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ABSTRACT

Sensor technologies capable of detecting low vgpessure liquid surface contaminants, as well #dssdn a non-
contact fashion while on-the-move continues to bheéngportant need for the U.S. Army. In this papee, discuss the
development of a long-wave infrared (LWIR, 8-10.B)uspatial heterodyne spectrometer coupled withL@fR
illuminator and an automated detection algorithm detection of surface contaminants from a moviediele. The
system is designed to detect surface contaminantepetitively collecting LWIR reflectance spectéthe ground.
Detection and identification of surface contamisaist based on spectral correlation of the measu¥®tkR ground
reflectance spectra with high fidelity library spracand the system’s cumulative binary detectispoase from the
sampled ground. We present the concepts of thetd@iealgorithm through a discussion of the sysségmal model. In
addition, we present reflectance spectra of susfaoataminated with a liquid CWA simulant, trietipfilosphate (TEP),
and a solid simulant, acetaminophen acquired wihiée sensor was stationary and on-the-move. Surfacdsded
CARC painted steel, asphalt, concrete, and sand. didta collected was analyzed to determine theapitity of
detecting 800vm diameter contaminant particles at a 0.5%gineal density with the SHSCAD traversing a surface

Keywords: spatial heterodyne spectrometer, long wave infkackemical warfare agents, on-the-move detection,
non-contact detection, reflectance spectroscopy

1. INTRODUCTION

This paper describes the development of a non-cbrgansing capability for on-the-move detection sofface
contaminants. The capability is based on a Longa&Nafrared (LWIR) spatial heterodyne spectromé®HS) coupled
with an LWIR illuminator. The sensor, referred te #he Spatial Heterodyne Surface_Chemical_Agent_Detector
(SHSCAD) is designed to detect surface contaminants by iteét collecting reflectance spectra of the grdumhen
employed on a moving vehicle. The system implementsSHS because it possesses an étendue thatoislemof
magnitude larger than a conventional slit specttem&onsequently, even at the inherently shortlidvmees associated
with on-the-move sensing, the sensor’s noise etpnvapectral radiance (NESR) is sufficiently tppart the detection
of liquid droplets or solid particles at surfacensiéies of 0.5 g/ Additionally, an SHS acquires all of the spectral
bands of the ground within its field-of-view simautteously (‘snapshot’ spectral acquisition), whishan essential
capability for on-the-move detection. Finally, thequisition of the spectral signature occurs withthe need for
moving optical components, thus providing a path taggedized system for field operation.

Developmental efforts to have implemented an LWI&riinator consisting of a high temperature globad a COTS

elliptical reflector. The globar is imaged onto aget surface and modulated with a custom cyliadirahopper.

Modulation of the LWIR illuminator enables therm@ckground radiance removal from target surfaceadiminates

clutter noise introduced by changing surface teatpees. The detection approach is based on caitgatierferogram

data at the SHS sensor to form a time series aftigpeeach spectrum in the series correspondsliffesent location on

the ground along the vehicle's path of travel. $@efrom the time series are continuously procedsed detection

algorithm resulting in a series of single pixelatdion decisions. The system’s overall detectiorisien is made based
on the cumulative response (i.e. total number ¢éatmn decisions) observed within a block of timecontamination

alert is issued if the cumulative response oveesirdd length scale exceeds a predetermined tHdeahsociated with
the desired constant false alarm rate.

Within this paper, we discuss the detection phemmiogly of surface contaminants with the system.i2er system
requirements are presented based on a model o€texp8HCAD output surface reflectance spectra. Mfeduce the
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optical and mechanical design of the SHSCAD. Initaatd we present reflectance spectra of surfaocesaeninated with
a liquid CWA simulant, triethyl phosphate (TEP) ahd solid simulant acetaminophen, acquired withgnsor in both
stationary and on on-the-move configurations. Qmittated surfaces included CARC painted steel, dsptancrete,
and sand. The data collected was analyzed to dieierthe probability of detecting 808m diameter contaminant
particles at a 0.5 gfareal density with the SHSCAD traversing a surface

2. DETECTION APPROACH

Examples of the characteristic LWIR spectral feasuexploited for detection and identification of BWhaterials are
shown in Figure 1. Discriminant reflectance andoabance values of CWAs are on the order of 1% & {0000 crit

to 10000 crif). G-series chemicals possess the strongest almsomud reflectance features of the liquid CWAs. In
comparison, nitrogen and sulfur mustard have thakest discriminant features and are expected tehbemost
challenging to detect.

Our detection approach is based on the phenomepalagpndition that liquid contaminants are typigalisseminated

as aerosols through the use of an explosive burspeay tank, or aerodynamic breakup of bulk qtiesti Resulting
median mass diameters (MMDs) of the liquid dropledtributions range from 100 to 250Gn depending on the
dissemination method and on whether the agentsisediinated neat or thickene@he SHSCAD system specifically
focuses on detecting aerosol droplets with MMDsvieen 500-800rm." The apparent reflectance from a contaminated
surface is largely influenced by wetting and adsorpof the aerosol droplets. Specifically, wettiggd/or adsorption of
the aerosol droplet on a surface will cause thaazomation to present itself as either optical khix optically thin
depending on the extent to which the droplet spgead penetrates.
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Figure 1. Absorption and reflectance spectra of C¥@Ataminants calculated from n and k values taedlan the PNNL
database.

