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Abstract. Application of ultrabroadband Cr2+-doped mid-infrared lasers to sensitive molecular
spectroscopy in the 2-3 xm wavelength range is demonstrated using two different techniques:
scanning photoacoustic spectroscopy and intracavity absorption spectroscopy. It is shown, that
the broad gain bandwidth is a crucial parameter, allowing multicomponent analysis and extreme
sensitivity down to 10~ mbar of partial pressure (H>O vapor). A number of previously unknown
combination bands in CO,, N»O and CoHj have been observed. The demonstrated spectral reso-
lution reached 0.1 cm™! for the photoacoustic technique, which is sufficient for multicomponent
analysis. For intracavity technique the demonstrated resolution was 0.006 cm™ I which is below the
Doppler-limited linewidth. The laser devices are application-ready and allow directly diode-pumped
self-contained implementation.

1. Introduction

The room-temperature solid-state lasers have made a significant advance into the
mid-IR domain. In addition to long-known rare-earth ion based crystalline media,
there exist nowadays also the broadband transition-metal ion doped crystals.
These lasers matured from demonstration objects to versatile application-ready
tools, notably the optically pumped Cr’*-doped II-VI semiconductors. In this
chapter, the recent applications of Cr>*:ZnSe and Cr>*:ZnS in trace gas sensing
will be reviewed.

In order to fully exploit the advantages of mid-infrared lasers in applications,
they should be used in a different way, as compared to shorter-wavelength lasers,
e.g. in the visible. The scaling rules of the nonlinear-optical interactions favor in
most cases shorter wavelengths, this is especially true for scattering-based tech-
niques, like Raman, CARS etc. The exact value of the laser wavelength in such
techniques does not play immediate role, since it is only the frequency shift that
matters. Much more important is the fact, that scattering efficiency scales strongly
with inverse wavelength, so that visible lasers are by far more useful for these
types of measurement.
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To the contrary, for direct absorption measurements, the light source should
come as close as possible to the transition wavelengths. In case of the molecular
absorption, like e.g. in gases, the fundamental transitions lie in the mid-infrared
from 2.3 to about 10 xm. While it is possible to interact also with obertones or
combination bands, the absorption cross-section for such bands rapidly decreases
with wavelength. The long-wavelength lasers, approaching the fundamental vibra-
tions of molecules and solids are much better candidates for such measurements.
For this reason the first applications tackled by the Cr>*-based lasers lie within the
field of trace gas sensing and ultrasensitive spectroscopy described in this chapter.
The availability of the possibly broadest gain bandwidth is another critical issue
for spectroscopic and sensing applications, as will be shown below.

2. Cr?t-based mid-IR lasers

From this point of view, the Cr**:ZnSe and other Cr**-chalcogenide laser mate-
rials appear promising: they offer very broad gain bands, centered in the mid-IR
regions between 2 and 3.5 um [1]. Additionally, they operate at room temperature
and can be pumped with available solid-state, fiber, and diode lasers. The key
specific properties of the lasers, based on Cr>*-doped II-VI compounds are as
follows:

— room-temperature and directly diode-pumped operation;

— continuous tuning over an extremely broad wavelength range (e.g. 2000-
3100 nm for continuous-wave Cr:ZnSe [2]);

— average output power >1 W in continuous-wave operation;

— average power > 10 W in pulse regime at kHz repetition rate;

— extremely narrowband operation (down to single-frequency), and
— modelocked ultrashort-pulsed operation.

For more information the reader is referred to the chapter I1.3 in this volume.

It should be noted, that there exist competing technologies for obtaining
radiation with high degree of transversal coherence in this wavelength range.
Notably, the semiconductor lasers have by now made a tremendous advances
towards the mid-IR, reaching 3.26 um [3]. Other successful techniques are based
on nonlinear-optical methods and include optical parametric oscillators (OPO)
and difference frequency generators (DFG). In comparison with these techniques
solid-state lasers offer convenient ultraboradband tuning at high average power
power. From semiconductor lasers, they are distinguished by orders of magnitude
broader tuning range, and from nonlinear-optical techniques by much lower cost
and complexity. One of the spectroscopic techniques, that especially benefits from
high output power is photoacoustic spectroscopy. The solid-state lasers can also
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be operated in unique regimes, such as femtosecond or non-stationary operation.
The latter can be used for ultrasensitive intracavity absorption spectroscopy, as
will be discussed below.

