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We highlight the capabilities and potential of diode laser induced fluorescence for measurements
in gas-phase reacting flows. Many applications of diode lasers in practical sensing are based
on absorption spectroscopy. Fluorescence-based diagnostics possess similar advantages in terms
of practicality and implementation-cost but additionally are capable of achieving excellent spatial
resolution. Diode laser fluorescence instruments have been employed for high-sensitivity trace gas
monitoring in applications ranging from plasma physics to atmospheric chemistry. This article
begins by describing the UV-visible diode laser technology used to perform fluorescence. The
principles of diode laser induced fluorescence are then reviewed and a comparison is made with
absorption spectroscopy. Examples are given of concentration measurements of both atomic and
molecular trace gases. Recent work on using diode laser induced atomic fluorescence for precision
measurements of flame temperature is also reviewed. We conclude by a discussion of future
opportunities for diode laser fluorescence spectroscopy drawing attention to interesting potential
target species as well as novel application areas, such as monitoring of synthesis processes for
nanomaterials.

1. Introduction

Diode lasers have become an important tool in the diagnostics of gas-phase systems
both in research and in industry [1-4]. Measurements based on diode lasers have
been applied to the study of combustion [4,5], atmospheric chemistry [6], plasma re-
actors [7], shock tubes [8] and chemical vapour deposition [7,9]. Applications have
included measurements in industrial systems such as full-scale coal furnaces [10],
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internal combustion engines [11] and detection of natural gas leaks [12]. Environmen-
tal monitoring using diode lasers has included the study of volcanoes [13], airborne
measurements [14] and sensing of extra-terrestrial atmospheres [15]. Medical applica-
tions include breath analysis for diagnosis of asthma [16]. These examples illustrate
the versatility of diode lasers that results from their low-cost and compact scale in
addition to their wavelength-tuneability, stability and spectral purity. The robust na-
ture of diode lasers makes them suitable for building field-deployable sensors and
their narrow line-width enables highly sensitive and species-selective gas detection
(including the measurement of isotope ratios [17]). Techniques exist for significantly
enhancing the sensitivity of diode-laser absorption spectroscopy, including wavelength-
modulation spectroscopy [18—-20], cavity-enhanced absorption [21], cavity-ring down
spectroscopy [22], balanced detection [23] and photo-acoustic spectroscopy [24].

The examples above involved absorption spectroscopy, which is the most com-
mon way of performing gas-phase diagnostics using diode lasers. In this article we
concentrate instead on diode laser induced fluorescence. Fluorescence is a highly-
sensitive technique for gas-phase measurements. Unlike absorption spectroscopy it is
a spatially-precise measurement, allowing sharp gradients in reacting flows to be faith-
fully resolved. Laser-induced fluorescence has these unique advantages but because it
depends on electronic excitation in the UV-visible spectral range, it has only been in
recent years that its implementation with diode laser sources has become a realistic
prospect. In the past, high-power pulsed sources such as Nd:YAG-pumped dye lasers
have typically been used to excite narrow transitions of molecules in the gas phase for
fluorescence detection. Diode laser absorption spectroscopy is usually performed in the
near to mid infrared regions corresponding to ro-vibrational resonances in molecules
and their overtones but these light sources are unsuitable for fluorescence experiments.
The increasing availability of UV-visible diode lasers over the past decade has led to
significant opportunities to use these compact light sources for fluorescence. It is there-
fore timely to review this new and expanding research field.

This article begins with an overview of the diode laser technology needed to work in
the UV-visible wavelength region. Subsequent sections address the detection of atoms
and molecules in low concentrations by diode LIF. The use of diode LIF as a tem-
perature measurement technique is also covered and the levels of spatial-resolution
and temporal-resolution that can be achieved are highlighted. Diode LIF has potential
as a diagnostic technique for a wide range of gas-phase reacting flows and we give
various examples here. We place an emphasis on measurements in flames since the
steep gradients in temperature and concentration lead to a particular requirement for
spatially-resolved diagnostics.

2. Diode laser technology

Instrumentation using diode lasers for absorption spectroscopy commonly exploits
near-infrared technologies that were developed for the telecommunications industry [1].
The availability of single-mode tuneable diode lasers in this wavelength region led to
their widespread use in gas concentration measurements: detection of H,O, CO, CO,,
NH;, CH,, O,, N,O amongst many other small molecules has been reported [3]. Mod-
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ifications to the standard diode laser were required to achieve the tuning properties
necessary in these applications. Two notable designs of diode laser are the distributed
feedback diode laser (DFB) and the vertical cavity surface emitting laser (VCSEL) [25].
The DFB laser incorporates a periodic modulation of refractive index into the diode
laser, which leads to the selection of one particular longitudinal mode. The VCSEL, as
the name implies, has mirrors above and below the active region, rather than at the ends.
This results in a much shorter cavity with a correspondingly higher free spectral range,
causing only one mode to be active within the diode laser gain profile. These lasers have
favourable tuning properties but are restricted to certain spectral regions: while DFB
lasers can be fabricated to emit at any wavelength between 760 nm and 2900 nm and
at some wavelengths in the range 640—685 nm [26,27], VCSELSs are only available in
certain windows within the range 670-2050 nm [28,29].

