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Modern diode laser spectroscopy is becoming an important
and a more widely used tool for detection and measurement
of trace gases. The change is driven by the recent
advances in diode laser technology and diode laser
frequency conversion techniques, which now push the
limits of emission wavelength, output power, operating
temperature, miniaturization, and cost. Basic features of
the diode laser now find new, interesting, and unique use in
well-established laboratory and field applications relared to
trace-gas detection, and in some instances even transform
the traditional spectroscopic methods. It is the purpose of
this chapter to familiarize the reader with the key elements
of diode laser technology and analytical methods used in
diode laser spectroscopy.

1 INTRODUCTION

Sensors based on tuneable diode lasers have found
widespread applications to the sensitive and selective
detection of environmentally important atmospheric
trace gases in real time. The motivation for such
precise species concentration measurements of gaseous
compounds in ambient air includes such diverse fields
as urban (e.g. automobile traffic, air quality in large
enclosed structures), industrial (e.g. fence line perimeter
monitoring in the petrochemical industry, combustion
sites and waste incinerators), rural (e.g. horticultural
greenhouses, rice agro-ecosystems) emission studies,
chemical analysis and control for manufacturing processes
(e.g. HF, NH3 and HCl in semiconductor fabrication
facilities and HF in aluminum smelters), biomedical
sensing of physiologically important molecules (e.g. NO
and CO), atmospheric chemistry (e.g. CO, CO,, CH4
and H,CO in global studies of the environment). and
spacecraft habitat air-quality monitoring.®-2)

Numerous analytical instruments based on optical and
nonoptical techniques have been developed in the past.
In general, these instruments have some, but not all. of
the desired characteristics that include: high sensitivity,
selectivity, multicomponent detection capability, room
temperature operation, large dynamic range, automatic
operation, small size, high reliability, ease of use. and
cost-effectiveness in terms of initial and maintenance
costs. An ideal gas sensor technology that meets all
these diverse requirements is, however, a challenging
research and development task. Today's state-of-the-
art laser spectroscopy, for example, is far from being
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able to meet these requirements, but recent significan;
technological advances may change the way it is used
in future applications. Areas of technology that have
seen a particularly strong improvement are tuneable
diode lasers, both near-infrared (NIR) and mid-infrareq
(MIR); novel nonlinear materials for optical frequency
conversion; optical fiber and semiconductor amplifiers;
low-noise, room-temperature detectors; and advanced
data acquisition and signal processing techniques.

Such new diode laser based spectroscopic sensors are
beginning to provide excellent sensitivity and selectivity
of an increasing number of organic and inorganic gaseous
compounds in the infrared spectral region. This region
consists of both the (NIR, 0.8um to 2pm) that can be
accessed by an increasing number of distributed feedback
(DFB) telecommunications diode lasers and the (MIR,
2um to 20um) by lead-salt and antimony-based diode
lasers, quantum cascade lasers, and compact sources
based on difference-frequency mixing of commercially
available diode and fiber lasers. Performance characteris-
tics of several recent optical architectures of MIR gas sen-
sors that have been developed and applied to real-world
spectroscopic applications in the field and laboratory will
be discussed. An effective method to increase sensitivity
is to increase the effective optical path. This is possible for
in situ, open path atmospheric measurements, but numer-
ous applications require a compact extractive technique
based on multipass cells (White, Herriott designs).

The NIR region is characterized by the presence of
the first and second overtone and combination bands for
many important gases. However, the transition strengths
of the fundamental vibrational bands in the MIR are at
least one to two orders of magnitude stronger, making this
spectral regime the region of choice for high-sensitivity
laser absorption spectroscopy. The detection sensitivity
of current diode laser based gas sensors using direct
absorption spectroscopy is limited by etalon fringes and
laser feedback noise to 1075 to 1078 relative absorption.
In addition to direct absorption spectroscopy, various
techniques such as frequency modulation (FM), two-tone
frequency modulation (TTFM) spectroscopy, balanced
homodyne or balanced ratiometric detection (BRD) and
cavity ring down spectroscopy (CRDS) can be utilized.
Of these, only CRDS offers a means for avoiding the
baseline variations caused by etalon fringes which often
limit sensitivity.

2 FUNDAMENTALS OF GAS-PHASE
SPECTROSCOPY

2.1 Atmospheric Trace Gases

Spectroscopic trace-gas detection is a method allowing
one to compute concentration of a known gas, or
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suses. from @ measured optical absorption spectrum of
the gas mixture (in practice, a small fragment of the
gpectrum may be measured). The procedure requires
4 good quantitative knowledge of the gas absorption
characteristics. This knowledge is the realm of molecular
spectroscopy, a complex and highly developed subject
that is outside the scope of this chapter. A few
fundamental spectroscopic concepts and formulae that
are directly applicable to gas detection "are, however.
summarized in this section.

Each atom or molecule, small or large, is uniquely char-
scterized by a set of energy levels. Transitions between
evels by absorption or emission of electromagnetic radia-
tion result in highly specific spectroscopic features. These
features allow both the identification and quantification
of the molecular species, such as atmospheric trace gases.
Molecules may undergo transition between electronic.
vibrational, and rotational states when exposed to elec-
tromagnetic radiation, resulting in absorption spectra.
These spectra consist of a number of discrete absorption
lines. Each line will have a certain linewidth and shape that
depend on temperature and what surrounds the molecule,
so the lines may form resolved or unresolved bands (see
Figure 1); some will be intense while others will be weak.
Transitions between molecular rotational-vibrational
(ro-vibrational) states occur in the infrared “fingerprint”
region of the electromagnetic spectrum, approximately
between the wavelengths of 2.5 pm and 25 pm. Often also
overtone and combination-overtone ro-vibrational bands
are possible with significantly lower line intensity as com-
pared to those for fundamental vibrational bands and the
corresponding wavelengths are in the 0.8pum to 2.5um
spectral region. Transitions between electronic states of
atoms and molecules occur in the ultraviolet and visible
spectral region, 200 nm to 500 nm.
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All polyatomic molecules, with the exception of
homonuclear diatomic molecules (e.g. N2), absorb
infrared radiation. The absorption changes the state of
molecular rotation and vibration. An absorption spec-
trum therefore depends on the physical properties of the
molecule such as size and shape and hence each molecule
is characterized by a unique spectral “signature”’. Spec-
tra of linear and some nonlinear polyatomic molecules
consist of an array of individual or small groups of lines.
In the case of large polyatomic molecules (e.g. benzene,
CgHs) at atmospheric pressure, there are many lines over-
lapping each other, resulting in broad spectral features
with some occasional peaks. These features occur in the
majority of spectra and are the principal reason for the
sensitivity and selectivity of trace-gas detection in the
infrared.

There are numerous atmospheric trace gases (see
Table 1). Their concentrations would normally be in’ the
parts per billion (ppb, 10-%) to parts per million (ppm,
10-5) range. Minimum and maximum concentrations
range from parts per trillion (ppt. 10~'2) to percent
(%, 1072). There is much spectroscopic data available
in the literature™? and in electronic form which are
important tools in the identification and development of
specific detection strategies, especially in the presence of
interfering species.®~

Table 1 Analysis of atmospheric gas traces

Molecule Absorption Overtone-MDC Fundamental-MDC

line (um) (ppm m) (ppm m)

CO, 423 8® 0.0072
0Cs 485 NA 0.023
N.O 4.54 220 0.036

2.87 13
co 4.6 1007 0.044
HCI 35 13® 0.050
HCN 3.0 0299 0.081
C:Hs 334 NA 0.081
HF 24 0240 0.090
C:H, 3.08 0.08® 0.1
CH, 3.3 15® 0.23
HBr 3.81 0.6 0.32
H,CO 3.6 509 0.54
NO, 3.46 0.54Y 18
NH; 2.94 208 27
NO 53 60® 4
(o} 475 NA 9
SO, 4.0 NA 40
H,S 372 0240 54
H,O 33 NA NA

Values computed for the following parameters:

— Fundamental: p = 100torr; T =298K; Min. detectable absorbance
=2 x 10+ using direct absorption.

