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1. Introduction 

In recent years, photoacoustic spectroscopy (PAS) has emerged as an attractive and 
powerful technique well suited for sensing applications. The development of high-
power radiation sources and more sophisticated electronics, including sensitive 
microphones and digital lock-in amplifiers, have allowed for significant advances 
in PAS.1,2 Furthermore, photoacoustic (PA) detection of IR absorption spectra 
using modern tunable lasers offers several advantages, including simultaneous 
detection and discrimination of numerous molecules of interest. Successful 
applications of PAS in gases and condensed matter have made this a notable 
technique and it is now studied and employed by scientists and engineers in a 
variety of disciplines.   

PAS is a detection technique under the umbrella of photothermal spectroscopy. 
Photothermal spectroscopy encompasses a group of highly sensitive methods that 
can be used to detect trace levels of optical absorption and subsequent thermal 
perturbations of the sample in gas, liquid, or solid phases. The underlying principle 
that connects these various spectroscopic methods is the measurement of physical 
changes (i.e., temperature, density, or pressure) as a result of a photo-induced 
change in the thermal state of the sample. Other photothermal techniques include 
photothermal interferometry (PTI), photothermal lensing (PTL), and photothermal 
deflection (PTD). All photothermal processes consist of several linked steps that 
result in a change of the state of the sample. In general, the sample undergoes an 
optical excitation, which can take various forms of radiation, including laser 
radiation. This radiation is absorbed by the sample placing it in an excited state (i.e., 
increased internal energy). Some portion of this energy decays from the excited 
state in a nonradiative fashion. This increase in local energy results in a temperature 
change in the sample or the coupling fluid (e.g., air). The increase in temperature 
can result in a density change and, if it occurs at a faster rate than the sample or 
coupling fluid can expand or contract, the temperature change will result in a 
pressure change. As mentioned, all photothermal methods attempt to key in on the 
changes in the thermal state of the sample by measuring the index of refraction 
change as with PTI, PTL, and PTD; temperature change as with photothermal 
calorimetry and photothermal radiometry; or pressure change as with PAS.3 

In order to generate acoustic waves in a sample, periodic heating and cooling of the 
sample is required to produce pressure fluctuations. This is accomplished using 
modulated or pulsed excitation sources.4–6 The pressure waves detected in PAS are 
generated directly by the absorbed fraction of the modulated or pulsed excitation 
beam. Therefore, the signal generated from a PA experiment is directly proportional 
to the absorbed incident power. However, depending on the type of excitation 
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source (i.e., modulated or pulsed), the relationship between the generated acoustic 
signal and the absorbed power at a given wavelength will differ.7,8 There are 2 main 
categories of light sources used for PAS: broadband sources and narrowband laser 
sources. Although lamp-based PAS is still common, modern PAS research has been 
mainly performed using laser sources.  

In 1994 the introduction of the quantum cascade laser (QCL) by Bell Labs9 changed 
the prospects of laser PA and, in general, IR spectroscopy. Since that time, 
continuing and aggressive evolution has been occurring. The QCL has matured to 
a level at which numerous companies can produce gain material for laser systems 
both in the United States and abroad. Along with this production, several companies 
have produced laser systems that are suitable for spectroscopic purposes (e.g., 
Daylight Solutions, Inc.; Pendar Technologies; Pranalytica, Inc.; and Block 
Engineering), allowing for continuous wavelength tuning ranges of greater than or 
equal to 200 cm–1. The resolution of well-constructed systems can tune 
continuously and without mode-hoping over the whole tuning band with a nominal 
resolution of approximately 1 cm–1. Power output of spectroscopic sources has 
generally been moderate; 10s of milliwatt average power and on the order of 100s 
of milliwatt peak pulsed power. Furthermore, QCLs, operating in low duty cycles, 
have demonstrated that PAS based on lock-in amplification can still be performed 
and indeed shows great promise.      

There are numerous publications with thorough discussions on the use of PAS for 
various applications,7,10–14 and although studies have demonstrated the sensitivity 
capabilities of PA sensors, the total system size represents a large logistics burden 
in terms of size, cost, and power consumption.1,2 For the past 14 years, the US Army 
Research Laboratory (ARL) has engaged in a wide-ranging effort to develop novel 
PA sensing platforms that address the challenges of chemical sensing for Army 
applications. We have focused on gas sensor miniaturization and the application of 
QCL technology in our PA sensor platforms. In addition, a theoretical method for 
predicting the resonant frequency of PA cells with side branches has been 
developed. This report reviews PA sensor development and demonstrations at 
ARL. The majority of these results have been discussed previously15–18; however, 
it is important to highlight them again for the purpose of this report.  

2. Photoacoustic Sensing of Gaseous Samples 

Investigations of gaseous species continue to be the most common application for 
PAS. Figure 1 depicts a block diagram of the main components in the ARL PA gas 
sensor system. A laser excitation source is either modulated or pulsed and directed 
at a PA cell, which serves as a container for the sample as well as the detector. The 
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resultant pressure wave, which is created due to sample heating, is detected by a 
microphone having the appropriate frequency response. Although alternative 
methods of transduction have been demonstrated,19–21 the microphone is the most 
widely used pressure sensor for PA applications. The signal generated by the 
microphone is proportional to the amplitude of the pressure wave, but other 
information is contained in the phase and delay of the wave as well. This 
information is captured by lock-in amplification. The sample cell is a resonant 
chamber. Trace gases are generated using a calibration gas generator. Nitrogen is 
used as the carrier gas and the gas sources are gravimetrically certified permeation 
tubes. Varying calibrated flow rates of the nitrogen carrier gas governs the 
concentration of the analytes of interest. The concentration range for each analyte 
is limited by the permeation tube and the permissible flow rates of the calibration 
gas generators. A flow controller and a relief valve are placed in line between the 
gas generator and the PA cell to ensure a constant flow rate through the cell to 
reduce flow noise. A PC is used to read and record the voltage outputs from the 
lock-in amplifier and a power meter is employed to measure the transmitted laser 
power, which allows for normalization of the PA signal for any residual drift 
associated with the excitation source. 