Figure 2 provides a schematic diagram that outlithesapproach utilized by the SHSCAD to detect gkanin the
apparent reflectivity of a surface due to the pneseof a contaminant. Briefly, the detection altfori processes a time
series of LWIR spectra collected with the SHSCADt#s system traverses a surface (number of sarpliested =
acquisition rate x sampling time). The Spectral laniglapper (SAM) and the Adaptive Cosine Estimatd€E) are
used to generate a binary detection decision @i.e. no detection; 1 = detection) for each spectaotiected. A
determination is made as to whether a surface gongion is present over a given distance travbled vehicle based
on the cumulative response of the binary deteat&gisions.

The output from the SAM and ACE processing modigea time series of binary responses for each tangéhe
spectral library. The overall detection probabjl®p, is derived from the binomial probability distriimn® of the SHS
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system’s cumulative response defined &s 1 +1, + + MNplock wherer, are the binary responses (0 or 1) of the

ACE and SAM detectors=1,2,3...Niock Npiock iS the number of binary responses to include irctiraulative response.
An individual GSD sample response of 1 occurs witbbability

P =P =2)=(1- a)xps +axpy. (1)

In Equation 1, pr, andpy are the single sample false alarm and detectiobatilities, respectivelyq is the probability
of intercepting a particle given bg @r . XAgsp (7 ¢is the detectible particle areal density [#/area] Acsp is the

area of the system’s GSD). Detections are reposieen the cumulative response of the sensor excadtiseshold
value which defines a constant false alarm rate.
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Figure 2. Qualitative block diagram of the SHSCA&attion algorithm.

In what follows, we describe a signal model thatidates contaminated surface reflectance spectra.niodel is used
to simulatePD curves as a function of sensor GSD and sensa@rctafice noise. Simulated signal &Md values were
calculated under the following assumptions:

Monodisperse aerosol of droplets with a diameteé80@frm.

Droplets wet the surface and spread by a factowof(final diameter: 160&m).

Droplets do not penetrate the surface and areallytitick.

Spectral characteristics of surfaces are deschigete Jet Propulsion Laboratory (JPL) ASTER databa

Based on the calculatd®®D curves, we present estimates of senor noise argbisgpatial resolution required to detect

CWA contaminants on a surface for an areal densify5 g/nf using LWIR reflectance spectroscopy and the SHSCAD
sensor traversing a surface while on a vehiclestiag 4 m/s.

2.1 Signal Model

Figure 3 illustrates the steps taken within theaaignodel to convert high resolution optical speaf CWAs from the
PNNL database (Figure 1) to output signals thattaionspectral resolution, spectral sampling, aniseno/alues
representative of the SHSCAD hardware. We disdussignal model and system equations used to gensimaulated

spectral signals from the SHSCAD hardware. Systariables are tabulated in Table 1 as well as dallg in the main
text.
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Figure 3. Block diagram of the system signal model.

Uncontaminated surface reflectance spectra weralaiet using the JPL ASTER spectral datallassphalt spectra
(Primary Road), concrete (Primary Road), sandy |¢&etondary Road), and green grass (Cross Couwntag)Rrom
the ASTER database as are shown in Figure 4. @peetiability (i.e. spectral clutter) within pramy, secondary, and
cross country road is approximately 1-5% based amputed standard deviations of the available spegisphalt
appears to have the least variability while sardi@ncrete exhibit the highest.
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Figure 4. ASTER spectral library from JPL for payimsphalt, paving concrete, sandy loam and grass.

In order to generate distributions of clean GSDcjpe each spectrum for a given surface matergifded in Figure 4)
was treated as a basis spectryn).(Clean spectra of a given material were randogegerated by creating random
linear combinations of these basis spectra, wherdinal spectraRy,, was expressed as

Rsub = i’\ilci *Vi )

where N is the number of spectra in the basis. The weightioefficients,c, were created from a random number
generator and chosen such that the final standandtibn of simulated spectra approached the stdrdiaviation of the
original basis spectra.

The spectral radiance detected from an opticalbkthquid droplet or solid particle dosed on afage, irradiated with
an LWIR illuminator, can be expressed as:

N (/)= SPEJ(/)* R:v,\[/;\(/)* FF(a)+ SF;Z(/)* Rsu;(/)* - FF(a)

(3)

2
pa

SD
density of the LWIR illuminator, anf\ssp is area of the GSD. The model assumes a semi-Litianeliffuse surface
interrogated at normal incidence, where the lightc¢attered intg steradians. The output spectral signal from the
SHSCAD sensor is a hormalized reflectance specthuiarticular, the detected radiance from EquaBidés normalized

where FF(a) is the particle fill fraction FF = for a particle with radiug, SPDy(/) is the spectral power



by the radiance detected from an Infragold substhatdiated with the LWIR illuminator. The detedténfragold
radiance is written as

SP,(/), Ra (/)
N-~(/)= * (4)
o) Agsp P
The apparent reflection from the contaminated serfzan be expressed as
Nsur (/)
Rsurt (/)= —=7+ = Rewal/ )* FF(a) + Reusl/ )* [1- FF(a] (5)
Nig (/)
whereR (/)= 1.The final simulated signal output of the SHSCALluiding Gaussian noise () is given by:
Rsurt(/ )= Rewal/ )* FF(a) + Ryl )* [L- FF(a] + oR (6)

Table 1. Key Variables used to Model the SHSCADcBpé Signal for Liquid Droplets and Solid Partile

2.2 Simulated PD for optically thick VX droplets on asphalt (motivates SHSCAD GSD and noise requirements)

Using the signal model described in Section 2.1cafly thick VX droplets dosed on an asphalt suefagere simulated
as a function of droplet fill fraction and sensamise for a fixed spectral resolution of 16 temd a spectral range of
900 cni to 1250 crit. Droplet fill fractions ranged from 10% to 100% ilehsensor reflectance noise valueR)( of
0.006, 0.004 and 0.002 were considered. FigurenBaFggure 5b plot simulated reflectance spectraufarontaminated
asphalt and asphalt contaminated with an optidiligk VX droplet (50% fill fraction), respectivelyThe simulated
spectra contain a sensor noisef@f= 0.002.