The potential to employ these near-infrared diode lasers to perform fluorescence
measurements was assessed by Li et al. [30], who studied an absorption transition in the
v; +v; band of H,O near 1392 nm. They report a very low fluorescence signal due to
the low fluorescence quantum yield of the probed transition. The rate of spontaneous
emission from the upper state (A) is only 89s™' [30] whereas the rate of quench-
ing by N, (Qy,) is 1.4 x 10* s™' Torr™" [30] and the rate of self quenching (Qu,o) is
7.5 x 10° s7! Torr~! [30]. This allows the calculation of fluorescence quantum yield as
a function of N, pressure:

A
op=—"
A+ Oy, + Onyo

Li et al. were able to detect weak fluorescence in a low-pressure cell by using a me-
chanical chopper and lock-in amplifier. Under these conditions (py,o: 1Torr; py,:
0-35 Torr) a fluorescence quantum yield of between 1.2 x 10~ and 7.2 x 107> would
be expected. In practical measurement systems the fluorescence quantum yield would
be much lower still. The authors estimate that for a typical composition of combus-
tion products at atmospheric pressure, a laser power of about 70 W would be required
for a practical tuneable diode laser fluorescence sensor. This power requirement sub-
stantially exceeds the typical output power of currently available diode lasers. The
conclusion is not specific to this particular transition in water vapour but applies quite
generally to the near infrared spectral region. Molecular transitions in the near infrared
are usually weak overtone or combination bands.

As a consequence, the near ultraviolet and visible regions of the spectrum are much
more attractive for diode laser induced fluorescence. These wavelengths correspond
with strong electronic transitions of many atoms and molecules, resulting in much
more favourable fluorescence quantum yields and therefore lower requirements on laser
power. Nevertheless, single-mode tuneable diode laser sources are less readily available
in the UV and visible. The inherently single-mode DFB and VCSEL devices described
above do not currently exist for wavelengths below 640 nm. For this reason, alternative
strategies must be adopted to obtain suitable sources for UV-visible fluorescence spec-
troscopy, including extended-cavity diode lasers and non-linear frequency conversion.

Opportunities for diode LIF arose due to the invention of blue diode lasers in the
late 1990’s [31]. These GaN sources provide access to a region of the spectrum that
could previously only be reached with diode lasers by non-linear frequency conversion.

(1)
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Fig. 1. An example layout for an extended-cavity diode laser.

Blue diode lasers are currently available in only some parts of the wavelength range
370-493 nm [32]. They are Fabry—Perot diode lasers, which emit multimode radiation
because the gain bandwidth extends over several longitudinal modes. The spacing of
these modes is defined as:

c

" a1+ (1) 2)

where c is the speed of light, d is the cavity length, v is frequency, n is the refractive
index of the cavity. The dispersion term is often negligible but must be retained for cer-
tain diode laser materials. Fabry—Perot diode lasers can be coarsely wavelength tuned
by adjusting the temperature or driving current, but the multimode emission is not suit-
able for high-resolution spectroscopy. Extended-cavity diode lasers (ECDL) are built by
using a grating (or sometimes another component) to retro-reflect a part of the output
beam back into the diode cavity [33—35], as shown in Fig. 1. This gives rise to a second
set of modes resulting from the cavity formed by the grating and the back facet of the
diode.

The extended cavity and diode modes of an ECDL are shown schematically in
Fig. 2, together with the grating feedback profile and the diode gain profile. When cor-
rectly aligned, the retroreflection from the grating favours one of the diode modes.
These laser sources have found application in many practical diagnostic applications
since they are a relatively convenient way of obtaining wavelength-tuneable, single-
mode radiation in the visible region of the spectrum.

Wavelength tuning of extended-cavity diode lasers involves tuning of the extended-
cavity modes, as well as the grating feedback profile. This is done by simultaneously
translating and rotating the grating. To maintain an overlap between the grating feed-
back profile and the active extended cavity mode it is necessary to translate and rotate
the grating in the correct proportion. This has often been done by using a single piezo-

2)
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Fig. 2. Schematic representation of mode competition in an ECDL.

electric actuator to rotate the grating around a pivot point whose location is optimised
to fulfil the constraint [36]. This involves a delicate mechanical optimisation and also
does not permit the initial overlap of the extended cavity mode and grating feedback
profile to be finely adjusted. A more favourable approach involves the use of a multi-
piezo mount, which allows the magnitudes of rotation and translation of the grating to
be controlled independently [37,38].

Many extended cavity diode laser designs have involved application of anti-
reflection coating to the front facet of the diode laser to suppress the diode modes [39].
This adds to the complexity and cost of the laser system and it is beyond the capabilities
of most applied laser diagnostics laboratories to perform this in-house. Furthermore,
previous work established that the internal modes of blue-violet diode lasers could not
be adequately suppressed by application of anti-reflection coating and that synchronous
tuning of the diode laser injection current (to adjust the cavity length by resistive
heating) was necessary to achieve a favourable mode-hop free tuning range [40]. Var-
ious other researchers have combined pivot-point grating tuning and diode current
tuning [35,41]. The present authors combined current tuning with multi-piezo tuning
using a standard reflection grating to construct ECDLs entirely from commercially
available components [42,43]. Blue-violet ECDLs at wavelengths near 410 nm and
451 nm both achieved mode-hop-free tuning ranges in excess of 90 GHz [42,43] (i.e.
3em™! or > 50 pm), exceeding the performance of previous blue-violet ECDLs and
commercially-available systems.