 

 

Fig. 1 Simplified schematic diagram of the ARL laser-based photoacoustic gas sensor 
system 

2.1 Laser Source 

Over the past 10 years, ARL has evaluated QCL technology in the implementation 
of these sources in our PA gas sensor platforms. We have employed a variety of 
external cavity (EC) QCLs, including pulsed, modulated continuous wave (CW), 
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and quasi-continuous wave (Q-CW) (i.e., high duty cycle pulsed operation, 
typically ~50%) sources, with broad tunability across different wavelength regions 
in the IR. The Q-CW laser produced a train of pulses at a high repetition rate  
(1 MHz). An external modulation envelope could be applied to the train of pulses 
producing modulated packets of pulses. Alternatively, the laser could be driven 
externally to produce pulses at lower repetition rates (down to 10s of Hz). ARL has 
also evaluated a prototype laser developed during an Army Small Business 
Innovation Research Phase II Development program. The compact source built for 
this program offers performance in a small package (a 2-inch cube) that is typically 
achieved with larger, bench-top laboratory QCLs. The packaged laser prototype 
contained a voice coil motor-based tuning mechanism that allowed both sweeping 
and stepping motions for rapid wavelength tunability.  

2.2 Acoustic Resonators 

An essential element of a PA gas sensor is the cell, most commonly a cylindrical 
tube resonator, which serves as a container for the sample as well as the detector. 
Therefore, optimum design of a PA cell is necessary to facilitate signal generation 
and detection.1,14,22–24 In conjunction with research to examine performance and 
design issues associated with the miniaturization of PA cells, we fabricated and 
tested a miniature non-microelectromechanical systems (MEMS) (macro) cell.25 
The basic design for the macro PA cell is a modified version of the cell studied by 
Bijnen et al.1 Numerous approaches to optimize a PA cell for trace gas detection 
were investigated, resulting in suggested parameters for the construction of a 
sensitive resonant cell with a fast response time. Our design is a ¼ scale down from 
the “Bijnen” cell, with a resonator radius (rres) = 0.75 mm and resonator length  
(lres) = 30 mm. Experimental results suggested that miniaturization of a PA cell is 
viable without a significant loss in signal and no adverse effects of the size scaling 
were visualized in the optics or acoustics of the macro cell. We achieved a detection 
limit of 65 parts-per-trillion (ppt) for sulfur hexafluoride using this macro cell.  

Initial examination of the scaling principles associated with PAS with respect to 
MEMS dimensions indicated that PA signals would remain at similar sensitivities 
or even surpass those commonly found in macroscale devices.25–30 The MEMS-
based PA sensor platforms designed by ARL for trace gas detection have used 
modified versions of the differential PA cell developed by Miklόs.31 The 
differential technique employs 2 resonator tubes, both housing a microphone, but 
with radiation directed only through one to generate a PA signal. The microphones 
possess similar responsivities, which allow for subtraction of the reference 
microphone signal from the PA microphone signal. This allows for the removal of 
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noise elements that are present in both resonant chambers, such as external 
vibrations. Figure 2 includes a photograph of the internal structure of our MEMS-
scale version of the “Miklόs” cell and the complete PA cell package. The resonators 
have square cross sections with lres = 8.5 mm and rres = 0.465 mm. Buffer volumes 
in the cell structure act as acoustic filters to suppress window and gas flow noise. 
The cell had 2 germanium (Ge) windows, which were attached to buffer volumes 
on either side of the resonator with epoxy. Tygon tubing was connected to the buffer 
volumes to allow for gas sample inlet and outlet flow. The MEM-scale PA cell was 
mounted on a printed circuit board, which allowed for wiring the microphones to a 
power supply (AA battery) and a lock-in amplifier (via modified BNC cables). 
Another MEMS cell design consisted of 2 open resonators having square cross 
sections (lres = 10 mm), each with rres = 0.432 mm. The resonator is flanked on both 
sides by a buffer volume. To further suppress gas flow noise, the cell had a 
convoluted, split sample inlet/outlet design.16 For each of these MEMS-scale PA 
cell designs, resonator and buffer volume dimensions were determined based on 
the criteria presented for the “Bijnen” cell.  

 

Fig. 2 Photograph of the internal structure of the MEMS-scale cell and complete PA cell 
package 

There are numerous examples in the literature of PA cells designs for pulsed PAS 
applications.32–35 The authors suggest cell designs that differ from those used for 
modulated PAS. The MEMS-scale PA cell designs developed by ARL for our PA 
trace gas sensors have been used effectively for both modulated and pulsed sources.  

As is often the case for trace gas sensing, the detection sensitivity is limited by the 
ratio of signal to noise (SNR). Applying higher modulation frequencies and 
acoustic amplification of the PA signal will result in an improved SNR. When the 
modulation or pulse frequency is the same as an acoustic resonance frequency of 
the PA cell, the resonant eigenmodes (i.e., acoustic modes) of the cell can be 
excited, resulting in an amplification of the signal.36–38 The resonance frequencies 
are dependent on the shape and size of the PA cell. The fundamental resonant mode 
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of a cylindrical resonator is related to resonator length and a basic “rule of thumb” 
is applied in the literature to predict this frequency value.1,39 Although the MEMS-
scale PA cells designed at ARL were based on parameters offered in the literature, 
the acoustics did not agree with frequency predictions. Bijnen offered a brief 
explanation for altered acoustic behavior due to the influence of a small connecting 
channel (i.e., side branch) located between the resonator tube and the opening for 
the microphone,1 but the significant effect the length of the side branch and the 
diameter of the side branch hole have on the resonant frequency of the tube 
resonator were not clearly addressed.  