Min. detectable absorbance =1 x 1077 using either
balanced detection/FM-techniques.

MDC, minimal detectable concentration.

-~ QOvertone:

For references see page 1977
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2.2 Absorption Line Shape

In the absence of optical saturation and particulate-
related scattering, the intensity of light /(x) propagating
in a homogeneous gas follows the Beer-Lambert law
(Equation 1):

I(x) = Ip exp(—0m(V)Nmx) Y]

Here m is the gas species index that labels the molecular
concentration N,, and absorption cross-section o,,, (v). The
molecular absorption cross-section depends on frequency
and has the units of cm? per molecule. It is the sum of
cross-sections of all individual ro-vibrational transitions

(Equation 2):
Tm®) =Y SaT(v = vy) @)

We label the transitions using the index #; thus v, is the
frequency of the n-th transition and S, is its intensity.
Technically both these quantities should also bear the
index m to remind that they refer to a certain gas species,
but for simplicity it is not done here.

The function I'(v) describes the line shape and
has the same analytical form for all transitions. In
MIR spectroscopy, the broadening of an individual
transition due to finite upper-level lifetime is insignificant
compared to broadening by the other two important
mechanisms — thermal motion and molecular collisions.
Their individual and combined effects on a molecular
transition at a frequency v, are expressed as follows
(Equations 3-7):

Thermal motion (Gaussian):

rw)= ! ex ( v\
W)= X P Avr> 3)
Avr — v, |2kT
T=7 M 4
Molecular collisions (Lorentzian):
51 -1
'v) = ! 1+ ( v b
nynP YnP ©)
Combined broadening (Voigt):
1 v AVT)
rV=—V|—7,—5
© YaP (y,.P YnP ©
1 [t exp(—£)
|4 = — i N A
G ) v [—oo 1+ (x4 yr)? )

Here c is the speed of light-in vacuum, k the Boltz-
mann's constant, T the gas temperature, M the mass of
the molecule, P the gas pressure, and v, the coefficient
of pressure broadening. The quantities Avr and 2y,P
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are referred to as the Doppler- and pressure-broadeneq
linewidths. The line shape that results from the combineq
effect of Doppler- and pressure-broadening is a convg.
lution of the two respective line shapes. It is known ag
the Voigt profile, and its mathematical expression V(x, y)
can not be further simplified. The physical significance
of the convolution is that the Voigt profile has different
asymptotic shapes for very low and very high gas pressure.
At low pressure, molecular collisions are less frequent,
leaving thermal motion the dominant broadening mecha-
nism — the corresponding line shape is near-Gaussian. As
the gas pressure increases the collisions take over, and
the resulting line shape is near-Lorentzian (see Figure 2).

The previous expressions do not include the effect
of pressure shift, which is typically in the range of
several megahertz per atmosphere. The shift is very
small compared to the width of an atmospheric-pressure-
broadened line, typically several gigahertz.

It is common practice in infrared spectroscopy to
express transition frequencies in inverse centimeters
(cm™!), or wavenumbers, defined simply as the inverse of
the transition wavelength in vacuum, v = A~1. Multiplying
this quantity by c gives the frequency in Hertz; thus 1 cm™!
is roughly 30 GHz. We shall use both units throughout
this chapter, where appropriate.

One can verify, by integrating the absorption cross-
section of an individual transition over frequency, that
it is independent of the broadening mechanism and is
equal to the line intensity S,, in the units of cm per

0.8 T T ] ] T T 1§ L] T
COvygs=2169.2 cm-!
0.7+ A6 4 torr 4
0.6 4
&
£ o5} .
(&}
5? 0.4} -
o
— 03 7
o]
0.2+ 1
01}f - 7
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Figure 2 Frequency-dependent absorption cross-section of the
R(6) fundamental transition of carbon monoxide at room
temperature, plotted for different values of background arf
pressure. The horizontal axis is in cm™! relative to the line centel
vgs = 2169.2cm™!. Area under each curve, or line intensity-
is the same: S = 4.44 x 10~ cm. At 40torr background aif
pressure, the Doppler- and collision-broadened linewidths ar¢
approximately equal: 0.003cm™".
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Figure 3 Absorption spectra of pure CQ: at a pressure of
7mbar over a | cm path calculated at two different temperatures
usine the HITRAN database.™ The dotted trace has been offset
for clarity and corresponds to T = 210K, simulating the surface
atmosphere of Mars. The strong dependence of line intensity on

temperature for the transitions P44 and P45 should be noted.

molccule. Line intensity is proportional to the lower-state
population density of a transition and thus depends on
temperature (see Figure 3).

To a good approximation, especially at low temperatures,
the sum of line intensities of all transitions in a band is
independent of temperature and is known as the band
strength B, (Equation 8):

+00
B = / @) dv =35, ®)

-0

- It contains information on the vibrational electric dipole
moment.® Thus in order to compute the absorption
cross-section o,(v) at any frequency, one must know
the values v,, S,, and y, for all transitions. These
parameters have been measured and calculated for many
lightweight gas molecules across the microwave and
infrared spectrum, and compiled into extensive databases
such as HITRAN® and GEISA.® Numerically accurate
absorption spectra can be computed based on these data,
not only for single gas species but for gas mixtures as well.

23 Spectra of Multicomponent Gas Mixtures

Analytical formulae given in the preceding section apply
also to gas mixtures. The total absorption cross-section
o(v) is then a weighted average of absorption cross-
sections of individual species, with the mole fraction C,,
of Zach species used as the weight coefficient (Equations 9
and 10):

o) =Y  CnOm(¥) ©

Z Cn=1 (10)
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For each of the m species, the pressure broadening coef-
ficients y, generally depend on the transition. They also
depend on the type of molecule with which the collisions
occur. In general, partial pressures in conjunction with
the appropriate pressure-broadening coefficients should
be used to compute the overall pressure broadening from
all gases present in the background (this includes self-
broadening). Air-broadening coefficients are particularly
useful in calculations, and are listed in spectroscopic
databases.t*3)

In trace-gas sensing applications, however. the species
of interest are often present in very low concentrations, so
that self-broadening and broadening against other trace
gases can be neglected in calculations, and air-broadening
alone will suffice. For the conditions of atmospheric pres-
sure broadening, yP >> Avr, the Doppler contribution to
the overall linewidth can often be neglected, and the line
shape be treated as pure Lorentzian. Likewise. at pres-
sures low enough to ensure yP « Avr, the line shape can
be treated as pure Gaussian. In either case, calculation of
the line profile is simplified considerably.

At intermediate total pressures, yP ~ Avr, which
for most lightweight gases range from 5 to 100torr,
calculation of the Voigt profile is necessary to obtain
numerically accurate absorption spectra. Methods for
approximate calculation of the Voigt profile, and the
related plasma dispersion function, are now a well-
developed subject. We have found the approximations
published by Humlicek®® to be particularly useful.

