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Abstract: This chapter discusses state-of-the-art spectroscopic techniques
based on mid-infrared laser absorption spectroscopy (LAS) and

recent examples of their use in field deployable optical instruments

for real-world applications. Optimum mid-infrared LAS performance
depends on three interrelated technologies: spectroscopic detection
method, laser source and a detector matched to the detection technique
and laser source. Hence a critical component of LAS is the use of various
well established and novel detection methods that include several types
of multipass gas absorption cells with the option to apply wavelength,
frequency and amplitude modulation to the laser source. In addition
various other instrumentation configurations based on cavity-enhanced
spectroscopy (CES) have been developed to increase the magnitude

of a molecular trace gas absorption signal. Other extremely useful
mid-infrared detection schemes are direct open path monitoring

(with and without retro-reflector) or indirect techniques based on
photoacoustic and photothermal phenomena.

A significant improvement to trace gas detection systems using LAS
methods has been achieved with the development of high performance
semiconductor lasers, in particular tunable quantum cascade lasers
(QCLs), since 1994. This has led to increased spectral resolution and high
detection sensitivity of molecular trace gas species in the mid-infrared.
Trace gas optical spectroscopic sensors based on QCLs are capable of
real time, ultra-sensitive detection of trace gas molecular species that
vary from the per cent level down to parts per trillion (ppt). Such sensors
can be used in a wide range of applications that include environmental
monitoring, medical and biomedical diagnostics, public health issues,
industrial process control and analysis as well as national defense and
security. In this chapter the spectroscopic detection and monitoring
of various specific molecular species — such as NH;, NO and NO, —is
described based on cavity ring-down spectroscopy (CES), conventional
and quartz-enhanced photoacoustic spectroscopy (CPAS and QEPAS) as
well as Faraday rotation spectroscopy (FRS).

Key words: laser absorption spectroscopy, cavity enhanced spectroscopy,
photoacoustic and quartz-enhanced spectroscopy, Faraday rotation
spectroscopy, quantum and interband cascade lasers, environmental
monitoring, breath analysis.
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580 Semiconductor lasers

15.1 Introduction

Laser-based spectroscopic techniques are useful for the quantitative detec-
tion and monitoring of molecular trace gas species in the mid-infrared
spectral region. The spectroscopic instrumentation generates a measur-
able signal that depends on the absorption of the target medium. The
choice of an optimum detection scheme depends on the requirements
of the specific application and the characteristic features of the infrared
laser source. Well established detection methods include several types of
multipass gas absorption cells with the option to apply wavelength, fre-
quency and amplitude modulation to the laser source. Intra and external
cavity-enhanced spectroscopy are two methods to increase the magnitude
of the absorption signal. Photoacoustic and photothermal, open path mon-
itoring (with and without retro-reflector), such as light detection and rang-
ing (LIDAR), differential optical absorption spectroscopy (DOAS) laser
induced fluorescence (LIF), laser breakdown spectroscopy (LIBS) and
fiberoptic or waveguide evanescent wave spectroscopy are other useful
mid-infrared detection schemes. A key optical component for LAS has
been the introduction and commercial availability of high performance
semiconductor lasers, in particular quantum cascade lasers (QCLs) since
1994 (Faist et al., 1994) and interband cascade lasers since 1995-96 (Yang,
1995; Meyer et al., 1996). The development of both QCLs and ICLs con-
tinues worldwide (Capasso, 2010; Vurgaftman et al., 2010; Razeghi et al,
2010; Bismuto et al., 2011; Gupta et al., 2010; Zeller, 2010). QCLs are con-
venient mid-infrared sources for ultra sensitive and highly selective trace
gas monitoring as the result of recent advances in their design and technol-
ogy. They can be fabricated to operate over a wide range of mid-infrared
wavelengths from ~3 to ~24 pm. Continuous wave (CW) QCL devices
capable of thermo-electrically cooled, room-temperature operation with
several important practical features — including single mode emission with
mode-hop free frequency tuning, high power (tens to hundreds of mWs),
and intrinsic narrow emission line widths — are commercially available in
the ~4-12 pm spectral region (Curl et al., 2010; Capasso et al., 2010). These
spectral characteristics permit the development of robust and fieldable
trace gas sensors (Kosterev and Tittel, 2002; McManus et al., 2010; Lee
et al.,2011; Lewicki et al.,2011). For example, the Rice Laser Science group
has explored the use of several methods for carrying out infrared laser
absorption spectroscopy (LAS) with mid-infrared QCL and interband cas-
cade laser (ICL) sources, which include multipass absorption spectroscopy
(Weidmann et al., 2005), cavity ring down spectroscopy (CRDS) (Kosterev
et al., 2001), integrated cavity output spectroscopy (ICOS) (Bakhirkin
et al., 2006; McCurdy et al., 2007b), photoacoustic spectroscopy (PAS) and
quartz-enhanced photoacoustic spectroscopy (QEPAS) (Kosterev et al,
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2005a; Lewicki et al, 2007b; Dong et al, 2010; Kosterev et al, 2010b), as well
as Faraday rotation spectroscopy (Lewicki et al., 2009; Zaugg et al., 2011).
These spectroscopic techniques permit the detection and quantification of
molecular trace gases with demonstrated detection sensitivities ranging
from ppmv to pptv levels depending on the specific gas species and the
detection method employed.

15.2 Laser absorption spectroscopic techniques

In conventional absorption spectroscopy (CAS), using broadband inco-
herent radiation sources, such as thermal emitters, the wavelength reso-
lution is determined by the resolving power of the spectral analyzer or
spectrometer. LAS, on the other hand, uses coherent light sources, whose
linewidths can be ultra-narrow and whose spectral densities can be made
many orders of magnitude larger (~10°W/(cm?MHz)) than those of inco-
herent light sources. The key advantages of mid-infrared LAS include the
following.

1. An absorption spectrum that can be acquired directly by scanning the
laser source across a desired rotational-vibrational resolved feature of
the target analyte.

2. High detection sensitivity with maximum accuracy and precision.

3. Improved spectral selectivity or resolution compared with CAS due to

the narrow linewidths (i.e. for CW QCLs ~0.1-3 MHz with a high qual-

ity power supply or <10 kHz with frequency stabilization and for pulsed

QCLs ~300 MHz).

Fast response time.

5. Good spatial resolution. This can involve remote sensing via LIDAR,
a mobile laboratory, aircraft, or networks of ground- or marine-based
Sensors.

6. Detector noise that becomes negligible for sufficiently large laser
intensities.

7. Non-intrusive methods, such as balanced detection or zero air sub-
traction, to suppress laser intensity fluctuations that can be readily
applied to increase the signal-to-noise ratio (SNR) and hence improve
the LAS detection sensitivity, i.e. the minimum detectable absorption
limit.

8. Spatially coherent laser light that can be collimated, which allows the
use of long pathlength absorption and cavity-enhanced spectroscopy
(CES) cells.

9. The laser frequency can be locked to the center of a resolved molecular
absorption line to determine the center wavelength or wavenumber of
the line with ultra-high precision and accuracy.

&
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582 Semiconductor lasers

10. Size,weight,electrical power,thermal management,gas and wavelength
calibration, protection from harsh environment, autonomous opera-
tion and remote access for long periods of time.

11. Ease of instrument operation and data reduction.

15.2.1 Laser absorption spectroscopy

During the past 25 years, mid-infrared LAS techniques have become
extremely sensitive, commercially available and effective spectroscopic
tools from ~ 3 to 12 um (it should be noted that Sb-based laser diodes, ICLs
and QCLs spectral coverage from 2 to 24 um has been demonstrated and
reported in the literature (Belenky et al., 2011; Christensen et al., 2010; Curl
et al., 2010; Capasso, 2010) for the detection and quantification of numer-
ous molecular trace gas species. As result of these LAS advances, molecu-
lar trace gases can now be measured in ultra small quantities in numerous
laboratory and field applications. Furthermore, single atoms and different
isotopes of the same atom can be detected for different chemical species.
In the mid-infrared region, the optical sensor systems, which employ dif-
ferent spectroscopic techniques, can be employed to obtain detection sen-
sitivities in the parts per million by volume (ppmv) to parts per trillion by
volume (pptv) range, depending on the specific gas species and the detec-
tion method employed. These high sensitivities are obtained using various
overtone combination and fundamental rotational-vibrational molecular
absorption bands located between the 3 and 24 pm wavelengths of the mid-
infrared region. The mid-infrared absorption spectra of several small mol-
ecules of potential interest for trace gas monitoring are shown in Fig. 15.1
within two mid-infrared atmospheric transmission windows.

The primary requirements for trace gas sensing are sensitivity and selec-
tivity. For small molecules with resolved rotational structure, the selectivity
is obtained by choosing an absorption line that is free of interference from
other species that might be present in the analyzed sample. Moreover, selec-
tivity is obtained by implementing a laser source that possesses a sufficiently
narrow linewidth. For small molecules, reducing the sample pressure sharp-
ens the absorption line without reducing the peak absorption, which sig-
nificantly improves selectivity. This condition continues until the linewidth
begins to approach the Doppler width (Kosterev et al., 2008).

Fundamentals of the LAS at a certain frequency v (cm™) can be expressed
by Beer—Lambert’s law:

I(v) = 1, (v)e™®WE [15.1]

where I(v),I,(v) are the intensity of transmitted and incident laser light,
o(v) is the absorption coefficient (cm™), and L is the effective optical
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15.1 High-resolution transmission molecular absorption database
{HITRAN) simulation of absorption spectra in two mid-infrared
atmospheric transmission windows {Kosterev, 2008).

path-length (cm). Therefore, to obtain the best absorption sensitivity one
needs to choose a strong molecular absorption line, use a long effective
optical path-length, and have a distinguishable absorption from baseline
variations and laser power fluctuations. The first requirement is best met
by choosing a target line associated with fundamental absorption bands, as
these are stronger than overtone or combination bands. A sufficiently long
path-length can be obtained by using multipass cells or cavity enhancement
techniques. For sharp absorption lines, noise associated with laser power
fluctuations can be reduced by averaging rapid scans over the line or by
employing the wavelength modulation spectroscopy (WMS) technique
in the kHz regime (Schilt et al., 2003; Schilt and Thévenaz, 2006). In most
applications, one detects the modulated absorption at twice the modulation
frequency using a lock-in amplifier set to 2f. The second harmonic signal is
maximum at the absorption line center. The final requirement to distinguish
absorption from baseline variations is the most challenging. Every long pass
arrangement exhibits accidental etalons, which typically have widths com-
parable to that of an absorption line. In principle, these can be removed by
evacuating the cell, replacing the sample with ‘zero air’ gas, which contains
no trace gas species of interest, and then dividing the sample trace by this
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background trace. However, this approach assumes that these accidental
etalons do not shift their pattern during the process of sample replacement,
although this is often not the case (Curl et al., 2010). Numerous research
groups (Fried et al., 1997,1998; Fried and Richter, 2007; Zahniser er al., 1995;
Werle et al., 2011) have investigated and reported on the merits of rapid
background subtraction in particular WMS and frequency modulation spec-
troscopy (FMS) to effectively remove optical noise.

