A variety of techniques exist that complement or enhance traditional absorption and
fluorescence diagnostics. Here we introduce a number of these techniques.

12.1 Absorption Techniques
12.1.1 Frequency-Modulation Spectroscopy (FMS)

In FMS, the optical frequency of a laser is sinusoidally modulated, typically
with an electro-optic modulator (EOM), at frequencies equal to or greater than
the HWHM of the absorption transition lineshape. This typically requires mod-
ulation frequencies from 100 MHz to GHz rates for IR transitions at < 1atm
(1 GHz=0.033 cm™"). The modulation effectively shifts absorption and dispersion
information in frequency space to the harmonics of the modulation frequency which
lie above lower frequency noise sources. As a result, FMS can provide highly
sensitive measurements (down to absorbances of 10~ [1]) of narrow absorption
transitions.

Figure 12.1 illustrates a typical experimental setup for an FMS experiment.
Frequency modulation is achieved by modulating the voltage applied to an EOM
crystal which modulates its refractive index, and therefore, the phase or frequency
of the laser beam passing through the EOM. The electric field of the laser beam
exiting the EOM is given by:

E,(t) = E, exp(i2mv t + i sin(2nf,t)) (12.1)

If the modulation index, B, is < 1, the electric field exiting the EOM predom-
inantly consists of a carrier wave at v, and two out-of-phase sidebands located at
Ve £ fin, known as a triplet. In the absence of wavelength-specific absorption, the
triplet is balanced and the beat signals (of opposite sign) cancel each other out
and go undetected by the photodetector. However, if the triplet is resonant with
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Fig. 12.1 Schematic for laser-absorption measurements using FMS

an absorption transition, the wavelength-specific absorption and dispersion (phase
shift) cause unbalance within the triplet (since each component is attenuated and
phase shifted a different amount) which introduces a beat signal at f;, in the detector.
This beat signal can be extracted via homodyne detection (e.g., with a lockin-
amplifier or double-balanced mixer) and compared with measured reference signals
or simulated signals to infer gas properties. By scanning the carrier frequency of the
laser across an absorption feature, FMS spectra can be measured. More information
can be found in [2-6] and the references therein.

12.1.2 Wavelength-Modulation Spectroscopy (WMS)

In WMS, the laser’s wavelength is sinusoidally modulated (typically via injection
current modulation) about a given location on an absorption transition lineshape
(Fig. 12.2). The wavelength modulation leads to intensity modulation, according to
Beer’s Law, which introduces frequency content centered at the harmonics of the
modulation frequency in the detector signal. The harmonic signals can be extracted
via lock-in filters during post-processing or data acquisition and can be compared
with calibration-free WMS models [7-13] to infer gas conditions (T, P, y, V)
from the measured WMS harmonic signals. Like FMS, WMS enables improved
measurement sensitivity via high-frequency modulation, down to absorbances of
1072 [1], but is more versatile than FMS since lower modulation frequencies (f,, is
typically 1kHz to 1 MHz) and larger modulation depths O(0.1-1 cm™!) can be used,
the latter of which enables sensitive measurements at high pressures.

I(t) = 1,(t) exp[—a(v(?), T, P, x, L)] (12.2)
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Fig. 12.2 Schematic for laser-absorption measurements using WMS
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When using injection-current-tuned lasers (e.g., diode lasers, quantum cascade
lasers) the current modulation introduces near-linear intensity modulation that can
be exploited to normalize-out the dependence of WMS signals on the DC light
intensity and electronic gain [10, 14]. This enables use of first-harmonic-normalized
WMS signals that are insensitive to low-frequency (compared to f;,) variations in the
light intensity impinging on the detector (e.g., resulting from beamsteering, window
fouling, etc.) thereby improving measurement fidelity in harsh environments [10].

12.1.3 Cavity-Ringdown Spectroscopy (CRDS)

Cavity-ringdown spectroscopy enables increased sensitivity in laser absorption
detection of a species by increasing the path length over which the light interacts
with the absorbing species (Fig. 12.3).

In CRDS, a small fraction of pulsed light is coupled into a cavity through highly
reflective mirrors (R > 99.99 %). This light reflects many times (> 10,000 passes)
so that the light circulating in this cavity has a long interaction path with any gases
inside the cavity. The rate of decay of the transmitted intensity can be related to the
reflectivity of the mirrors and any other loss processes (e.g., absorption, scattering)
of light from the cavity. If a concentration of absorbing species is the dominant loss,
the transmitted intensity can be expressed in the following form [15]:

L(t) = I, exp(—t/7) (12.3)
= I exp(=((1 = R) + asp(v))ct/L) (12.4)

Cavity-ringdown spectroscopy has the potential to be 10,000 times or more
sensitive than direct absorption [16]. Variations of pulsed CRDS (Fig. 12.3) include
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Fig. 12.3 Schematic for laser-absorption measurements using CRDS

CW (continuous wave), PS (phase shift) CRDS, and off-axis integrated-cavity
output spectroscopy (OA-ICOS) [17,18].