3 LASER SPECTROSCOPIC SOURCES

3.1 Advantages of Diode Lasers

Soon after the first semiconductor (diode) laser was
developed in 1962, diode laser spectroscopy became a
firmly entrenched technique for detection, identification,
and measurement of molecular and atomic species in
the gas phase. The reason for its wide acceptance in
the scientific community was twofold. First, narrow-
linewidth light sources such as lasers were well suited
for probing the inherently narrow molecular and atomic
transitions, so that both the line shape and intensity
could be measured accurately and rapidly. Lasers simply
offered better wavelength resolution (linewidth) and
spectral brightness (power emitted per unit linewidth)
than conventional grating or prism monochromators.
Second, among all lasers, diode lasers offered a unique
combination of tuneability, output power, small size, and
modulation capabilities (see Table 2). In other words
they are significantly more convenient to use than other
sources. Perhaps the most important advantages of diode
lasers are the simple excitation in the form of electric

For references see page 1977
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Table 2 Performance characteristics of room-temperature
single-frequency diode lasers

Parameter Unit Typical values
Center wavelength nm 670, 780, 810, 860, 930,
. . 1060, 1310, 1550
Gain bandwidth nm 20-50
Output power mW 3-200
Mode size pm 1x3
Linewidth - MHz 10-300
Tuning response nm/K 0.1-0.3
Tuning response GHz/mA 0.3-2
Threshold current mA 20-90
Modulation bandwidth GHz 2-40

current and the fact that the laser wavelength and output
power depend on the current. For small changes in the
injection current, that dependence is nearly linear and
instantaneous, allowing predictable and fast wavelength
control. This advantage is discussed in section 4.3.

Diode laser spectroscopy is divided into two categories
according to the spectral region used. MIR spectroscopy
is used in the *fingerprint” region from 2.5um to
25 pm where most molecular species exhibit fundamental
absorption. It offers the highest detection sensitivity
among spectroscopic methods, primarily because the
fundamental absorption bands are very strong. Diode
lasers operating at MIR wavelengths typically deliver
100-uW output power and require cryogenic cooling
(more on this in section3.3). NIR, or “overtone”,
spectroscopy employs room-temperature diode lasers
at wavelengths below 2um. Detected here are the
short-wavelength molecular overtone transitions that
are typically a factor of 30 to 300 weaker than the
fundamental transitions. The two types of molecular
spectroscopy just described represent the two different
choices made in the tradeoff between absorption strength
and the optical power available to detect it. MIR
spectroscopy is used whenever higher sensitivity is
needed, but at the expense of cryogenic cooling. Overtone
spectroscopy is the method of choice in applications
where lower senmsitivity can be tolerated, but where
low cost, reliability, and room-temperature operation are
paramount. Alternative techniques for the generation of
MIR light for spectroscopic applications will be discussed
in section 3.4.

3.2 Overtone Band Detection with Near-infrared Diode
Lasers

NIR spectrometers usually employ commercial diode
lasers with emission wavelengths from 780 nm to 1900 nm.
Gas detection at these wavelengths is based on the molec-
ular vibration overtone and combination-overtone bands
that are significantly less intense than the fundamental
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bands. For example, the lines of the first overtone stretcy,
vibration band of methane centered at 1.6 um is roughly
160 times weaker than the fundamental band. Thus ambj.
ent methane would cause a 0.005% absorption overa 1-n,
path length at this wavelength at room temperature @
Reliable measurement of such low absorption is difficult
even under laboratory conditions, so longer path lengths
or special measurement techniques are necessary to ren-
der a satisfactory signal-to-noise ratio for applications
requiring trace-level monitoring.

Overtone spectrometers usually have plenty of optical
probe power to deal with this problem. NIR diode lasers
emit anywhere from 1 to 100mW of single-frequency
radiation with low excess noise: 15 to 35dB over shot
noise limit is typical, and it can be detected with a
silicon photo-diode.‘“) They are fast, with modulation
bandwidths of over a gigahertz allowing rapid scanning,
fast’FM, and leading to gas detection in real time. ,

High output power levels have two important benefits.
First, detector noise can be neglected and the mea-
surement of absorption be performed near the optical
shot-noise limit. For example, Allen etal.®® report a
detection sensitivity of 2 x 1077 Hz~%/2 absorption units
with the use of a 1.3-um diode laser and a balanced ratio-
metric detector. Second, with high initial power available
in a beam, one can employ a multi-pass cell to prop-
agate the beam back and forth through a gas sample,
achieving long effective path lengths and thus increasing
the observed absorption signal. Although the throughput
of such a cell decreases exponentially as the number of
passes increases (also see section 4.1), there is still plenty
of light left at the end to permit measurements that are
not limited by detector noise.

NIR overtone spectrometers, such as one developed
by Uehara and Tai,'® are usually built to detect one
or a few specific gases, for two reasons. First, the
NIR wavelength region from 780 to 1900nm is not
covered completely; diode lasers are available at only few
discrete wavelengths, and each has a limited tuning range
when operated without an external cavity. Second, these
devices are relatively inexpensive — sometimes under $50
in small quantities — making it economical to have several
dedicated lasers, each detecting one gas species, in a single
instrument. This configuration is also attractive because
different gas species can be measured in parallel. For
example, several groups have developed a gas sensor that
can do this using one common beam path through the
sample and one detector.”)

Alternatively, a single external-cavity diode laser
(ECDL) with a large tuning range can be used. In
an ECDL, one or both faces of the laser chip ar¢
anti-reflection-coated to eliminate optical feedback. The
feedback is provided by a larger, external cavity. The
cavity acts as a wavelength selector, picking a specific
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wavelength out of the usually brqad gain spectrum
of the semiconductor laser material. Several cavity
contigurations have been developed that differ in the
method of tuning, component'count. output beam
characteristics, and output coupling efficiency. Figure 4
chows @ frequently used external cavity type. known
;,5 the Littman configuration. It employs a diffraction
grating as @ wavelength discriminator. The first-order
dilfracted beam is folded back into the cavity by a
micror that acts as a tuning element —its angle and
osition determine the output wavelength. The grating
Jlso functions as an output coupler, producing the zero-
order (reflected) beam whose angle and point of origin
are independent of wavelength. Mode-hop-free single
frequency tuning ranges of over 1000 GHz have been
demonstrated for an ECDL.!® A spectrometer based
on such a widely tuneable laser is a very useful tool in
that it can acquire spectra of an entire molecular band
in u single electronically controlled scan in a matter of
scconds. Oh and Hovde,'? for example, used a widely
tuneable 1.5-um ECDL to record a spectrum ofthev; +v;
stretch-vibration combination band of acetylene.

NIR diode lasers often come in compact sealed
packages that include a convenient fiber-coupled output.
Thus the probe light can be delivered from a single
source to several sampling locations. Likewise, the
radiation passing through the sample can be returned
to a detector via a fiber, sometimes even the same fiber
(see Figure 5).

A general problem that is faced is interference by
water vapor. Long path lengths do not help here as
they increase not only the signal of interest but the
interfering absorption as well. Multicomponent spectral

1st-order Diffracted
beam
_ Oth-order Diffracted
. beam

Tuning mirror,

Coliimator .-

o
» AR

Diodelaseri() PR N

.
[
[

AT

e
e

Pivot point

Figure 4 Optical diagram of an ECDL. Light at a wavelength
L emitted by the laser chip is collimated and is incident
upon a diffraction grating with a period b. The first-order
diffracted beam emerges at an angle to the grating, such that
cosa — cos p = A/b, and is folded back into the cavity by an
adjustable mirror. The round-trip distance traveled by light in
the cavity must be an integer number of wavelengths. Con-
linuous wavelength tuning results when both these conditions
are met; this is accomplished by rotation of the tuning mirror
around a pivot point located outside the laser cavity as shown.
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Figure 5 Schematic of a NIR diode laser spectrometer using a
single fiber to deliver the light to and from the sampling location.
The reference detector monitors the laser output power during
frequency scans. The optical circulator transmits light from port
1 to 2 and from 2 to 3. and is used to route the returned beam

to the signal detector.

fitting algorithms have been developed that can resolve
weak absorption lines of interest in the presence of heavy
interference by a known gas. The problem becomes far
more severe, however, when the identity of the interfering

species is unknown.