Figure 5. Simulated spectra of a.) uncontaminaspthalt and b.) asphalt contaminated with an ogyithick VX particle
(50% contaminant fill fraction, spectral resolutioh16 cm®, oR = 0.002).

The simulated VX spectra were correlated with acspe library containing nine CWAs and five intadats. The
spectral library included Tabun, Sarin, Soman, @satin, Nitrogen Mustard, Sulfur Mustard, Lewisi&jlfuric Acid,
VX, motor oil, ethylene glycol, propylene glycolpdium hydroxide and water. Library spectra werewalted from
data available in the PNNL database. SAM was etlifor a fill fraction of one while ACE was used fil fractions
less than one. The background mean and covariased in ACE was determined directly from the sinedat
uncontaminated asphalt data shown in Figure 5air&i§a depicts representative histograms of ACHegafor 2000



simulated VX spectra on asphalt (50% fill fracti@oyrelated against the spectral library of 15 coumgls. Histograms
such as the one shown in Figure 6a were used ¢ordieiepy values at a constapg, of 1% as a function of fill fraction
and sensor noise. We define a false alarm as aetexgainst the asphalt surface, interferents,GiWAs other than VX
(i.e. misidentification). Figure 6b plots calculdfe; values as a function of sensor noise and GSD wiffth fractions
were converted to GSD widths assuming &@0diameter particles and a square GSD). Our siioakstindicate 1.pq
increases with a decreasing sensor GSD (i.e. isicrgdill fraction) for a fixed sensor noise and g4 increases with
decreasing sensor noise for a fixed GSD (consiihfratction).

Figure 6. a.) Representative histograms of ACEasfar 2000 simulated VX spectra on asphalt (500frdiction)
correlated against the spectral library of 15 conmais. b.) Calculateg, values as a function of GSD width and sensor
noise.

Based orpy values shown in Figure 6b binomial distributionsaof uncontaminated surface and a contaminatedcsurfa
were calculated. A representative binomial distitiruis shown in Figure 7 (50% fill fraction; semgwmisedR = 0.002).
The distributions reveal the probability of havimgetections ilNg.x measurements of the surface for a GSD of 2 mm.
From the figure it can be seem thatMg increases the distribution of a contaminated serfg = 0.01) separates
from the uncontaminated surfacg £ 0). However, the maximum value bl . is constrained by the time-to-detect

requirementt(), vehicle speedv)) and sensor GSD dimension in the direction ofet&Wssp) (i.e. N g £ tdet * Vs ).
Wesb

Figure 7. Representative binomial distributions%&fll fraction; sensor noiseR: 0.002,py: 0.90,p:,: 0.01) with increasing
Npiock Values.

Binomial distribution curves, such as those showhigure 7, as a function of fill fraction, sensmise, and\yoc« Were
Wasp[m * Npjock )

180044 * v, g

(1 false alarm in 5 hours). SpecificalgD values as

used to determin®D values for aPFA=

function of GSD width and block size are shown igufe 8 where the different colored lines represkfieérent noise
levels; each noise has four differe¥i;,x values depicted as different line styles (incneg$, o corresponds to an
increase in the number of dashes per lingpDAof 95% is shown as a solid black line.



Figure 8. Expected detection performance baseti@algorithm approach for 8@fn optically thick VX droplets (spread
factor of two) dispersed at an areal density ofgdtf (~2000 particles/R) on asphalt. PD values are plotted as a function
of GSD width for four differenNy,cx Values and four different sensor noise valueslégend). Color coded symbols
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The calculatedD curves reveal that a sensor reflectance noisehess0.006 is required to achieve the threshofd 95

denote GSD widths arldy,c combinations that meet the threshold PD and galdf, ., £

*
PD. GSD widths andNy.cx combinations that meet the thresh&l® and satisfy Ngjocx Etdv‘\e;—vs are highlighted
GSD
within the orange box with color coded symbols. &hen these simulations it can be seen that withedsing sensor
noise the number of allowable G, combinations increases. In addition, a sensor G&Ehe order of ~ 2 mm X
2 mm is required to achieve a 999B at a constanPFA of 1 in 5 hours. Coupled with a vehicle speed of/4, the
threshold acquisition rate of the system is ~ 2.KHze final GSD andNgcx combination ultimately depends on how
muchaR can exceed 0.006 based on the constraints ofHisetlroughput and the achievable irradiance fromlWIR
illuminator. In what follows, we introduce an SH8upled with an LWIR illuminator with a reflectanoeise of 0.005
and a GSD in the direction of travel of ~ 2 mmmabaquisition rate of 2 kHz.