In the experiments described further in this chapter, we have been using laser
setups, all being built according to the generic scheme, shown in Fig. 1.

This scheme follows the astigmatically compensated four-mirror design, fea-
turing maximum of flexibility: free choice of cavity length and beam size inside
the crystal, and two arms with collimated beams for placing the intracavity
elements and output couplers. For broadest tuning range it is important, that all
surfaces, e.g. the active element itself, prisms, etc. use only Brewster-oriented
surfaces. Without the tuning elements the main wavelength-dependent losses orig-
inate from the mirror coatings and reabsorption in the crystal at the blue side of
the gain spectrum.

For experiments described in this chapter, we were using different kinds of
mirrors, as shown in Fig. 2. It is important to note, that the gain bandwidth of the
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Figure 1. The generic four-mirror cavity design for Cr:ZnSe and Cr:ZnS lasers. The mirror radii
of curvature varied from 75 to 150 mm, and pump lens focusing distance from 40 to 100 mm. All
mirrors except the output coupler (OC) are dichroic high reflectors.
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Figure 2. Reflection curves of the high-reflection mirror coatings. The coatings a) and b) use
the high index contrast dielectric layers and follow the conventional quarterwave-stack design. The
coating c) uses the 51-layer chirped-mirror design, allowing to cover the entire operation range
with a single set of mirror, at the expense of increased losses. All coatings are dichroic, with low
reflectivity in the 1.6-1.9 xm range for pump radiation. Filled area shows the gain cross-section of
Cr:ZnSe.
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Cr’*-based active media is so broad, that one would need at least two different
mirror sets to cover it, if the coating are made using the traditional quarterwave
stack design and dielectric materials with the highest index contrast. To cover
the whole gain range of the Cr:ZnSe or Cr:ZnS laser with a single mirror is a
very challenging task, requiring the special broadband mirror designs. With such
mirrors, designed according to the “chirped mirror” technique [4] it was possible
to operate the laser in almost the entire tuning range (Fig. 4), although losses in
these mirrors are far from optimal (Fig. 2c).

3. Trace gas analysis in the atmosphere

The monitoring and analysis of gases at low concentration has become an essen-
tial environmental, medical, industrial, and chemical issue. Numerous techniques
and instruments have been invented, reaching extremes in sensitivity for certain
components. The optical techniques possess some important advantages, e.g. they
can be performed without intrusion, in real time, and on a number of components
simultaneously, etc.

One of the optical techniques based on direct absorption spectroscopy is the
photoacoustic (PA) spectroscopy. It requires a tunable narrow linewidth light
source and a detection scheme based on photoacoustic effect, e.e. generation of
sound waves in the medium by nonradiative decay of molecules, excited by mod-
ulated radiation. Being specimen- and wavelength-independent, the PA detection
scheme is quite universal. This property is especially important if the measure-
ment is supposed to include different gases, as it is normally the case in typical
applications.

The PA signal is directly proportional to the absorption cross-section ¢ (1) and
the power of the exciting radiation [5, 6]:

§(2) = qo (NP (4), )

where N is the concentration of the molecules, and P(A) the wavelength-
dependent power of the exciting beam. The sensitivity coefficient g in the
equatuion (1) depends on the construction of the cell and microphones, and
can be further enhanced by utilizing the acoustic or mechanical resonance. The
resonance signal enhancement is typically of the order of ~10-100 for multi-
microphone cells with acoustic resonance but can reach values up to ~10*~10°
using the electromechanical resonances [7]. The equation shows another advan-
tage of the photoacoustic technique. In comparison with many other absorption
measurement schemes, where the absorption signal is derived as a ratio be-
tween the absorbing and non-absorbing (baseline) spectra, the signal S(1) is
directly proportional to the absorption of the specimen. When the measurement
is aimed at detecting the very low absorption, this property strongly lowers the
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necessary signal-to-noise figure, allowing measurement of absorption of down
to 1078 cm~'Hz~!/2 despite the much lower sensitivity of the PA technique as
compared to, e.g., optical detectors.