For more complex, multi-atomic molecules, which do not have resolved
rotational structure, the spectroscopic detection process is more demand-
ing. The only way to detect absorption is through the process of pumping
the sample out and replacing it with zero air, due to the absence of a nearby
baseline for comparison. For weak absorption features, this imposes severe
limits on the long-term power stability of the laser source, the absence of
low frequency laser noise, and baseline stability. Furthermore, in the mid-
infrared fingerprint region, where many gases absorb, there may be other
gases contributing to a broad absorption that might significantly disrupt the
selectivity of concentration measurements.

For open path systems, a serious risk for selective measurements might
be encountered because (1) there is no way to replace the sample with
zero air for providing a baseline trace, and (2) there is no way to reduce
the linewidths (typically 0.1 cm™! at atmospheric pressure), which in some
cases might be too large to perform wavelength modulation spectroscopy
at an optimum modulation depth. Obtaining a long path-length by using a
multipass cell suffers from neither of these problems. The only issue with
this approach is that long path multipass cells are intrinsically bulky. Long
optical pathlengths are obtained by employing multipass absorption cells
where the optical beam is reflected back and forth between concave mirrors.
Numerous implementations have been reported in the literature, but four
fundamental designs (White, Herriott, astigmatic Herriott and Chernin)
have been used to achieve optical pathlengths of ~ 100 m physical lengths
for ~0.5 m distance between the mirrors (McManus et al., 1995). Cavity
ringdown spectroscopy (CRDS) has been demonstrated to give excellent
sensitivity (Kosterev et al., 2001; Tittel et al., 2003; Rao and Karpf, 2010),
but requires very high quality, low loss mirrors. Long path lengths in small
volumes can be provided by off-axis integrated cavity output spectroscopy
(ICOS) which has considerable promise for trace gas sensing (Bakhirkin
et al., 2004; Bakhirkin et al., 2006; McCurdy et al., 2007b). Other ultra-sen-
sitive and highly selective spectroscopic techniques that are employed by
research groups for trace gas detection are: balanced detection (Sonnenfroh
et al.,2001), laser induced breakdown spectroscopy (LIBS) (Gottfried et al.,
2009), noise immune cavity enhanced optical heterodyne molecular spec-
troscopy (NICE-OHMS) (Ye et al., 1998; Foltynowicz et al., 2008), conven-
tional photoacoustic spectroscopy (CPAS) (Elia et al., 2009; Lima et al.,
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2006), quartz-enhanced photoacoustic spectroscopy (QEPAS) (Kosterev
and Tittel 2004; Kosterev et al., 2005b), and Faraday rotation spectroscopy
(FIS) (Litfin et al., 1980; Ganser et al., 2003; Lewicki et al., 2009). The latter
three techniques, and CRDS and ICOS will be described in the following
sections of this chapter.

15.2.2 Cavity enhanced spectroscopy: CRDS and ICOS

The conventional method to perform sensitive laser-based absorption spec-
troscopy measurements is to increase optical path-length by using an optical
multipass gas cell. However, such an approach can be difficult to implement
in certain field applications, requiring compact gas sensor configurations.
For example, a typical commercial 100 m path-length multipass cell has a
volume of 3.5 1 (Curl,2010). An alternative way to obtain a long optical path
is to make the light bounce along the same path between two ultralow-loss
dielectric mirrors forming a high finesse optical resonator, called a ringdown
cavity (RDC) Cavity ring-down spectroscopy is based on the principle of
measuring the rate of decay of light intensity inside the RDC. The trans-
mitted wave from an injected pulsed or CW laser into the CRD decays
exponentially in time. The decay rate is proportional to the losses inside
the RDC. For typical RDC mirrors having a reflectivity of 99.995%, and
spaced ~20 cm, an effective optical pathlength of 8 km is obtained, which
exceeds the best performance of multi-pass cell spectroscopy. The light
leaking out of the RDC can be used to characterize the absorption of the
intracavity medium. The optical loss is the difference between total cavity
losses and empty cavity losses. Once the absorption spectrum of the sample
has been measured, then the sample concentration can be determined using
the absorption cross-section and the lineshape parameters. A good CRDS
system can achieve a minimum detectable absorption limit of ~4 x 10-.
Detailed mathematical treatment of CRDS can be found in the literature
(Busch and Busch 1999; Paldus and Kachanov 2005).

Several techniques exist to perform CRDS (O’Keefe and Deacon 1988;
Ramponi et al., 1988; Scherer et al., 1997) or integrated cavity output spec-
troscopy (ICOS) and its variant, off-axis ICOS (OA-ICOS), a technique
where one observes time integrated ring-down events (O’Keefe, 1998;
O’Keefe et al., 1999; Bakhirkin et al., 2004; McCurdy et al., 2007b). In these
techniques the coupling efficiency of the laser radiation into the resonant
cavity is extremely critical and determines the amount of light which can be
collected by a photodetector placed after the absorption cell.

The CRDS technique is intrinsically background-free. When carried
out with high power pulsed lasers, CRDS requires only high quality cav-
ity mirrors, a reasonably fast detector and appropriate data acquisition
electronics. This technique is harder to implement with QCLs, which have
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15.2 A typical CRDS-based sensor platform using an acousto-optic
modulator (AOM) as a high speed beam chopper.

pulse powers of only a few times their CW output (Manne et al.,2006). This
power limitation can be overcome by locking the cavity to the laser to fill
the cavity followed by rapid laser turn off. Alternatively, the cavity can be
dithered while a CW laser is scanned slowly (Paldus et al., 2000; Kosterev
et al.,2001; Sukhorukov et al.,2006; Rao and Karpf, 2010). A typical CRDS-
based sensor platform is shown schematically in Fig. 15.2.

For off-axis ICOS (OA-ICOS), in which the optical sensor system is
aligned in such a way that a maximum number of longitudinal and trans-
verse modes is excited within the cavity, the typical optical throughput of
the cavity is of the order of < 7/2 (where T is transmission of the cavity mir-
rors) (Paul et al., 2001). This method is related to absorption spectroscopy
using a multipass cell with the significant difference that in ICOS the beams
are allowed to overlap on the mirrors after many cavity passes. The principal
effect limiting sensitivity is output fluctuations (noise) caused by transmis-
sion noise due to the resonant mode structure. One approach for minimizing
this noise is to arrange that the laser spots on the mirrors exhibit a circu-
lar pattern similar to those of the Herriot multipass cell. If many passes of
the cavity take place before any of these spots overlap, interference effects
are minimal because the path-length before overlap exceeds the coherence
length of the laser. By introducing a small amount of astigmatism, the entire
surface of the mirrors can be used (Paul ez al., 2001). Another approach
for removing mode noise in OA-ICOS is to vibrate the mirrors (Bakhirkin
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et al., 2006, Engel et al., 2006). This causes many mode hops to take place
within the time required to empty the cavity, effectively averaging out this
noise. Thus the trade-off between multipass absorption and ICOS is that
in multipass absorption, this mode noise is not present because the spots
never overlap, but for similar mirror size and separation, the total path-
length can be much greater in ICOS. Since there are no mirror holes in the
ICOS cavity configuration to admit and allow the exit of the beam (laser
radiation is transmitted through the cavity mirrors) ICOS requires more
laser power, which is available with QCL excitation. A medical application
of QCL-based OA-ICOS for the measurement of NO and CO, in exhaled
breath was reported in McCurdy et al. (2007b). More recently, an OA-ICOS
instrument for the measurement of isotope ratios in water in order to obtain
information about the role of water in global climate change was reported
(Sayres et al., 2009). Furthermore, by combining OA-ICOS with multiple
line integrated absorption spectroscopy an ultrahigh sensitivity of 28 ppt for
NO, detection was achieved (Rao and Karpf, 2011).

15.2.3 Conventional and quartz-enhanced
photoacoustic spectroscopy

CPAS is a well-established trace gas detection method based on the
photoacoustic effect. In this method the acoustic wave is created as a result
of molecular absorption of laser radiation which is either intensity or wave-
length modulated. Such an acoustic wave, when it propagates within the
photoacoustic (PA) cell, can be detected by a sensitive microphone (Miklos
et al., 2001; Rossi et al., 2005). Instead of a single microphone device, an
array of microphones is employed in some CPAS systems to achieve more
sensitive results for trace gas detection (Hofstetter et al., 2001b; Elia et al.,
2005). In contrast to other infrared absorption techniques, CPAS is an indi-
rect technique in which the effect on the absorbing medium, rather than the
direct light attenuation, is analyzed. Therefore, no photodetector is required
in the CPAS technique. However, an infrared detector right after the pho-
toacoustic (PA) cell is usually employed for the purpose of monitoring laser
power and performing a line locking procedure.

In order to obtain an optimal acoustic signal for amplitude modulated
CPAS measurements, the laser modulation frequency is typically selected to
match the first longitudinal acoustic resonance of the PA cell, given by the
equation f = v/2L, where v is the speed of sound and L is the length of cell.
The resonance frequencies of PA cells are usually selected to be 1 kHz, the
make in order to CPAS technique immune to the intrinsic 1/f type noise of
the microphone and its pre-amplifier and to low frequency external acous-
tic noise (da Silva et al., 2004; Pushkarsky et al., 2006b; Lima et al., 2006).
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However, the PAS design does not allow a reduction of the photoacoustic
cell volume below ~10 cm?.
The detected PA signal (Sp,) is described by the following equation:

where C is the PA cell constant (Pa/(Wcm™)), P is optical power of the laser
(W), ais the absorption coefficient of the targeted gas (cm™*/(molecule cm~)),
c is concentration (molecule/cm?®), and M is the microphone response (V/Pa).

Ideally, CPAS is a background-free technique because only the absorp-
tion of modulated laser radiation generates an acoustic signal. However,
background signals can originate from nonselective absorption of the gas
cell windows (coherent noise) and external acoustic (incoberent) noise.
Therefore, proper isolation of the photoacoustic cell from any mechanical
vibrations will result in an improvement of the measured signal-to-noise
ratio (SNR). Further CPAS signal enhancement can be achieved by employ-
ing a different PAS cell design, such as a resonance photoacoustic cell with
two buffer tubes (Rey and Sigrist, 2008) or a ring differential resonance
photoacoustic cell (Miklos et al., 1999; Lee et al.,2007). Schematic diagrams
of both designs are depicted in Fig. 15.3.