3.3 Fundamental Band Detection with Lead-salt Diode
Lasers

Lead-salt diode lasers have been developed for operation
at wavelengths from 3 to 30pm. They typically deliver
10-500 uW of output power in a near-diffraction-limited
beam and can be tuned by temperature or current
control. These lasers are based on PbS, PbSe, or PbTe
semiconductors and generally require cooling near the
temperature of liquid nitrogen, although recently a
continuous wave (CW) operation has been achieved at
temperatures as high as 195 K.??

MIR spectrometers employing lead-salt diode lasers
have shown perhaps the most impressive performance to
date in terms of minimum detectable gas concentration.
There are four reasons for this. First is the very
high absorption strength of the fundamental molecular
vibrational bands. For example, carbon dioxide at a
3.3 ppm concentration in air (which is roughly 100 times
lower than its typical ambient level) will cause absorption
of 15% at 4.23pum over a 1m path. Such macroscopic
absorption signals can be easily measured even without
sophisticated signal processing techniques. Second, lead-
salt diode laser spectrometers use cryogenically cooled
InSb or HgCdTe detectors with noise-equivalent powers
in the range of 0.5 to 50pWHz™'/2, and although the
lead-salt lasers produce less output power than their
NIR counterparts, there is still enough light to render
the detector noise virtually nonexistent and allow shot-
noise-limited detection. Third, near-diffraction-limited

For references see page 1977
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beam characteristics of lead-salt diode lasers allow
beam shaping and propagation over long distances:
this makes it possible to use multipass cells or remote
sampling in open air. Fourth, lead-salt diode lasers
have FM capabilities similar to those of NIR diode
lasers, allowing the use of harmonic detection and two-
tone modulation techniques — efficient methods of noise
bandwidth reduction, to be discussed in section 4.3.

These advantages add up to a real-world instrument
performance that is impressive.?) Schiff et al.? report
the detection limit 75 ppt for airborne measurements of
HNO:s in the continental boundary layer with a response
time of 3 minutes. Werle and company®® achieved a
detection limit of 10ppt for NO; under laboratory
conditions using a signal averaging time of 25s.

Although well entrenched in a spectroscopic labora-
tory, lead-salt diode lasers are seldom used in industrial
applications. Preventing their wide acceptance are several
important practical drawbacks. Perhaps the most serious
one is the large manufacturing spread of operating wave-
lengths. The situation is aggravated by the fact that each
individual laser has a rather limited tuning range, typ-
ically 100cm™! with temperature control, and that the
range itself is not free of mode hops. This makes it dif-
ficult to find a laser chip that actually tunes to a specific
wavelength — a situation potentially catastrophic in appli-
cations where there is a limited choice of absorption lines
free from interference by other lines, e.g. detection of
formaldehyde.??

A more subtle problem with lead-salt diode lasers has
to do with thermal cycling, a process in which a laser is
simply warmed up to room temperature and then cooled
back to its normal operating temperature. The simple
process tends to cause irreversible changes in prior laser
tuning characteristics and emission wavelength.

Despite these and other technical difficulties, several
specialized trace-gas sensors based on lead-salt diode
lasers have been developed for field use. These instru-
ments show excellent performance, proving just how
effective the use of a MIR diode laser can be. For exam-
ple, Webster et al.® reported the design and operation
of a fully automatic, compact sensor for the measurement
of five trace gases in the lower stratosphere on board an
airplane. Their instrument houses four lasers and four
detectors mounted on the same liquid-nitrogen-cooled
platform, beam shaping optics, a compact multipass
absorption cell with 80m path length, analog electron-
ics, and a computer-controlled data storage system. It is
capable of detecting optical absorption as small as 103
which corresponds to detection limits in the range of sev-
eral tens of ppt for species such as HCI, NO,. HNO; .CH,,
and N,O. Podolske and Loewenstein®® report construc-
tion and performance of a similar instrument that uses an
additional, “zero”, beam for removing the background

List of selected abbreviations appears in Volume 15
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absorption signal caused by gases within the instrumep;
case. Both instruments employ wavelength modulatiop
(WM) and second harmonic detection to achieve high

sensitivity.

3.4 Diode Laser Frequency Conversion

A more recent technique for producing spectroscopic
MIR light is laser difference-frequency generation
(DFG). Two laser beams at different frequencies com-
bined in a nonlinear material with suitable dispersion
characteristics can generate a beam at the difference.-
frequency (“idler”). Narrow emission spectra of the two
lasers, usually referred to as “pump”’ and “signal”, trans-
late into a similarly narrow spectrum of the idler wave,
Idler wavelength tuning is accomplished by tuning of the
pump laser, or signal laser, or both (see Figure 6).

In the early demonstration of this method by Pine,?"
an argon-ion laser output and a dye laser output were
combined in bulk lithium niobate to produce a narrow-
band (15 MHz), 2.2-4.2 um tuneable radiation. However,
NIR diode lasers can now be used instead,” making
it feasible to construct compact MIR spectrometers
that operate at room temperature (see Figure 7). Thus
the convenience and practicality of NIR diode laser
technology are combined with analytical power of
MIR spectroscopy in a single instrument. Such an
instrument inherits the single-frequency operation and
high speed modulation capabilities of diode lasers, and
takes advantage of their relatively wide tuning range.
For example, a typical 780-nm diode laser (see Table 2)
can be tuned over 20nm, or 2.6% in wavelength, by
temperature control without appreciable change in output
power. When the output of such a laser is down-converted
by mixing with a 980 nm diode laser, the tuning range
in frequency units remains the same, in this case a
very significant tuning range: 3.6-4.1um, or 13% in
wavelength.

The practicality of diode-pumped MIR frequency con-
version received a significant boost from the development
of novel nonlinear materials, such as periodically poled
lithium niobate (LiNbOj), lithium tantalate (LiTaOs).
and potassxum titanyl phosphate (KTiOPQ,, or KTP) at
wavelengths in the 2.5-5.2 um spectral region.®” Quasi-
phase matching properties of each of these crystals can be
engineered for interaction of any pump and signal wave-
lengths within transparency range of the crystal, allowing
significant flexibility in the choice of laser sources. G0

Although routinely used for spectroscopy and gas
detection, the DFG in bulk nonlinear crystals is char-
acterized by low conversion efficiency, typically in the
range of 0.002-0.05% W~!cm™1.8D A detailed quantlta-
tive theory of this nonlinear optical process, developed
by Boyd and Kleinman,®23¥ is beyond the scope of this
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Figure 7 Portable diode-pumped difference-frequency spectrometer for detection of trac

reflector.

review chapter, so we will state simply that the maximum
idler power generated in a given crystal is proportional to
the product of crystal length, pump power, signal power,
and the squared second-order nonlinear coefficient of
the crystal. Maximum DFG output power is achieved
by means of optimal focusing,** for which any further
Increase in beam intensity through tighter focusing is off-
set by a decrease in interaction length due to diffraction,

To wavemeter

e gases.® DBR: distributed Bragg

resulting in no gain in output power. For DFG radiation
longer than 5pum it is possible to use birefringent bulk
nonlinear optical materials, such as AgGaSz, AgGaSe,,
GaSe and in the future, quasi-phase matched GaAs.

The tradeoff between beam size and interaction length
can be eliminated altogether in guided-wave DFG. Tight
optical confinement of pump and signal radiation near the
waveguide core creates a region of high intensity and good

For references see page 1977
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— it | FEEE
Mode Adiabatic Mixing
filter taper region

Figure § Alternative geometries of a tapered waveguide for
difference-frequency mixing. Shaded regions indicate material
with higher index of refraction. Laser light is launched into the
mode filter that carries a single (fundamental) spatial mode.
The mode size is then adiabatically converted to fit the mixing
waveguide which is multimode. Periodic segmentation™* of
the waveguide acts to reduce the effective index. It also provides
independent control of the effective waveguide width and depth.

modal overlap which are both maintained throughout,
and independent of, the length of the waveguide.®
Interaction length is now limited by the length of
the waveguide, not diffraction. Guided-wave parametric
processes, such as OPO, SHG, and DFG, have been
demonstrated in periodically poled LiNbO;, LiTaO;,
and KTP. In LiNbOs, for example, a waveguide can
be formed by titanium in-diffusion,®® or a *Li «+— *H
ion exchange.®” The latter process is normally followed
by several hours of annealing at elevated temperature to
create a graded index distribution.