To fully exploit this advantages of the PA scheme, the excitation laser
source should demonstrate broad tunability in the wavelength range of poten-
tial specimens, sufficiently narrow oscillation linewidth for good selectivity, and
high output power for more sensitivity. Currently available alternatives include
systems, based on nonlinear optical conversion techniques and include optical
parametric oscillators, difference frequency generators, and tunable semiconduc-
tor lasers [6, 8, 9]. The latter are probably most user-friendly, but so far they
provide only relatively narrow tuning ranges, making every setup suitable to
just one-two species. The tunable broadband solid-state laser, directly covering
thousands of wavenumbers provide a really multicomponent ability.

The main absorption features of many relevant gases lie in the midinfrared
(2-15 pm) region with overtones and combination vibrational-rotational bands in
the near-IR (0.8-2 um) spectral range. The atmospheric window between 2—5 ym
is especially interesting, because it is characterized by the presence of the strong
fundamental vibrational absorption lines of atmospheric constituents, vapors and
other gases. Those include water vapour (H,0O), filling the whole range between
2.4 and 3 xm with maximum around 2.7 x#m, carbon monoxide (CO) with strong
features around 2.3-2.4 ym, carbon dioxide (CO,) absorbing around 2.7-2.8 um,
nitrous oxide (N,0), having several absorption features all through the 24 um
range, as well as many other species. In what follows, the application of the
tunable Cr?>*:ZnSe laser source to PA-based trace gas measurement is described.

The measurement scheme is shown in Fig. 3. The laser source was the tunable
Cr’*:ZnSe laser, as described in the previous section, pumped by an Er’**-fibre
laser at 1607 nm. In continuous-wave operation, this type of active medium acts

Er:fiber laser (1607 nm)
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Figure 3. Experimental setup for the photoacoustic measurements. The resonator section of the
PA cell had opening diameter of 3 mm and resonance enhancement factor of 4.2 at 5.7 kHz [11].
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as a homogeneously broadened one [10] so that narrowband tunable operation can
be achieved without efficiency penalty. This allows higher output power, which
translates into better signal-to-noise ratio according to the expression (1).

The tuning has been achieved by a tandem of prisms by rotating the end mirror.
Depending on the required spectral resolution and spectral region, CaF, or dry
fused silica prisms have been used. The relative acceptance bandwidth (full-width
at half-maximum) of the tuning arrangement in this case is given by the formula

AL 1 (dn\” )
L 8mwy \dA ’

where wg is the beam waist radius. The final oscillation linewidth also depends
on the cavity arrangement, saturation, and loss level, but in any case it scales
with the acceptance bandwidth, i.e. inversely proportional to the prism material
dispersion. Table 1 gives dispersion data for some common materials. Fused sil-
ica provides the highest dispersion over the whole tuning range, but it suffers
OH-related losses beyond 2.5 ym. This is a common problem for many oxide
materials, which should be substituted by fluorides or chalcogenides at longer
wavelengths. Interestingly, we found that ZnSe does not have any advantages over
CaF, beyond 2.5 um, despite its much higher refractive index.

In the experiments, both dry fused silica and calcium fluoride for tuning
and PA measurements. With a single broadband mirror set, a wavelength range
between 2000-2937 nm (3400—-5000 cm™") can be covered (Fig. 4). With special
infrared optics, it is possible to extend the tuning range to 3100 nm. (Fig. 4).

The typical experimental results are presented in Fig. 5. Using the same source
it was possible to perform measurements from 2.3 um to 2.9 um. The laser
output power of 100-500 mW is orders of magnitude higher than the powers
achieved with difference frequency generation in the same wavelength range. This
allows sensitive measurement using even the relatively weak absorption lines in
the spectrum. Using the certified gas mixtures, one can calibrate the sensitivity
of the whole setup and perform quantitative measurements [11]. The minimum
detectable absorbance at a power level of 300 mW was 1.6 x 107>, The resulting

TABLE 1. Material dispersion dn/dA (X 10~ nm~!) for some common prism materials: zinc
selenide, calcium fluoride, and fused silica. The wavelengths correspond to the tuning range of the
the Cr:ZnSe laser.