In the two-buffer-tubes PA cell design (Fig. 15.3a), the A/4 buffer volume
in line with the longitudinal acoustic resonator acts as an acoustic notch
filter at the frequency of the resonator, in order to effectively suppress sys-
tem flow noise (Bijnen et al., 1996). In a differential PA cell (Fig. 15.3b),
two identical cylindrical channels are equipped with a microphone, which is
placed in the middle of each channel, where the maximum pressure oscilla-
tions are observed. Because the CPAS signal is proportional to the absorp-
tion coefficient and the laser power, it is possible for both designs to achieve
minimum detectable concentrations at the sub-ppb level by selecting the
strongest absorption lines of the target gas and by using high power laser
sources such as CW CO, and CO lasers, optical parametric oscillators, fiber
amplifiers, or CW DFB-QCLs or EC-QCLs (Bernegger and Sigrist, 1990;
Sigrist and Thoeny, 1993; Costopoulos et al., 2002; Pushkarsky et al., 2003,
2006; Webber et al., 2003; Ng et al., 2004; Mukherjee et al.,2008).

A novel approach to the photoacoustic detection of trace gases, utiliz-
ing a quartz tuning fork as an acoustic transducer, was first reported in
2002 (Kosterev et al., 2002, 2005b). The key innovation of this new method,
named QEPAS, is to invert the common CPAS approach and accumulate
the acoustic energy in a sharply resonant piezoelectric transducer with a
very high quality factor (Q-factor) of >10 000, rather than in a broadband
microphone and low Q (~200) resonant CPAS gas cell. A suitable candidate
for such a transducer is a quartz tuning fork (QTF), which is commonly
used as a frequency standard in digital clocks and watches. When the QTF
is mechanically deformed, electrical charges are generated on its surface
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15.3 (a) Block diagram of a two-buffer-tubes PA cell design and
(b} a ring differential resonance PA cell design.

only when the two prongs move in opposite directions (antisymmetric
mode of vibration). Thin silver films deposited on the quartz surfaces collect
these charges, which can then be measured as either a voltage or a current,
depending on the electronic circuit used. In vacuum, QTFs typically reso-
nate at 32 768 (2'°) Hz which results in a high immunity of QEPAS devices
to environmental acoustic noise.

The photoacoustic signal measured by a QEPAS sensor is proportional to:

s, ~ 229 [15.3]
fo
where o is an absorption coefficient, P is optical power, Q is the quality fac-

tor of the resonator and f; is resonant frequency (Kosterev et al.,2005a). The
QO-factor is dependent upon pressure p and can be expressed as:

9
S 15.4
Q 1"'Qvac'a'pb [ ]
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where Q,,. is the quality factor in vacuum and a and b are parameters
dependent on a specific quartz TF design (Kosterev et al., 2005b). The pres-
sure corresponding to optimum sensitivity depends upon the vibrational to
translational (V-T relaxation) energy conversion cross-section of the gas
of interest. In addition, if the V-T relaxation rate is lower than the opti-
cal excitation modulation frequency, the amplitude of the optically induced
acoustic signal is reduced. This effect is more significant for QEPAS due to
the high modulation frequency of ~32.8 kHz. It is more likely to occur with
small (2-3 atoms) molecules such as NO, CO, or CO,, which do not have
a dense ladder of energy levels to facilitate V-T relaxation. It was experi-
mentally determined in Kosterev et al. (2005b) that the optimum pressure
for fast-relaxing molecules with resolved optical transitions is <100 Torr,
which also ensures Doppler-limited spectral resolution. For slow relaxing
gases this optimum pressure is higher and may give a broader linewidth
than desirable for the best selectivity.

In a typical QEPAS scheme the laser beam is focused between the QTF
prongs as shown in Fig. 15.4a. In this case, the probed optical path is only
as long as thickness of the QTF, or ~0.3 mm. Therefore, QEPAS is mostly
sensitive to a sound source positioned in a 0.3 mm gap between the prongs.
Sound waves from distant acoustic sources tend to move the QTF prongs
in the same direction, which results in a zero net piezo-current and makes
this element insensitive to such excitation. A configuration shown in Fig.
15.4a can be useful when the excitation radiation cannot be shaped into a
near-Gaussian beam, like spatially multimode lasers. The simplest configu-
ration with bare QTF was used in some experiments (Wysocki et al., 2006)
and theoretically analyzed in Petra et al. (2009). However, the sensitivity can
be significantly improved using a configuration as shown in Fig. 15.4b, where
a metal tube is added on each side of the QTF to confine the optically gen-
erated acoustic vibrations in the gas and increase the effective interaction
length between the radiation-induced sound and the QTF (Lewicki et al.,
2007a). With respect to the QTF, these tubes can act as an additional acoustic
microresonator. Recent experimental studies have revealed that the opti-
mum length for each microresonator tube is somewhere between A /4 and
A2 of the propagating sound wavelength (A,) (Dong et al., 2010). Thus, for
optimal microresonator configuration, where each microresonator tube is 4.4
mm in length and 0.6 mm in inner diameter, an up-to-30 times improvement
in SNR can be observed in comparison to the bare QTF configuration (Dong
et al., 2010). Most QEPAS-based sensors utilize a configuration illustrated
in Fig. 15.4b. A typical QTF, used in most QEPAS measurements to date,
is illustrated in Fig. 15.4c. Other QEPAS spectrophone configurations, such
as off-beam QEPAS, are also possible (Liu et al., 2009, 2010). Furthermore,
two novel modifications of the QEPAS sensor architecture based on inter-
ferometric photoacoustic spectroscopy (Koéhring ez al., 2011) and resonant
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(b)

(@)

15.4 QTF-based spectrophones: (a) simplest spectrophone
configuration and (b) an improved spectrophone configuration with
an acoustic resonator formed by two pieces of rigid tubing (Kosterev,
2010b); (c) a typical quartz tuning fork geometry used in QEPAS trace

gas measurements.

optothermoacoustic detection (Kosterev and Doty, 2010) were reported
recently.

Like conventional photoacoustic spectroscopy, QEPAS does not require
optical detectors and also benefits from the high optical power of laser
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source. This feature is especially attractive for gas sensing in the 4-20 pm
region, where the availability of high-performance optical detectors is lim-
ited, and cryogenic cooling is often required. In spectroscopic measurements
based on the QEPAS technique, either the laser wavelength is modulated
at f,, = fy/2, or its intensity is modulated at f,, = f, frequency (where f; is the
QTF resonant frequency), depending on whether wavelength modulation
or amplitude modulation technique is used, respectively. In most QEPAS
sensor designs, a 2f wavelength modulation (WM) spectroscopy has been
used (Kosterev and Tittel 2004a, 2004b, 2005a, 2006; Horstjann et al., 2004;
Wysocki et al., 2006; Lewicki et al., 2007a; Spagnolo et al., 2010). This tech-
nique provides complete suppression of any coherent acoustic background
that might be created when stray modulated radiation is absorbed by non-
selective absorbers, such as the gas cell elements and the QTF itself. In this
case, the noise floor is usually determined by thermal noise of the QTF
(Grober et al., 2000). In case of an amplitude modulation (AM) mode the
QEPAS sensitivity limit is no longer determined by the QTF thermal noise
alone, but by laser power fluctuations and spurious interference features
as well. Therefore, the AM mode is often used for detecting large, complex
molecules, when individual rovibrational transitions are not resolved and
applying the WM technique is not possible (Wojcik et al., 2006; Lewicki
et al.,2007b; Bauer et al., 2009, 2010; Kosterev et al., 2010a).

A direct, side-by side comparison of a QEPAS sensor using a QTF
enhanced with a microresonator and a CPAS sensor based on a state-of-
the-art differential resonance photoacoustic cell (Lee et al.,2007) was dem-
onstrated in Dong et al. (2010). Using the 2f WM technique, the sensitivities
obtained for both QEPAS and CPAS were within the same detection range
when both fast (10 ppmv C,H, in N,) and slow (pure CO,) relaxing mol-
ecules were investigated. A small advantage of the CPAS technique over
the QEPAS technique for the analysis of pure CO,, results from a lower
modulation frequency and therefore a longer response time (t = Q/nf) of
the CPAS spectrophone. However, in most cases the QEPAS detection sen-
sitivity for slow relaxing molecules can be improved by adding a molecu-
lar species such as H,O (Lewicki et al., 2007a; Spagnolo et al., 2010) or SF
(Kosterev et al.,2005a), which eliminates the V-T relaxation bottleneck.

15.2.4 Faraday rotation spectroscopy (FRS)

FRS has been used for many years as a very sensitive and selective tech-
nique for the spectroscopic investigation of paramagnetic molecules such
as nitric oxide (Litfin et al., 1980; Adams et al., 1984; Ganser et al., 2003;
Fritsch et al., 2008; Sabana et al., 2009; Lewicki et al., 2009; Kluczynski et al.,
2011), nitrogen dioxide (Dillenschneider and Curl, 1983; Smith et al., 1995),
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oxygen (Brecha et al., 1997; So et al., 2011) and hydroxyl radicals (Pfeiffer
et al., 1981; Zhao et al.,2011). This technique takes advantage of the disper-
sion effects of paramagnetic molecules immersed in a longitudinal magnetic
field to reveal their unique property to rotate light polarization.

In the presence of a magnetic field, rovibrational transitions of molecules
that possess a permanent magnetic dipole moment undergo Zeeman split-
ting. The magnetic field breaks the degeneracy of the molecular rotation
states into 2J + 1 sublevels labeled by the quantum number M,. Moreover, in
the vicinity of a Zeeman-split absorption line of the paramagnetic molecule,
circularly polarized components have different wavelength dependent com-
plex propagation constants. Each circularly polarized component interacts
either with the AM, = +1 or AM,= —1 NO transition components. For line-
arly polarized light, which can be considered a superposition of right hand
(RHCP) and left hand circularly polarized (LHCP) light, propagation for a
distance L through a paramagnetic medium rotates its plane of polarization
by an angle © = AnLz/ A, where An=ng —n, isthe difference between the
refractive index for RHCP (n;) and LHCP (n,), respectively. The change in
polarization state can be monitored by placing the gas cell between two
nearly crossed Rochon polarizers (RP) and detecting the intensity modula-
tion of the light emerging from the second polarizer, also called an analyzer.
For small rotation angles, the polarization rotation and thus the detector
signal is directly proportional to the concentration of paramagnetic species
inside the cell. The polarization rotation angle can be detected very pre-
cisely using an applied modulated magnetic field and phase sensitive detec-
tion. Since the polarization rotation, and thus the variation, of the analyzer
transmission exist only when the paramagnetic molecules are present in the
gas cell, FRS is considered a zero optical background technique.