3. SHSCAD SENSOR OVERVIEW
3.1 SHS

Figure 9 presents a full ray trace of the SHSCAD receivedute. In this design a 10.6 inch diameter Cassegra
telescope images a 1 mm x 4 mm GSD onto the inperttare of the system. The GSD in the directiomagbnal to
vehicle motion is 4 mm with a probability of patidntercept equivalent to a 2 mm x 2 mm GSD. Thed space NA
of the telescope is 0.253 (f/1.9) with a resultétgndue of 8.2xIdcnfsr. A Germanium singlet collimates the rays
emerging from the SHS input aperture, while imagdimg entrance pupil of the system, defined by tlimgry mirror of
the Cassegrain telescope, onto the SHS gratinge ddilimated light is split into two paths by a £nS
beamsplitter/compensator pair where each pattifiactied from identically ruled 12 grooves per cratqgs (Grating 1
and Grating 2) mounted in a Littrow configurati@ncylindrical lens is used after the collimating¢eto image the GSD
in the direction of vehicle motion onto the vertichmension of the linear array. The fringe optafsthe SHSCAD
consist of two Germanium singlet lenses that imigefringe pattern formed at the grating plane dhto32 element
linear array. The two lenses have been optimizednsure an MTF function that is near diffractiomited up to
0.91 cycles per mm. The object numerical apertarthé x-direction is 0.046 (f/10.8), and is detared by the half-
angle onto the grating and the dispersion propedig¢he grating at the minimum wavenumber.



Figure 9. A ZEMAX ray trace of the SHSCAD from adis eye view and from a side angle.

The final assembled SHS and supporting componeetsheown in Figure 10. It achieves a spectral teisnl of 26 crit
for Boxcar apodization and 37 &nfor Triangular apodization across the designedtsakrange of 1240 cin(Littrow)

to 900 cnT. The median NESR value of the SHSCAD across teetsg range is1iW/[cm? strmm] measured at a data
acquisition bandwidth of 10 kHz. With the LWIR ithinator introduced in the next section the currprdgtotype
achieves a noise equivalent reflectara®,of 0.005.

Figure 10. Photographs of the assembled SHS.

The SHSCAD acquires a 32 sample interferogram usir@2 channel linear array (500 kHz Bandwidth) réréd
Associates), a 32 channel pre-amplifier (1 MHz Baidth) (Infrared Systems Development), and a 32k A/D
data acquisition system (1 MHz Bandwidth) (Natiometruments). Specifically, a NI PXI 1033 conteslchassis, with
four NI TB 2709 terminal blocks, allows for simuleous acquisition at 2x18amples/sec on each of the 32 channels of
the MCT amplifier. Data is acquired from a systaptbp running LabVIEW acquisition software. A TTutput from

the LWIR illuminator triggers data acquisition. Aogessing architecture was developed to convertdata acquired
from the 32 channel linear array to surface reflecé spectra. A schematic block diagram that irdushch module of
the SHS processing architecture is illustrated igufe 11. Data processing and algorithm detection @urrently
conducted post data collection.



Figure 11. Processing architecture developed ®SHHSCAD to convert raw data acquired from thel&hael linear array
to surface reflectance spectra.

3.2 LWIR llluminator

Figure 12 is a photograph of the current LWIR llinator used with the SHSCAD. The illuminator uiza 220 mm
diameter ellipsoidal reflector with foci at 40 mmdad40 mm, respectively. The source is a 0.25x13ilioon globar
operated at an approximate temperature of 1300THe. globar is positioned at the first foci whileetiground is
positioned at the second. An internal rotating &lais’ used to achieve modulation (enables thermekdround rejection
of the interrogated surface).

Figure 12. Photograph of the assembled LWIR [lluaton.

The excitation spot of the LWIR illuminator was cheterized using an Infragold target and a microbmater. The
microbolometer imaged the target while the stanteffveen the illuminator and the target was vaime#0 mm steps
from -80 mm to +80 mm about the nominal focus. Thierobolometer simultaneously imaged a NIST catixla
blackbody in order calibrate the intensity of thecitation spot. Specifically, a radiometric gaindaaffset for the
thermal image was obtained using a two-point raéipim calibration; Point one: blackbody apertur852C); Point
two: the housing of the blackbody (21°C). The aalied illuminator intensity profile indicates th#te LWIR
illuminator achieves an irradiance value of 25,80@/cnm?rm across the 1 mm x 4 mm GSD of the system. Fumaitio
testing also indicates that neither the illuminapot size nor the radiance changes significanifly ehanging standoff
range. At most the peak irradiance values decreps20% over +/- 10 cm of standoff displacement. &tteibute this
observation to a variable magnification of thetBrobject as a function of ray position/directiefiected by the ellipse.

4. CHEMICAL SIMULANT TESTING ON SURFACES

Reflectance spectra of liquid and solid chemicatudants on surfaces were collected with the SHSGADoth a
laboratory and outdoor environment. Substratesuded steel coupons painted with Chemical AgentdRasi Coating
(CARC), asphalt, concrete, and sand. Our experiahémeestigation primarily focused on surfaces eominated with
liquid triethyl phosphate (TEP) and solid acetarpimen. Tributyl phosphate and dimethyl phosphateewaso
considered as simulants, however, the 37 eesolution of the SHSCAD system did not allow thebemicals and TEP



to be discriminated. Methyl ethyl salicylate (ME®ps also identified as a simulant. However, thecriisinate
reflectance features of liquid MES are below tHéeotance noise of the system.