Material A =2100nm A =2500nm 1 = 3000 nm

ZnSe —123 -7.9 5.4
CaF, —5.23 —6.0 —7.05
SiOy —15.4 —18.7 —23.7
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Figure 4. Continuous-wave tuning of a Cr:ZnSe laser, using a broadband mirror set (circles) and
an infrared mirror set (squares). The effective gain curve is computed from the fluorescence and
absorption cross-sections at real ion concentration N and threshold inversion ng, [2].

minimum detectable concentrations for a number of gases are plotted in Fig. 6,
[11, 12]. For many important molecules the detection limit lies well in the ppb
(part-per-billion) region.

The linewidth of the laser is also an important factor, as it defines the se-
lectivity of the technique. It was measured using the gas lines themselves and
was found to be ~0.2 cm~! with fused silica prisms (Fig. 5c) and ~1.2 cm™!
with CaF, prisms Fig. 5d), due to their lower dispersion [12]. This linewidth is
still dominated by the thermal and mechanical instability of the used laser setup,
because the short-term linewidth in the comparable setup was measured to be less
than 0.02 cm™~! [1]. Nevertheless, for atmospheric measurements the resolution of
the current setup with CaF, prisms is in most cases sufficient for measurements of
vibrational-rotational absorption bands, and fused-silica prisms allow resolution
of single absorption lines.

4. Intracavity laser spectroscopy

Another method of ultrasensitive spectroscopic absorption measurements, where
the gain bandwidth plays a crucial role, is the time-resolved intracavity laser spec-
troscopy (ICLAS) [13]. The principle of ICLAS can be summarized as follows:
after a fast switching on of the pumping, the broadband laser will initially start its
oscillation from the amplified spontaneous emission, which is effectively a gain
spectrum of the active medium. Along with the settlement of the continuous-wave
operation, the oscillation spectrum will implode to its stationary value. During
this time any narrowband loss inside the cavity (e.g. an absorption line in the air)
will appear as a dip in the spectrum. It can be shown, that the form and the depth



564 EVGENI SOROKIN
Wavenumber in cm1 Wavenumber in cm™!
4288.0 4286.0 4284.0 4282.0 3450 3440 3430 3420 3410
T T T T T T T T T
= ;'2 SE::\(,"C“gha"e 60,104 — 98% CO, (HITRAN)
2.0.1078 {4 Measured dat ’ — 2% Water vapour (HITRAN)
o Measured data
8 8
] S 4.0.107 4
2 2 N
] o »
(7] _ *
1.0.10°9) 3 >
2 < | . %
2.0.1074 s
0.0 0.0 WAARA A'A NAWBAN AN AN
2332 2333 2334 2335 2336 2900 2910 2920 2930
Wavelength in nm Wavelength in nm
a) b)
Wavenumber in cm™ Wavenumber in cm™!
4326.0 4325.0 4324.0 3708 3704 3700
0.012 'A Melasuréd da’ta ; ; ' ' ' I s 30 : ¢ Measured data I ' ' ' ' ' 4
— single CH, absorption line| I |— CO, (HITRAN)
0.010 fr— single CO absorption line | E L |[— Water vapour (HITRAN)
0.008 [ |= Muitiple Lorentzian
008 |- 1 20t ]
0.006 . 3
0.004 B 10k ¢
*
0.002 - \ ¢
0.0 3 ok ! f )
2311.6 2312.0 2312.4 2312.8 2696 2698 2700 2702
Wavelength in nm Wavelength in nm
©) d)

Figure 5. Gas absorption spectra using the tunable Cr:ZnSe laser.

a) Methane and carbon monoxide in air (1 bar) around 2.3 xm [11].

b) Overview scan of CO, (1 bar, contaminated with 2% water) around 2.9 um [12].

¢) Methane (500 mbar), single narrow line for resolution estimation [11].

d) CO; (1 bar, contaminated with 2% water) around 2.7 gm [12].