The basic FRS setup is shown in Fig. 15.5. For low gas concentrations
and short optical paths, the magnetic circular dichroism associated with the

IR
detector

Audio
amplifier

15.5 Schematic diagram of the 90° FRS scheme.Two RPs are nearly
crossed at an angle determined to give the best S/N. Black and grey
arrows indicate different light velocities observed for RHCP and LHCP
light propagated within the gas cell.
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difference between absorption coefficients for RHCP and LHCP light is
negligible. In a good approximation, only the magnetic circular birefrin-
gence (MCB) signal resulting from the difference between two dispersion
curves contributes to the final FRS signal recorded by a low-noise photo-
detector. This detection method was first reported in the 1980s with a color-
center laser source to reduce source noise and improve the sensitivity of the
FRS method (Litfin et al., 1980).

For the FRS technique two methods have been used for polarization rotation
measurements. The first measurement method, called the 90-degree method,
uses two polarizers and a single photodetector to sense the transmitted light
intensity (Litfin et al., 1980). In the 90-degree method, laser noise suppression
is achieved by nearly crossing the analyzer, thus reducing the amount of laser
amplitude noise arriving at the detector. In a situation where the main noise
source arises from laser amplitude fluctuations, improved sensitivity through
FRS is achieved by reducing laser source noise by a factor larger than the
simultaneous reduction of signal. Source noise from laser amplitude fluctua-
tions is at a minimum when the polarizers are exactly crossed and initially
increases quadratically upon uncrossing. The FRS signal is null at the exact
crossing, but increases linearly upon uncrossing. Therefore, the SNR enhance-
ment can be obtained because the signal is an approximately linear function
of the displacement of the analyzer angle from minimum transmitted light,
while the noise has a quadratic dependence on the angle. In addition, detec-
tor noise is unaffected by the polarizer crossing angle. Quantum or shot noise
grows with uncrossing in the same way as the signal. The second measurement
method, called a differential detection scheme (Adams et al., 1984) orients
the second Rochon polarizer at 45° to the first. This splits the original beam
into two equally intense beams of perpendicular polarization; these beams
are directed to two balanced detectors and the Faraday rotation is measured
as a difference between the two signals. Which method is best depends on
several factors: laser power, source noise in the laser, saturation of the absorp-
tion, and detector parameters (such as sensitivity, saturation, and linearity).
Frequency modulation can be used with any of the FRS methods to approach
quantum noise (QN) limited performance (Smith et al., 1995).

The SNR enhancement for both methods is achieved in slightly differ-
ent ways, but, fundamentally, both are based upon the efficient suppres-
sion of laser amplitude noise while maximizing the Faraday rotation signal.
Moreover, in both methods, the spectral shape of the FRS signal is the sum
of the differences between Zeeman shifted dispersion curves. Depending
on the ratio of laser intensity fluctuations to detector noise at the modula-
tion frequency, the SNR can be limited either by detector noise for quiet
sources or by polarizer quality for noisier sources. There is an optimum ana-
lyzer angle for the 90-degree method, which depends upon detector noise or
polarizer quality (Lewicki et al., 2009).
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15.3 Quantum-cascade lasers (QCL) for trace gas
detection

Distributed feedback QCLs (DFB-QCLs) and external cavity QCLs
(EC-QCLs) are reviewed followed by broad gain medium designs.

15.3.1 Distributed feedback quantum-cascade lasers
(DFB-QCL)

In order to utilize QC laser sources for accurate spectroscopic measure-
ments, narrow linewidth and single longitudinal mode operation of the
QCLs are essential. The single longitudinal mode operation of QCL devices
based on Fabry—Pérot cavities can be achieved either creating a distrib-
uted feedback (DFB) at a precisely selected wavelength (Faist et al., 1997,
Gmachl et al., 1998; Hofstetter et al., 1999; Hofstetter et al., 2001a; Aellen
et al.,2003; Xu et al.,2006) by introducing a periodic grating structure on the
top of the QCL waveguide, or by using an external cavity (EC) configura-
tion (Wysocki et al., 2005; Maulini et al., 2005; Wysocki et al., 2008).

The single-mode wavelength A, of the DFB laser is determined by the
Bragg reflection condition Az = 2n.d, where n, is the effective refractive
index of the waveguide and d is the period of the diffraction grating. Light
satisfying this condition is strongly reflected off the grating and is selected
for laser action. Wavelength tuning of the DFB lasers is mainly achieved by
the temperature dependence of the refractive index and can be obtained by
changing the temperature or by varying the injection current (Joule heat-
ing) of the laser. By increasing the temperature of the laser structure, the
effective refractive index n. increases resulting in a higher emitted wave-
length (lower emitted frequency). For state-of-the-art DFB-QCLs, typical
current and temperature tuning coefficients are —0.01 cm'/mA and -0.16
cm /K, respectively. This results in a total spectral range of 4 to 5 cm™ and
15 to 20 cm™! for maximum current and temperature tuning ranges, respec-
tively. However, an increase of the QCL temperature during the tuning pro-
cess can result in a decrease of the output optical power, which must be
avoided for power dependent spectroscopic techniques such as CPAS or
QEPAS. Therefore, DFB-QCLs are typically designed for operation at a
single target frequency with a practical tuning range of few cm™ (Yu et al,,
2005). Moreover, they are usually used in trace gas detection and quantifi-
cation of small molecules with narrow, well resolved rotational-vibrational
lines (Bakhirkin et al.,2006; McCurdy et al., 2007a; Grossel et al., 2008).

The spectral tuning range of DFB-QCLs was recently extended by
fabricating an array of 32 DFB lasers that were grown on a single chip
and driven individually by a microelectronic controller (Lee et al., 2007).
The active region of each laser consists of 35 stages based on bound-to
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continuum design centered at 9 pm. The DFB-QCLs array operating in
a pulsed mode offers a wide continuous spectral tuning range of 85 cm™
from ~1064 cm™! (9.4 pm) to 1149 cm™ (8.7 pm) (Lee et al., 2009a). The
continuous spectral coverage of the DFB-QCLs array is achieved by small
range temperature tuning to eliminate any spectral gaps. The lasers can
be heated locally by changing dc current value delivered to the individual
laser or heated by changing the temperature of the heatsink on which the
laser array is mounted. The former process can reach the desired wave-
length in milliseconds, while the latter process requires several seconds.
The DFB QC lasers linewidth, estimated to be ~0.01 cm~! in pulsed opera-
tion and ~0.001 cm™! in CW operation, is significantly better than the reso-
lution offered by a typical ‘bench top’ FTIR (~0.1 cm™). Furthermore, the
same group fabricated an ultra-broadband DFB-QCLs array, consisting 24
DFB-QCLs which have a heterogeneous cascade structure based on two
bound-to-continuum designs centered at 8.4 and 9.6 pm (Lee et al., 2009b).
This resulted in an overall frequency tuning range of 225 cm™!, centered
at 1150 cm™! (~8.7 um). The 24 single-mode DFB-QCLs array has proven
its capability as a spectroscopic source for sensitive detection of different
broadband absorbing molecular species including isopropanol, methanol,
and acetone (Lee et al., 2007).

Nowadays a single frequency CW DFB-QCLs can provide >100 mW
of optical power at room temperature (Yu et al., 2005). Recently, a single-
mode emission of more than 150 mW output power was demonstrated for
CW RT (room temperature) 7.74 pm DFB-QCL devices fabricated with a
buried grating geometry (Troccoli et al., 2010). Approximately 100 mW of
optical power was demonstrated for 3.8 W of electrical power consumption
with a DFB device at a TEC accessible temperature of 263 K (Wittmann
et al., 2009). A state-of-the-art 2.4 W TEC CW operated DFB-QCL was
recently demonstrated at 4.8 um (Lu et al., 2011). High power single mode
operation and 10% peak wall plug efficiency from one facet at 298 K was
obtained. This was achieved by a surface-plasmon coupling mechanism as
well as a combination of high-reflection and antireflection dielectric coat-
ings. Moreover, high power, CW, TE-cooled DFB-QCLs are also commer-
cially available (e.g., www.3-5lab.fr, www.alpeslasers.ch, www.atoptics.com,
www.hamamatsu.com, www.nanoplus.com, www.maxion.com).

15.3.2 External cavity quantum-cascade lasers

(EC-QCL)
Another approach to achieve single frequency operation is to integrate a
Fabry—Pérot QCL with broadband gain medium (Faist et al.,2001;2002) into

an EC configuration (Maulini ef al., 2004, Maulini et al., 2005; Wysocki et al.,
2005; Maulini et al., 2006). The main advantage of using EC-QCL sources, as
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compared to DFB-QCLs and DFB-QCL array devices, is primarily due the
fact that they have a much wider wavelength tuning range which is only lim-
ited by the effective bandwidth of the QCL gain medium. Hence, EC-QCL
sources are better choices to perform simultaneous spectroscopic measure-
ments of multiple chemicals species or broadband absorbing molecular spe-
cies detection. The implementation of the near RT and wide gain profile
pulsed Fabry—Pérot QCLs into external cavities resulted in a wide frequency
tuning range of 432 cm' (Hugi, 2009, Hugi, 2010) and ~200 cm™ in CW mode
(Maulini, 2006; Pushkarsky, 2006a; 2006b; Wysocki, 2008; Wittmann, 2008;
Hugi, 2009, 2010).

An EC-QCL system consists of three main optical elements: a QCL
gain chip, an aspherical lens to collimate laser light, and a diffraction grat-
ing which acts as a wavelength-selective filter. The two most commonly
used configurations for grating-coupled EC systems which employ a QCL
as a gain medium are the Littman-Metcalf (Phillips,2007) and the Littrow
configurations (Arnold, 1998). Each type of EC configuration has its spe-
cial advantage, which makes it best suitable for a certain type of applica-
tions. General performance and wavelength tuning behavior of QC lasers
in Littrow and Littman-Metcalf cavity configurations were studied in
detail in Guipeng (2002), demonstrating similar wavelength tuning prop-
erties for both configurations. For trace gas detection, Littrow configured
external cavity quantum-cascade laser (EC-QCL) systems (Lewicki et al.,
2007b; Wysocki et al., 2008; Karpf and Rao 2009; Scherer et al., 2009; Tsai
and Wysocki 2010; Spagnolo et al., 2010) are more often employed than
Littman-Metcalf systems (Phillips et al., 2007). In the Littrow configu-
ration, the first-order diffraction beam is directly feedback to the laser,
which results in obtaining an optimal condition for the QCL tuning range.
Due to the double diffraction from the grating the Littman-Metcalf con-
figuration offers narrower linewidth than the Littrow configuration at the
expense of both optical power and spectral tuning range due to decreased
grating feedback strength.

In a Littrow configured EC-QCL a coarse wavelength tuning is
achieved by varying the angle of the diffraction grating. This will result
in discrete tuning jumps between the internal Fabry-Pérot cavity modes
of the laser chip or between EC modes. Both cavity modes are separated
by v=1/2nL , where L is the cavity length and # is the refractive index
of the cavity medium. In order to achieve continuous, fine mode-hop free
tuning, the cavity length and grating angle must track each other. The
mode-hop free tuning ability and tuning range is significantly improved
when an anti-reflection (AR) coating is implemented at the front facet of
the Fabry—Pérot QCL. In this case, the effect of the optical cavity formed
by the laser itself is eliminated and stronger feedback from the diffraction
grating to the laser chip is achieved. Furthermore, a high reflection coating
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deposited on the back facet improves the optical gain within the QCL gain
structure.