For optimum performance, the laser should be coupled into the TEM, mode of
the cavity. The spectral width of the laser is also important. If the laser bandwidth is
wider than the cavity mode spacing or is not very narrow compared to the absorption
linewidth, additional considerations are required [15, 17]. Additionally, a small
amount of window fouling can create a significant interference when the beam is
reflected from the mirror 10,000 times. Thus, maintaining clean mirrors is critical
for sensitive measurements.

12.1.4 Off-Axis Integrated Cavity Output Spectroscopy

Similar to CRDS, OA-ICOS enables improved measurement sensitivity by increas-
ing the effective path length over which light interacts with the absorbing species.
However, in OA-ICOS cavity-mode-locking is not required since the reflections
within the cavity are spatially separated (laser light travels around the perimeter of
the mirrors in an elliptical pattern as it moves back and forth, see Fig. 12.4). At each
interface, a small fraction of the light is transmitted through each mirror, and the
spatially integrated signal is collected and focused onto a detector. The transmitted
intensity exiting the mirror is given by a variant of Beer’s Law, Eq. (12.5).

1,(t) = 1,(t) exp[—aceas(v)] = I,(t) /(1 + Gasp(v)) (12.5)

Here, I, (f) and I,(¢) are the intensities exiting the cavity in the absence and presence
of absorbers, respectively, acgas is the effective cavity-enhanced absorbance, ap is
the absorbance for a single pass (i.e., S(T)P x;PL), and G is the gain of the cavity.
By spatially separating the reflections, many roundtrips are required before the
light rays overlap and retrace their original path through the cavity. The effective
cavity length is now m times longer (up to O(1 km)) and the effective free-spectral
range (FSR) of the cavity is now m times smaller (typically << HWHM of absorp-
tion transition at STP). These attributes enable scanned-wavelength measurements
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Fig. 12.4 Schematic for laser-absorption measurements using OA-ICOS

of absorption spectra and a cavity-enhanced path length that is much less sensitive to
alignment compared to CRDS. More information regarding OA-ICOS can be found
in [19-22] and the references therein.

12.2 Fluorescence Techniques
12.2.1 Planar Laser-Induced Fluorescence (PLIF)

One advantage of LIF is that it can easily be extended to two dimensions. By replac-
ing the detector with a 2-D detector array (i.e., a digital camera), and expanding the
excitation laser beam into a sheet, a two-dimensional image can be acquired (see
Fig. 12.5). PLIF was first applied to combustion in 1982 [23,24]. Details of PLIF can
be found in Kychakoff et al. [25] and the extension to high pressure was reported by
Lee et al. [26]. PLIF has been used to measure concentration, temperature, pressure,
and velocity [27, 28]. Pulsed lasers are normally employed to achieve single-shot
imaging, and the short excitation pulse effectively freezes the flow field. While it
is useful for measuring quantities in a plane, PLIF can suffer from lower SNR than
1-D LIF because the laser energy is spread out over a much larger area. For steady
systems, PLIF measurements may use averaged measurements for improved SNR
with either CW or pulsed laser excitation [27,28].

12.2.2 Narrow Linewidth LIF

Stanford has pioneered the use of rapid-tuning, narrow-linewidth CW lasers for
absorption and fluorescence spectroscopy (dye lasers, diode lasers (IR, NIR, VIS)).
The LIF linear excitation equation for narrow-linewidth sources is
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Q
Sp(v — v +dv) =nd - V- I,Bp[p(v)dv] . (12.6)
S————— 47T

A

A+Q
Wi2=prob/s of abs

where ¢(v) is the absorption lineshape function (see Chap.8). Recall that
[ ¢(v)dv = 1, therefore ¢(v)dv = the fraction of total probability per second
of absorption (I, By3), for the frequency range v — v + dv. What can we do with
this? We can make spatially resolved measurements of the lineshape function and
its integral (Fig. 12.6).

The shape of the LIF line provides opportunities for inferring pressure and
temperature, while the integral (area) of the lineshape can provide a measure of
ny = nifb(v”,l”).
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Fig. 12.7 Experimental schematic for LIBS analysis of a condensed-phase specimen

12.2.3 Laser-Induced Breakdown Spectroscopy (LIBS)

Laser-induced breakdown spectroscopy is a simple yet powerful analysis tool for
particles and surfaces.

In LIBS, a high-energy laser pulse is focused onto a small sample of unknown
composition, ablating a small amount of material from the sample and heating it to
high temperatures (~10,000-20,000 K) [29]. At these high temperatures, the ablated
material is broken down into the atoms and ions which constituted the original
sample. These atoms emit light at very specific wavelengths, in proportion to the
excited-state atomic concentration of the sample. Analysis of the emission spectrum
can be used to identify the relative concentrations of the atoms present in the sample,
which can then be matched to LIBS spectra of known specimens.

LIBS can be performed on stationary solid or liquid samples as shown in
Fig. 12.7 or may be applied to flowing gaseous or particle-laden systems [30, 31].
Variations on standard LIBS include double-pulse and mixed-wavelength systems
for enhanced identification [32, 33].