Substrates dosed with liquid TEP were preparedguam Eppendorf Research Plus (0.1-2ipb pipette to drop cast
0.30nt of fluid (equivalent to a particle diameter of B@um). The mean droplet mass dispensed by thetpipets
0.325 pg with a standard deviation of 0.124 pg €édasn 20 droplets measured using a Cahn C-30 naifzobe).
Substrates dosed with solid acetaminophen wereapedby weighing a known mass and sifting the povhli®ugh a
sieve with 500r§m openings over a known area.

4.1 Indoor testing overview

Reflectance spectra of simulants dosed on surfaegs collected in an indoor laboratory to charazéeper sample
probability of detectionf) for a per sample probability of false alarp.) of 1%. We should point out that tipg
values reported below are based only on false alaagminst the uncontaminated surface. They do apsider
misidentification. Figure 13a is a photograph of tBHSCAD collection geometry for laboratory measests. In
particular, substrates were placed below the ilhator at the focal point of the SHS telescope aiR. illuminator
(Figure 13b). A green laser was used to mark tkalfpoint of the telescope and indicate what regibthe substrate
was being sampled. An x-y linear translation stags used to sample different regions of the satestrTwenty
different 0.3 pl TEP droplets were prepared on eaafface. Figure 14 is a photograph of the barestsaties
interrogated in a laboratory environment with théSEAD.

Figure 13. a.) Photograph of the SHSCAD collectieometry for laboratory measurements. b.) A graearlpointer was
used to mark the focal point of the telescope adétate what region of the substrate was sampled.

Figure 14. Photograph of substrates used in labigrégsting of chemical simulants on surfaces.



4.2 Outdoor testing overview

The objective of outdoor measurements was to llpdoteflectance spectra of concrete and asphdht spectral
variability representative of real world surfacasd a2) demonstrate total system probability of dévec(Pp) and
probability of false alarmRga) for scenarios in which 0.8 TEP droplets were dosed at 0.5 §/areal densities.
Outdoor testing was conducted on a mobile tesfgtatwhich integrated the SHS, LWIR illuminator,tdacquisition
electronics, and system power supplies (Figure 15).

Figure 15. Photograph of the assembled mobileptatfiorm for the SHSCAD.

With the mobile test platform, data was collectathWEP and acetaminophen dosed on concrete arlasghile the
SHSCAD was on-the-move. Data was also collectechwhe SHSCAD GSD was positioned directly over thgiples.
The most successful experimental demonstrationtaf systenPD andPFA using the detection algorithm described in
Section 2 was a scenario of Od3TEP droplets dosed on sealed concrete while eribve.

The list below enumerates the challenges associgitedcollecting data of dispersed chemical simtdasutside of the
laboratory to demonstraiD andPFA values:

Results are highly dependent on the surface stei¢imooth versus rough; number of pits and faset$ace
homogeneity; sealed versus unsealed).

Liquid simulants penetrate/adsorb into the poreasphalt and concrete.

The areal density of any liquid remaining on aspbatoncrete surface cannot be quantified.

Difficult to prepare 800mm droplets with an 0.5 gfmareal density over 40 meters of travel distance to
demonstrate the achievement of the system thre$taldf 95% with 1 in 5 hour false alarm rate.

Difficult to intercept liquid spots outside pushipglling mobile platform.

4.3 Triethyl phosphate droplets dosed on CARC paintedtsel

Figure 16a depicts a representative photograph@Bai TEP droplet deposited on CARC painted steel. Buthe
experiments it was observed that ®3TEP droplets wet the surface of CARC and prodcmetaminated spots with
nominal diameters of 1.0-1.2 cm (i.e. 100% GSD ffiliction). Representative spectra acquired fro®.3aam TEP
droplet on CARC painted steel are shown in Figuéd.1The observed reflectance features are consistih
the expected Fresnel reflection features of ancalti thick liquid TEP film (red curve labeled “TERference” in
Figure 16b).



Figure 16. a.) A 0.3ul TEP droplet on CARC painségkel (ruler markings are in millimeters). b.) Regantative spectra of
TEP dosed on CARC along with representative speftcieean CARC and a reference TEP spectra.

However, from Figure 16b it can be seen that thesmeed differential reflectance of the TEP droptet030 crit (dark
blue curve) is 25% less than the expected Fresieéwdespite the TEP droplet filling the system G$his is a general
trend that was also observed for asphalt and cten¢déscussed in Sections 4.4 and 4.5.) We beliezethe reduction
in differential reflectance manifests itself frorhet fact that the SHSCAD is only sensitive to diuseflections.
Specifically, when an optically thick liquid wetssarface we hypothesize that only a portion ofghgace’s structure
promotes diffuse reflections from the conformaul@jair interface.

The histogram (red bars) of SAM values from 20,0.3EP droplets deposited on CARC is shown in Féglira. From
the figure it can be seen qualitatively that SAMpenses for TEP contaminated CARC are separabie 84M
responses associated with uncontaminated CARC Hats). The distribution of SAM scores shown inUFegl7a were
used to tabulate per samglgandp;, values as a function of SAM score. Based on oalyais we found that a SAM
threshold of 0.72 corresponds to a per samppbndpy, value of 93% and 1.0% respectively.

Figure 17. a.) Distribution of SAM values for cle@ARC and CARC dosed with 08 TEP droplets. b.) Per sample
probability of alarms for both CARC and TEP dos&aRC.