ARL has demonstrated the critical effect the diameter of a side branch hole has on 
the resonant frequency of a tube resonator.40 This effect should not be overlooked 
in the design of PA cells with similar geometrical features. We introduced a 
theoretical method for predicting the resonant frequencies of acoustic resonators 
with side branches. The derived resonance conditions, which consider the input 
impedance to the side branch structure of a PA cell, significantly improve the ability 
to predict the cell resonant frequency. This method has been successfully extended 
to MEMS-scale PA cell resonators with complex side branch structures.  

2.3 Application    

ARL has collected PA spectra and limits of detection (LODs) for various analytes 
of interest using our MEMS-scale PA sensor platforms and employing a variety of 
EC-QCLs as excitation sources. Figure 3 shows the PA spectra for the standard 
nerve agent stimulant, dimethyl methyl phosphonate (DMMP), collected using our 
PA gas sensor.16 The spectrum in Fig. 3a was collected as a pulsed Daylight 
Solutions QCL and was continuously tuned from 990 to 1075 cm–1 (10.10 to 9.30 
µm), in 1-cm–1 increments. DMMP has known absorption features in this 
wavelength range, assigned to phosphorus–oxygen–carbon stretching vibrations. 
The source operated at room temperature with passive air cooling and a 20.9-kHz 
pulse rate provided an average optical power of 1.35 mW. The spectrum in Fig. 3b 
was collected as a modulated CW Daylight Solutions QCL and was continuously 
tuned from 1032 to 1070 cm–1 (9.69–9.34 µm). Due to the mode hopping41 nature 
of this source, we reduced the number of measured wavelengths, which was 
possible due to the broad absorption features of DMMP in this wavelength region. 
The source required a compact chiller for cooling. An injection current of 725 mA 
provided an average optical power of 11.97 mW. A function generator was 
connected to the laser head via a subminiature version A connector to allow for 
external current modulation. A 17.2-kHz sine wave with a peak amplitude of 2.5 V 
resulted in 65% amplitude modulation. The absorbance spectrum for DMMP, 
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which was recorded using a Fourier transform IR (FTIR), is also provided in Fig. 
3a and b for comparison to the PA data. There is good agreement between the laser 
PA data and the FTIR spectroscopy absorbance spectrum.  

 

Fig. 3 Measured a) pulsed and b) modulated CW laser PA spectra (―) of DMMP. Data 
derived from our own PA measurements are compared to FTIR reference spectrum (‒ ∙∙ ‒). 

The DMMP absorbance maximum in the QCL wavelength tuning range is  
1053 cm–1 (9.50 µm). Therefore, this wavelength is best suited for continuous 
DMMP sensitivity monitoring. The sensor response as a function of DMMP 
concentration at the absorbance maximum was measured and the results exhibited 
excellent linearity. Minimal detectable DMMP concentrations of 54 parts-per-
billion (ppb) and 20 ppb were achieved with the pulsed QCL and modulated CW 
QCL-based PA sensor systems, respectively.  

We employed a different QCL in our PA sensing system to study chlorobenzene, a 
propellant analog and an intermediate in the manufacture of certain pesticides (e.g., 
DDT), and hexafluoroethane (Freon 116), also a propellant analog and a component 
in refrigerants.42 Figure 4 shows the spectra of chlorobenzene and Freon 116 
collected as a pulsed Daylight Solutions QCL was continuously tuned from  
1050 to 1240 cm–1 (9.52 to 8.06 µm), in 1-cm–1 increments. Both species have 
known absorption features in this spectral region, assigned to carbon–carbon stretch 
frequencies in the chlorobenzene molecules and carbon–fluorine stretching 
vibrations in the Freon 116 molecules. The pulsed source operated at room 
temperature with passive air cooling. A 21.6-kHz pulse rate provided an average 
optical power of 1.32 mW. The absorbance spectra for these species, recorded using 
an FTIR spectrometer, are also provided in Fig. 4 for comparison to the PA data. 
There is excellent agreement between the PA and FTIR spectroscopy data. The 
sensor response as a function of chlorobenzene and Freon 116 concentrations was 
measured and the results exhibited excellent linearity. We achieved a minimal 
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detectable chlorobenzene concentration of 162 ppb and a minimal detectable Freon 
116 concentration of 19 ppb. 

 

Fig. 4 Measured pulsed laser PA spectra of a) chlorobenzene (―) and b) Freon 116 (―). 
Data derived from our own PA measurements are compared to FTIR reference spectra (‒ ‒). 

Although commercially available QCLs are more compact in comparison to other 
popular IR sources used for PAS (i.e., carbon dioxide [CO2] lasers), they are still 
rather large in relation to MEMS-scale components. To realize the advantage of PA 
sensor miniaturization, light sources of comparable size are required. ARL has 
reported on the use of a broadly tunable, ultracompact, pulsed EC-QCL (SpriteIR) 
developed by Daylight Solutions.43 This laser system (i.e., laser head and 
controller) was approximately one tenth the size of a standard commercially 
available, broadly tunable EC-QCL system from Daylight Solutions. Photographs 
of the packaged laser and controller prototypes are shown in Fig. 5.  

 

Fig. 5 Photographs of the packaged laser and controller prototypes, including the 
dimensions of the packaged SpriteIR laser module 
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SpriteIR was used in combination with a MEMS-scale PA cell design for detection 
of 1,4-dioxane. The spectrum of this analyte is shown in Fig. 6 and was collected 
as the laser was continuously tuned from 1100 to 1170 cm–1 (9.09 to 8.55 μm), in  
1-cm–1 increments. 1,4-Dioxane has known absorption features in this region, 
assigned to carbon–carbon and carbon–oxygen stretching vibrations. The prototype 
pulsed source was mounted on a cooling tower and required a compact chiller for 
operation at 17 °C. A 20.0-kHz pulse rate resulted in an average optical power of 
1.08 mW. The absorbance spectrum for 1,4-dioxane, recorded using an FTIR 
spectrometer, is also provided in Fig. 5 for comparison to the PA data. A PA 
spectrum of 1,4-dioxane collected using a commercially available Daylight 
Solutions EC-QCL is also provided in Fig. 6 for comparison.15 There was excellent 
agreement between the spectra. The 1,4-dioxane absorbance maximum in the QCL 
wavelength tuning range is 1138 cm–1 (8.78 µm). The sensor response as a function 
of 1,4-dioxane concentration at the absorbance maximum was measured and the 
results exhibited excellent linearity. We achieved a minimal detectable 1,4-dioxane 
concentration of 133 ppb. Our reported LOD for 1,4-dioxane using a similar 
MEMS-scale PA sensor platform, in which we employed a commercially available 
pulsed EC-QCL, was 180 ppb.15 Although the average power output of the SpriteIR 
laser was less than that of the commercial source, we observed less noise or 
background signal using the SpriteIR laser, which allowed for an improved 
detection limit.   