Some applications require locking of the wavelength of the ECDL to coincide with
the peak of the absorption line being probed. This is a way of optimising signal-to-noise
ratio in cases when signal levels are weak. It is also required when the objective is to
monitor dynamics faster than the maximum wavelength tuning rate of the ECDL. Var-
ious strategies have been demonstrated for wavelength-locking to the peak or flank of
areference absorption line [44] or locking by feedback from high-finesse cavity [45]. In
the case where an optical cavity is used, drifts in its temperature and pressure must be
avoided to achieve good wavelength stability. In the fields of precision metrology and
ultra-high-resolution spectroscopy, where ECDLs based on the same principles are em-
ployed, there are exacting demands on laser stability: advanced techniques have been
developed to achieve locking to within a fraction of 1 Hz [46,47].
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Fig. 3. a) Experimental set-up for wavelength-locking of a 410.18 nm ECDL to a tellurium vapour refer-
ence line and using the locked laser to perform fluorescence of indium in a flame; b) spectra of tellurium
and indium showing the position at which the laser was locked to a tellurium line; ¢) variation in frequency
of the actively locked diode laser: the variation was calculated from the fluctuations in the intensity of the
laser beam transmitted through the '*Te, absorption cell. Insert: histogram of deviations from the mean
laser frequency with a Gaussian fit. (PMT: photomultiplier tube; IF: interference filter; L: lens; BS: beam
splitter; PD: photodiode; ECDL: extended-cavity diode laser) [49].
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For gas-phase sensing, where the requirements are not so stringent, simpler
schemes suffice. A tellurium containing vapour is suitable reference gas in blue/near
UV spectral region since it has a dense spectrum of strong absorption lines [48]. Active
wavelength-locking of an ECDL has been performed by monitoring the transmission
through a glass cell containing tellurium heated to about 600 °C in a ceramic fur-
nace [49], as shown in Fig. 3a. The laser was tuned to the flank of a strong absorption
line so that slight drifts in wavelength resulted in changes in the transmission inten-
sity (see Fig. 3b). Feedback control was implemented by adjusting the piezo voltage
offset to bring the transmitted intensity back to the set-point [49]. A plot of the fre-
quency deviation of the locked laser as a function of time is shown in Fig. 3c, together
with a histogram specifying the wavelength stability. It can be seen from Fig. 3 that the
laser remained locked for 50 min with a stability of about 25 MHz. These variations
in frequency of the locked laser correspond to a variation in tellurium absorbance of
only +1.5% of the peak value (the full-width at half-maximum height of the tellurium
line identified in Fig. 3b is about 1.8 GHz). This is certainly adequate for practical
gas-phase diagnostics since transition linewidths at atmospheric pressure and room
temperature are typically at least several GHz. The use of a hollow cathode lamp con-
taining a suitable metal such as indium is a way to achieve ECDL wavelength locking
while avoiding the need for a high-temperature furnace [50], although at the expense of
a much narrower available wavelength range for locking.

The wavelength-tuning rate of external cavity diode lasers is ordinarily limited
to about 100 scans per second due to the requirement for mechanical movement of
the grating. The rate of tuning that can be achieved is dependent on the mass be-
ing displaced by the piezo actuators. This limitation has been overcome by placing
a wedge-shaped electro-optic modulator within the laser cavity to deflect the beam [51],
but this substantially increases the complexity and cost of the device. Kranendonk ez al.
demonstrated a wavelength tuning rate of 15.5 kHz in the near infrared by constructing
a modeless ECDL [52]. The extended cavity modes were suppressed by placing a res-
onant scanning mirror within the cavity: this resulted in a linewidth as large as 0.3 nm,
useful for measurements at elevated pressure but not capable of fine spectral resolution.

We have developed another approach for high-speed wavelength tuning of ECDLs
that does not require the use of additional optical components and avoids the need for
mechanical movement of the grating [53]. Instead of attempting to match the modes
of the external cavity with the diode modes, the grating is left stationary and only the
laser current is tuned. Therefore, only the diode modes shift in frequency during tun-
ing (see Fig. 2). If the transition being probed is narrower than the spacing between
diode modes then only one diode mode is on resonance with the analyte. As the diode
current is tuned, one of the other diode laser modes will soon overlap better with an
extended-cavity mode. At this point, a mode-hop occurs. The emission wavelength
jumps from the on-resonance mode to other modes and back again as the laser is tuned.
This results in a fluorescence or absorption spectrum like the one shown in Fig. 4. The
regions where the on-resonance mode is active result in a fluorescence signal. In the in-
tervening regions, where the active mode is off-resonance, no signal is detected. The
spacing between the positions where the on-resonance diode mode is active is equal to
the free spectral range (FSR) of the extended cavity. These on-resonance regions give
data-points that can be fitted to a theoretical spectrum. It can be advantageous to work
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Fig. 4. The dark trace shows the fluorescence recorded for a single scan over the 5°P, n— 6°S, ,, transition

(410.18 nm) of atomic indium in a flame performed in a time of 100 s by tuning only the injection current
of the ECDL. The spectrum is modulated since the ECDL switches between the on-resonance mode and
other modes during tuning. The peak positions on this trace were extracted to form the fluorescence spec-
trum and a theoretical spectrum (shown in light grey) was fitted to this data. The concentration of indium
in the flame was estimated to be in the region of 10 ppb [53].

with a somewhat longer extended cavity (i.e. lower FSR) to improve the spectral reso-
lution. Tuning rates exceeding 10 kHz were thus achieved. Although we demonstrated
this rapid ECDL tuning for an isolated atomic transition whose linewidth is narrower
than the diode mode spacing, further development could make it suitable to the study
of more complex spectra.

This method shares some conceptual similarity with the multi-mode absorption
spectroscopy (MUMAS) approach, developed by the Ewart group [54,55], where
a Fabry—Perot diode laser is used without an extended cavity. The MUMAS spectrum
is a sum of contributions of several laser modes. Fitting to a theoretical spectrum cal-
culated from the mode spectrum of the laser and the simulated absorption spectrum is
necessary to determine gas concentrations from the data [54].

Some applications require wavelengths where no diode lasers are currently avail-
able, such as below 370 nm or in some parts of the region between 370 to 493 nm where
conventional GaN diode laser technology exhibits wavelength gaps. Tuneable laser ra-
diation at wavelengths where no diode laser is available can be generated by second
harmonic generation (SHG) or sum-frequency mixing (SFM) using non-linear crys-
tals. Before blue diode lasers were available, SHG was used to generate radiation at
426 nm for detection of CH in flames [56]. Sum-frequency generation can be done with
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Fig.5. Experimental set-up for the simultaneous acquisition of fluorescence and absorption spectra of
atomic indium. (L: lens; IF: interference filter centred around 451 nm; PMT: photomultiplier tube; PD:
photodiode; BS: beam splitter; ECDL: extended-cavity diode laser).

two diode lasers, or by mixing a diode laser with a diode-pumped solid state laser or
argon-ion laser. Non-linear frequency conversion of diode laser radiation has also been
employed in numerous gas-sensing studies including some examples of fluorescence
spectroscopy, in order to probe strong electronic transitions in the UV. A further discus-
sion of such light sources is part of Sect. 5.2 below, which deals with the detection of
molecular species by diode laser induced fluorescence.