4.4 Triethyl phosphate droplets dosed on asphalt

Figure 18a presents a photograph of an asphaliocopmvided by ECBC personnel dosed with an.BEP droplet.
Due to insufficient contrast between the appliedTiguid and the black asphalt surface, the TERIdtas not visible
in the photograph. From the photograph, thougbaiit be seen that the asphalt surface is highlyddand pitted. The
green laser pointer indicates a portion of the akptoupon that is representative of other positiohosen for TEP
droplet deposition. We observed by eye that the @©Pplets wet the asphalt surface with irregulapss due to surface
pits and facets (this is in contrast to the spla¢spots of TEP on CARC). The variability in shafesn deposition-to-
deposition makes it difficult to report a final sghameter after the droplet wets the surface. sgntative spectra of a
TEP droplet that visually filled the SHSCAD’s GSbeashown in Figure 18b. From the data it can be $bat the
observed reflectance features are consistent wihnil reflection features for an optically thioguid TEP film (red
curve labeled “TEP reference” in Figure 18b).



Figure 18. a.) Photograph of the location wher®.8rul droplet of TEP was deposited on an ECBC al$plupon (ruler
markings are in millimeters). b.) Representativecsfa of TEP on asphalt along with representatpezsa of
uncontaminated asphalt and the reference TEP spectr

Similar to the results shown for CARC, the measutié@rential reflectance of a TEP droplet thalsfihe GSD is less
than the expected Fresnel value. Specifically,tleasured differential reflectance at 1030"¢figure 18b; dark blue
curve) is 40% of the expected Fresnel value. Indhse of asphalt, though, compared to CARC, theregped
differential reflectance is exacerbated by comglerface structure. Specifically, for surfaces, saslasphalt, with large
pits/facets the SHSCAD GSD most likely interrogadarger fraction of specularly reflective poofdiquid contained
within surface pits than diffuse reflectance fraquid that has conformed to the finer roughnesthefsurface.

The histogram (red bars) of SAM values from 20, OLIEP droplets deposited on five different aspleaupons is
shown in Figure 19a. SAM values shown for unconteat@d asphalt (blue bars) contain over 221,000tsdesamples
of asphalt acquired from a common parking lot witlie sensor was on-the-move — in addition to aspimlpons
sampled in the lab. The total number of samplelsidted in the background histogram was 246,000. tBdesamples of
outdoor asphalt included data acquired from paipitting lines and unidentified fluid stains left parked cars. From
the figure it can be seen qualitatively that theMBalues for TEP contaminated asphalt can be stgghfeom SAM
values for common parking lot asphalt.

The distribution of SAM scores shown in Figure 18zre used to tabulate per sampieandp, values as a function of
SAM score depicted in Figure 19b. Based on ouryaimlve found that a SAM threshold of 0.71 corresf®oto a per
samplepy and pr, value of 72% and 1%, respectively. Based on thedees we have calculated expected binary
probability distributions of the system (Figure 6@ a probability of intercept of 0 (i.e. no cantination) and 0.01. The
distributions shown are fd\g,,x=40,000 (based on the maximum allowable distane®aheters to detect contamination
with a 1 mm GSD in the direction of travel at 4 nalsd a time-to-detect of 10 seconds). Figure 2@ispthe
corresponding total syste®PD/PFA we would expect for 808m TEP particles dosed on an asphalt surface with an
0.5 g/nf areal density with the current system noise 08®.8nd spectral resolution of 37 ¢nThe figures show that the
system could achieve the threshold 9BZbfor TEP on asphalt and surpass the thresholdbIhiourPFA

Experiments were also conducted to demonstratetitateof TEP on asphalt in an outdoor environmehii@von-the-

move. However, TEP reflectance spectra were unmallguon the asphalt in the parking lot used feséhtests. The
difficulty stems from the fact that the weatheregplzalt no longer had a sealant on its surface. Assalt, the dosed
0.3 TEP droplets penetrated the pores of the aspdaling a negligible quantity of TEP on the surfatkis result is

in contrast to the asphalt coupons used in theantksting, which possessed a surface sealant.rpiilsio of the liquid

contaminant was not only a problem for unsealedhaspbut also unsealed concrete as will be seeettion 4.5. In
general, porous surfaces that enable liquid adsorpind penetration will pose an inherent obstiml@ny sensor trying
to detect liquid contaminants that have been disgkas aerosols with a 0.5 §/aneal density.



Figure 19. a.) Distribution of SAM values for cleasphalt and asphalt dosed with @I EP droplets. b.) Per sample
probability of alarms for both asphalt and TEP dioasphalt.

Figure 20. a.) Expected cumulative response digidhs and b.PD vs PFA of the SHSCAD for 0.81 TEP droplets on
asphalt §04:0.73,p,:0.01,Ngjo=40,000, fill fraction~100%).

4.5 Triethyl Phosphate droplets on concrete

Figure 21a shows a sequence of photographs of T&hetls on an unsealed concrete coupon. Duringerperiments
we found that 0.3 TEP droplets dosed on unsealed concrete prodspets with nominal diameters of ~3 mm (75%
GSD fill fraction). Representative spectra of urtemninated concrete as well as spectra from arl0TEP droplet dosed
on concrete is shown in Figure 21b. From the figucan be seen that the spectra of concrete detkd 0.3n droplet

is indistinguishable from those of the uncontamédatoncrete. However, with additional signal averggand as the
TEP droplet volume increases, a discernable TERagige becomes evident (Figure 22). Specifically,ttee total
volume of TEP deposited is increased tol 5he characteristic reflectance feature of TERGR0 cn begins to appear
on top of the bare concrete spectrum.