 

Fig. 6 Measured SpriteIR laser PA spectrum of 1,4-dioxane (red) compared to FTIR 
reference spectrum (black) and commercially available EC-QCL PA spectrum (blue) 

As discussed previously, the wide tuning ranges of QCLs allow for laser PA 
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ability permits the simultaneous detection of several components in a gas mixture 
and, if a proper wavelength region is chosen in which the absorption spectral 
features are clearly identified, increased molecular discrimination. Multivariate 
analysis permits simultaneous analysis of multiple components and is therefore an 
attractive tool for distinguishing several analytes based on spectral differences. 
ARL has used the partial least-squares 2 regression method to develop a model for 
the simultaneous differentiation of acetic acid, acetone, 1,4-dioxane, and vinyl 
acetate based on their absorbance features from 1050 to 1240 cm–1 (9.52 to  
8.06 µm) acquired experimentally using a pulsed Daylight Solutions QCL and a 
MEMS-scale differential PA cell.15 The absorption features for these molecules in 
this wavelength region are assigned to carbon–carbon and carbon–oxygen 
stretching vibrations. The pulsed source operated at room temperature with passive 
air cooling. A 21.6-kHz pulse rate provided an average optical power of 1.32 mW. 
Figure 7 presents the laser PA spectra collected for these species in this wavelength 
region. For all species, there was excellent agreement between the PA and FTIR 
spectra (data not shown).   

 

Fig. 7 Laser PA spectral absorption features of acetic acid (blue), acetone (red), 1,4-
dioxane (pink), and vinyl acetate (green) 

We used training samples (PA spectra) having a wide range of analyte 
concentrations as the basis to develop this model. The model simultaneously uses 
4 algorithms, each devoted to the identification of a particular species. It is the 
concurrent application of the algorithms that facilitates the classification (i.e., 
identification) of unknown spectra. A model using 1–10 factors or principal 
components was constructed for the prediction of the analytes of interest. Scores 
for the first 3 principal components are plotted in Fig. 8. This plot illustrates 4 
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distinct groups, defined for acetic acid, acetone, 1,4-dioxane, and vinyl acetate. 
These results confirm that the spectral features of the 4 analytes, and therefore their 
molecular compositions, are different. Furthermore, segregation of the training 
spectra into 4 lobes suggests that this model can be used to distinguish these 
particular species from one another; however, the overlapping lobes suggest the 
potential for an increased false alarm rate at low concentrations. We evaluated the 
performance of the model and ability of our QCL-based miniaturized PA sensing 
platform for the simultaneous detection and discrimination of multiple species. We 
introduced mixtures composed of known concentrations of the 4 analytes of 
interest, which were used to challenge the model. The model accurately 
discriminated between species having similar molecular components and identified 
specific analytes in mixtures and their concentrations. 

 

Fig. 8 Scores plot for the partial least-squares 2 model, using the first 3 calculated principal 
components. Data points for each analyte are encircled in lobes as a guide to the eye and 
convey no direct information. 

Most recently, we employed a Pranalytica Q-CW QCL in our MEMS-scale PA gas 
sensing platform to study acetone. This source allowed us to compare the figures 
of merit achieved for both pulsed and modulated CW operation. In pulsed mode, 
the laser was driven externally with an external drive signal source. A 5.0-V,  
21.6-kHz transistor-transistor logic (TTL) signal provided an average optical power 
of 2.70 mW. To achieve modulated CW operation, the Q-CW laser output was 
modulated by an externally supplied TTL signal. The modulation was imposed on 
the internal high frequency (1 MHz) drive signal. A function generator was 
connected to the laser head to allow for external modulation. A 5.0-V, 5.0-kHz TTL 
signal resulted in 50% modulation and provided an average optical power of  
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68 mW. In both cases, a compact chiller operating at 17 °C was used for laser 
cooling. The Pranalytica laser system was equipped with a red guide laser for ease 
of alignment with the PA cell. Figure 9 shows the PA spectra for acetone, collected 
using our sensor. The spectrum in Fig. 9a was collected using the QCL in pulsed 
mode as the laser wavelength was continuously tuned from 7.00 to 8.70 µm  
(1428 to 1150 cm–1), in 0.01-µm (1.5-cm–1) increments. The spectrum in Fig. 9b 
was collected using modulated Q-CW laser operation and continuously tuning over 
the same wavelength range as before. Acetone has known absorption features in 
this wavelength range, assigned to carbon–carbon and carbon–oxygen stretching 
vibrations. The absorbance spectrum for acetone, which was recorded using a 
FTIR, is also provided in Fig. 9a and b for comparison to the PA data. There is good 
agreement between the laser PA data and the FTIR spectroscopy absorbance 
spectrum. The acetone absorbance maximum in the QCL wavelength tuning range 
is 8.21 µm (1218 cm–1). Therefore, this wavelength was used for acetone sensitivity 
monitoring. Figure 10 illustrates the sensor responses as a function of acetone 
concentration under (a) pulsed and (b) modulated Q-CW QCL operation. The 
results exhibit excellent linearity. Minimal detectable acetone concentrations of 172 
and 257 ppb were achieved employing pulsed and modulated Q-CW QCL 
operation, respectively. 

