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ABSTRACT 
 

Progress towards the development of a longwave infrared quantum cascade laser (QLC) based standoff surface 

contaminant detection platform is presented.  The detection platform utilizes reflectance spectroscopy with 

application to optically thick and thin materials including solid and liquid phase chemical warfare agents, toxic 

industrial chemicals and materials, and explosives.  The platform employs an ensemble of broadband QCLs with a 

spectrally selective detector to interrogate target surfaces at 10s of m standoff.  A version of the Adaptive Cosine 

Estimator (ACE) featuring class based screening is used for detection and discrimination in high clutter 

environments.  Detection limits approaching 0.1 µg/cm
2
 are projected through speckle reduction methods enabling 

detector noise limited performance. 

The design, build, and validation of a breadboard version of the QCL-based surface contaminant detector are 

discussed.  Functional test results specific to the QCL illuminator are presented with specific emphasis on speckle 

reduction.   

Key Words:  Quantum cascade laser, standoff surface contaminant detection, reflection spectroscopy, chemical 

warfare agent detection, explosives detection, TIC and TIM detection         

1. TECHNOLOGY OVERVIEW 

1.1 Capability Overview  

Physical Sciences Inc. (PSI) is developing a longwave infrared (LWIR) quantum cascade laser (QCL)-based surface 

contaminant detection platform in support of the IARPA SILMARILS program.  The detector platform will achieve 

speckle-mitigated and detector noise limited performance with sufficient sensitivity for accurate detection and 

discrimination regardless of surface coverage morphology and underlying surface reflectivity.  The detection platform 

employs reflectance spectroscopy performed at standoff (5 to 30 m) ranges and is applicable to optically thick and thin 

materials including solid and liquid phase chemical warfare agents (CWAs), toxic industrial chemicals and 

materials, and explosives.  The sensor also has application to gas detection via topographic back scatter lidar.  QCLs 

operating in the 900-1400 cm
-1

 spectral range are used to actively probe fundamental absorption features of these 

targets with the highest spectral brightness available.  A high throughput, high acquisition rate Spatial Heterodyne 

Spectrometer (SHS) is used as the spectrally selective receiver.  Maintaining sensitivity limited by the QCL’s spectral 

power and receiver noise is accomplished through speckle mitigation tailored to the platform and concept of operations.   

Table 1 summarizes the capability Key Performance Parameters (KPPs) for the system.  The program is presently in 

Phase 1 and is focused on feasibility demonstration and risk reduction.     

Table 1:  Capability Derived Key Performance Parameters 

System Parameter Value 

Detection range [m] 5 to 30 

Minimum area to be interrogated [cm x cm] 3.3x3.3 (5 m standoff); 100x100 (30 m standoff) 

Detection type identify 

Physical state bulk, particulate, aerosol, vapor 

Targets Explosives, CWAs, narcotics 

Minimum detectable surface loading [µg/cm
2
] 0.1 

Interrogation time (s) 33 ms (5 m standoff); 15 s (30 m standoff) 

Detection probability at designated levels 95% 

False alarm rate per interrogation  0.01% 

Surface characteristics Soda glass, high density polyethylene, roughened aluminum 
 



Figure 1: Breadboard version of sensor platform. 

 

1.2 QCL surface contaminant detector platform concept  

The sensor platform, shown in its breadboard configuration Figure 1 is a portable standoff surface and vapor phase 

detector with the following key characteristics:  

•  A monostatic, integrated transmitter/receiver in a monolithic package including:  

o A broadband QCL array transmitter proving continuous illumination over 900-1400 cm
-1

 used for 

flying spot illumination,  

o An SHS snap shot receiver,  

o A common transmitter/receiver foreoptic,  

o A galvanometer mirror scanner located at a pupil plane to scan the coaligned illumination and 

receiver internal field of view (IFOV),  

o Laser spectral power normalization, 

• An SNR ≥ 1000 at all wavelengths using active speckle reduction, 

• A reflective calibration target for illumination/collection spatial profile normalization, and  

• A new variant of ACE featuring class-based screening. 

Table 2 lists the derived KPPs which 

support the capability requirements listed 

in Table 1.  The spectral range is derived 

based on the target set; spectral resolution 

is based on the target set in combination 

with the anticipated interferents (not 

treated in this paper).  The noise equivalent 

reflectivity (NEρ) KPP is predicated on 

predominantly optically thin liquids and 

solids derived from the surface loading 

KPPs.  Figure 2 shows the CWA 

absorption spectra, which, when coupled 

with the expected film thickness yields a 

0.1% discriminant reflectivity modulation.  