3. Principles of diode laser induced fluorescence

The general principles of laser-induced fluorescence applied to gas-phase diagnostics
have been covered extensively elsewhere [57—61]. The objective here is to draw atten-
tion to features that are particular to diode laser induced fluorescence. The diode laser
sources described above have narrow linewidths of less than 10 MHz, meaning that
atomic and molecular spectra can be well-resolved (transition linewidths are typically
a few GHz at ambient pressure). By contrast, this is usually not possible with standard
pulsed dye lasers, whose linewidth is generally in the range 1-10 GHz. Another advan-
tage of diode lasers is their relatively rapid wavelength tuning compared to typical dye
lasers, which are tuned mechanically by displacing a large grazing-incidence grating.

The set-up of a diode laser fluorescence experiment is shown in Fig. 5. The diode
laser beam is directed through a gas sample and some of the light is absorbed if it co-
incides with the wavelength of a resonance of atoms or molecules in the sample. This
results in the emission of fluorescence, which is usually collected on an axis perpen-
dicular to the beam propagation direction. The collection lens images the fluorescence
signal onto the detector. Photomultiplier tubes are generally used for detection of diode
laser induced fluorescence in the visible spectral region due to the relatively low signal
levels, but CCD cameras have also been used [62]. The spatial resolution of the meas-
urement is defined by a cylinder with diameter of the beam waist at the focus and length
determined by the width of the pin-hole or other aperture placed in the focal plane of
the collection lens. An etalon can be used to verify that the tuning is mode-hop free and
to calibrate the wavelength scale of the scan. Filters or a monochromator are used to
discriminate against background light such as flame emission.
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The optical power of the collected fluorescence signal, Sg (photons s™"), is:

I(v) CNeowl 2
Sp=——A(l—e7") - - ——n 3)
hv 4r
where I(v) is the incident laser irradiance (W cm™2), A, is the cross-sectional area of the
interrogation region, N, (cm™) is the population of molecules in the lower state of the
probed transition, oy,(v) is the absorption cross-section of the probed transition at the
laser frequency, [ is the length of the interrogation region, @ is the fluorescence quan-
tum yield, £2 is the collection solid angle and 7 is the detection efficiency accounting for
the fractional transmission of the signal collection optics and filters and the quantum ef-
ficiency of the detector. Since the fractional absorption over the interrogation region is
usually low, we can use the approximation, 1 —e™ & x to obtain:
1(v) 2
Sp=——WV.Niop(v)-®-—n 4)
hv 4r
where V| is the volume of the interrogation region. This equation can be grouped into
factors representing the rate of absorption, the fluorescence quantum yield and the frac-
tion of the signal detected. In this way, the fluorescence signal is proportional to the
fractional absorption within the measurement volume. It is also proportional to the
number density of the analyte, although this linear relationship breaks down in the case
of strong absorption of the incident beam or signal trapping. Saturation of the probed
transition (i.e. significant depopulation of the ground state) occurs at high laser irradi-
ance but is unlikely to be achieved using continuous wave diode laser excitation sources
other than at very low pressure.

The rate of absorption is dependent on the incident wavelength and on the line-
shape of the probed transition. The transition lineshape is a function of temperature
and pressure due to the effects of temperature (Doppler broadening) and pressure (colli-
sional broadening) [57,59]. The fluorescence quantum yield is highly dependent on the
rate of quenching or other non-radiative losses from the excited state. The rate of colli-
sional quenching is a roughly linear function of pressure and is strongly influenced by
temperature and composition.

4. Comparison to absorption spectroscopy

Fluorescence is almost always much more sensitive than simple single-pass absorp-
tion spectroscopy. The fluorescence signal strength is much weaker than the intensity
of the transmitted beam, but the sensitivity of the fluorescence technique results from
the fact that it is a zero-baseline method. Absorption spectroscopy, by contrast, in-
volves measuring small fractional deviations in a strong signal. Laser noise therefore
has much more influence on absorption spectroscopy than on fluorescence: a ripple of
40.1% in the laser power would significantly compromise the direct measurement of
0.01% absorption but would be of little consequence to a fluorescence measurement.
Various approaches are available to enhance the sensitivity of absorption spectroscopy
either by increasing the fractional absorption and/or by noise cancellation and these
have been referred to above. The detection limit of such techniques is often quoted in
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cm~' Hz™"? [63]. This is based on the assumption that the measurement is limited by
white noise so that the detection limit will scale with the square root of signal integra-
tion time. This assumption can be tested by plotting the Allan variance of the signal
as a function of integration time [64]. The detection limit also scales linearly with the
optical path length.

It is difficult to compare the sensitivities of fluorescence and absorption techniques
in a meaningful fashion as they depend on the practical details of a specific experiment.
The most favourable conditions for fluorescence are low temperature and low pressure,
resulting in narrow spectral lines and a high quantum yield. The detection sensitivity
can be increased by using large measurement volumes, which comes at the expense of
spatial resolution. The f-number of the signal collection optics is crucial in LIF. For ex-
ample, use of a 50-mm-diameter lens situated 120 mm from the measurement volume
would result in collection of only about 1% of the emitted photons from the imaged
region. In the case of low signal-levels, a concave mirror can be used to refocus flu-
orescence at the measurement volume which results in roughly double the collection
efficiency [30].