Advantages:
. Requires little or no sample preparation
. Can analyze very small sample sizes (~107° g)
. Measurement time is typically short (~1 s)
. Experimental setup is simple
. Utilizes high-quality, inexpensive Vis/UV optical components

O N N R S R

Disadvantages: LIBS is subject to variation in the pulse energy and can
be subject to interference from plasma breakdown of the air surrounding the
sample. Quantitative analysis can be complicated by electronic nonequilibrium and
unknown, time-varying temperature.
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12.3 Photothermal Techniques

Following laser absorption, the upper quantum energy states are depopulated via
fluorescence or quenching. LIF is commonly limited by low fluorescence yields,
an inefficiency caused by the more dominant quenching process. Conversely, pho-
tothermal techniques exploit rapid quenching by relating changes in the translational
energy (i.e., temperature) of the gas to the absorbed photon energy. Two variants of
photothermal diagnostic methods are presented below.

12.3.1 Photoacoustic Spectroscopy (PAS)

Recall the equation for laser-induced fluorescence signal for the simple two-level
model:

Sp = (n2)ss - Az1 - hv [energy/vol/s] (12.7)

*  Where did the other absorbed energy go? Heating.

Sheating = (nZ)SS Qhv (12.8)

=n-Bpl, - 2 - hv (12.9)
ILB+A+Q

~ n-Bpl, - hv [energy/vol/s] (12.10)

How can we measure the heating strength? Use a pulsed laser and measure the
pressure pulse with a microphone! In a confined test cell, where density is constant,
the absorbed energy per unit volume is related to the change in temperature and
pressure by

Ews = cypAT (12.11)
and
AP = pRAT (12.12)
such that
Euws = cy,(AP/R) (12.13)

A cylindrical gas cell may serve as a resonant cavity for sound waves, amplifying
the signal when laser modulation is performed at acoustic frequencies. Due to
signal dependencies on hardware components, PAS usually requires calibration for
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quantitative species concentration measurements. PAS is a common technique for
species monitoring in relatively quiescent environments (Fig. 12.8).

12.3.2 Photothermal Deflection (PTD)

Temperature from the Speed of Sound

The speed of sound is proportional to T'/2, and so a measurement of the speed of
a weak pressure wave can be used to infer 7. As one example, local heating on a
wire from a pulsed laser leads to a pressure pulse that causes deflection of two HeNe
probe beams (Fig. 12.9). The times at which the pressure pulse causes deflection at
the two different HeNe probe beams is related to their separation distance, L, and
the speed of sound in the flow.

(12.14)

RT
- /% ST (12.15)

An alternative is to use laser spark breakdown to produce a pressure wave.

L
T
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Flow Velocity from Propagation of a Hot Spot

Flow velocity can be inferred from the convection of marked fluid, e.g. a thermal
hot spot, as in Fig. 12.10. Alternatively, fluid may be marked by laser excitation to
produce a new chemical species or excited state of a constituent species that can be
tracked by a probe beam.

12.4 Scattering Techniques

Various forms of spectroscopic detection have been developed based on the Raman
effect. Most notable are spontaneous Raman scattering (SRS) and coherent anti-
Stokes Raman spectroscopy (CARS).

12.4.1 Spontaneous Raman Scattering

Rotational Raman:  (Av = 0); changes in J only (AJ = £2)
Vibrational Raman:  changes in v and J (Fig. 12.11)
Set-up:  Similar to LIF (90° detection); CW and
pulsed lasers
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Uses:  measure n; and T (e.g., by use of filters and
Iss o exp(—6,/T))

en; (277 + D" + 1) exp(—E(”,J") /kT)
Qr,v

I(vy) = (vp —vr)* (12.16)

Note: v*-dependence favors short-wavelength lasers.

12.4.2 Coherent Anti-Stokes Raman Spectroscopy

Figure 12.12 depicts a typical experimental setup for a CARS experiment and Figs.
12.13 and 12.14 illustrate the energy levels and processes most relevant to CARS.
Energy conservation requires that wy = 2w; — w;, where w is in frequency units.
When w; — w; is resonant, there is strong, coherent generation of w4 via wave-
mixing. In addition, conservation of momentum is in effect.

The spectrum and scanning w, mode are depicted in the following figure
(Figs. 12.15).
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Fig. 12.14 Conservation of momentum for 4-wave mixing
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Fig. 12.15 CARS spectra for scanning and broadband sources

Advantages:  directed beam, efficient process
Uses:  thermometry/single shot in jet exhaust
Disadvantages:  complexity of theory/experiment/cost

Modern CARS techniques can provide high temporal and spatial resolution in
complex flows [35,36].

12.5 Laser lonization Spectroscopy

Multiple analytical strategies have been developed based on the concept of laser-
induced ionization (Fig. 12.16).
The lifetimes for laser ionization spectroscopy are as follows:

real levels
virtual levels

The experimental schematic for the measurements is shown below (Fig. 12.17).
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Fig. 12.17 Experimental schematic for laser ionization spectroscopy

Example applications for 3-photon processes:

H-atom detection (1S — 2S) at approximately 121.6 nm
2 x 243 — 121.5nm
28 — H™ + e with third photon
O-atom detection ~ 2°P — 3°P
33P — O" + e at223nm
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