The ACE algorithm requires a minimum 

signal to noise ratio (SNR) of 5 relative to 

the discriminant signal [1]; the sensor is 

therefore designed to achieve this 

performance based on a detector noise 

limit.  The field of regard (FOR) is derived 

from the interrogation area and minimum range KPPs.  IFOV is derived based on a target fill factor and speckle 

analysis.       

        Table 2:  Solution Derived Key Performance Parameters 

System Parameter Value 

Spectral range  950-1400 cm
-1 

 

Spectral resolution  8 cm
-1
 

Noise equivalent reflectivity  0.1% 

FOR 1.9° 

IFOV 667 µrad 

Response time  33 ms (5 m); 15 s (30 m) 
 

 
 

 

 

 

 

 

 
Figure 2: Absorption spectra for optically thin CWAs 
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Figure 3: Optical layout of transmitter/receiver assembly. 

 

 
Figure 4: Radiometric efficiency of receiver as a 

function of field position.   

2. DESIGN SUMMARY 

2.1 Transmitter/Receiver Design    

Figure 3 shows the optical layout of the transmitter/receiver assembly which transmits the QCL illumination to the 

target surface and collects the reflected energy for spectral analysis via the SHS.  The design was developed to 

achieve the following key attributes:  

• Etendue (throughput) set by the SHS and maintained by the fore optics at 30 m standoff range enabling 

achievement of the minimum detectable surface coverage,   

• Spatial diversity set by a combination of the fore optics diameter and the IFOV achieving sufficient 

speckle reduction required for the minimum detectable surface coverage, and  

• High speed scanning and interferogram acquisition enabling achievement of aerial coverage rate.    

The fore optics include a reflector telescope 

where the primary mirror is the entrance 

pupil of the system.  Lens 1 (L1) forms a 10× 

demagnified image of the primary on the 

galvo pupil plane (located between the x and 

y galvo mirrors).  The galvo is used to scan 

the coaligned illumination and receiver 

IFOV over the target surface.  Figure 4 

shows the predicted field flatness or the 

radiometric efficiency of the system as the 

galvo scans to the edge and the corner of the 

ROI.  Uniformity is better than 80% at the 

field edges and about 50% in the field 

corners.    

 L1 and L2 collectively form an image of the 

field on the input aperture of the SHS.  L3 

collimates the energy that passes through the 

input aperture.  The SHS interferometer 

comprised of a beamsplitter/compensator 

pair and tilted gratings spatial frequency 

encodes the energy’s spectrum.  Fringe 

optics including a collimating lens and an 

imaging lens pair (FL1 and FL2) form an 

image of the fringe field at the gratings onto a Sterling cooled type 2 strained layer super lattice (T2 SLS) focal 

plane array (FPA) .  The illuminator lenses solid angle match the collimated QCL input to the fore optics and fold 

the illumination beam onto the optical path via an intensity beamsplitter.      

Analytical performance projections for noise equivalent 

spectral radiance (NESR) and SNR with respect to a 0.1% 

reflectivity modulation assuming a 15% diffusely reflective 

substrate are presented in Figures 5a and 5b, respectively.  A 3 

ms per-IFOV integration time and the QCL spectral power 

density (SPD) discussed in Section 2.2 are assumed.  

Performance is predicted for three FPA pixel binning scenarios 

demonstrating that the throughput is ultimately limited by the 

external measurement geometry.  In other words, the available 

throughput is limited by the solid angle subtended by the fore 

optic on the target surface; binning pixels results in higher 

effective detector noise without an associated increase in 

throughput.   

 

 



 
Figure 5: (a) NESR and (b) SNR with respect to a 0.1% discriminant reflectivity modulation vs. standoff range for three SHS 

binning scenarios showing the throughput and sensitivity are limited by the measurement geometry.    

2.2 QCL Illuminator Design  

Figure 6a shows a solid model of the QCL array illuminator assembly comprised of five broadband Fabry-Perot 

style QCLs which are each collimated and then dichroically combined as shown in Figure 6b.  Each QCL is 

mounted to a common thermoelectrically controlled plate at equally spaced centers.  The configuration employs off 

the shelf spectral filters and has been optimized to pass each QCL beam through no more than one filter, resulting in 

minimal losses.  Figure 6c shows the expected normalized SPD based on the selected filters and adjusting for 45° 

angle of incidence.  The radiometric efficiency is better than 90% over the full 900-1400 cm
-1

 (approximately 7-11 

µm) spectral range with the exception of the filter/QCL edges.  The QCLs are each individually driven with a 

separate pulser board; however, the five QCLs are triggered with a common signal used to synchronize on/off cycles 

of the illumination with interferogram acquisition and scanning of the galvo.          