It should be noted that fluorescence does not provide an inherently absolute measure
of concentration. According to Eq. (4) above, the fluorescence signal is linearly propor-
tional to the number density of the analyte. As previously discussed, however, it is also
dependent on the rate of quenching from the upper state, which is a function of tempera-
ture, pressure and composition. To make the measurement absolute, either knowledge
of quenching cross-sections at the relevant conditions (which can be determined, for
example, by fluorescence lifetime measurements) or an external calibration is required
(see e.g. [65]). In some cases calibration may be achievable by comparing direct ab-
sorption and fluorescence measurements from a reference gas at high concentration
before taking advantage of the favourable detection limit of fluorescence in a trace gas
measurement. Accurate calibration is often not needed as in many applications one is
mainly interested in relative concentration changes in time, compared to some reference
condition.

Another advantage of fluorescence is that it is a spatially resolved technique. This
provides the potential for practical monitoring of dynamic systems such as flames
and exhausts and to investigate the fine structure (a resolution of less than ~ 100 pm
is readily achievable) of flames at high repetition rates. Absorption spectroscopy can
be combined with tomographic reconstruction to give a certain level of spatial reso-
lution [66] and this has proved useful in some applications, but the spatial fidelity is
a long way from what can be achieved with fluorescence.

Although a direct comparison between fluorescence and absorption is not straight-
forward, it would appear that UV-visible diode laser fluorescence is at least as sensitive
as wavelength-modulation absorption spectroscopy under harsh flame conditions and
has the potential to be considerably more sensitive at low temperature and pressure
and with a larger measurement volume. Under such conditions, it could be competi-
tive with cavity-based absorption techniques but at substantially improved temporal and
spatial resolution. Diode laser fluorescence has the advantage over such approaches that
it does not require costly high-reflectivity mirrors and it does not suffer the experimental
complexity associated with the alignment of optical cavities. The need to use grating-
feedback to perform high-resolution diode laser spectroscopy in the UV-visible spectral
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region of course applies to cavity-based absorption methods as well as to fluorescence
measurements.

In the subsequent sections we provide examples to illustrate the range of applica-
tions for UV-visible diode laser enabled fluorescence measurements and point towards
potential future developments.

5. Applications

Diode laser excited fluorescence has been used for the detection of atoms and small
molecules in a range of gas-phase systems, including flames, plasmas and the atmo-
sphere. In this section we summarise this work and draw attention to opportunities for
extending to new target species and measurement systems, including measuring precur-
sor concentrations in nanomaterials synthesis processes.

5.1 Atomic fluorescence

Gas phase atomic species are prime candidates for detection by gas-phase atomic
fluorescence measurements because many of them have electronic transitions in the
UV-visible region with oscillator strengths typically two or three orders of magnitude
greater than those of small molecules. This leads to high fluorescence quantum yields
according to Eq. (1), even at elevated temperature and atmospheric pressure. A previous
review by Galbécs [67] covered the application of diode lasers to atomic spectroscopy,
although it was mainly concerned with absorption measurements. Several examples of
diode laser atomic fluorescence have involved sensing of metal atoms. Some of these
are summarised in Table 1, which highlights information about previous practical sens-
ing using diode lasers.

Atomic spectroscopy in flames provides vital data in the study of combustion, in
particular through measurement of flame temperature [79]. Flames are also used for
the atomisation of solutions to determine concentrations of dissolved metals [76]. In
other cases, a laboratory flame is used to generate hot exhaust gases for the purpose of
developing and validating techniques for monitoring of heavy metal pollutants [73].

Combustion is a significant research field since it continues to be the dominant
source of energy. The formation of pollutants such as soot and NO, in flames is not
well understood at present and progress in this area would allow better prediction, and
thus minimisation, of harmful emissions from engines and furnaces [80]. Temperature
is a critical parameter in the understanding of combustion due to its non-linear influence
on reaction rates. It is difficult to measure with the required accuracy, in particular in
rich flames where soot is formed. Good spatial resolution is required due to the steep
spatial gradients present in flames: this makes fluorescence a suitable choice. Various
other optical techniques for flame temperature measurement exist but many of these are
ill-suited to low-pressure or sooting flames or limited to low repetition rates as we have
discussed elsewhere [50,79,81].

Flame temperature measurements based on two-line atomic fluorescence (TLAF)
were first performed using flash-lamps or dye lasers as excitation sources [82,83].
Dye lasers were then used to perform temperature imaging in flames and in en-
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Table 1. Applications of diode lasers to atomic fluorescence and absorption spectroscopy in the UV-visible
spectral region.

Species Transition Wavelength
Absorption Fluorescence
Mercury 6'S, — 6°P, 253.7nm Vapour cell [68]
Vapour cell [69]
Vapour cell; coal-fired
combustor exhaust [70]
Aluminium  3°P,, — 4°S,,  394.4nm Physical vapour deposition
process [71]
Gallium 42191/2 — SZSI/2 403.30 nm Hollow-cathode lamp [72] Atomic beam [72]
42P3/2 — SZSI/2 417.20 nm
Indium SZPI/2 — 6251/2 410.18 nm Flame [74]
52P3/2 — 6ZS|/2 451.13nm Flame [42]

5°P,, — 5Dy, 325.61nm  Flame [73]
52193/2 — SZDS/2 325.86 nm Flame [73]

Copper 4'S,,— 4Py, 32475nm  HCL; dc plasma; flame [73]

Cadmium  5'S; — 5°P, 326.11nm  Flame [73]

Rubidium SZSI/2 — 52193/2 780.0 nm Industrial furnace [75] Flame [76]]

Potassium  4°S, 2= 5P, ,  404.5nmm Vapour cell [77] Vapour cell [77]
4’S,,— 5P, 404.78nm  Vapour cell [77] Vapour cell [77]

481, — 4P, 766.49 nm Industrial furnace [75]
48\, — 4P 769.90 nm Industrial furnace [75]

Lithium 2’8,,—2°P,, 670.78nm Inductively-coupled
plasma [78]

Ytterbium  6'S;, — 6'P, 398.9 nm Hollow-cathode lamp [44]

gines [84—-86]. Diode laser excited atomic fluorescence has subsequently been de-
veloped [87] with the two key objectives: (i) to make temperature measurements in
sooting flames with sufficient accuracy and precision to contribute to understanding
of flame chemistry [79]; (ii) to make kHz-repetition-rate measurements in flames to
resolve rapid dynamics [50].