Figure 21. a.) Photograph of unsealed concreteddegh 0.0m of TEP up to 5.0M of TEP. b.) Representative spectra of
TEP on unsealed concrete along with representagigetra of uncontaminated unsealed concrete.



Figure 22. Average of 100 spectra measured by #&C3D of various amounts of TEP on unsealed coacret

We attribute the reduced sensitivity to TEP on ates concrete to adsorption of the TEP into thepaf the concrete.
We postulate that as the TEP volume applied ineseasid the pores of the concrete become satutatefitactional
contribution of diffuse reflectance within the G3fixreases. Our thinking is that as the pores Saturere liquid is
available to wet and conform to portions of thefate that can contribute to diffuse reflectance. &@mple, at a &i
droplet volume, there is a 2% differential reflexta signal at 1030 chcompared to the expected 12% differential
signal for a 100% fill fraction. This observationggests that for the Bi droplet deposited on the unsealed concrete
~ 20% of the SHSCAD’s GSD contains a diffuse strireetoated with an optically thick layer of TEP.

4.6 On-the-move results over concrete

The SHSCAD mobile test platform was manually pusbedr a sealed concrete floor to demonstrate omnvitree
detection. During the data collection, the SHSCABSD intercepted 14, 018 TEP droplets arranged in a line over a
two meter length of floor. At an areal density 05 @/m2 there would be ~ 7 particles per meterafanonodisperse
800nmm aerosol. Figure 23 is a photograph of the SHS@#dbile test platform approaching the 2 meter tracKEP
contamination. It was found that the TEP dropsgisead on the concrete surface to ~ 1 cm in dianfiete 100% GSD
fill fraction).

Figure 23. Photograph of the SHSCAD Mobile testfptan approaching a 2 meter linear section of #seded concrete
floor contaminated with 14 TEP particles.

Representative spectra acquired from several of0tBert TEP droplets on the sealed concrete floor arevshm
Figure 24. The observed reflectance features amsistent with the expected Fresnel reflection festwf an optically
thick liquid TEP film (red curve labeled “TEP reésce” in Figure 24). The suppressed differentifiectance value
near 1030 is indicative that the concrete floor surface fongss contains a larger specular portion thansdiffiortion.



Figure 24. Representative spectra of TEP on sealedrete along with representative spectra of utacoimated sealed
concrete and the Reference TEP spectra.

The SHSCAD passed over the two meter contaminated20 times over the course of the data colleddi#tonally,

over an hour of background was collected from thieceete floor. We should note that the high baylifgds used to
house a Ford F-550 truck. As a result, the floartaimed multiple spots of automotive fluids therergvmost likely oil
and anti-freeze. These spots were intercepted glwadtection of the “background” floor data. Basad the collected
data a final time series was prepared which catbisf approximately 1500 samples (2 meters) of T&ftaminated
floor concatenated between ~12,000 samples (8 s)attuncontaminated concrete.

The histogram (red bars) of SAM values acquirednf@ 0.3 pl TEP droplets deposited on the condtete is shown

in Figure 25a. From the figure it can be seen tptalely that the distribution of SAM values for PEcontaminated
concrete can be separated from the distributio®A values for the uncontaminated concrete. Théridigion of
SAM scores shown in Figure 25a were used to tabylat sampl@y andpg, values as a function of SAM score shown
in Figure 25b.

Figure 25. a.) Distribution of SAM values for seht®ncrete and TEP dosed sealed concrete. b. pRgles probability of
alarms for both sealed concrete and TEP doseddseaherete.

The measured binomial distributions of the cumutatiesponse of the SHSCAD to the concreter floataminated
with TEP is shown in Figure 26a. The distributiare shown fopy andps, values of 0.4 and 0.01, respectively, and
Nbiock= 1500 samples (based on the maximum number oflsamjithin the 2 meter contaminate track of cor&yethe
red distribution corresponds to the uncontaminateuicrete floor while the blue distribution corresgds to the TEP
contaminated concrete floor. The data presentedtifites the separability in the distributions loé tSHSCAD’s
cumulative response to a contaminated versus uaconated surface while on-the-move.



Figure 26. a.) Measured cumulative response digtobs and b.PD vs PFA of the SHSCAD for 14 0.81 TEP droplets
spread over 2 meters of sealed concngf®.40,p;:0.01,Ngjo=1,500).

Based on the cumulative response distributions showigure 26a the tot&D/PFA curve for the TEP contaminated
concrete is shown in Figure 26b. For this particalentaminated concrete scenarid®B® of 50% was achieved at a
constant false alarm rate of 8 per hour (B%A) (Figure 26b). The reportddD for this scenario was limited by the
2 meters of TEP dosed concrete. By increasing eiéaminated track length, the system would haverdepted more

particles resulting in an improveRD. We estimate that a PD of 95%, would have beenodstrated with 8 meters of
concrete sampled and &g,y of 6,000.