 

   

Figure 6: (a) solid model of broadband QCL illuminator assembly. (b) Dichroic beam combination scheme resuling in each QCL 

passing through a filter no more than once. (c) Predicted SPD based on stock filters.   

The broadband QCLs are being custom developed for this program by Alpes Lasers.  In addition to covering the 

900-1400 cm
-1

 spectral range, the QCLs must provide at least 10 mW/cm
-1

 of SPD in support of the minimum 

detectable surface coverage requirement.  The detection algorithm requires an SNR with respect to the discriminant 

portion of the signal of at least 5.  This SNR is given by       

                                        ��� =
����	
��∙���

����
�=���������                           (1) 

where Nsurface is the SPD-depedent radiance reflected from the target surface:   
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Figure 7: SNR with respect to 0.1% reflectivity 

modulation vs. SPD illustrating 10 mW/cm-1 is 

needed to achieve a discriminant SNR > 10.   
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Surface contaminant absorption and thickness are respectively 

given by  

                                 2�3 � 4�3 ∙ 2 ∙ ��3  �����������                         (3)     

and         

                                        ��3 �
�3

'��

 ���67                                   (4) 

where SC ~ 0.1 µg/cm
2
 and ρsurface = 0.15.  Figure 7 illustrates the 

10 mW/cm
-1

 SPD requirement resulting in an SNR > 10 assuming 

the predicted NESR of the receiver presented in Section 2.1.    

Table 3 summarizes five QCL designs currently under 

development by Alpes Lasers.  The designs are based on the well 

proven lattice-matched (LM) InGaAs/AlInAs with small shifts in 

the spectral range from previously developed designs.  Four of the 

five designs are double stack to achieve wider spectral coverage.  In addition, the designed spectral range decreases 

with increasing wavelength (decreasing optical frequency) with the expectation that higher power is easier to 

achieve at shorter wavelengths.  Devices from each of the material systems are being fabricated over a range of both 

ridge widths as well as cavity lengths.  This approach promotes the development of multiple transverse and 

longitudinal modes repectively, as well as enables higher output powers than single transverse mode and 3 mm 

typical cavity lengths.  Multiple laser modes are advantageous for speckle reduction as discussed in Section 2.3.  

The devices will all be epi-down mounted on AlN submounts which results in a colder junction temperature yielding 

higher average power than epi-up mounting.  Finally, the devices are HR and AR coated on back and front facets, 

respectively, promoting high average power.  Figure 8 shows preliminary normalized electroluminescence spectra 

for the custom QCL devices which indicates the gain bandwidths.  The data shows good expected spectral coverage 

over the desired 900-1400 cm
-1

 spectral range.   

Table 3: Custom QCL Design Details 

 

 

Figure 8: Electroluminescence spectra from custom QCL designs showing good spectral coverage over 900-1400 cm-1. 

 



 
Figure 9: M, K, and speckle contrast with and without laser mode 

diversity.   
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2.3  Speckle Mitigation  

In the absence of an effective reduction technique, the NEρ would be limited by laser speckle where the NEρ is 

equal to the speckle contrast.  The speckle contrast must therefore be reduced to below the 0.001 NEρ requirement 

to enable the system to meet its minimum detectable surface coverage requirement as derived above.  Contrast is 

defined as the ratio of the standard deviation to the mean over the FOR.  For this experimental configuration speckle 

reduction is achieved through a combination of spatial, temporal, and modal diversities which are summarized and 

derived in Table 4.  Spatial diversity (K) reduces speckle contrast through the averaging of speckle cells contained in 

the receiver’s IFOV.  High spatial diversity is achieved through a large transmitter aperture and a large receiver 

IFOV.  To this end, achieving low speckle through a large IFOV is counter to achieving high irradiance on target for 

a given QCL SPD limit (i.e. speckle and radiometric sensitivity exist in trade space).     