Several interesting schemes of fine wavelength tuning based on EC sys-
tems were demonstrated in the following publications (Maulini et al., 2005;
Wysocki et al., 2005; Pushkarsky et al., 2006a, 2008; Day, 2010). In the first
scheme, a fine wavelength tuning was achieved by varying the grating angle
and the laser current or the heatsink temperature at the same time (Maulini
et al.,2005). However, this configuration suffers from mode hopping due to
the lack of control for the EC length when the laser was tuned. Thus, the
laser jumped between modes separated by v ~0.05 cm™, which was very
hard to observe with 0.125 cm maximum resolution of FTIR spectrometer.
Wysocki et al. at Rice University demonstrated an EC-QCL architecture
that employed a piezo-activated cavity mode tracking system that provided
independent control of the EC and the QCL lengths as well as the diffrac-
tion grating angle for mode hop free operation (Wysocki et al., 2005; 2008).
The wavelength tuning is realized by simultaneous control of all three sys-
tem features significant for the mode tracking: grating angle, EC length, and
the laser current. Another approach enabling continuous mode hop free
tuning of the EC-QCL system was achieved by simultaneously adjusting the
grating angle and periodically varying the laser injection current to achieve
a continuous shift of the Fabry—Pérot comb of the gain chip (Pushkarsky
et al.,2006b). In this method the laser current value is selected to have one
of the Fabry—Pérot modes of the gain chip exactly coincide with the desired
output frequency as the laser is tuned. To support single-mode operation at
every selected grating angle, fine adjustments of the EC length was achieved
by the grating mounted on the rotational stage operated by a piezoelec-
tric linear translator. To minimize the effect of spectral mode hops across
the modes of the EC, a very long EC length of 1 m was used, resulting in
Fabry-Pérot mode spacing of 0.005 cm™.

An interesting scheme based on a miniature EC system wavelength tun-
ing has been implemented by Daylight Solutions (www.daylightsolutions.
com). The Daylight Solutions EC-QCL consists of a 25 mm long optical cav-
ity length, miniature grating tuning mechanism, and integrated current and
temperature controls. The laser chip facet facing the grating is AR coated,
while the output facet is left uncoated. The radiation from both facets was
collimated with a pair of AR coated aspheric lenses. Wavelength tuning of
these systems is realized with a Littrow grating angle controlled by means
of a stepper motor and an integrated absolute optical encoder with micro-
processor-based closed loop controller (Pushkarsky et al.,2008; Caffey et al.,
2010). The grating motion is mechanically constrained to follow a trajectory
allowing for the simultaneous tuning of the diffraction grating angle and
the laser cavity length, thereby constraining the EC mode to coincide with
the wavelength selected by the grating. Another miniature EC-QCL from
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Daylight Solutions using a microelectromechanical systems (MEMS)-based
grating for fine adjustment of the laser wavelength within limited tuning
range was recently demonstrated in Weida et al., (2010). The MEMS-based
EC-QCL system, inside a 2 cc volume high heat load (HHL) laser 2 cc in
volume, will offer a precise mode hop free tuning within approximately
+ 8 cm! from its center wavelength. This tuning range is sufficient to per-
form high-resolution gas-phase spectroscopy of molecules with narrow
spectral features.

15.3.3 Quantum-cascade laser broad gain
medium designs

Several schemes of broad gain QCL designs have been demonstrated by
several groups. The first scheme employs at least two stacks of cooperative
quantum-well active regions of dissimilar intersubband optical transitions,
leading to a heterogeneous cascade over a very wide spectral range (Gmachl
et al., 2001). Each active region stage needs to be specially engineered to
achieve an optimally flat gain spectrum over the emission range of interest.
For two active regions designed to emit at 5 and 8 pm, a supercontinuum
emission of the laser from 6 to 8 pm was achieved and demonstrated for the
first time in Gmachl et al. (2002).

The second scheme is based on a single bound-to continuum active region
design (Faist etal., 2002) or heterogeneous quantum-cascade structure
based on two bound-to-continuum designs (Maulini et al., 2006; Wittmann
et al.,2008). In a bound-to continuum design the radiative transitions occur
between a single upper state and closely spaced sublevels (quasi-miniband)
of final lower states. Therefore, the oscillator strength that describes the
strength of the transition is not concentrated in a single radiative transition
but is extended over multiple transitions, giving rise to broad gain spectrum
of the QCL. The first implementation of a Fabry—Pérot QC laser based on
the bound-to-continuum design coupled to an EC was demonstrated in 2004
exhibiting a broad tuning range of 150 cm™ at 10 um (Maulini et al., 2004).
The first heterogeneous cascade QCL based on two bound-to-continuum
active region designs, exhibiting a gain spectrum width (FWHM) as large
as 350 cm™', was demonstrated in 2008 (Wittmann et al., 2008). Each active
region of this heterogeneous laser structure was designed to emit radiation
at 8.2 and 9.3 um wavelengths. A coarse frequency tuning from 1013 cm™!
(9.87 um) to 1305 cm™! (7.66 pm) and from 1045 cm™! (9.57 pm) to 1246 cm™
(8.02 um) was achieved in pulsed and CW operation, respectively for the
laser implemented into a Littrow type EC-QCL configuration and operated
at RT. The pulsed tuning range of 292 cm~!, which is 25 % of the laser center
frequency, was the recorded value at that time.
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The ultra-broad gain quantum-cascade laser was developed using five
distinctive substacks (ST) based on bound-to continuum design to form
the active region (Hugi et al., 2009). In order to obtain flat gain spectrum
and achieve a gap free tuning over the whole spectral emission range, the
gain of each substack of the active region, centered at 7.3,8.5,9.4,10.4, and
11.5 pm wavelength was properly optimized. After coupling the laser in
a Littrow EC setup a total wavelength coverage from 7.6 ym to 11.4 pm
(1309-878 cm™'), with a peak optical output power of 1W and an average
output power of 15 mW at RT has been demonstrated. The obtained fre-
quency tuning of 432 cm™ results in a record tuning of 39.5% around the
laser center frequency. In addition, this design scheme is not limited to the
specific wavelength and can be customized to access other spectral region
of mid-IR radiation. Recent advances in broadly tunable EC-QCL systems
comprising different bound-to continuum active region designs are demon-
strated in Hugi et al. (2010).

Recently, an interesting approach to the fabrication of homogeneous
broad gain QCLs based on dual upper state design was demonstrated by
researchers from Hamamatsu (Fujita et al., 2010). In their design, the elec-
trons are injected into the higher upper state 4 of active regions, via res-
onant tunneling from ground state, and then, they are quickly distributed
in the two upper laser states by optical-phonon scattering or by electron-
electron scattering. The broad and symmetric optical gain is achieved not
only due to E,;; ~ 20 meV in energy difference, between two 4-to-2 and
3-to-2 radiative transition levels, but also due to equal oscillator strengths
of the transitions from both upper laser states to the lower common laser
state. The dual upper state-based QCL devices exhibit a homogeneously
wide electroluminescence spectra of >330 cm~! and insensitivity to the tem-
perature or voltage changes. In CW operation at 300 K, the optical output
laser power was 152 mW.

Another example of broadband QCL gain medium is based on
‘continuum-to-bound’ active region design, where the two lower injector
states are strongly coupled with the upper laser state (Yao et al., 2010a).
Ultra-strong coupling between the injector states and the upper laser state
improves electron injection efficiency, reduces the transit time from injec-
tors to the active region, and provides three laser transitions that are sepa-
rated by an energy of ~20 meV. The radiative transitions from these three
coupled states contribute to a large gain spectrum width of ~250 cm™ full
width at half maximum, which enables EC tuning of the lasers over 200 cm™.
Recently, the same group demonstrated a ‘continuum-to-continuum’ quan-
tum-cascade laser design (Yao et al., 2010b), where optical transitions from
four strongly coupled upper states to lower laser states contribute to the
gain spectrum. In this design, a broad gain bandwidth of over 400 cm™ has
been demonstrated in the 4-5 ym wavelength region.
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15.4 Specific examples of QCL-based sensor systems

Various applications of EC-QCL-FRS and DFB-QCL-QEPAS are descri-
bed in the following subsections.

15.4.1 Faraday rotation spectroscopy for ultra-sensitive
detection of nitric oxide and nitrogen dioxide

FRS is a well-recognized detection technique that is highly sensitive and
selective to paramagnetic molecules only. Therefore, the FRS technique is
well suited for atmospheric detection of prominent air pollutants (NO, NO,)
or for exhaled breath analysis (NO) (Miirtz and Hering, 1999). This is because
interference from diamagnetic species, such as water and carbon dioxide, is
effectively eliminated. Moreover, a biogenic NO released from human sweat,
has also been monitored with the FRS technique (Ganser et al.,2004).

An access to the optimum for FRS measurements molecular transitions
of the paramagnetic species of interest enable to perform accurate quantita-
tive measurements at or below the parts-per-billion by volume (ppbv) levels
(Lewicki et al.,2009; Kluczynski et al.,2011; Zaugg et al.,2011). For sensitive
FRS detection of NO the best choice is the Q;,(3/2) molecular transition at
1875.81 cm™! (5.33 um) (Ganser et al., 2003). Tuning to this line was made
possible by employing a widely tunable CW TE-cooled EC-QCL as a spec-
troscopic source (Wysocki et al.,2008). The total EC-QCL frequency tuning
range, between 1825 cm! (5.48 pm) and 1980 cm™! (5.05 pm), allows most
of the lines within the fundamental absorption band of NO at 5.2 pm to be
targeted with a single laser source.

The experimental arrangement of the prototype FRS platform shown in
Fig.15.6 was transported and operated at three different laboratory locations.
A widely tunable 5.3 um EC-QCL with high-resolution MHF wavelength
tuning capability was used as the spectroscopic source. In this experiment,
the laser was operated in a CW mode at —20°C and provided a maximum
output power of 2.9 mW at the wavelength coincident with the target NO
line. MHF tuning of up to 2.5 cm™! permitted high-resolution spectroscopy
anywhere within the tuning range.

