the
results of Poziomek et al (7). - On the other hand, exciting a
previously non-irradiated sample at 650 nm for three hours, while
not affecting the UV portion of the visible spectrum, does
however, produce s nev weak IR band around 650 nm. This is
interesting, since the organophosphonate simulant (i.e., CH,SO.Cl)
also produces an IR band around 650 nm when reacted with this
dye. Lastly, excitation of this dye with 560 nm light for three
hours, appears to produce no significant absorption changes in
the visible spectrum from that of the non-irradiated solution
shown in figure 6. Consequently, the 560 nm LED source used

in our optial waveguide device to probe the simulant vapor-dye
film reaction produced no photo-degradation of the film coating.

The shelf-life of this oxime dye solution was determined to
be about three months when kept out of direct sunlight and stored
in a dry, cool air environment. It should be noted at this
point, that the detection of the simulant vapor by our device was
done under dry conditions (i.e., at 6% to 8% relative humidity),
and at room temperature. Some preliminary data has been obtained
at humidity levels between 47 percent and 56 percent. Our
results show that at these moist air conditions, the response of
this dye is reduced by three to four times that of the dry air
response, Also, the dye film becomes completely unreactive after
only two dry air-wet air cycles. This effect is attributed to a
hydrolysis reaction between the dye and water vapor, which in
turn produces an irreversible colorless reaction product.

10 c

The data presented here clearly indicate the practical
application of multiple-reflecting optical waveguide devices as
sensitive vapor sensors, The data also show that detection below
parts per million has not yet been achieved. However, most of
the limitations of our devices are not fundamental in nature and
can be solved through improved engineering design which include
low noise and low drift light sources, differential detection,
and better shielded low drift amplifiers and electrical
connections, Moreover, s significant increase im optical
ampl ification and hence a greater semsitivity to weak vapor-film
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surface reactions can be easily achieved using longer waveguide
pathlengths, Finally, it should be possible to produce s vast
array of inexpemsive, selective, and compact optical waveguide
gas sensors, from the largely untapped thousands of orgamic
compounds which exhibit absorption changes or shifts in the
presence of toxic vapors.
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Figure 1. Optical transmittance change at 560 nm versus
anhydrous ammonia vapor concentration plotted at a vapor
flow rate of 0.3 liter/min, at ambient dry air at 27°C,
The dotted line represents the transmittance change
response of the device to water vapor at 40% RH only. The
film coating thickness is less than one microm.

Figure 2. Optical trensmittance change at 560 nm versus
anhydrons ammonis vapor concentration under the szme
experimental conditions as in figure 1, but for a dye film
thickness of a few microns. Note, that the transmittance
change at 40% RH for water vapor, produces a detector
response which completely obscures the ammonia vapor
signal below 1000 ppnm.

Figure 3. Kinetic response of the thick film—coated,
optical waveguide device to a high concentration of
ammonia vapor or water vapor. Note the faster respomse of
the device to ammonis as compared with water vapor,

Figure 4, Optical density changes over the visible
spectrum for a solution of EMKO in acetone, before and
after the injection of an organophosphonate simulant into
the solution,

Figure 5. Optical waveguide detector response to the
organophosphonate simulant.

Figure 6. Photochemical changes in the optical demsity
over the visible spectrum as s function of three
excitation wavelengths.
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