Temporal diversity (M) further reduces speckle through temporal averaging of independent speckle patterns during 

the integration of the signal.  High temporal diversity is achieved through the flying spot traversing many correlation 

distances contained in the IFOV during acquisition of the spectra.  The combined contrast limit of K and M is given 

by CM/K in Table 4 and is approximately 4.5% based on the system parameters. [2] 

Table 4: Speckle contrast budget 

 

Additional diversity provides multiplicative 

contrast reduction on top of the 

spatial/temporal limit.  In this instance, 

wavelength diversity is not useful for 

contrast reduction because the spectral 

resolution of the SHS (8 cm
-1

) is a very small 

fraction of the optical frequency (1000 cm
-1

).  

The relevant equation is given in Table 4.  

Moreover, angular diversity is not achievable 

at the requisite standoff ranges and a realistic 

aperture diameter.  The diversity balance is 

provided by multiple laser modes (transverse 

and longitudinal) which, based on the 

characterization presented in Section 3, 

provide contrast reduction proportional to the 

square root of the number of independent 

laser modes.  Figure 9 summarizes the results 

of the analysis predicting speckle contrast as 

a function of QCL spot/IFOV diameter at the 

30 m standoff with and without laser mode diversity.  The figure shows that the requisite contrast may be achieved 

with a 20 mm spot on target and 0.03 contrast reduction multiplier via laser mode diversity.            

 

 



 
Figure 11: Speckle measurement setup 

 

3. FUNCTIONAL TEST RESULTS  

In this section we present functional test results specific to the QCLs with the objective of demonstrating compliance 

with the SPD, spectral range, and speckle requirements.  Towards this objective, we have evaluated a subset of 

Alpes stock QCLs which are representative of the custom QCLs currently under development.  Figures 10a and 10b 

show calibrated power spectra of two devices from the same wafer with 3 and 6 mm cavity lengths, respectively.  

The data was recorded at 20C operating temperature, 1 MHz pulse repetition frequency, and 50% duty cycle.  The 

different spectra in the waterfall correspond to different operating currents on the LIV curves included as an inset.  

Calibration was achieved via normalizing the spectrum acquired with a MIDAC FTIR spectrometer by a thermopile 

type power meter measurement.  Key takeaways from these spectra include the achievement of the requisite SPD of 

10 mW/cm
-1

 by the 6 mm cavity length without significant cooling.  We also note the expected 2× power scaling 

with increased cavity length from 3 to 6 mm.  This laser is a single stack device and achieves an approximatey 60 

cm
-1

 spectral range, lending credance that the double stack custom devices will achieve approximately twice this 

range or 120 cm
-1

.  The most important consequence for the proposed platform is the fact that broadband continuous 

spectra is achievable through tailoring the drive conditions.  In general we see the best spectral shape near the peak 

average power on the LIV curve.      

 
Figutr 10: SPD for (a) 3 mm and (b) 6 mm length devices at 20C operating temperature, 1 MHz PRF, and 50% duty cycle.  SPD 

requirement is achieved by 6 mm device over 60 cm-1 which scales to achievement of design spectral range by custom devices. 

 

Figiure 11 shows the experimental configuration used to test 

the speckle predictions.  The (collimated) 3 mm stock QCL 

whose spectra is shown in Figure 10a was launched into an 

off axis parabola (OAP) using a 5 mm focal length lens to 

diverge the collimated beam.  The OAP was initially 

underfilled with an effective aperture of 50 mm.  A moving 

diffuser located at the target plane was used to simulate 

large M.  The target plane was imaged with a 

microbolometer camera with a 35 mm focal length lens 

resulting in a 500 µrad IFOV which is approximately the 

same IFOV as the surface contaminant detection platform.  

The predicted K value and speckle contrast for this 

configuration with no modal diversity are 6.25 and 40%, 

respectively. 

Speckle contrast was quantified using the microbolometer 

images with two different laser drive conditions which 

resulted in very narrow (condition 1) and very broad 

(condition 2) emission spectra.  Referring to Figure 10a, the 

two conditions corresponsded to drive voltages 8.3 V 

(magenta spectrum with < 1 cm
-1

 spectral width) and 10.4 V 

(red spectrum with ~ 60 cm
-1

 spectral width).  Figure 12 

(a) 
(b) 



Figure 12: QCL spot cross cuts, and calculated contrast for 60 

cm-1 (blue) and < 1 cm-1 (red) spectral widths with K = 6.25.   

Figure 13: QCL spot cross cuts, and calculated contrast for 60 

cm-1 (blue) and < 1 cm-1 (red) spectral widths with K = 200.   