The collimated EC-QCL beam (4 mm in diameter) was split by a ZnSe
wedge into two independent optical paths. In the main path the laser beam
propagated through a 50 cm long optical gas cell located inside a 44 cm
long solenoid. The gas cell was placed between two nearly crossed MgF,
RPs (the extinction ratio for both polarizers is € < 10~°). When a longitu-
dinal magnetic field was applied, the linearly polarized QCL beam expe-
rienced a Faraday rotation of the plane of polarization as a result of the
interaction with paramagnetic NO molecules. The Faraday rotated light,
passing through a second polarizer, was detected by either a mid-infrared
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15.6 Schematic diagram of an EC-QCl-based FRS experimental setup.
RP - Rochon polarizer, A/4 — quarter wave plate, PC — personal computer
(Lewicki et al., 2009).

thermoelectrically cooled mercury-cadmium-telluride (MCT) photode-
tector or liquid-nitrogen cooled indium-antimonide (InSb) photodetec-
tor. The solenoid current was driven at f,, = 950 Hz with a commercial
high power audio amplifier (QSC audio model: RMX850). To minimize
power requirements for driving the reactive load of the solenoid at ~1
kHz, a series resonant circuit was constructed matching the modulation
frequency (f,,). The modulated Faraday rotation resulted in the AC ampli-
tude modulation of the transmitted light intensity, which was detected
using a phase sensitive lock-in detection at the frequency f,,. For calibra-
tion of the FRS spectrometer, two cylinders containing a mixture of 10
ppmv and 96 ppbv of NO in N, were used. The system gas flow rate was
set to ~300 ml/min.

The second optical branch of the sensor was used as the reference chan-
nel for frequency control of the EC-QCL. The initial linear polarization of
the laser radiation was transformed into circular polarization by passing it
through a quarter wave-plate (A/4) (Alphalas, tunable quarter wave-plate).
The beam was directed through a 20 cm absorption gas cell filled with a mix-
ture of 5% NO by volume in air at 25 Torr. The reference absorption cell
was placed inside a 10-cm long solenoid that produced an axial magnetic
field. The second solenoid was a part of the series RLC circuit formed with
the main solenoid, and was supplied from the same high power audio ampli-
fier. In the presence of alternating magnetic field, a Zeeman modulation sig-
nal resulting from the interaction between circularly polarized light and NO
molecules through magnetic circular dichroism was observed. The Zeeman
signal was recorded by a thermoelectrically cooled MCT photodetector
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and demodulated by a second lock-in amplifier at the third harmonic of f,.
Zeeman detection at the third harmonic, although providing a lower SNR
than the conventional 1st harmonic detection, is less sensitive to the electro-
magnetic interference induced in the system at the fundamental modulation
frequency (electromagnetic interference induced in the signal interconnects,
front-end electronics, etc.). The zero-crossing of the third harmonic signal is
used to lock the EC-QCL frequency to the peak of the optimum Q;,(3/2)
molecular transition of NO at 1875.81 cm™ (5.33 pm). This active wave-
length locking technique significantly reduces frequency drift and improves
the long-term system stability.

A series of experiments were performed to determine the optimum mag-
netic field strength, sample gas pressure, and the analyzer offset angle. The
best result for the FRS signal amplitude was obtained experimentally at a
pressure of 40 Torr and for a magnetic field of B = 110 Gaussy,,, measured
inside the main magnetic coil. The best SNR for a lock-in time constant of
1 sec occurs an angle offset of about 7° from the crossed position when using
a thermoelectrically cooled MCT photodetector (with area of 1 mm? and
peak detectivity of D* >2x 10"°cm+Hz / W at 5 um). However, for better
long-term stability of the system, it is preferable to work with smaller offset
angles. For an experimental demonstration of the effect of improved pho-
todetector performance on the system SNR, measurements using a 1 mm
diameter liquid-nitrogen cooled InSb photodetector with a specified peak
detectivity at 5 pm of D* > 1x10"cmvHz /W were performed. For this
case, the optimum analyzer offset was found to be 2-3° from its crossed
position.

The high-resolution magnetic rotation spectra of nitric oxide acquired
with two different photodetectors for a certified reference gas mixture of
96 ppbv of NO in nitrogen are depicted in Fig. 15.7. Both spectra were
recorded under the same experimental conditions (p = 40 Torr, B = 110
Gauss,,,;), and show only the two strongest Q;,(3/2) and Q,,(5/2) molecu-
lar transitions at 1875.81 cm™! (5.33 pm) and 1875.72 cm!, respectively. For
the MCT detector (Fig. 15.7a), a 10 minimum detection limit (MDL) of
4.3 ppbv was obtained for NO concentrations with a 1 s lock-in time con-
stant and analyzer offset angle of & = 7°. A significantly improved detection
limit was obtained with the LN, cooled InSb photodetector, resulting in
a 10 MDL of 380 ppt for the same 1 sec lock-in amplifier time constant
and analyzer offset angle of 3° (Fig. 15.7b). Equivalent minimum detectible
fractional absorptions of 6.7 x 107 and 5.9 x 10-® were obtained for the
MCT and InSb detector, respectively. All of these results were achieved
with rather short active optical paths of 44 cm. Usually to obtain similar
detection limits with standard laser absorption spectroscopic techniques,
significantly longer optical path lengths, ranging from several to hundreds
of meters, are required (Moeskops et al.,2006; McManus et al., 2006).
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15.7 (a) Faraday rotation spectrum of Q,,(3/2) and Qg,(5/2)
transitions of nitric oxide centered at 1875.8 cm~' measured with a
thermoelectrically cooled MCT photodetector and (b) with a liquid
nitrogen cooled InSb photodetector (Lewicki et al., 2009).
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15.8 Long-term NO concentration measurements performed with
active laser frequency locking to the NO absorption line at 1875.81 cm™'
{6.33 um) with MCT photodetector. Acquisition every 3s,TC = 1s.

In order to perform continuous and long-term autonomous operation of
the FRS sensor platform on the selected molecular transition (1875.81 cm™)
an active EC-QCL frequency locking technique was implemented. To pre-
vent detuning of the laser from the resonance with the NO Q,,(3/2) transi-
tion, a computer-based active feedback loop provides simultaneous control
of the three independent laser parameters: the EC length, the diffraction
grating angle and QCL injection current. The atmospheric data, measured
alternately with a certified mixture of 96 ppbv NO in N, and pure N,, are
shown in Fig. 15.8 as an example for FRS system’s capability for continuous
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unattended operation. During measurements of the air, a number of sharp
peaks of NO concentration, primarily related to automobile activity, were
detected. The data were acquired every 3 s with a lock-in time constant of 1
s by using the RT MCT detector (7° analyzer offset angle).

The MDL observed in the absorption line-locked mode is about two
times higher than the MDL determined from the spectral measurements
in Fig. 15.7. This increase in the observed MDL value is related to the lim-
ited precision of a relatively slow computer-based active feedback control
of the laser wavelength. A more important issue is an offset from the zero
signal and a baseline drift which can be caused by electronic pick-up of the
950 Hz modulation current, into the detection system, the laser driver sys-
tem, or both. For a system limited by photodetector noise a decrease of the
analyzer offset is affecting the SNR. In addition, if the analyzer angle is too
big the laser intensity variations will be incident on the detector and thus
appear in the FRS signal. Therefore, it is necessary to select the conditions
that provide optimum long-term stability and a sufficient MDL required for
the particular application. Thus, better long-term performance is achieved
by using smaller polarizer angle offsets.

The effective suppression of a slow system drift and extended long-term
stability was achieved for an analyzer offset angle of 4°. For this condition,
the Allan variance calculated for recorded over ~9 h time series of nitrogen
shows exceptional stability of the system, which allows for averaging times
of up to ~4000 s. Allan variance plots were first introduced by Werle (Werle
et al., 1993) for the assessment of LAS-based instrument performance.
Moreover, the long-term drift problem can be also eliminated by: (1) track-
ing down and eliminating ground loops and electromagnetic pick-up, which
cause the modulation of the laser by the magnet current, or (2) scanning the
laser over the line and averaging series of acquired scans. The final signal,
proportional to NO concentration, would be obtained by least squares fit-
ting the amplitude parameter of the known lineshape (as shown in Fig. 15.7)
to the observed average traces.

The FRS sensor was configured as a transportable platform with a fully
automatic gas handling and periodic calibration system for a long-term field
test of NO monitoring applications. A fully automated and autonomous
EC-QCL Faraday rotation spectroscopic sensor system was deployed at
the Beijing test site for continuous atmospheric NO air-quality monitoring
during 2008 Olympic Games.

Furthermore sensitive detection of NO, at single ppb concentration lev-
els was performed based on a double pass configured Faraday rotation spec-
trometer, which is a modified version of the NO FRS system illustrated in
Fig. 15.6. NO, is also a major atmospheric pollutant and is mostly emitted
by internal combustion engines (e.g., car, trucks, or jet engines) and thermal
power plants. The NO, FRS sensor employs a widely tunable CW EC-QCL
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(Daylight Solutions, Model 21062-MHF-012) operating at a temperature of
18°C and providing a maximum optical power of 150 mW. The available
EC-QCL frequency tuning range, between 1538.3 cm™ and 1703.3 cm™, cov-
ers the entire fundamental v, band of NO,, centered at ~1600 cm™'. The opti-
mum 4,, « 4,, Q-branch NO, transition at 1613.25 cm™! was located within
the available MHF frequency tuning range between 1600 cm™ and 1650
cm-!. To our best knowledge, this is the first time that NO, was detected at
this transition with an EC-QCL-based FRS technique.

For the selected NO, absorption line at 1613.25 cm™! the optimum pres-
sure, with respect to the highest SNR for the FRS measurements, was
selected to be 30 Torr. An optimum analyzer angle of 3° from the crossed
position was found to be a trade-off between the TE-cooled MCT detector
signal and laser noise level transmitted by the analyzer. The experimentally
determined optimum magnetic field is ~200 Gauss (rms), which corresponds
to a solenoid current of ~6 A (rms). The FRS spectrum of the Q-branch NO,
transitions in the fundamental v; band was recorded for single pass configu-
ration of the sensor and plotted for comparison with a HITRAN simulated
spectrum (Fig. 15.9a). As a reference, a calibration mixture of 2 ppmv NO,
in N, at the pressure of 30 Torr was used. The analyzer angle is set to 2° from
the totally crossed position. The laser frequency was mod-hop free tuned
over ~0.8 cm™! by applying a 1 mHz sine wave with an amplitude of 60.5V to
the piezo element. The spectrum was recorded with a lock-in amplifier time
constant set to 1 s. The mismatch of the transition frequencies between the
simulated and measured spectrum is caused by a slight non-linearity in the
frequency tuning of the EC-QCL (Zaugg et al.,2011).