 

Fig. 9 Measured a) pulsed and b) modulated Q-CW laser PA spectra (―) of acetone. Data 
derived from our own PA measurements are compared to FTIR reference spectrum (‒ ‒) 
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Fig. 10 PA sensor response as a function of acetone concentration under a) pulsed and b) 
modulated Q-CW QCL operation. Error bars represent one standard deviation. The dashed 
line represents 3 standard deviations (3σ) of the background signal. A linear function has been 
fit to the data. The lower concentration values are inset. 

Our reported LOD for acetone using a similar MEMS-scale PA sensor platform, in 
which we employed a commercially available pulsed Daylight Solutions EC-QCL, 
was 555 ppb.15 In comparison, these most recent results show improved LODs. 
These improved results were expected, as the average optical power output for the 
Pranalytica Q-CW QCL, in both modes of operation, was greater than that of the 
previously employed Daylight Solutions QCL model. 

The availability of continuously tunable QCLs having a broad wavelength tuning 
range makes this an attractive approach for a variety of applications. Employing an 
array of continuously tunable QCLs in a PA gas sensor would provide a broad 
wavelength tuning range, allowing for increased molecular discrimination and 
simultaneous detection of several molecules of interest. As demonstrated by the 
results summarized earlier and published previously, our PA gas sensing research 
has benefitted from the broad tuning capabilities of QCLs; however, each laser 
system we have employed in a PA sensing platform has exhibited limitations. 
Although the laser element itself is quite small (typically 3–6 mm) in each of the 
systems discussed here, the packaging, power supply, and controller remain 
logistical burdens. 

As stated earlier and supported in our results, the signal generated from a PA 
experiment is directly proportional to the absorbed incident power. This power is 
dependent on the wavelength and output format of the excitation source, which is 
normally restricted to CW or low-duty cycle pulsed operation. This restriction is 
directly associated with the inefficiency of the QCL (<10%) and its thermal effect 
on the feedback mechanisms. The localized heating of the element will change 
output wavelength and “pull” the laser to mode-hop unless it is pulsed short enough 
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to avoid large heating or operated in a continuous fashion, which establishes 
thermal equilibrium. For the pulsed sources evaluated in our laboratory, the duty 
cycles were as low as 1% and no higher than 5%. These values were dictated by 
the pulse frequency, which in our PA experiments was slow compared to the 
manufacturer’s optimized specifications. This factor greatly reduced the average 
power available for our PA sensing experiments. A higher average optical power 
was achieved using a modulated CW source; however, amplitude modulation of the 
CW source was not optimal and we were limited to specific current settings due to 
the mode-hopping nature of the source. These factors reduced our ability to attain 
a higher average power with this CW QCL model. The highest average optical 
power was achieved using the externally modulated Q-CW QCL; however, we also 
observed a higher noise floor when employing this model, resulting in reduced 
sensitivity. 

Comparing the modulated QCLs to the pulsed mode sources under similar 
experimental conditions (i.e., wavelength, trace gas concentration, frequency), the 
increased output power of the modulated CW lasers afforded better detection limits 
compared to the pulsed sources. However, consideration of power consumption and 
heat management favors the use of a pulsed QCL for future PA gas sensor 
development. A pulsed QCL with increased optical output power may result in 
comparable detection limits. In fact, it has been demonstrated and theoretically 
confirmed that, with respect to modulated operation (optimized for a 50% duty 
cycle), pulsed laser sources produce π/2 times higher PA signals under similar 
experimental conditions and average power.7 

3. Photoacoustic Detection of Condensed-Phase Samples 

Investigating solid and liquid materials using the PA technique is attractive as it 
allows optical absorption measurements to be made for optically opaque samples. 
This capability of PAS, along with its insensitivity to scattered light, makes this 
technique a very attractive spectroscopic tool for the investigation of condensed-
phase samples.44–47 PAS in these phases can be accomplished using both a direct or 
indirect coupling method. The direct coupling method is simple and there have been 
numerous studies using piezoelectric elements in contact with liquid or solid 
samples for PA detection.5,48,49 More recent reports describing PA detection of solid 
samples use conventional microphones and the indirect coupling method.47,50 The 
indirect PA detection of liquids or solids, which has been investigated at ARL,17 
relies on the gas coupling method and is explained by Rosencwaig as the gas-piston 
model.51 In this model, the periodic heating of the sample occurs in the absorption 
length of the sample, but only the heat within a defined diffusion length from the 
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sample interface can interact with the layer of gas directly above the surface in 
phase with the excitation light modulation. The periodic expansion in this gas layer 
produces an acoustic wave that can be detected using standard condenser 
microphones. The diffusion length is frequency-dependent such that lower 
modulation or pulse frequencies result in longer diffusion lengths and higher 
modulation or pulse frequencies result in shorter diffusion lengths.52 Therefore, 
PAS of solid samples is often applied to depth profiling of layered samples. 
Photothermal techniques have proven advantageous for depth profiling as they 
offer a frequency dependent, and therefore adjustable, probe depth.  

Figure 11 depicts a block diagram of the main elements in the ARL platform for 
PA detection and depth profiling studies of condensed materials. The components 
and their functionalities are similar to those employed in our gas sensor platform.  

 

Fig. 11 Simplified schematic diagram of the ARL PA sensor system for the detection of 
condensed materials 

3.1 Laser Source 

Although there have been several reports discussing the use of tunable IR sources, 
such as QCLs and CO2 lasers, to obtain PA spectra of gases, the application of these 
sources in PA experiments on condensed-phase samples are minimal. ARL has 
evaluated pulsed Daylight Solutions QCL technology in the implementation of 
these sources for PAS for depth profiling investigations of condensed phase 
materials. Specifically, the ability of the operator to change the pulse frequency 
(i.e., repetition rate) is an attractive feature for investigating probe depth. 
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3.2 Acoustic Resonator 

As discussed previously for acoustic resonators for PA gas sensing, an essential 
element of a PA sensor for condensed phase sample detection is the cell and 
optimum design is necessary to facilitate signal generation and detection. ARL 
designed and fabricated in-house an aluminum cylindrical PA cell to meet our 
design specifications. The cell consisted of a 4-mm-long resonator with a diameter 
of 16 mm. The closed cell had a zinc selenide (ZnSe) window on one side of the 
resonator and the sample substrate material on the other. The cell was equipped 
with a microphone, which was wired to a power supply (AA battery) and a lock-in 
amplifier (via a BNC cable). Figure 12a and b provides a simplified illustration and 
a photograph of the PA cell, respectively.  