A DFG waveguide designed to carry a single spatial
mode at the idler wavelength is necessarily multimode at
the shorter, pump and signal wavelengths. The presence of
multiple spatial modes complicates the waveguide phase
matching characteristics considerably. For example, a
TMg (fundamental) mode at the signal wavelength
will interact with TMg2 and TM)q modes at the pump
wavelength, but not with TMg; or TM;; modes. Efficient
and reproducible fundamental-mode excitation of a DFG
waveguide was first achieved by Chou et al.,®® who used
a combination of a mode filter and an adiabatic taper (see
Figure 8). An improved device featuring separate inputs
for the pump and signal beams followed by a directional
coupler has also been demonstrated.®® DFG waveguides
have been used to build viable sources of MIR radiation
for spectroscopic purposes.“®)

4 TECHNIQUES FOR THE MEASUREMENT
OF SMALL GAS CONCENTRATIONS

4.1 Long Path Length and Cavity-enhanced
Spectroscopy

Gas sensors often deal with gas concentration and sample
size so small that the detected full-scale absorption
signal is indistinguishable from system noise. This is
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no surprise, since most photons in the probe beam
pass through the sample without being absorbed. If
one were able to somehow “‘recycle” these unabsorbed
photons, by forcing them to pass through the sample
many times, one would obtain better contrast between
signals on and off resonance of the molecular transition.
Two different forms of this idea have been developed
to date.

Long-path length spectroscopy, not to be confused with
remote sensing or fence-line monitoring, ! refers to the
use of an optical set-up that provides multiple passes of the
probe beam through a relatively small sample volume. An
example is the Herriott cell, a device with two identical
spherical mirrors facing.each other and separated by
nearly their radius of curvature (see Figure 9). A probe
beam launched through a hole in one of the mirrors at an
angle to the optical axis, completes a certain number of
passes between the mirrors, and exits through the same
hole. The mirror curvature, applied to the beam at each
reflection, keeps it from diverging, as if in a cavity. The
beam bounce pattern and path length can be controlled by
adjusting the mirror separation. The picture is deceptively
simple, but certain design rules must be followed to ensure
that the beam exit the cell after a controlled number of
passes, especially in the case of astigmatic mirrors.“? The
number of passes can routinely exceed 100, thus providing
a commensurate improvement in signal strength (see
Figure 10). It is important to recognize that mirrors are
not perfect, and a small portion of the probe light is
lost to absorption and scattering each time the beam
bounces. Optical throughput of the cell thus decreases
exponentially with the number of passes, whereas the

Figure 9 Schematic of a multipass cell (a). The standard
Herriott cell has two spherical mirrors separated by nearly
their radius of curvature D = R, = R,. Unlike with the confocal
cavity (b), a resonance does not occur in the multipass cell
because the beam never hits the same spot twice on any mirrof
before it exits through the coupling hole.
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Figure 10 Direct-absorption spectrum of three different isotopes of natural CO; in air at a pressure of 3.6 kPa in an 18-m multipass
cell. ’_l'hq probe beam rpakesgo passes betweep the cell mirrors that are 20 cm apart. Given the cell transmission of 33%, the overall
gain in signal strength is 30.9 Interference fringes, due to light scattered by the mirrors, can be seen in the baseline.

detected peak-to-peak absorption only increases linearly
(in the small-signal limit) with the number of passes.

Several configurations of the multipass cell are avail-
able that offer different mirror counts, input and output
ports, and beam patterns. They can be sealed, for the mea-
surement in static gas samples or controlled gas flows, or
open to ambient air. Performance of long path length
multipass cells, especially those with dense beam pat-
terns, suffers from optical interference (“fringes”) due
to light scattering by the cell mirrors. The fringe mag-
nitude is sensitive to optical alignment and is typically
on the order of 0.01-0.1% full-scale transmission (see
Figure 10). Mirror drift and vibration can also become a
problem, as they modulate the cell transmission. Mirror
vibration, on the other hand, reduces the effective mag-
nitude of interference fringes, as it scrambles the phase
of optical feedback within the cell.

Cavity-enhanced spectroscopy is another method to
increase the magnitude of absorption signal when only
a small gas sample is available. Although its implemen-
tation and treatment are different from those described
above for the multipass cell, the similarity is evident if
one considers the idea of “‘recycling” photons in the
probe beam. In this method, a weakly absorbing gas
sample is placed inside a cavity, and the cavity is tuned
to resonance with the probe beam, e.g. by a piezo-driven
cavity mirror. At the peak of resonance, the cavity photon
lifetime significantly exceeds the cavity round-trip time,
thus increasing the probability of interaction with gas
molecules in the sample. The effective number of passes
between cavity mirrors, N, constitutes the improvement
in the magnitude of absorption signal and is proportional

to cavity finesse, F, which can be made rather high Equa-
tion (11):%®

F
N =2~ 11)

This approximation is good for weak absorption signals.
A point to consider here is that increased gas absorption
acts to reduce (“spoil”) the cavity finesse. This leads
to nonlinear distortion of the observed molecular line
shapes, making a quantitative measurement difficult.
Another point to consider is that the cavity must be
kept in resonance with the probe beam when the
wavelength is tuned. A feedback loop is often used,
which adjusts cavity length to track the changes in
probe wavelength.“ The rate of this electromechanical
adjustment is much too slow to keep up with the laser
tuning rate normally used for sensitive spectroscopy
(more on this in section 4.3). Another form.of cavity-
enhanced spectroscopy is CRDS.(45-%®)

An interesting, and remarkably simple, method to
increase effective path length through a gas sample
has recently been demonstrated by Tranchart et al. M It
involves the use of a broadband integrating sphere whose
inside walls diffuse light rather than reflect it. Effective
path length for the probe beam inside the sphere is then
given by Equation (12):

4R

31 -9)

Here R is the sphere radius, and p the diffuse reflection

coefficient. Highly reflective walls (p — 1) make it possi-
ble to obtain several meters of effective path length from

Leﬁf (12)

For references see page 1977
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a sphere as small as 10 cm in diameter. This method does
not require sophisticated alignment of the probe beam
into the sphere, but has the disadvantage of low detected
power that is proportional to the ratio of the detector
active-area to the inside surface area of the sphere.

4.2 Balanced and Balanced-ratiometric Detection

Laser intensity noise and drift may limit the sensitivity
with which absorption signals are measured. This is
particularly true for gas lasers, or externally pumped solid-
state ring lasers, where output power fluctuations induced
by acoustic vibration and variations in pump power can
exceed 1% full scale. Balanced detection may be used to
recover small absorption signals in this situation. Noise
detected in an equal-intensity replica of the probe beam.
such as that created by a variable-ratio beamsplitter, is
subtracted from’'noise detected in the probe beam, thus
leaving only the uncompensated weak absorption signals
of interest. A variable-ratio beamsplitter can be made by
placing a polarization rotator (a half-wave plate) in series
with a polarizing beamsplitter cube, as shown in Figure 11.