Figure 14: Measured contrast for 3 spatial diversities as a 

function of drive voltage (spectral width)  
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shows cross cut plots over the laser spot for the two 

spectral width conditions.  The key finding was that 

contrast only decreases marginally with increased 

spectral width and is most likely due to a reduced 

ability to separate microbolometer noise from speckle 

at the lower QCL power.  Speckle does not scale 

appreciably with spectral width as predicted (Table 4). 

Complementary measurements were designed to 

demonstrate scaling with spatial diversity.  In one set 

of measurements the the 5 mm focal length lens was 

moved away from the OAP to increase the fill factor 

and associated effective transmitter aperture diameter 

to approximately 65 mm (K = 10.5).  The anticipated 

decrease in contrast is about 1.3 and was observed in 

the data (not shown but summarized below).  To 

achieve a more significant increase in spatial 

diversity, the breadboard transmitter assembly shown 

in Figure 1 was used to project the same QCL onto 

the moving diffuser with an effective transmitter 

aperture diameter of 200 mm (K = 200).  Figure 13 

shows the cross cuts with calculated contrast values.   

Figure 14 summarizes the measured contrast over all 

drive and spatial diversity conditions demonstrating 

the expected scaling with K
-0.5

 and negligible spectral 

width dependence, also as expected.  In addition to 

the expected trends, the absolute contrast values are 

approximately 30× lower than predicted based on 

spatial and temporal diaversity alone.  The reduced 

contrast is attributed to laser modal diversity which 

we believe to be enabled by pulsed operation. The 

spatial diversity scaling indicates that the requisite 

contrast of 0.001 will be achived by filling the 30 cm 

transmitter aperture.   

The final functional test validating the speckle model 

was to quantify the requisite motion of the 

illumination spot relative to the target surfaces for 

sufficient temporal diversity (M).  This quantity is 

significant because the flying spot approach requires 

the full temporal diversity is achieved as the spot 

moved over a single IFOV – otherwise the spatial 

resolution is compromised.  The underlying question 

is whether the relevant scale for producing an 

independent speckle pattern is the correlation distance 

of the target material (on the order of 100 µm) or the 

IFOV (20 mm at the 30 m standoff range).  This 

relative motion was quantified by laterally moving an 

Infragold target relative to the illumination spot and 

calculating the speckle contrast as a function of lateral 

translation.  Lateral translation was calcualted directly 

from the IR image using the edge of the target which is apparent in Figure 15a.  Figure 15b shows the integrated 

speckle contrast as a function of both integrated IFOVs and integrated correlation areas for the spot shown in Figure 

15a.  The data indicates that speckle is significantly reduced from 0.25 to 0.05 in two frames which is less than the 

movement of one IFOV but corresponds to 200 correlation areas of the Infragold.  This behavior indicates that the 
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relevant scale is the correlation length of the target material and not the IFOV of the receiver.  This conclusion 

supports the flying spot approach, which will traverse approximately 31,000 correlation areas within one IFOV, will 

achieve sufficiently high M for the requisite speckle reduction.        

     

Figure 15: (a) QCL spot with temporal diversity.  (b) Speckle contrast with relative lateral motion between the target and the 

illumination spot demonstrating the speckle decorrleates before one IFOV is traversed.   

 

4. CONCLUSIONS 

The design, build and initial functional testing of a QCL-based standoff surface contaminant detector have been 

described.  The application is remote detection of solid, liquid, and gases for a wide range of targets at standoff (10s 

of m) distances.  The sensor employs a flying spot model where the coaligned QCL and receiver IFOV are steered 

through a common aperture and the spectral reflectivity image is built up over time.  The detection platform was 

designed to resolve a 0.1% reflectivity modulation enabling detection at the 0.1 µg/cm
2
 surface loading level.  This 

performance is achieved through speckle reduction employing a combination of spatial, temporal, and laser mode 

diversities. 

Through functional testing, we have shown that sufficiently spectrally bright QCLs are commercially available to 

support this application, however, a custom development is in process to produce devices to cover the 900-1400   

cm
-1

 required spectral range.  The requisite spectral width and SPD appear to be achievable with a double stack 

design based on the baseline performance of the single stack stock QCLs.  Functional testing has shown that laser 

mode diversity plays an important role in speckle reduction; the result is significantly reduced speckle noise than 

predicted based on a spatial and temporal diversity limit.  Testing has also demonstrated that the requisite temporal 

diversity is achieved by the flying spot approach.   
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