 

Fig. 12 a) Basic PA cell components and orientation, b) photograph of the PA cell used when 
collecting data, and c) sample stack 

The PA cell was designed to have resonance features in the 10- to  
40-kHz frequency range, which was limited by the operational range of the 
microphone. Experimental resonance frequencies of 12.5, 20.9, 26.0, and 36.3 kHz 
were observed for the cell. These results were in agreement with the predicted 
theoretical radial resonance frequencies for a cylindrical cavity resonator as 
described in the literature.23,36 Amplification of the acoustic signal resulted when 
the laser pulse frequency was the same as an acoustic resonance frequency of the 
PA cell.  

3.3 Application 

ARL collected PA spectra for a layered system, illustrated in Fig. 12c, composed 
of tetraethoxysilane (TEOS) and a photoresist-coated silicon wafer, and 
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demonstrated discrimination between these compounds and the substrate itself 
based on sample depth profiling.17 These materials were chosen specifically for this 
proof-of-concept demonstration, because each has known absorbance features in 
the wavelength tuning range of the QCL and the thermal properties for these 
materials are known. All spectra were collected as the laser was continuously tuned 
from 1025 to 1240 cm–1 (9.76 to 8.06 µm), in 1-cm–1 increments. This spectral 
region is appealing as it contains absorption features representative of vibrational 
modes present in the selected molecules, specifically, carbon–oxygen, silicon–
oxygen, silicon–oxygen–carbon, and silicon–oxygen–silicon stretching vibrations. 
The source operated at room temperature with passive air cooling. Depending on 
the pulse repetition rate (ranging from 10.0 to 40.0 kHz), the provided average 
optical powers ranged from 1.60 to 6.50 mW. In this study, it was useful to compare 
the position of these features in this wavelength range. Spectral differences among 
TEOS and photoresist made it possible to distinguish these compounds.  

PA spectra were collected for varying thicknesses of TEOS films on a photoresist-
coated silicon substrate. Selected spectra are provided in Fig. 13. For each film 
thickness, spectra were collected at the experimentally determined resonance 
frequencies (i.e., 12.5, 26.0, and 36.3 kHz). These frequencies resulted in strong 
PA signals. Depending on the TEOS film thickness, the spectra in Fig. 13 show 
absorption features characteristic of photoresist and/or TEOS. In general, at the 3 
frequencies investigated for the TEOS samples, as the TEOS film thickness was 
increased, the magnitude of the absorption feature at approximately 1100 cm–1 
(associated with the silicon–oxygen–silicon stretching vibrations of the TEOS 
molecules) also increased. The opposite observation can be made for the broad 
absorption feature centered at approximately 1175 cm–1 (associated with the 
carbon–oxygen stretching vibrations of the photoresist molecules). For thinner 
TEOS films, the magnitude and appearance of this broad feature were significant; 
however, as the TEOS film thickness increased, the magnitude of this absorption 
feature decreased. These results were due to the film thickness approaching the 
maximum diffusion length (at a given frequency). 

To our knowledge, this was the first reported study detailing the development of a 
PA device employing a single, continuously tunable QCL for depth profiling 
studies, including discrimination between a material and the substrate on which it 
is deposited. The availability of continuously tunable QCLs having a broad 
wavelength and pulse or modulation frequency tuning range makes this an 
attractive approach for a variety of applications. 
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Fig. 13 Laser PA spectral absorption features for varying thicknesses of TEOS films on a 
photoresist-coated silicon substrate collected at a) 12.5 kHz, b) 26.0 kHz, and c) 36.3 kHz 

4. Standoff Photoacoustic Detection 

Standoff detection is desired over contact and proximal methods, because it allows 
for increased operator safety during the investigation of these hazardous materials. 
Standoff refers to instances in which the excitation source, detector, and system 
operator are located at a safe distance from the target samples. The PA effect has 
not been investigated extensively for standoff explosives detection platforms; most 
are purely optical (i.e., optical interrogation and optical detection). This is mainly 
due to the higher sensitivities achieved with in situ PA methods as well as the 
numerous challenges associated with PAS of samples in open air. In the absence of 
a sealed PA cell, acoustic waves spread, broadening their already minimal energy 
below the detection limits of acoustic detectors. Additionally, direct microphone 
detection is met with difficulty due to the influence of wind effects, such as air 
turbulence or constant winds.53 Interferometric sensors are an attractive alternative 
as they provide high sensitivity over long distances (>300 m) and maintain eye 
safety.54 Instead of detecting the acoustic wave directly, these sensors respond to 
the PA excitation by measuring the total change in optical path length of a coherent 
light source reflected from the surface of the sample. ARL has investigated an 
interferometric PA sensor in a standoff spectroscopy experiment using a QCL as 
the excitation source.18 Figure 14 depicts a block diagram of the basic elements 
used in the standoff PA measurements. Shifting from traditional PA cell-based PAS 
to a standoff method requires modification to the experimental design. The 
components remain largely the same, with the exception of the amplifying PA cell 
and the microphone used to measure the pressure fluctuations. Instead, an 
interferometer (i.e., laser Doppler vibrometer [LDV]) is employed to measure the 
physical response of the excited system at a standoff distance. 
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Fig. 14 Simplified schematic diagram of the ARL PA sensor setup used for the standoff 
detection of explosives at 1 m 

4.1 Laser Source 

ARL evaluated a broadly tunable, Pranalytica Q-CW QCL as the excitation source 
for the standoff PA sensing system. The Q-CW laser produced a train of pulses at 
a high repetition rate (1 MHz). An external modulation envelope was applied to the 
train of pulses producing modulated packets of pulses. The laser output was 
modulated by an externally supplied TTL level (0–5 V, high Z, rising edge 
synchronization) signal source. The modulation was imposed on the internal high 
frequency (1 MHz) drive signal. A function generator was connected to the laser 
head via a BNC connector to allow for external modulation.   