All measurements performed at room temperature. Spectra a) and c) recorded with fused silica
tuning prisms, spectra b) and d) used calcium fluoride prisms.

of the absorption line relative to the broadband spectrum follows the exponential
Bouguer-Beer law with an effective propagation distance equal to [ = c(f — 1),
where £y denotes the onset of laser oscillation.

In properly designed low-loss lasers, the spectrum collapse may take tens
and hundreds of microseconds, resulting in effective absorption lengths of tens
and even hundreds of kilometers, allowing measurement of absorption as small
as 107 cm~! and better. This explains the enormous potential of the ICLAS
measurement for detection of weak narrowband absorbers. At the same time,
the initially broad spectrum continues to narrow during the laser evolution, so
that the maximum effective absorption length can be reached only near the gain
maximum. More precisely, it can be shown that the laser bandwidth at a time ¢
after the onset of oscillation follows the rule [13]
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Figure 6.  Minimum detectable concentrations for a number of gases using the photoacoustic
registration. The horizontal bars show the tuning ranges of Cr:ZnSe and Cr:CdSe lasers [2].

Te
(t —19)’

i.e. it is proportional to the initial bandwidth A4, of the gain spectrum. In the
expression (3) 7. is the lifetime of the photon in the resonator, depending on the
resonator round-trip time 7% and the round-trip loss L: 7, = Tx/L. The optimal
laser for the ICLAS experiment should thus exhibit low loss and have possibly
long resonator, since the effective absorption path is proportional to the length of
the resonator and inversely scales with losses. Reversing the relation (3) makes
also clear, that the laser bandwidth is an even more important factor: for a given
final bandwidth the effective absorption path length scales quadratically with the
initial bandwidth: [ = c(f — 1y) Allé. The material bandwidth becomes thus
a most crucial parameter in the intracavity spectroscopy. For detailed description
of ICLAS using the solid-state lasers the reader is referred to Refs. [13—15].

With respect to the above discussion, Cr’*:ZnSe and Cr**:ZnS lasers fit
extremely well for the ICLAS spectroscopy: the lasers allow convenient opera-
tion at room temperature in a very interesting wavelength range, and possess the
broadest gain bandwidth of all known solid-state laser materials [10]. The gain
peaks of the two lasers are shifted by about 100 nm (Fig. 7), so that they can be
seen as complementary in coverage of the 2.2-2.7 um region. These media also
represent a much broader family of Cr*>*-doped II-VI materials with a potential of
extending the wavelength coverage to and beyond 3 x#m [1,10].

Only a few experiments with ICLAS using broadband sources in the infrared
were performed: atmospheric spectra were obtained in the 26362640 nm region
using the KCI:Li F4(II) color center laser [16], in the 2035-2055 nm region using

AL o Al - 3)
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Figure 7. Comparison of the normalized gain spectra of Cr:ZnSe and Cr:ZnS laser materials.

the Co:MgF, laser [17], and in the 1770-1950 nm region using the Tm-doped
fiber laser [18]. Quite recently, the Cr:ZnSe laser has been used for the intracavity
absorption experiment in the 2410-2460 nm region [19], and a Cr*t:YAG laser
has been applied in the 1350-1610 nm range [20].

However, the extreme sensitivity of the intracavity spectroscopy becomes a
problem, if it is used in the infrared region, were air constituents possess fun-
damental and combination absorption lines. As a result, in most of the above
quoted experiments the spectra were completely oversaturated by the atmosphere,
predominantly water vapor and CO,. Equally, even the slightest back-reflection
from any surface inside or outside of the resonator creates a weak loss mod-
ulation in form of parasitic Fabry-Perot resonance, which act in the same way
as a comb of absorption lines. The laser must therefore be carefully optimized
with respect to spurious reflections and contain no plan-parallel mirror substrates.
Equally detrimental could be residual birefringence in the laser material, when the
active element might acts as a shallow Lyot filter, also resulting in spectral loss
modulation.