The method is based on probing the relative population of the two spin-orbit-split
sublevels of the ground state of atomic indium seeded to flames. Indium is selected as
the probe species because the separation between these levels is 2213 cm™! [88], which
is roughly equal to k7" at flame conditions and thus leads to near-optimal tempera-
ture sensitivity. Extended-cavity diode lasers emitting near 410.18 nm and 451.13 nm
are used sequentially to probe the 5°P, , — 6°S, , and 5°P, , — 6’S, , transitions of
indium respectively. Our work has involved the use of a single detector fitted with
a band-pass filtered transmitting at 451 nm [87]; this means that resonance fluores-
cence is collected for the 5°P;,, — 6°S, , excitation. Nevertheless, no interference from
elastic scattering has been observed, even in sooting flames [79].



1356 1. S. Burns and C. F. Kaminski

Most of the diode-laser TLAF measurements have been performed by wavelength-
scanning the two blue diode lasers to record fluorescence spectra of the two indium
transitions [79,87]. The diode laser beams are overlapped and focussed at the flame cen-
tral axis. The fluorescence generated in the focal region is imaged on a perpendicular
axis through an interference filter and pin-hole onto a photomultiplier tube. The fluo-
rescence spectra are normalised by the simultaneously-recorded laser power and fitted
with a theoretical spectrum representing the hyperfine components of the respective
transitions [87]. The integrals of the fitted spectra are used to determine temperature, 7',
based on the following equation [79]:

AE/k
T = /

=F0) )

I o® Y A

In| 227 Y +3In (ﬁ) +In (ﬁ)
< Fy(v) dv A3 As

o La(v)

where AE is the energy spacing between the ground states of the probed transitions,
F, and F, are the fluorescence intensities resulting from 410 nm and 451 nm excita-
tion respectively, /;; and I,; are the excitation intensities, A3; and A3, are the transition
wavelengths, A3, and As, are the rates of spontaneous emission and k is the Boltzmann
constant.

The first demonstration of diode laser TLAF established the principle of the tech-
nique [87] but careful work was required to achieve the accuracy and precision required
to contribute to detailed studies of soot formation in laminar flames [79]. Atomic in-
dium is seeded to the flame via a spray-type nebuliser containing an aqueous solution
of indium chloride. Early diode laser TLAF experiments were affected by drifts in the
seeded indium concentration, which caused a bias in the signal ratio thus leading to er-
rors in the measured temperature. Efforts to stabilise the concentration of seeded indium
did not minimise this error source sufficiently. Instead, the technique was modified by
interleaving the wavelength scans of the two diode lasers through use of a mechani-
cal chopper [79]. This allowed fifty single-scan spectra to be recorded for each laser in
a time of five seconds. Any drifts in indium concentration in the flame are expected to
be random and uncorrelated to the switching between the two laser beams. The tem-
perature determination was done by averaging the fifty spectra recorded for each laser.
This procedure therefore makes the measurement immune to drifts in indium concen-
tration.

Other experimental errors can stem from imperfect overlap between the two diode
laser beams and inaccurate measurement of the excitation intensities. In our most recent
work the careful minimisation of these error sources led to an accuracy of +41 K and
precision of +8 K in the soot formation region of a low-pressure laminar flame at tem-
peratures in the region of 1700 K [79]. These levels of accuracy stem from the highly
resolved fluorescence spectra that can be recorded with blue diode lasers. Atomic in-
dium is seeded to the flame in trace quantities (~ 10 ppb). Any influence of the seeding
process on flame temperature is therefore minimal. An upper estimate of this error
source was made previously [81] by performing thermocouple measurements in the
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Fig. 6. Fluorescence spectra of atomic indium with excitation by tuneable diode lasers at 410.18 nm a) and
451.13 nm b). The spectra were recorded in a low-pressure (26.7 kPa) sooting flame with fuel equivalence
ratio of 2.32 (mole fractions: CHy: 0.46; O,: 0.40; N,: 0.14) at 40 mm above the burner surface at a tem-
perature of 1590 K. These are averaged spectra resulting from fifty interleaved wavelength scans [79].

presence and absence of seeding and this contributes to the estimated uncertainty of
+41 K [79].

Examples of the averaged fluorescence spectra recorded in a low-pressure sooting
flame are shown in Fig. 6, where excellent agreement to theoretical fits is apparent.
The different appearance of the 410.18 nm spectrum from the ones shown in Figs. 3
and 4 is a consequence of the reduced pressure. The resulting temperatures are shown in
Fig. 7, which presents measurements taken in low-pressure sooting flames of two differ-
ent equivalence ratios. The spatial resolution in the vertical direction was 100 pwm. The
precision of the results is sufficient to reveal subtle differences between the tempera-
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Fig.7. TLAF temperature measurements in laminar premixed sooting flames at a pressure of 26.7 kPa
stabilised on a 60 mm-diameter McKenna burner. The flames had fuel equivalence ratios of 2.05 (mole
fractions: CH,: 0.434; O,: 0.425; N,: 0.14) and 2.32 (mole fractions: CH,: 0.46; O,: 0.40; N,: 0.14).
For both flames the total flowrate of premixed reactants was 4.11 standard litres per minute (slpm). The
favourable precision (£8 K) is evident from the temperature profiles and allows slight differences between
the two flames to be distinguished [79].

ture profiles of the two flames, the less rich one situated closer to the burner surface and
having a slightly higher maximum temperature. These measurements provide important
data for the understanding of soot formation that could not have been obtained by other
means. The results have also been vital for the interpretation of other experimental data
recorded in the same flames [89,90]. It should be noted that temperature measurements
could not be obtained below about 1000 K due to the low vapour pressure of indium
chloride under those conditions.