4.2 Laser Doppler Vibrometer 

In place of a traditional microphone detector, a commercial off-the-shelf LDV was 
employed for standoff PA detection. The LDV can be considered a variant of a 
Michelson interferometer that records system response to PA excitation by 
measuring the total change in optical path length of a helium neon (HeNe) laser 
beam reflected from the surface of the interrogated sample. The HeNe interrogation 
beam of the LDV must be carefully aligned to reflect from the intersection point of 
the sample and the excitation source. This alignment is necessary because the LDV 
measures not just the acoustic disturbance in the gas adjacent to the sample but also 
the surface motion induced in the sample and substrate system and the changes in 
index of refraction of the gas boundary as it heats and cools from the excitation. 
These physical responses in the sample are largest at the intersection point of the 
excitation source and sample. Measurements are made in the LDV by comparing 
the time rate of change of the interference of the probe beam that is recombined 
with and internal reference beam at a photodiode.  
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4.3 Application 

ARL collected PA spectra at a standoff distance of 1 m for 3 common military grade 
explosive hazards; 1,3,5-trinitroperhydro-1,3,5-triazine (RDX), pentaerythritol 
tetranitrate (PETN), and 2,4,6-trinitrotoluene (TNT).18 These spectra are shown in 
Fig. 15. RDX and PETN spectra were collected as the laser was continuously tuned 
from 7.0 to 8.50 µm (1428 to 1176 cm–1), in 0.01-µm (1.5-cm–1) increments. TNT 
spectra were collected as the laser was continuously tuned from 7.20 to 7.70 µm 
(1389 to 1299 cm–1), in 0.01-µm (1.5-cm–1) increments. These wavelength tuning 
ranges were based on known absorption features for these molecules. Specifically, 
RDX has known absorption features attributed to nitrogen–nitro stretching 
vibrations, carbon–hydrogen out of plane bending vibrations, and nitrogen–carbon–
nitrogen stretching vibrations; PETN has known absorption features assigned to 
carbon skeletal vibrations, carbon–hydrogen wagging and bending vibrations, and 
oxygen–nitrogen–oxygen symmetric stretching vibrations; and TNT has known 
absorption features attributed to carbon–carbon stretching vibrations within the ring 
structure of the molecule. The source operated at room temperature with passive air 
cooling. A 5.0-V, 5.0-kHz TTL signal resulted in 50% modulation and provided an 
average optical power of 68 mW. The laser system was equipped with a red guide 
laser for ease of alignment, which is invaluable for aligning the HeNe interrogation 
beam of the LDV with the intersection point of the sample and the excitation source. 
The absorbance spectra for these explosives, recorded using an FTIR spectrometer 
equipped with an ATR accessory, are also provided in Fig. 15 for comparison to 
the PA data. There is very good agreement between the PA and FTIR spectroscopy 
data. Minor differences were a result of background sources not eliminated during 
the background collection. The peaks required for substance identification are 
clearly reproduced in the PA measurements.   

 

Fig. 15 Measured Q-CW laser PA spectra of () RDX (―), b) PETN (―), and c) TNT (―). 
Data derived from our own standoff PA measurements are compared to FTIR reference 
spectra (‒ ‒). 

The concentration of the RDX and TNT samples was 500 µg/cm2 over a 1-cm2 
target area. The concentration of the PETN sample was 150 µg/cm2 over a 1-cm2 
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target area. The explosive samples were prepared using a drop-on-demand inkjet 
printer. Drop-on-demand inkjet printing was selected over other methods, such as 
spray deposition or dropcasting, because of the desire to maximize uniformity of 
the analyte.55–57 Drop-on-demand sample preparation has been shown to be an 
effective way to produce uniform samples of controlled quantities for investigation 
as this sample preparation method allows for the minimization of sample variance 
as a contributing factor to experimental uncertainty.58–62 

Substrate interaction is a nontrivial source of signal generated in the interferometric 
PA detection technique and must be understood in order to reduce the substrate 
background from the PA signal generated by the analyte of interest. Investigation 
into substrate response in standoff PAS experiments in our laboratory has shown 
that there is a major contribution to the signal.63 We have investigated 2 pathways 
for substrate interaction and found them both to be significant. Absorption of the 
excitation source occurs in both the analyte and the substrate, generating PA signal 
when there is no analyte and amplifying the signal from the system when the 
analyte is present. Substrate absorption can increase the likelihood of false positive 
detections when strong substrate response overwhelms analyte signal or obscures 
the subtle differences between blank and sample. As demonstrated with our 
proximal PA detection of condensed phase samples, there are beneficial 
experimental contributions from substrate absorption when performing PA depth 
profiling experiments. Substrate absorption spectra will differ from that of the 
analyte, and control of the modulation frequency of the excitation source controls 
penetration depths within the analyte-substrate system. Confirmation of the 
substrate response was accomplished via modeling. Assumptions made for model 
simplification for substrate absorption ignored the second substrate interaction 
path; the vibrational modes excited in small substrates. Small plate theory was used 
successfully to confirm experimental results detailing the relationship between 
substrate dimensions and modal frequencies excited in a PA experiment. Substrate 
composition also plays a significant role. Using vibrational modes, it is possible 
that standoff PAS systems can recreate the amplification used in microphone and 
cell-based PA experiments. 