In order to make use of the full ICLAS sensitivity in the mid-IR range, we
have put the Cr:ZnSe (Cr:ZnS) laser setup into the sealed chamber [21-23]. With
an Er:fiber laser pumping, the pumping head was positioned outside the cham-
ber (Fig. 8). For sufficiently fast (few microseconds) turning on of the pump,
an acousto-optical modulator was used. The box was then evacuated and filled
with a gas of interest at pressures between 0.1-70 mbar, to avoid the collisional
broadening. The output of the laser from the output coupler with an average power
of tens of mW is atttenuated and examined outside of the evacuated chamber using
the Fourier-transform spectrometer in the step-scan mode [24]. In this regime, the
complete time sequence is recorded at every position of the FT interferometer.
The Fourier transform is performed after the full acquisition, resulting in a com-
plete set of spectra Fig. 10 with high temporal and spectral resolution. The typical
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Figure 8. Schematic diagram of the time-resolved FT spectrometer. The dashed rectangle shows
the evacuated chamber [21].
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Figure 9. Fluorescence spectrum of Cr:ZnSe (gray) and spectral losses due to the output coupler
(OC) and 5 high reflectors (HRs) on a round trip. A typical output spectrum at 8.9-us delay (2.6-km
effective propagation distance) is shown in black, with the CO, absorption lines [21].

parameters were: pulse repetition rate up to 1-3 kHz, temporal resolution 0.3-3
us, spectral resolution 0.006-0.02 cm™!.

Fig. 9 shows the laser gain curve, as well as the reflection curves of the mirrors
in the cavity. One single ICLAS spectrum of CO, is shown, spanning over 100 nm
bandwidth, at a 2.6-km effective propagation distance.

Fig. 10 shows the complete time resolved ICLAS spectrum of CO, at 66 mbar.
Besides the CO,, residual water lines can be seen, corresponding to contamination
level of the CO, of about 4- 107> or 2.5 - 10~3 mbar partial pressure of H,O vapor.

Fig. 11 shows a high-resolution portion of the CO, spectrum, corresponding
to 4.9 km of effective propagation distance. The effective absorption is as high
as 90% for the strongest lines, corresponding to a sensitivity of 6 x 1078 cm~!.
The explored spectral domain is the location of the two weak vibration-rotation
combination bands 2v; —v, (Fig. 11) and 2v3+v, —2v,. The maximum absorption
of the line profiles reaches 100% with a pressure-absorption path conditions equal
to 66 mbar and 30 km, respectively. It is worth noting that previously, these spectra
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Figure 10. Time-resolved ICLAS spectrum of CO,. The 64 consecutive time components are 0.32
us apart. This corresponds to a 96 m increase of the equivalent absorbing path /. between each
spectrum. The upper right-hand enclosure gives the total laser intensity versus time [22].
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Figure 11. Doppler-limited spectrum of CO, at 4.9-km propagation distance [21].

could only be detected by astronomic measurements in the atmosphere of Venus
[25,26] which is 96.5% CO,.

The sensitivity values obtained with the above setup can be further im-
proved by reducing the intracavity losses. In particular, the output coupler can
be replaced with a high reflector with transmission of the order of 0.05%. This
allows longer effective path lengths and/or broader spectral coverage, according
to the expression (3). The output power of the laser is of the order of few mW
(from every mirror). However, since this is a diffraction-limited beam, it can be
effectively delivered to the spectrometer and the signal is more than sufficient for
recording the spectra. With this setup, effective path length increased up to 30
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km, resulting in even higher sensitivity, reaching 10~8 cm™! . This allowed to
observe for the first time the previously unknown combination bands of acetylene
C,H; [27] and nitrous oxide N, O [28] around 2.5 um.