With the input polarization rotated about 45°, the
beams emerging from the beamsplitter cube carry equal
amounts of power P, and power noise AP. In the
absence of absorption, the photo-currents generated by
the (identical) signal and reference detectors can be
subtracted to cancel each other exactly. If one of the
beams is attenuated due to small absorption a, by a gas, for
example, the balance of photo-currents is disturbed, and a
signal is seen at the output of the amplifier (Equation 13):

ENVIRONMENT: TRACE GAS MONITORING °

Here R is feedback resistance, and S is the detector
element response, in amperes per watt. The second term
constitutes noise, and the corresponding signal-to-noise
ratio is P/AP, independent of absorption a and limiteqd
basically by the quality of the probe beam. With the
use of a single detector (no balancing), the signal-to-
noise ratio would be a mere aP/AP, i.e. absorption on
the order of amim = AP/P would be indistinguishable
from noise. In practice, adjustment of the beam splitting
ratio (*‘zeroing”) is necessary to compensate for unequal
response of the signal and reference detectors and
difference in optical transmission of the signal and
reference arms. Moreover, detectors must be sufficiently
quiet to resolve fluctuations in probe power, and have
equal delay times.

An advanced implementation of this method, proposed
by Hobbs®® and known as balanced ratiometric detection
(BRD), uses circuitry to compute a log ratio of photo-
currents, rather than their difference, and to cancel
noise currents at the same time. The analog divider,
whose simplified schematic is shown in Figure 12, uses
logarithmic conformance and tight symmetry of base-
emitter curves of a matched transistor pair. The summing
junction X is held at ground by an error amplifier A,
whose output is integrated and applied to the base of
transistor Q,. When currents at the summing junction are
balanced, the output of A, is zero, and the output of A;
is given by Equation (14):

_ Ry + Ry kgT Let
Vout-( R ) p ln(zi;—l

Here kg is the Boltzmann's constant, T the absolute

(14)

Vout = R(Iret — Isig) = aRSP + aRSAP (13)  temperature of the matched transistor pair Q;Q5, and ¢
R
X
' | Vo
A/2 Plate
;(wme [\@ [ J l . . Tlsig
Polarizing Gas cell ]
beamspilitter

Figure 11 In the simple balanced detection method, a variable-ratio beamsplitter (a combination of a half-wave plate and 2
polarizing beamsplitter) is used to send nearly equal amounts of optical power to the signal and reference detectors, bringing Vou
to zero. The balance at the current-summing junction X is maintained despite the laser amplitude noise, since the generated noisé
photo-currents are of opposite sign and nearly equal magnitude. An imbalance of photo-currents

beam results in a nonzero output.

List of selected abbreviations appears in Volume 15

due to absorption in the signal
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Relerence
beam
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Figure 12 Circuit diagram of a balanced ratiometric detector.
When currents at the summing junction X are balanced, the

output of the error amplifier A, is zero, and the output of
the integrator A, is proportional to In(lree/Lsig — 1). A nearly
perfect cancellation of noise photo-currents is achieved when

ln:f = ZISig-

the electron charge. This scheme provides nearly perfect
cancellation of noise currents when the reference beam
carries roughly twice the power of the signal beam. The
signal-to-noise ratio is thus increased well beyond the
P/AP limit of the simple balancing scheme described
above.

Since the signal versus reference current balancing is
performed by means of electronic feedback, no physi-
cal adjustment of the beam splitting ratio is necessary.
The BRD differential response to absorption signals is
nonlinear, however, in that it depends on the ratio of
the signal and reference currents which changes when
the signal beam is partially absorbed. It also depends on
temperature in the same way the transistor base-emitter
voltage does, and additional compensation circuitry is
needed to produce a useful output voltage Vou- Nev-
ertheless, detection sensitivities presently achieved with
BRD are quite stunning. Noise-equivalent absorbances as
low as 2 x 107 Hz~'/2 have been demonstrated by Allen
et al.,(19 close to the limit imposed by the laser shot noise.

4.3 Frequency and Wavelength Modulation
Spectroscopy

The ability of a diode laser to change its emission
wavelength with injection current, and to do so very
rapidly, is one of the reasons why the diode laser has been
so effective in spectroscopic applications. The wavelength
change is driven by two effects. Current-induced heating
of the semiconductor junction leads to change in optical
length of the laser cavity and red-shifts the laser’s broad
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gain curve; this constitutes “coarse” tuning. The current
also controls the carrier density which in turn affects
the cavity refractive index; this “fine” tuning mechanism
is normally at least ten times less pronounced at low
frequencies, but becomes dominant at high frequencies
(>1MHz). The tuning response thus depends on the
modulation rate and ranges from 2-3 GHz mA~! at low
frequencies to under 300 MHz mA-~! at high frequencies.
FM is always accompanied by amplitude modulation, as
the injection current also controls the laser output power

(Equation 15):
E(t) = A{l + mcos(Qe)} sin{we + B cos(Qr + P)} (15)

Here E(¢) is the laser electric field, w = 2rc/) the laser
frequency, and  the modulation frequency. By analogy
with radio communication, w is the “carrier” frequency.
The quantities m and p are the amplitude and FM indices,
respectively, and & is the generally nonzero phase shift.
Sine-wave modulation of the diode laser has the effect
of creating multiple side bands in its otherwise nearly
monochromatic emission spectrum. Each side band is
separated from the carrier by an integer multiple of
the modulation frequency €, and its relative intensity
depends on p.°

In FM spectroscopy, for example, Q significantly
exceeds the laser linewidth that is typically several tens
of megahertz (see Table 2), and m, B are both small, so
that only the two first-order side bands, w + Qandw — Q,
have appreciable magnitude. After uniform attenuation,
such as that encountered in nonresonant optical systems
or media (e.g. imaging optics or vacuum), the side bands
add up coherently with the carrier and balance each other
to produce a beam of nearly constant intensity, A%. If
the attenuation strongly depends on frequency, however,
as is the case with most gases, one of the side bands
may become unbalanced and lead to the appearance of
multiple harmonics of © in the detected laser intensity.
The strength of absorption determines the magnitude of
these harmonics, which may be measured separately and
with high noise immunity, by using a lock-in amplifier
for example. This is usually done while the laser carrier
frequency w is scanned in the vicinity of the absorption
line of interest.

This detection technique was first applied by Bjorklund
to a CW dye laser.®2 It proved extremely powerful and is
widely used in diode laser spectroscopy today, sometimes
in modified form such as TTFM,®® or amplitude
modulated phase modulation (AMPM) spectroscopy.©®

Wavelength modulation (WM) is really another form of
FM spectroscopy, in which case the modulation frequency
Q is smaller than the laser linewidth, and the modulation
indices m and B are both large.®> The aforementioned
side bands are then present to a very high order and,

For references see page 1977
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Figure 13 Simplified schematic of an opto-acoustic trace-gas detection system using a resonant acoustic cell. The beam is chopped
at a frequency f, and a synchronous acoustic signal is detected by a microphone and a lock-in amplifier. Laser WM on and off the
gas absorption line can produce an acoustic signal in much the same way as a chopped beam that is tuned to the line center.

by virtue of their small separation from each other,
merge into a continuous spectrum. The detection is again
performed at the first, second, or higher harmonics of
as the laser carrier frequency w is scanned in the vicinity
of a gas absorption line. WM spectroscopy dominates
applications that rely on relatively low-speed detectors,
and its sensitivity is limited by the laser amplitude 1/f
noise.

4.4 Opto-acoustic Detection

Optical power absorbed by a gas from the probe beam
leads to local heating of the gas and inevitably generates
a local pressure differential. The pressure differential
can, in principle, be detected as an acoustic pulse, some
distance away from the source in any direction. A train
of acoustic pulses at a known frequency (a “tone”),
such as that produced in a gas by a chopped beam,
for example, can be detected using a microphone and a
lock-in amplifier (see Figure 13). Since power absorbed
from the probe beam depends on wavelength, a change
in the intensity of the acoustic wave will result as the
laser wavelength is tuned. Spectroscopy based on this
principle is called opto-acoustic spectroscopy (OAS). or
photo-acoustic spectroscopy (PAS). It has one important
advantage: in the absence of an absorbing gas there
is no acoustic signal at all. External acoustic noise is
unimportant, as it has random phase relative to the
chopper and is therefore filtered away effectively by the
lock-in amplifier. At some level of scrutiny, however, one
might find interfering synchronous acoustic signals, such
as those generated by the slightly absorbing windows of
the sample cell, etc.