The FRS signal of NO, at the preferable 4,, « 4, transition (1613.25
cm™!) for double pass configuration was acquired over a narrow frequency
spectral range of ~0.04 cm™ and illustrated in Fig. 15.9b. For an optimum
system pressure of 30 Torr and 2 ppmv of NO, concentration, a minimum
sensitivity was found to be 1.1 ppbv (10) for a 1 s lock-in time constant.
However, for laser frequency locked to the NO, transition at 1613.25 cm™,
a slow drift and FRS signal fluctuations during the long-term measure-
ments limit the minimum detection to ~2.5 ppbv. Similar to NO FRS mea-
surements, the observed fluctuations are likely caused by electrical noise
generated in the FRS system (ground loops and electromagnetic coupling
between coil and detector), since the FRS system is insensitive to optical
noise and no additional background signal is present. Further improve-
ment in the SNR can be achieved by using better quality polarizers, more
sensitive photodetectors, or by reducing the system noise. In addition, as
was shown here, the improved detection limit of the FRS signal can be
achieved by increasing the active path-length.
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15.9 (a) NO, FRS signal within Q-branch of the fundamental v, band
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optimum 4,, « 4, transition at 1613.25 cm-" (6.2 um) for double pass

system configuration. 2 ppm NO, at 30 Torr.
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15.4.2 Real time ammonia detection in exhaled human
breath using a 10.4 pm DFB-QCL-QEPAS-based
sensor

Exhaled breath is a mixture of more than four hundred molecules, some of
which are present at parts-per-billion (ppb) or even parts per trillion (ppt)
concentration levels (Dweik and Amann, 2008). Moreover, some of the
exhaled molecules can provide a unique breath profile of the health con-
dition and therefore can be used as biomarkers for the identification and
monitoring of various types of human diseases or wellness states (Risby
and Tittel, 2010). Currently, the standard analytical chemistry instrumenta-
tion used for human breath analysis is gas chromatography, based on vari-
ous detection methods such as flame ionization detection (Kneepkens et al.,
1994; Phillips et al., 1991), mass spectrometry (Cheng and Lee, 1999), ion
mobility spectrometry (Westhoff et al.,2009), or selected ion flow tube mass
spectrometry (Smith and Spanél, 2005). However, sensitive, real time detec-
tion of molecular species in breath samples, was recently demonstrated with
laser-based breath analyzers employing different spectroscopic techniques
(McCurdy et al., 2007b; Roller et al., 2007; Miirtz and Hering, 2008; Shorter
et al., 2010; Thorpe et al., 2008). In this section, a quantum-cascade laser-
based optical breath sensor for ammonia detection will be described. By
monitoring ammonia concentration levels in exhaled breath, a fast, non-
invasive diagnostic method for treatment of patients with liver and kidney
disorders is feasible.

The schematic diagram of the ammonia breath sensor architecture based
on a QEPAS technique (Kosterev et al.,2002 and Tittel; Kosterev et al.,2004)
is depicted in Fig. 15.10. The QEPAS system employs an ultra-small piezoelec-
tric QTF enhanced with optimal microresonator tubes design, where inner
diameter and the length of each tube are 0.6 mm and 4.4 mm, respectively
(Dong et al., 2010). The QEPAS-based trace gas sensor is capable of ultra-
sensitive trace gas detection and is suitable for real time breath measure-
ments, due to the fast gas exchange inside a compact (<4 cm®) QEPAS gas
cell, which acts as an absorption detection module (ADM) or spectrophone.

The NH, breath sensor employs a CW, RT, DFB-QCL in a HHL pack-
age from Hamamatsu (www.hamamatsu.com). The RT operated DFB-QCL
uses only air cooling, produced by a small electronics fan and a heatsink
attached to the back of the laser. A 4 mm diameter ZnSe aspheric lens, with
a working distance of 0.65 mm and clear aperture of 3.6 mm, was used to
collimate the laser beam. The laser optical power, after being transmitted
through the spectrophone was found to be 22 mW, which is ~90% of the
initial power of the DFB-QCL operated at 17.5°C. The photoacoustic signal
is detected by the QTF and is amplified by a low-noise transimpedance pre-
amplifier and delivered to a control electronics unit (CEU) for further data
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15.10 Block diagram of NH, breath sensor architecture.

processing. A 10 cm long reference cell, filled with 0.2 % of NH; in N, at 130
Torr, and a pyroelectric detector were installed after the ADM module to
lock the laser frequency to the center of the selected NH; absorption line.
In addition, the NH, sensor employs a commercially available breath sam-
pler (Loccioni, Italy) in order to monitor and maintain the pressure of the
exhaled breath within an acceptable range and to measure the associated
breath CO, concentration level. After a subject breathes into a mouth piece,
the collected breath gas sample simultaneously enters the Loccioni breath
sampler and the optical breath sensor. The flow rate through the NH; sensor
was fixed by means of a needle valve to 220 ml/min and the pressure value
was set and controlled at 130 Torr. In addition, the ADM, needle valve, and
the mouth piece together with the Loccioni breath sampler pipe line were
heated to > 38°C to avoid NH,; adsorption on the various component sur-
faces of the sensor, as well as to prevent from condensation of the water
vapor inside the NH; sensor.

The Hamamatsu CW RT DFB-QCL was designed to emit radiation at
a wavelength of 10.34 pm, within the v, fundamental absorption band of
ammonia. Within the available DFB-QCL tuning range (Fig. 15.11a) two
potential NH; absorption lines of the similar intensity, which are free from
H,0, CO, and methanol interferences, can be targeted at 967.35 cm™ (10.34
um) and 965.35 cm™ (10.36 pm). For QEPAS-based NH; measurements,
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15.11 (a) Optical power and current tuning of the CW DFB-QCL
operated at two different quasi-RTs Laser power at targeted NH; line
(967.35 cm™) is ~21mW. (b) HITRAN simulated spectra at 130 Torr
indicating two potential NH, absorption lines of interest for exhaled
breath measurements.

where the detected signal scales linearly with optical power, the absorption
line located at 967.35 cm~! was the optimum selection due to a higher laser
power compared to the power at 965.35 cm~'. The HITRAN simulated spec-
tra at 130 Torr, indicating NH; absorption lines together with the CO, and
H,O absorption lines in the ~966 cm~! (10.35 pm) spectral region, are illus-
trated in Fig. 15.11b. Experimental data showed that for a 2f WM QEPAS
scan performed within the spectral range of interest no overlap between
967.35 cm™! NH; and the adjacent CO, absorption line centered at 967.71
cm™! is present (Lewicki et al., 2011). For a 2f WM QEPAS measurement,
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15.12 2f WM QEPAS signal when QCL was locked to the 967.35 cm™
{10.34 um) NH, line. P = 130Torr.

a 1o minimum detectable concentration of ammonia was achieved at ~8
ppb when the laser frequency was current tuned over the 967.35 cm™ NH,
absorption line. After locking the laser frequency to the 967.35 cm™ line, a
1o minimum detectable NH, concentration was achieved of ~6 ppb with a
1 s time resolution (see Fig. 15.12).

A similar detection limit of ~5.4 ppb (1) was obtained after diluting a
calibrated mixture of 5 ppm NH; in N, to a level of ~160 ppb (LewicKi et al.,
2011). This confirms the linear response of the QEPAS-based NHj; sensor
platform.

The NH, sensor system for the real time monitoring of ammonia con-
centration levels in exhaled breath was designed to collect breath samples
multiple times with ~3 min intervals between each sample. These intervals
are needed to remove the remaining ammonia out of the system. Examples
of single breath exhalation profiles for NH; concentration (ppb), CO, con-
centration (%), and airway pressure (mbar) are depicted in Fig. 15.13. No
significant delay between airway pressure and breath ammonia profile is
observed, which confirms that the NH, sensor has an extremely fast response
(<3 s). In addition, after the breath sampling process is completed, a fast
ammonia decay from the system is also observed.

The NH, sensor is currently installed at a medical breath research center
in Hellertown, PA, and is being evaluated as an instrument for non-invasive
verification of liver and kidney disorders based on human breath samples.
Real time exhaled human ammonia breath data, acquired in the medical
breath research center, will be compared with simultaneously clinically
acquired ammonia blood data.
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15.13 NH, concentration, CO, concentration , and airway pressure
profiles of a single breath exhalation.

15.4.3 Ammonia sensor for environmental monitoring
based on a 10.3 pm EC-QCL

Ammonia (NH;) is normally present in the atmosphere at trace concentra-
tion levels, and like other nitrogen-containing trace gases, such as N,O, NO,
NO, and HNO, or HNO; plays a significant role in atmospheric chemistry.
The largest emission of NHj, to the atmosphere is caused by anthropogenic
sources such as animal waste, poultry, mineral fertilizers, agricultural crops,
or biomass burning. Other significant sources of ammonia emission are nat-
ural sources such as animals, oceans, vegetation, and the decomposition of
plants (Dentener and Crutzen, 1994). Moreover, for highly developed urban
areas, an additional increase of atmospheric ammonia may be observed as
the result of industrial activities and motor vehicles (Kean et al.,2000). From
an environmental perspective, NH; is a precursor of particulate matter, due
to its chemical reaction with sulfuric and nitric acids to produce different
ammonium salts such as ammonium sulfate ((NH,),SO,),ammonium nitrate
(NH,NO,), and ammonium bisulfate (NH,HSO,). Generally, for rural areas,
a main source of ammonia is cattle and other livestock, whereas in most
of urban areas, other sources are dominant, such as industrial and traffic
emissions (Russell et al., 2004). The atmospheric concentrations of NH, for
urban areas may vary between 0.1 and 10 ppbv, depending on the proximity
to the source (Seinfeld and Pandis, 1998).

Therefore, to improve our understanding of the dynamics of NH; in indus-
trial and urban area such as the Greater Houston area, where atmospheric
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NH; data are limited, an EC-QCL-based ammonia sensor platform was
deployed on the roof of the 60 m high North Moody Tower. The Moody
Tower location (University of Houston, TX) was a perfect sampling site due
to its proximity to many potential NH, emission sources such as the Houston
Ship Channel and several highways (I-610, US 59, I-45). In addition, atmo-
spheric NH; data were compared with data acquired by other advanced gas
sensing instruments that were also installed at the Moody Tower air-quality
monitoring site. This is useful for the determination of the implications of
NH, with respect to atmospheric chemistry and air quality in Houston.

Determination of environmental ammonia concentration levels was
performed with a 10.4 um EC-QCL-based sensor platform (Fig. 15.14a). A
CW TEC EC-QCL system from Daylight Solutions (Model 21106-MHF),
emitting a maximum optical power of 72 mW within total tuning range
from 933 cm™! to 1006 cm™!, was implemented. As a detection technique, an
amplitude modulated photoacoustic spectroscopy (AM-PAS) employing a
ring differential resonant photoacoustic cell was used (Lee et al.,2007). The
differential cell with two cylindrical channels (each 6 mm diameter and 90
mm long) has an electret microphone placed in the middle, at a distance
of 4 mm from the axis. A collimated laser beam (3 mm diameter) propa-
gating through only one of the channels, was modulated by a mechanical
chopper at 1.8 kHz in order to match the resonance frequency of the pho-
toacoustic (PA) cell. To achieve NHj; detection at single ppbv concentra-
tion levels, which is required for sensitive atmospheric measurements, the
optical beam was passed through the cell three times (Fig. 15.14a). A pyro-
electric detector placed after a 10-cm reference cell, which was filled with
0.2% of NH; at 30 Torr, is used for frequency locking EC-QCL wavelength
to the selected optimum NH, absorption line as well as for monitoring the
EC-QCL power

The pressure inside the sensor system was kept at 220 Torr and the flow
was maintained at 150 ml/min. In order to minimize the ammonia adsorp-
tion to surfaces and to prevent water vapor condensation in the sensor, the
sensor enclosure was heated to +38°C. Moreover, a pump maintained a high
flow of ~10 /s between sampling port and the NH; sensor inlet in order
to ensure laminar flow inside the tubing and to improve the NH; sensor
response time to <2 min. The 965.35 cm™! (see Fig. 15.11b) absorption line in
the v, fundamental absorption band of NH; was targeted for the monitoring
of environmental NH; at trace gas concentration levels. Upon consideration
of laser power, NH; absorption strength, and potential interferences from
H,0, CO,, and methanol (CH;OH) molecules, this frequency was the opti-
mum selection for the AM-PAS technique.