As already mentioned, using of the Cr:ZnS laser crystal instead of Cr:ZnSe
allows shifting of the operation range of the technique by about 100 nm towards
shorter waves (Fig. 7). Given the broad bandwidth of the high reflective mirrors
(Fig. 9) and the fact that the Cr:ZnS crystal allows efficient pumping at 1607
nm, the experimental setup could be immediately adapted from the previous one
(Fig. 8) by simple exchange of the active medium. In addition to that, the cavity
length was doubled, enabling even longer effective absorption paths as described
above. Fig. 12 shows a representative set of 20 Torr N,O spectra around 2.4 um
with absorption path up to 110 km, while Fig. 13 shows a high-resolution part of
the spectrum at 10.5 km effective absorption path. The broad spectrum modula-
tion, that is seen on the long-propagation distance spectra in Fig. 12 comes most
probably from the incomplete birefringence compensation in the Cr:ZnS crystal,
which contains some percentage of the wurtzite phase [1]. The crystal acts in this
case as a very weak Lyot filter. This modulation can be suppressed by careful
orientation of the crystal or by using a material with addition of the small amount
of ZnSe for cubic phase stabilization. The mixed Cr:ZnSSe crystals have shown
to be good laser crystals with even broader gain bandwidth [2].

Time N,O
(us) P = 20 Torr
1= 110 km
3674 L.
3194

= JWWM
79+

L= 9.3 km
31+

T T
4130 4140 4150 4160 4170 4180 4190 (em™)

Figure 12. Intracavity absorption spectra of N,O [29].
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Figure 13. Intracavity absorption spectrum of N, O at 10.5 km of absorption length. The spectral
lines below show the absorption of water vapor (not to the scale). [29].

HR Cr2+:ZnS HR
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Laser diode

1850 nm
Figure 14. A self-contained sealed diode-pumped setup for intracavity absorption spectroscopy
using the Cr:ZnS laser. HR: high reflector. [30].

In order to bring the mid-IR ICLAS technique closer to the applications, it
should be made less complex, self-contained and user-friendly. In the case of
solid-state lasers this can be achieved by direct diode-pumping. As shown in
Fig. 14, the diode laser including collimation optics can be positioned inside the
chamber (footprint of the laser assembly is 60 cm by 40 cm). No special light mod-
ulation is required, since the diode laser can be conveniently switched on and off
with microsecond accuracy by the driving current. The price for the convenience
of the diode-pumped setup is the increased pump spot in the crystal. Therefore,
the laser length had to be halved with respect to the previous arrangement. The us-
able effective absorption path reduces correspondingly (compare Figs. 12 and 15).
The estimated minimum detectable absorption (assuming signal-to-noise ratio 3
or better) is 1 - 1078 cm™! versus 2 - 107 cm™! in the Er-fiber pumped system.
Nevertheless, it is extremely good in comparison with other techniques in the
same spectral region.
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Figure 15. Intracavity absorption spectra of N,O at different absorption lengths recorded with
a diode-pumped setup. The spectral lines marked with an asterix correspond to the residual water
absorption lines. [30].

5. Conclusions

The broadband mid-infrared solid-state lasers, represented by the Cr>*-doped
ZnSe and ZnS have come of age and are suitable for real-world applications. In
praticular, detection of trace gases can be performed with extreme sensitivity and
over a broad wavelength range.

In this chapter, two different approaches for spectral recordings have been
demonstrated: narrowband tuning over the absorbing spectral line of interest
and broadband spectrum generation using the intracavity laser spectroscopy. The
registration of the absorption line in the first case has been performed using
the photoacoustic technique. Obviously, any other technique, including some
described in the other chapters in this book, can be applied as well. Equally, the
spectrum recording by the means of Fourier-transform technique is in no way
obligatory for the intracavity absorption experiments, and any other approach can
be used for registration depending on the requirements of the application.

The extreme bandwidth of the solid-state lasers plays a crucial role in
both demonstrated application examples. As an immediate advantage, the broad
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bandwidth allows covering of a large wavelength area, thus enabling true multi-
component sensitivity and selectivity using one and the same setup. In the case
of intracavity spectroscopy, the broad bandwidth also translates into the highest
sensitivity of the measurement, which duly reached levels of 107 cm™! in terms
of absorption coefficient. Such sensitivity allows recognition of gases with partial
pressure of ~107> mbar and less or recording of previously unknown very weak
spectral bands.

Further improvement of both techniques are possible, and should include
direct diode-pumping of the lasers in order to make them truly transportable and
self-contained devices. As shown on example of intracavity measurement, this can
be readily achieved with minimal trade-offs in the performance of the setup.
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