Since the opto-acoustic signal is proportional to beam
intensity, the method has been used primarily with high-
power infrared lasers, such as CO; and CO.%® Low-pewer
diode lasers are now being used as well, although gas
cells are often built as acoustic resonators in order to
increase the observed signal.®” Surprisingly, the WM
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capabilities of diode lasers have found an elegant use
in OAS - periodic tuning of the laser beam on and
off the line resonance is also a good way to generate
an acoustic wave. The theory for WM opto-acoustic
signal generation involves coupled heat transfer and the
Navier-Stokes equations®® and is beyond the scope of
this review.

5 EXAMPLES OF TRACE-GAS SENSORS

Here we will describe practical embodiments of the
three types of laser spectroscopic sensors described in
section 3. These are sensors based on NIR semiconductor
lasers, lead-salt diode lasers, and diode laser frequency
conversion. We have selected one instrument in each
category as an example. These instruments have either
stimulated a development of a broad range of similar
sensors and related measurement techniques, or are an
example of how multiple elements of the developed
sensor technology function together in a complete
spectroscopic instrument.

5.1 Gas Sensors Based on Near-infrared Diode Laser
Overtone Spectroscopy

Intense development of gas sensors based on visible and
NIR semiconductor lasers has been reported by groups
in the USA, Europe, and Japan.“?5® Applications in
which these sensors find increasing use are combustion
diagnostics, landfill emissions monitoring, natural-gas
leak detection, optical sensing of flows, and industrial
process confrol. One of the first applications of a NIR
diode laser to gas detection was reported in 1992 by
Uehara and Tai."'® Figure 14 shows a schematic diagram
of spectrometer built for the purpose of detecting
methane in ambient air; it uses the same transmitter
design in two remote detection schemes. The transmitter
employs a 1.665-um InGaAsP DFB diode laser developed
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Figure 14 Diode laser methane sensor developed by Uehara
and Tai,\'® in two remote detection schemes: transmission (a)
and reflection (b). Schematics of the laser transmitter and its
modulation controller are shown in (c). The transmitter housing
is 4cm in diameter.

specifically for the detection of methane in the 2v; stretch
vibration overtone band.

Laser emission in this instrument was available from
both front and rear facets of the laser chip, and was
detected using InGaAs pin photodiodes. The backward
beam was used to dither-lock the laser wavelength to the
center of the Q(6) line of methane in a reference cell. The
3-cm-long pyrex cell contained 200 torr of methane mixed
with 560 torr of air. The cell windows functioned as lenses:
one collimated the laser output while the other focused it
on to a reference detector. The laser injection current was
modulated at a rate of f = 5.35 MHz and the output of the
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reference detector was processed by a double-balanced
mixer to recover the amplitude of the first harmonic (1f)
of the modulation frequency. Due to AM-FM cross-talk
in the diode laser, the amplitude is nonzero even in the
abserice of absorption, therefore offset cancellation was
used to produce a suitable error signal. The error signal
crosses zero when the laser frequency is scanned across
the center of the absorption line, and therefore can be
used, upon integration. as feedback to control the laser
temperature. Such a simple locking scheme was reported
to stabilize the center wavelength to within 10MHz of
the absorption line. After frequency stabilization was
obtained. a small-amplitude second harmonic (2f) signal
was added to the laser injection current to compensate the
residual 2f signal amplitude in the detected forward laser
beam in the absence of absorption. Absorption caused by
the presence of methane in the signal beam path was then
registered as a positive 2f amplitude.

Figure 15 shows an example of instrument output in
the transmission scheme, in which the second harmonic
amplitude alone was recorded. The signal was caused
by a 100-ppm mixture of methane in air in a 50-cm-
long cell. The mixture was introduced into the cell
and purged subsequently with nitrogen, resulting in zero
output after two minutes. The signal-to-noise ratio in the
trace corresponds to a minimum detectable CH4 column
density of 0.3 ppmm, achieved using a signal averaging
time of 1.3 s.

In the reflection detection scheme, the registered
amplitude of the second harmonic depends not only on
absorption, but on the range to the scattering target and
on the target reflectance (wooden boards and concrete
blocks were used). The amplitude of the first harmonic
is directly proportional to the received optical power;

—

x5
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Light
blocked

L 1 [ 1

0 2 4 6
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Figure 15 A 2f signal derived from a methane column density
of 50 ppm m, lock-in-detected in the transmission scheme.'® An
inset on the right shows a x5 magnified noise. No background
shift is observed when the laser beam is blocked.
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quantitative detection was thus performed by computing
a ratio of the 2f and 1f amplitudes. The corresponding
detection sensitivity was 50ppmm. Although higher
modulation frequencies are advantageous for noise
reduction, caution must be exercised when 'they are used

in the reflection scheme. When the beam path length -

from transmitter to receiver changes, the detected phases
of the first and second harmonics also change. For a
modulation frequency of 5.35 MHz, for example, a 3.5-m
change in distance to target results in a 90° phase shift
in the second-harmonic signal. The phase shift must be
tracked and compensated in order to maintain maximum

signal intensity.©159-6

5.2 Tuneable Mid-infrared Diode Laser Absorption
Spectrometer

In the area of MIR spectroscopy, the airborne tuneable
laser absorption spectrometer (ATLAS) developed by
Podolske and Loewenstein!® is an example of a self-
contained field instrument. It was developed for in situ
measurement of nitrous oxide and carbon monoxide
in the lower stratosphere from an ER-2 high-altitude
aircraft. Optical layout of the instrument is shown in
Figure 16. A pressure-regulated liquid nitrogen Dewar
housed two different lead-salt lasers: one operating
at 2169.2cm™! for the detection of carbon monoxide.
and another at 1270.2cm™! for the detection of nitrous
oxide. After collimation by an off-axis parabolic mirror,

Diagnostic Ref Zero Sample
section beam beam beam
BS3 MSTO BS1 BS2 M2
- I
(2T 1 —
-

Mode

select

mono

Ref
cell Sample
cell

HeNe

laser 4
Bt

Figure 16 Optical layout of ATLAS, by Podoiske and
Loewenstein.?® The sample, reference, and zero beams are
detected by detector S, R, and Z, respectively. The zero beam
has the same optical path length as the sample beam external
to the White cell. A bidirectional alignment beam is formed
by a beamsplitter BS3, illuminated by a HeNe laser. Mode
selecting monochromator and mode-selecting transfer optics
are optional.
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the beam passed through an adjustable iris and the
diagnostics section, and was then partitioned into three
beams (sample, reference, and zero) by organic pellicle
beamsplitters. These have the advantage of negligible
thickness, hence beam displacement, and small, 5-10%,
amount of deflected light, so that most of optical power
remained in the sample beam. All three beams were
measured by identical detectors. InAs detectors were
used for the measurement of carbon monoxide at 4.7 um,
and HgCdTe detectors were used for the measurement
of NO at 8um.