In addition to optimisation of precision and accuracy for the investigation of pol-
Iutant formation in laminar flames, another major goal was to develop a high-speed
diode laser TLAF system for the study of rapid flame dynamics. A different experimen-
tal approach was required to achieve the temporal resolution desired. The high-speed
wavelength scanning of ECDLs described in Sect. 2 [53] yields an improvement but
even faster temperature measurements can be performed using ratiometric measure-
ments at fixed laser wavelengths locked to the peaks of the indium transitions. This also
allows signal levels to be maximised and therefore leads to optimal precision. Wave-
length stability is crucial here and was achieved by locking the laser wavelengths to
the flanks of absorption lines in an In-containing hollow-cathode lamp as described in
Sect. 2. A mechanical chopper was used to switch between the excitation beams at kHz
repetition rates [50,91]. An example of the raw data recorded by this technique is shown
in Fig. 8.

The calculation of temperature from the signal levels is not as simple as in the case
of wavelength scanning TLAF. Here we record not line-integrated fluorescence but the
fluorescence generated at fixed wavelengths near to the peaks of the indium transitions
meaning that Eq. (5) cannot be used directly for the calculation of temperature. Instead
it is necessary to model the indium transition line-shapes and line-shifts as a function of
temperature (and pressure). Since the wavelengths of the locked lasers are known, this
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Fig. 8. Example of raw data for high-repetition rate TLAF. The ratio of normalized fluorescence signals is
used to calculate flame temperature. In this case, two temperature measurements were recorded per mil-
lisecond [91].

allows the measured ratio of fluorescence signals to be used to determine flame tem-
perature [50,91]. Temperature measurements have been demonstrated with a precision
of 1.5% and spatial resolution of 150 pm at a repetition rate of 3.5 kHz in acoustically
pulsed laminar flames [50], thus illustrating the potential for TLAF to be used for the
study of dynamic flame behaviour.

As well as ratiometric temperature measurements, it is also possible to use fluo-
rescence lineshapes to determine temperature. This leads to the possibility of making
spatially resolved measurements of flame temperature using a single diode laser. This
avoids the need for careful overlap of two diode laser beams discussed above and
results in a simpler experimental setup. Fluorescence lineshape temperature measure-
ments have been demonstrated both in atmospheric-pressure [92] and low-pressure
flames [81]. An uncertainty of +45 K was estimated for the measurements in low-
pressure flames at 5.3 kPa. The accuracy is slightly less good at atmospheric pressure
due to the more significant contribution of collisional broadening, whose dependence
on temperature is less straightforward than that of Doppler broadening. Considerably
larger experimental errors are expected at intermediate pressures of around 20—30 kPa,
where the contributions of Doppler and collisional broadening are comparable and the
overall transition lineshape shows little sensitivity to temperature. We therefore rec-
ommend that evaluation of temperature based on fluorescence lineshape offers a con-
venient alternative to TLAF, which can work quite well under certain conditions. The
two-line thermometry approach is nevertheless the way to achieve the best possible
precision and accuracy over a wide range of flame conditions.

We have focussed here on the use of atomic fluorescence to measure flame tem-
perature but similar temperature measurements could be performed in other high-
temperature reacting systems. Concentration measurements by atomic fluorescence are
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of relevance to a range of technical applications with a notable example being nano-
materials synthesis processes. The examples in Table 1 include atomic spectroscopy in
flames, vapour deposition processes, atomic beams and plasmas. All of these systems
are of interest in the synthesis of advanced functional nanomaterials, which often con-
sist of metal or metal oxide nanoparticulates or thin films, and have widespread uses
such as in catalysis, energy storage, photovoltaics and biomedical applications [80].
There has been recent work on imaging of iron atom concentrations in a low-pressure
flame used for the synthesis of iron oxide nanoparticulates using a Raman-shifted ex-
cimer laser [93]. The use of diode lasers for atom concentration measurements in such
nanomaterials synthesis processes offers the potential for much more compact and cost-
effective diagnostics. There is a pressing requirement for such experimental data since
the mechanisms involved in nanoparticle formation in flames and in plasmas is not cur-
rently well-understood. Better predictive capabilities are needed to tailor the properties
of functional nanomaterials for specific applications and for scaling up production. Sen-
sors based on diode laser fluorescence also have the potential to be used for on-line
monitoring and control of nanomaterials synthesis.

5.2 Molecular fluorescence

We have already noted that molecules have much lower oscillator strengths than atoms,
leading to weaker fluorescence signals. Nevertheless, diode laser induced fluorescence
has been demonstrated for a few practical applications, including in high-temperature
reacting flows. This seems to indicate potential for further uses of diode LIF for de-
tection of molecular species in trace quantities. A summary of applications of diode
LIF to concentration measurements of various molecules is given in Table 2. There
have been notable applications of diode LIF in combustion diagnostics and atmospheric
chemistry research. The table also includes details of some measurements by sensitive
UV-visible diode laser absorption spectroscopy as an indication of future opportunities
for fluorescence measurements.

It is interesting to note that laser induced fluorescence of CH radicals in a flame was
already demonstrated in 1999 [56], prior to the widespread availability of blue diode
lasers. Blue light at 426 nm was generated by frequency doubling a near infrared diode
laser. The resulting output power was only 100 W but this was sufficient to perform
CH LIF in a Wolfard-Parker slot burner by wavelength modulation spectroscopy [56].
This early proof-of-principle for diode LIF in flames has not been followed by sub-
sequent studies of radical concentrations in flames and the current availability of blue
diode lasers opens the potential to build compact instruments at a fraction of the
cost of traditional dye laser systems. The same group also demonstrated diode laser
fluorescence detection of OH radicals in a low-pressure discharge flow reactor by sum-
frequency mixing of a near infrared diode laser with an argon-ion laser [100] to generate
about 1.5 pW of UV radiation at 308 nm. The availability of higher output powers in
the UV by more efficient frequency doubling and mixing of diode laser sources may
make it possible to extend the detection of radicals in flames by diode LIF to OH,
which is important as a marker of flame-front location and can also be used for flame
thermometry.
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Table 2. Applications of diode lasers to molecular fluorescence and absorption spectroscopy in the UV-
visible spectral region (SHG: second-harmonic generation; SFM: sum-frequency mixing).