Our results illustrated the capability of this method for detection of explosives at a 
distance and without the need for a PA cell. The availability of continuously tunable 
QCLs having a broad wavelength tuning range makes this an attractive approach 
for a variety of applications, as this method is adaptable to new analytes of interest 
by changing or adding excitation sources. 
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5. Conclusions and Outlook 

The versatility of laser-based PAS for sensing applications has been demonstrated 
by numerous state-of-the-art examples over the past 45 years. Detection limits for 
gaseous and condensed media are often in the parts-per-billion or sub-parts-per-
billion range, with some reports of parts-per-trillion level sensing capabilities. 
Furthermore, PA detection schemes are not limited to laboratory measurements and 
can be used at standoff distances. 

The development of continuously tunable sources, such as QCLs, allows for PA 
spectra to be collected. Data collected with a simple hearing aid microphone have 
been presented for numerous chemical species and are in excellent agreement with 
absorption spectra collected for the same analytes using a FTIR spectrometer. 
Additionally, these broadly tunable sources allow for the simultaneous detection of 
several molecules of interest as well as increased molecular discrimination.  

Although numerous reports have verified the sensitivity of PA sensors at trace 
levels, the total system size represents a large logistics burden in terms of bulk, 
cost, and power consumption. ARL’s research into PA sensing over more than a 
decade has taken on many of the issues involved with sensor miniaturization. Our 
successful demonstration of PA sensing platforms using MEMS-scale PA cells and 
compact QCLs is an important step toward the development of man-portable sensor 
systems and we expect continued success from PA-based sensing applications for 
the detection of a diverse range of chemical agents. ARL recommends continued 
investment in this technology for trace gas detection at proximal distances.  

Although ARL and others have demonstrated the effectiveness of traditional PAS 
as a spectroscopic tool for the proximal detection and identification if chemical 
hazards, standoff detection is still an emerging field, and numerous complications 
exist that make this a very challenging area. For example, the effects of wind 
conditions or air currents on the acoustic detection may pose a significant problem. 
Researchers at the University of Maryland Baltimore County have demonstrated 
direct measurements using a microphone as a detector and the resulting decay of 
acoustic waves as detection distance increases.64 Innovative approaches employing 
the photoacoustic effect for the standoff detection of hazards are under investigation 
and show potential for overcoming many of the challenges. Although the acoustic 
waves generated at standoff distances are affected by atmospheric conditions, the 
reflected or scattered light is not. Employing a quartz crystal tuning fork (QCTF), 
researchers at Oak Ridge National Laboratory demonstrated a standoff PAS 
technique using the laser light reflected or scattered off the target material.53,65–67 
The scattered/reflected light was collected using a spherical mirror and focused 
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onto a QCTF, producing an acoustic wave and driving the QCTF into resonance. 
The light stimulating the QCTF is diminished by the amount absorbed by the target, 
and the contribution of the residue is determined by subtraction of the substrate 
background. Using this technique, the reported sensitive and selective detection of 
a variety of surface-adsorbed compounds. Researchers at Laser Science and 
Technology Center in India have developed a portable explosives detection system 
based on the QCTF PA technique for field applications.68 In general, an initial 
background spectrum must be collected to remove the absorption effects not 
produced by the target material. Therefore, the properties of background materials 
might affect the ability QCTF PA signals to discriminate between chemical species 
and the substrates; thus, various types of substrate material that might be 
encountered should be thoroughly investigated.  

Recently, researchers at the Massachusetts Institute of Technology Lincoln 
Laboratory developed a modular, standoff, laser-induced acoustics system to detect 
and discriminate trace amounts of explosive material.69 Photoacoustic sensing of 
explosives (PHASE) exploits PA phenomena resulting from UV laser excitation. 
Exposed explosives are excited using an UV laser. The high peak power of this 
laser causes explosives to dissociate, vaporize, and release into the near 
atmosphere, producing intense local pressure variances and resultant acoustic 
signals. PHASE uses laser vibrometry to remotely measure photoacoustic 
emissions, enabling long standoff sensing. Photoacoustic signals from explosive 
hazards differed significantly from background materials (e.g., soil, concrete, 
metal, clothing/fabric) allowing PHASE to observe explosives versus common 
background materials with high detection probabilities and low false-alarm rates.   

The future of PAS for sensing applications includes the continued development of 
laser sources with respect to broad tunability and decreased system sizes and power 
requirements. Daylight Solutions now offers a compact, rapid-scan CW-pulsed 
mid-IR QCL with up to 400 cm–1 wavelength tunability.70 Pendar Technologies is 
developing monolithic QCL arrays to create a high-power, mid-IR laser in a small 
package.71 Pendar’s QCL arrays have advanced to the point of realizable inclusion 
in a miniaturized photoacoustic sensor platform, offering a unique synergetic 
concept with no moving parts, broad wavelength coverage, and rapid commercial 
scalability (electronics, III-V lasers, and MEMS-scale PA cell and microphone). 
We believe that as leading QCL manufacturers continue to push the envelope in 
laser development for a variety of applications, most, if not all, of the desired 
operational capabilities will be realized in the near future, allowing for 
commercialization of PA chemical sensors for deployment as wearables and for use 
in sensor networks.  
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List of Symbols, Abbreviations, and Acronyms 

ARL US Army Research Laboratory 

CO2 carbon dioxide  

CW continuous wave 

DMMP dimethyl methyl phosphonate  

EC external cavity 

FTIR Fourier transform IR  

Ge germanium 

HeNe helium neon 

IR infrared 

LDV laser Doppler vibrometer  

LOD limit of detection 

MEMS microelectromechanical systems  

PA photoacoustic  

PAS photoacoustic spectroscopy 

PETN pentaerythritol tetranitrate  

PHASE photoacoustic sensing of explosives 

PTD photothermal deflection  

PTI photothermal interferometry  

PTL photothermal lensing  

QCL quantum cascade laser 

Q-CW  quasi-continuous wave  

QCTF quartz crystal tuning fork 

RDX 1,3,5-trinitroperhydro-1,3,5-triazine  

SNR signal-to-noise ratio 

TEOS tetraethoxysilane  
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TNT 2,4,6-trinitrotoluene  

TTL transistor-transistor logic  

ZnSe zinc selenide 

UV ultraviolet  
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