The instrument employed a noticeably complex laser
current modulation and control scheme. Up to eight sig-
nals were superimposed to determine the instantaneous
laser wavelength. Two of them were generated by an
on-board computer for coarse and fine adjustment of
the center wavelength. An adjustable amplitude, 2-kHz
sine wave was added to perform WM spectroscopy. The
1f feedback signal derived from the reference channel
was also added for locking of the laser wavelength to
the center of a chosen absorption line (R(6) for carbon
monoxide, or P(17) for nitrous oxide). A 12.8-kHz trian-
gle wave dither was also added to suppress the effective
magnitude of optical interference fringes. Another signal,
a 125-Hz triangle wave was used to perform frequency
scans for display purposes during instrument set-up. For
the measurement of dark detector output, each period
of the waveform was preceded by a 125ps pulse that
gated off the laser injection current. Each gate pulse was
immediately followed by another, adjustable compensa-
tion pulse that provided heating of the laser junction that
would have occurred in the absence of the gate pulse. The
use of this compensation diminished the frequency drift
associated with thermal recovery of the laser junction
after each gate pulse.

In addition to optics, the ATLAS included a calibration
and gas flow system (see Figure 17). The gas flow system
routed and conditioned the flow of both the reference gas

Pressure Calibrated

regulator :
Calied flow frit
ration - >
gas
Reference beam

—-—D -
Reference

N cell
Flowmeter N
Gas Heater|
= switch (28008 — —
Exhaust l TR Ambient
- gir_ ir_\let
_ Multipass cell - Sample beam

Figure 17 Diagram of the calibration and gas flow system of
the ATLAS instrument.”®
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(100 ppm CO in nitrogen or 1000 ppm N,O in nitrogen)
and the sample. Air was sampled from outside the aircraft
boundary layer by means of a narrow inlet tube. into

which the air was propelled by ram pressure. The air then .

assed through a multipass cell with a residence time of
approximately 1s. Gas pressure and temperature inside
the cell were maintained approximately equal that of the
reference cell. Pressure equalization was accomplished by
a feedback-controlled flow of the reference gas through
a4 frit. rather than by making it a static specimen.
Gas temperatures were made equal by heating of the
incoming air to 25°C; this also prevented temperature-
induced alignment drift of the cell mirrors. For airborne
measurements of nitrous oxide, whose typical abundance
in air is approximately 300 ppb, the uncertainty of £10%
was estimated for ATLAS when using a signal averaging
time of 1s. ’

Apart from the systems described, the ATLAS had
several electronic subsystems: laser control, analog signal
processing. data acquisition, computer, and the pressure
and temperature control. To fully appreciate the complex-
ity of an actual instrument designed for field applications
itis helpful to consult Fried et al. 2464 and Nelson et al.63)

5.3 Gas Sensors Based on Difference Frequency
Generation Absorption Spectroscopy

As described in section 3.4, difference frequency mix-
ing of near infrared CW or pulsed laser sources is
another convenient technique to access the molecular
“fingerprint” region. Until recently, DFG sensors used
discrete optical components to generate microwatt-level
CW radiation.®-65-69 More recently, the technolo-
gies developed for optical telecommunications - optical
fiber, and rare-earth-doped fiber amplifiers — have been
used in DFG sensors. This approach has improved the
robustness and reliability, since it ensures permanent
alignment of DFG pump channels without an increase
in device complexity and cost. Lancaster et al.®” built a
portable sensor that is tuneable from 3.25 to 4.4 pm (see
Figure 7).

A 20-mW ECDL with a tuning range of 814-870 nm,
and an Yb-doped fiber amplifier seeded by a 1083-nm
DBR were mixed in a multi-grating, temperature-
controlled PPLN crystal. A 7.2-m long fiber amplifier,
pumped by a 2-W diode laser at 975 nm, produced 590 mW
output power when seeded with 12mW. All amplifier
components were packagedintoa 9 x 11 x 2 cm? housing.

The pump wavelengths were combined by a low-loss
fiber directional coupler. An f=1cm Achromat lens
was used for imaging the fiber output into the PPLN
crystal. A 19-mm long, 0.5-mm thick crystal was used,
with broadband antireflection coatings applied to both
end faces. The crystal had 8 domain grating periods,

1975

from 22.4 to 23.1um in 0.1um increments. and was
temperature-controlled in the 10-85°C range. The DFG
radiation is collimated by an f =S5Scm CaF, lens and
the residual pump light was blocked by a germanium
filter. The radiation is either focused directly on a Peltier-
cooled HgCdTe detector or aligned through a compact
multipass cell with an effective path length from 18 to
100 m. The data acquisition system used was similar to
the one described in Topfer® and Lancaster.”” and
consists of a compact 16-bit analog-to-digital converter
card and a notebook computer. Detector voltage was
sampled at a rate of 100 kHz and processed using a 9kHz
digital low-pass filter.

Coarse frequency tuning of the Littman-cavity ECDL
(Figure 4) was performed by rotation of its tuning mirror
with respect to the diffraction grating. The advantage of
this configuration is a beam direction and a point of origin
that are independent of wavelength; this allows stable
coupling into an optical fiber. Fine tuning and repetitive
frequency scans of up to 25GHz were accomplished
by linear current modulation of the seed DBR diode
laser at a rate of 200 Hz. The instrument linewidth of
42 + 5MHz was measured indirectly by spectroscopy of
methane at low pressure. Figure 18 shows the individual
direct absorption spectra of six species of interest for
trace-gas detection that are within the 3.25-4.4 um tuning
range of the sensor, including CO,, N,O, H,CO, HC],
NO, and CH,. These spectra were taken at reduced
pressure (88 torr) in a multipass cell using either calibrated
gas mixtures or room air. Fitted Lorentzian line shapes
were used to determine gas concentrations. Stability of
instrument performance was assessed by monitoring of
a methane line at 3028.751cm™! for an extended time
period. In this experiment a calibrated 1772.7 4 1 ppb
mixture of CH, in air was continuously flown through the
multipass cell at a pressure of 88 torr. Observed standard
deviation of the measurement was 0.8% (15 ppb).

The instrument occupies a 45 x 45 cm? optical bread-
board mounted in a reinforced plastic suitcase for
portability and weighing 25kg. Total power consump-
tion is approximately 60 W. To provide a continuous gas
flow through the multipass cell at a controlled pressure, a
two-stage diaphragm pump was used in series with a pres-
sure flow controller. A capacitive manometer was used to
measure the gas pressure just prior to the multipass cell.
For the measurement of reactive gases such as H;CO,
HCl and NO,, the gas handling system was maintained
at40°C.

6 CONCLUSION

Spectroscopic sources for trace-gas monitoring, based
on diode lasers, find increasing use in both established

For references see page 1977
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Figure 18 Detected absorption lines of several atmospheric trace gases.”

and new fields, including air-quality control; atmospheric
chemistry; industrial, traffic, and agricultural emissions;
chemical analysis and process control; and medical
diagnostics. The moderate cost, compact gas sensor
using all-solid-state technology is capable of highly
sensitive, selective detection and real-time analysis of
a large number of gas species by means of absorption
spectroscopy in the overtone and fundamental spectral
regions. Reductions in cost and complexity, coupled with
improved reliability and ease of operation, are now
made as a result of the availability of several novel
technologies developed by the telecommunications and
computer industries that are equally applicable and useful
in state-of-the-art gas sensors.
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ABBREVIATIONS AND ACRONYMS

AMPM Amplitude Modulated Phase
Modulation

ATLAS  Airborne Tuneable Laser Absorption
Spectrometer

BRD Balanced Ratiometric Detection

CRDS Cavity Ring Down Spectroscopy

Ccw Continuous Wave

DBR Distributed Bragg Reflector

DFB Distributed Feedback

DFG Difference-frequency Generation

ECDL External-cavity Diode Laser

™M Frequency Modulation

KTP Potassium Titanyl Phosphate

MDC Minimal Detectable
Concentration

MIR Mid-infrared

NIR Near-infrared

OAS Opto-acoustic Spectroscopy.

PAS Photo-acoustic Spectroscopy

TTFM Two-tone Frequency
Modulation

WM Wavelength Modulation
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