Species Wavelength Light source

Absorption Fluorescence

NO, 390 nm Blue diode laser
404.3nm  Blue diode laser
640 nm Red diode laser
410 nm Blue diode laser
406.3nm  Blue diode laser
NO; 662 nm Red diode laser
CH 426 nm SHG of NIR diode laser
OH 308 nm SFM of NIR diode laser
with Ar* laser
309 nm SFM of NIR diode laser
with blue diode laser
313.5nm  SFM of NIR diode laser
with pulsed microchip laser
NO 215 nm Frequency-quadrupled
diode laser
226.8nm  SFM of blue diode laser
with pulsed microchip laser
226.6 nm
SO, 215 nm Frequency-quadrupled
diode laser
302 nm SFM of blue and NIR
diode lasers
10 404.3nm  Blue diode laser

Shock-heated NO,-Ar
mixtures [94]

Discharge flow-tube [95]

Ambient air sampled to
a continuous supersonic
expansion [96]

Ambient air sampled to
a low-pressure

cell [97]

Ambient air sampled to

an atmospheric-pressure
cell [98]

Ambient air sampled to
a continuous supersonic
expansion [99]

Flame [56] Flame [56]

Discharge-flow
reactor [100]

Microwave
discharge [101]

Flame (20 kHz rep.
rate) [102]

Gas cell [103]

Discharge-flow
reactor [100]

Coal-furnace
exhaust [104]

Gas cell [105]
Gas cell [103]

Gas cell [106]

Discharge flow-
tube [95]

Diode laser induced fluorescence has also been employed in the field of atmospheric
chemistry to build instruments for measuring NO, concentration [96—98]. Nitrogen
dioxide has a dense absorption spectrum covering much of the visible region. Both
red [96] and blue [97,98] diode lasers have been used to excite NO, fluorescence.
Cleary et al. [96] achieved a detection limit of 145 pptv NO, for a I-minute averaging
time by sampling of NO, into a supersonic expansion. The fluorescence signal was en-
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hanced by collecting fluorescence from the focal position of a spherical Herriott cell.
The same group also used this system for the detection of NO; using a 662 nm diode
laser for excitation [99] in this case with a detection limit of 76 ppt min~" at 8% accu-
racy. The instrument was used in field measurements of NO, and N,Os concentrations
east of San Francisco Bay (the latter by thermal decomposition to NO;) [107]. An NO,
fluorescence instrument based on a blue diode laser was built by Taketani et al. [97].
The excitation at 410 nm takes advantage of the higher absorption cross-section than
in the red part of the visible spectrum. By sampling ambient air to a low-pressure cell,
a detection limit of 390 pptvmin~" was achieved [97]. This is slightly less sensitive
than the instrument of Cleary et al. [96] but avoids the use of a supersonic expansion
and a Herriott cell. The laser diode was pulsed at a repetition rate of 100 kHz and
a dynode gate was applied to the photomultiplier to temporally discriminate against
scattered incident light [97]. This system was used for field measurements of atmo-
spheric NO, concentrations at Toyokawa in Japan [108]. More recently, an instrument
was developed for diode LIF detection of NO, at atmospheric pressure without the need
for gated detection but with a less favourable sensitivity of 2000 ppt min~" [98]. The use
of diode laser induced fluorescence for field measurements of troposphere composition
represents a mature application of the technique and has the potential to be applied to
other species of importance in atmospheric chemistry.

6. Conclusions

Diode laser induced fluorescence is gaining prominence as a technique for applied
measurements in a range of research fields. The increasing wavelength coverage of
UV-blue GaN diode lasers has led to a growth in activity in this area in recent years.
Although inherently single-mode diode lasers are not available in this spectral region,
the use of an extended cavity provides narrow-linewidth radiation that is frequency
tuneable over ranges exceeding 90 GHz. We have described strategies for wavelength-
locking of these diode lasers to an external reference source and also for rapid wave-
length tuning at rates of up to 10 kHz. The use of these compact light sources to probe
strong electronic transitions of atoms and molecules allows very sensitive detection by
fluorescence. The zero-baseline nature of fluorescence spectroscopy leads to obvious
advantages over absorption sensing. A wide range of applications has been provided
including the detection of metal atoms in flames, exhaust gases and plasmas and de-
tection of molecular gases in flames and in the earth’s atmosphere. Flame temperature
measurements by two-line atomic fluorescence have reached maturity and provide im-
portant data for investigation of sooting flames, as well as being capable of resolving
transient flame phenomena at repetition rates of several kHz. Diode laser induced flu-
orescence instruments have been used during field campaigns to measure tropospheric
NO, and NO; concentrations. Despite these examples, there is significant potential for
new applications of diode laser induced fluorescence which has the advantages of pro-
viding a compact, low-cost instrument capable of excellent sensitivity and selectivity.
In Tables 1 and 2, recent measurements by diode laser absorption spectroscopy were in-
cluded to indicate possible candidate species for future diode LIF measurements. These
developments would be facilitated by continued developments in diode laser technol-
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ogy and the increasing availability of powerful tuneable sources in the UV based on
frequency doubling and mixing of diode laser sources. We have identified nanomate-
rials synthesis as a significant research area that could benefit from the application of
diode LIF to measure metal atom precursor concentrations in flame and plasma reac-
tors. Sensors based on diode laser induced fluorescence, together with other emerging
techniques such as supercontinuum absorption spectroscopy [109,110], provide an ex-
citing array of opportunities for novel research.
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