For high-resolution NH; measurements with the AM-PAS technique, an
EC-QCL MHF tuning range of 0.15 cm™! was selected to cover only the
NH; absorption line of interest. The NH; measurements for the detection of

© Woodhead Publishing Limited, 2013

15_p579-630.indd 613 @ 2/21/2013 5:33:34 PM



614 Semiconductor lasers

(@) ,
Gas handling system

I Gas [Vacuum Flow

leylinder. pump meter

i Needle [Pressure
+“valve |controller

Mech\chopper Gas  Ga
\ ~ ZnSe wedge g

Tunabie QCL
controller

|
Sl  Mirrory |
EC-QCL Mirror | Photo-acoustic | B 1
Function bl \ 1
enerator yroelectr% 1
] l detector ¥ | "
Lock-in |\ o> Reference
amplifier cell A ring differential resonance
Pocket photo-acoustic cell consisting of:
lock-in 1. acoustic resonator,
2. microphone,
3. gas input and output,
4. window
(b)
101
S 3. f
\E, /
g Three passes 5
2 64 Twopasses— /| §
Q g § H ¢
£ One pass
[
(2
B} \

0 200 400 600 800 1000 1200 1400
Scan points (-)
15.14 (a) Mid-infrared AM-PAS-based sensor platform for atmospheric
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ammonia concentration levels were performed using a scan mode, where the
EC-QCL wavelength was scanned back and forth across the 965.35 cm™ NH,
line, with a frequency of f= 0.2 Hz. In this case a profile of the NH, absorp-
tion line was detected twice in order to improve the accuracy of the NH; con-
centration calculation procedure. The minimum detectable concentration of
ammonia for the laboratory tested sensor, when the laser beam passes three
times through the PA cell, was ~2 ppbv for a 5-second data acquisition time
(Fig. 15.14b). By monitoring the peak position of the NH; absorption line
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profile recorded by the pyroelectric detector, any potential EC-QCL wave-
length drift can be identified and used for laser frequency stabilization. Thus,
any rising laser drift was eliminated by sending a PID correction signal to the
EC-QCL piezo element which is responsible for wavelength tuning.

In order to calibrate the NH, sensor, a LabView-based, general least-
square (LS) linear fitting algorithm was implemented to determine the best
correlation between each acquired sample scan and the 5 ppmv NH; ref-
erence scan. For each scan the concentration levels (expressed in unit of
parts-per-billion) of atmospheric ammonia were calculated based on a fit
coefficient, which was found and returned by the LS linear fitting proce-
dure. For the sample scan data that perfectly coincides with a reference scan
data, the linear fit coefficient will be equal to unity, which implies that the
measured ammonia concentration is identical with reference concentration.
The benefit of using scan mode and the linear fitting procedure is its insen-
sitivity to potential baseline drifts or background variations, which are typ-
ically observed for AM-based spectroscopic measurements. Therefore, by
using a direct comparison of measured and reference scans, an exact eval-
uation of the gas concentration was achieved. An alternative to the AM
detection scheme would be a background-free 2f WM scheme. However,
the frequency range acceptable for the EC-QCL for current modulation is
limited to frequencies between 10 kHz and 2 MHz. This frequency range is
too high to perform WM-based spectroscopic measurements that employs a
PA cell that possesses an internal resonance frequency of ~1.8 kHz.

The AM-PAS-based sensor platform was deployed on the roof of the
Moody Tower building (University of Houston campus) to monitor atmo-
spheric ammonia concentration levels between a two-week period in
February 2010, a two-month period over the course of August to October
2010, and a two-week period during February 2011. To investigate the long-
term stability of the ammonia sensor system, a set of data was acquired
while pure nitrogen was flushed through the sensor PA cell and an Allan
variance analysis was performed. The EC-QCL-based NH; sensor platform
(see Fig. 15.14a), after its installation at the Moody Tower site, demonstrated
an MDL for ammonia concentration at the ~ 3.4 ppbv level with a 5-second
data acquisition time. After averaging the NH; concentration data for ~300 s,
a sub-ppbv NHj; concentration level of ~0.72 ppbv was achieved. For the
purpose of environmental monitoring, where sensor time response is not
a critical parameter, even longer averaging times can be utilized to allow a
sub-ppb detection limit of NHj.

A time series of atmospheric NH; concentration levels (after 300-seconds
averaging time), measured during the 2010 summer/fall season, was demon-
strated in Fig. 15.15. Within the two months of the NH; sensor deployment
at Moody Tower, several unexpected events of high NH, concentrations
levels were observed. The emission sources of a several long lasting NH,
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resulting from a collision of 18-wheeler trucks on the Houston-Gulf
Freeway (I-45) only 2 miles from the sampling site.

concentration peaks were determined by monitoring wind direction and
employing backward trajectory analysis in order to check the air mass trans-
port path. The emission sources that were identified as being responsible
for increased NH; concentration levels in the Greater Houston urban area
are: the Houston Ship Channel, W. A. Parish electric power plant, the ocean
(Hurricane Hermine), and traffic activity including a traffic accident that
caused a chemical fire on I-45 freeway.

The dominant NH, source for the Greater Houston area was found to be
related to industrial and petrochemical activity around the Houston Ship
Channel. This is not surprising, because hourly estimated NH; emission
into the atmosphere from the Houston Ship Channel area is estimated to
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be ~120 kg (Mellqvist et al., 2007). The NH; emission from the W. A. Parish
power plant located 27 miles SE of Moody Tower also strongly contributed
to the atmospheric NH; concentration level. This is because the selective cat-
alytic reduction process in the power plant employs ammonia gas as a reac-
tant to reduce NOxX emissions by converting it into nitrogen gas and water.
During this process NH; is released into the atmosphere when the temper-
ature levels of the chemical reaction are not properly maintained or when
too much ammonia is injected into the system. An unexpected increase of
the NH; concentration (~21 ppb) on August 14,2010 was observed (see Fig.
15.15b), when a major accident occurred during the same time period on the
Houston-Gulf Freeway (I-45), two miles from the sampling site. The elevated
concentration levels are due to NH; generation from a chemical fire result-
ing from a collision of two 18-wheeler trucks, one of which was carrying a
fertilizer (trimethylammonium) and liquid pesticide (dimethylamine).

15.5 Conclusions and future trends

Spectroscopic techniques that include Compact, reliable, real time, sen-
sitive (<10), and highly selective (<3 to 500 MHz) gas sensors based on
QCL-based LAS, CRDS, ICOS, CPAS and QEPAS, evanescent wave spec-
troscopy, laser-induced breakdown spectroscopy (LIBS), noise-immune
cavity-enhanced optical heterodyne molecular spectroscopy (NICE-OHMS),
cavity-enhanced optical frequency comb spectroscopy (CE-FCS) have
become important as scientific and industrial techniques. LAS has benefited
significantly from the development of infrared laser sources that can access
the desired mid-infrared wavelengths, novel measurement techniques and
improved data acquisition and reduction methods. The choice of a specific
spectroscopic measurement method is determined by the application as
well as the readily commercial availability of QCLs with powers of >100
mW and operating lifetimes comparable to near-infrared laser diodes (~10
years). Furthermore, improvements and innovations in LAS, CRDS, ICOS
and QEPAS sensor platforms — in particular, more stable, mass produced
optical/mechanical designs — as well as data acquisition and reduction tech-
niques, will lead to mid-infrared QCL- and ICL-based instruments that
can be operated by non-technical personnel and be manufactured at costs
leading to sensor networks that permit both temporal and spatial trace gas
monitoring. Autonomously operated compact, reliable, real time, sensitive
(<10#), and highly selective (<3 to S00 MHz) gas sensors based on various
spectroscopic techniques using QCLs and ICLs have been demonstrated to
be effective in numerous real world and fundamental science applications.
These include such diverse fields as atmospheric chemistry and environmen-
tal monitoring (e.g., CO, CO,, CH, and H,CO are important carbon gases in
global warming), ozone depletion studies, acid rain, photo smog formation),
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industrial emission measurements (e.g., quantification of smokestack emis-
sions, fence line perimeter monitoring by the petrochemical industry, com-
bustion incinerators, down hole gas monitoring, gas pipeline and industrial
plant safety), urban (e.g., automobile, truck, aircraft, marine and electrical
power generation) and rural emissions (e.g., horticultural greenhouses, fruit
storage and rice agro-ecosystems). Furthermore sensors are used in chem-
ical analysis and process control for manufacturing processes (e.g., petro-
chemical processing and exploration, alternative energy technologies and
production, semiconductor wafer manufacture, pharmaceutical, metal pro-
cessing, nuclear safeguards, food and beverage industries), applications in
biomedical and the life sciences, such as non-invasive medical diagnostics
that involves the detection and monitoring of numerous exhaled breath
biomarkers (e.g., NO, CO, CO,, NH;, C;Hy and CH;COCH;). In addition,
EC-QCL-and DFB-QCL-based spectroscopic methods and instruments for
sensing of toxic gases and explosives relevant to law enforcement, national
security and defense (Willer and Schade, 2009; Bauer et al., 2010; Holthoff
et al., 2010), as well as spacecraft habitat air quality and safety (e.g., out-
gassing of H,CO from industrial components, fire and post fire detection)
and planetary atmospheric science (e.g., planetary gases such as H,O, CH,,
CO, CO, and C,H,). With the development of efficient mid-infrared lasers
(Curl et al.,2010; Bewley et al., 2010; Troccoli et al., 2010; Razeghi et al.,2010;
Lyakh et al., 2010) we envision a significantly improved performance cou-
pled with a reduction in size and cost of thermoelectrically cooled QCL-and
ICL-based trace gas monitors that will lead to the implementation of sensor
networks (So et al.,2009,2010). Sensor networks based on LAS and QEPAS
will enable large-area detection of trace gas fluxes, mapping and localiza-
tion of emission sources, as well as the identification of unknown natural gas
sinks.
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