4.7 Triethyl phosphate droplets dosed on sand

Figure 27 a-e shows a photograph of TEP dropledsdlon sand. The figure reveals that liquid/sdligters are formed
when a small volume of liquid simulant is depositedo sand. The figure demonstrates that the sizieediquid/solid
cluster increases with increasing TEP droplet veluRepresentative spectral signatures of a 0.3 droplet on sand
are shown in Figure 28a along with spectra of utamamated sand. Figure 28b demonstrates that tlasumed spectral
signature of the TEP/sand cluster fits well ton@dr mixture of TEP and clean sand. In particiHayure 28b shows that
the average TEP/Sand signal (solid black scattetg)dits to a mixture of 60% clean sand and 4Q@cpnt TEP.

The histogram of ACE values from 20, 0.3 pl TEPpdets deposited on sand is shown in Figure 29al{eed). From
the figure it can be seen qualitatively that theEA@sponse of contaminated sand can be separatedMCE response
of the uncontaminated sand. The distribution of A&6res shown in Figure 29a were used to tabultesgmpleyy
andpy, values as a function of ACE score depicted in Fid29b. Based on our analysis we found that an #&g&shold
of 0.40 corresponds to a per sammjendp, value of 90% and 1%, respectively.

Figure 27. TEP/Sand clusters created by a.) Ot8)10.8 ul c.) 1.5 pl of TEP, d.) 2.5 pl and e Rl of TEP droplets.



Figure 28. Representative spectra of TEP on asplwaiy with representative spectra of uncontaméhatesealed concrete.

Figure 29. a.) Distribution of ACE values for clezsand and TEP dosed sand. b.) Per sample probaifisdarms for both
sand and TEP dosed sand.

4.8 Acetaminophen on asphalt

Figure 30 presents an asphalt area contaminatéd5mig/nf of acetaminophen (PHAc). The contaminated area was
prepared by sifting powdered acetaminophen ovecton of parking lot outside PSI's Andover fagilitwe attempted

to prepare a surface with an areal density of @8’ ¢put found it extremely difficult to evenly spre#lie required
acetaminophen mass over the designated area. EGegvaf it was a challenge to evenly distribute the ac@taphen
particles (Figure 30 indicates the spatial coveliadeghly inhomogeneous).

Using the SHSCAD mobile platform we collected dintan 20 random spots within the contaminated aspirala. At
each spot 1000-2000 spectra were collected. Duketonhomogeneous coverage of acetaminophen sbkdsystem
sampled random fill fractions of particles withimet GSD. Representative spectra from a spot with higal density
(i.e. high fill fraction) is shown in Figure 31b.ePresentative spectra from a spot with low areakit (i.e. low fill
fraction) is shown in Figure 31b.

ACE distributions from six of the twenty spots ateown in Figure 32. The distributions are arrangedscending
order, from the lowest response to the highest A€dponse. The spots with the highest ACE respomsespond to
portions of the contaminated area with the higfi#$taction. As expected, the separability of tAEE distributions for
asphalt contaminated with acetaminophen versusrtanonated asphalt depends on the fill fraction.



Figure 30. Asphalt outside the PSI Andover facitigsed with powdered acetaminophen (53y/m

Figure 31. a) Representative spectra of a.) higfrdiction and b.) low fill fraction acetaminophen weathered asphalt.
Representative spectra of uncontaminated weatlxshlt and the reference acetaminophen spectedsarshown.

Figure 32. ACE histograms from six of the twentgtaminophen contaminated asphalt spots sampledhat8HSCAD.
The blue histogram corresponds to uncontaminatgiadtsfrom the PSI parking lot.

5. CONCLUSIONS

An LWIR SHS coupled with an LWIR illuminator andtdetion algorithm has been developed to provide-cumtact
identification of liquid/solid contaminants on sacks. Functional testing revealed the final sepsmtotype achieved a
spectral range of 950 ¢hto 1200 crit with a spectral resolution of 37 &nand noise equivalent reflectance of 0.005.
The sensor was used to collect surface reflectdat® of clean and contaminated surfaces whileosiaty and on-the-
move. In particular, the SHSCAD interrogated CAR&LNped steel, asphalt, concrete and sand surfaeesdosed with
TEP and acetaminophen. Per sample probability tfotien values for these liquid and solid chemigatfare agents
were characterized using SAM and ACE.

Experimental results revealed that single @I EP droplets and acetaminophen particulate weteatiable on non-
porous surfaces. The measurements demonstratethéhatirrent system could achieve per sarpplealues ranging
from 0.4 to 0.93. The data revealed tpgtvalues are highly dependent on the surface mooglyolporosity, and



roughness. Surfaces with the most diffuse likea@rfroughness and the least amount of porositjtedsa the highest
pd values. On the move detection of @I3TEP droplets dosed on sealed concrete was alsomsrated. Based qn
values of TEP on asphalt we project that the cti®+5CAD sensor could achieve a 95 for 800nm TEP droplets
dosed on an asphalt surface with an 0.5°gireal density and surpass the threshold 1 in 5 R& for a 40 meter
distance traveled at 4 m/s (time-to-detect of kbsds).

Future work looks to replace the current globarmilinator with a Quantum Cascade Laser (QCL) illaton that is
currently being developed by PSI in a separaterteffABRPA’s Standoff ILIuminator for Measuring Abgmance and
Reflectance Infrared Light Signatures (SILMARILS)jogram). The QCL illuminator would increase the ctpsd

irradiance output of the SHSCAD and enable 1.) afimn of the sensor four feet off the ground, Ziljzation of a
smaller collector aperture to enable larger deptiioous and improved sensitivity to changes inairrheight and
3.) shorter integration times to support higheriglehspeeds in the updated Chemical Surface Detspecifications
document.
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