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An optical parametric oscillator (OPO) is developed and characterized for the simultaneous generation of
ultraviolet (UV) and near-UV nanosecond laser pulses for the single-shot Rayleigh scattering and planar laser-
induced-fluorescence (PLIF) imaging of methylidyne (CH) and nitric oxide (NO) in turbulent flames. The OPO
is pumped by a multichannel, 8-pulse Nd:YAG laser cluster that produces up to 225 mJ/pulse at 355 nm with pulse
spacing of 100µs. The pulsed OPO has a conversion efficiency of 9.6% to the signal wavelength of∼430 nm when
pumped by the multimode laser. Second harmonic conversion of the signal, with 3.8% efficiency, is used for the
electronic excitation of the A-X (1,0) band of NO at∼215 nm, while the residual signal at 430 nm is used for direct
excitation of the A-X (0,0) band of the CH radical and elastic Rayleigh scattering. The section of the OPO signal
wavelength for simultaneous CH and NO PLIF imaging is performed with consideration of the pulse energy, inter-
ference from the reactant and product species, and the fluorescence signal intensity. The excitation wavelengths
of 430.7 nm and 215.35 nm are studied in a laminar, premixed CH4−H2−NH3–air flame. Single-shot CH and
NO PLIF and Rayleigh scatter imaging is demonstrated in a turbulent CH4−H2−NH3 diffusion flame using a
high-speed intensified CMOS camera. Analysis of the complementary Rayleigh scattering and CH and NO PLIF
enables identification and quantification of the high-temperature flame layers, the combustion product zones, and
the fuel-jet core. Considerations for extension to simultaneous, 10-kHz-rate acquisition are discussed. © 2020

Optical Society of America

https://doi.org/10.1364/AO.406237

1. INTRODUCTION

Turbulent combustion processes are fundamental to many
engineering applications, including aerospace propulsion
systems, home heating furnaces, and industrial boilers [1].
In these reacting flows, the spatial and temporal evolution of
flame species impact combustion stability and efficiency and are
highly dependent on complex fluid–flame interactions. These
spatiotemporal interactions, along with the fuel compositional
effects, can lead to elevated production of harmful pollutant
emissions including carbon monoxide (CO), formaldehyde
(CH2O), polycyclic aromatic hydrocarbons (PAH), nitric
oxides (NOX ), and soot [2]. Nitric oxide (NO) is of particular
importance in the combustion of biomass-derived fuels where
fuel-born nitrogen, trace amounts (1–3%) of ammonia (NH3),

and hydrocarbon radicals can result in NO levels nearing 3000
parts per million (ppm), well outside the established environ-
mental limits [3,4]. Specifically, the presence of methylidyne
(CH) can play a significant role in the prompt formation of NO
via the Fenimore Mechanism [5]. To understand the impact of
prompt NO formation in the combustion of biomass-derived
fuels, Li studied CH and NO production in non-premixed, lam-
inar combustion of syngas mixtures using planar laser-induced
fluorescence (PLIF) [4]. The quantification of the NO PLIF
signals enabled comparisons with established chemical mecha-
nisms in laminar flames where the measurement rate of 10 Hz
was sufficient to capture fluid–flame interactions. However,
the spatiotemporal investigation of CH and NO formation in
turbulent flames relevant to NH3 and biomass-derived fuels
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requires PLIF imaging at rates in excess of 1 kHz to capture
the relevant fluid time scales [3]. Until recently, the absence of
high-energy, high-repetition-rate sources and detectors have
severely limited the application of PLIF imaging of minor
species (i.e., NO, CH) for capturing transient phenomena in
the turbulent combusting flows.

Over the past two decades, the development of high-energy,
high-repetition-rate laser systems has enabled the extension of
many fundamental spectroscopic techniques (PLIF, Rayleigh
scattering, Raman scattering) to kHz and even MHz repetition
rates [6]. These high-speed systems can be grouped into three
broad categories: continuous diode-pumped solid-state (DPSS)
lasers, clustered multichannel laser systems, and burst-mode
lasers. Wavelength conversion and tuning with kHz-rate DPSS
lasers is typically limited to high-speed dye lasers, due to low
visible and UV pulse energies. Even so, numerous combustion
diagnostics have been employed, including OH PLIF at rates up
to 50 kHz [7,8], velocity and formaldehyde imaging [9,10], and
CH PLIF at 10 kHz using C-X excitation near 315 nm, which
can also be used for OH PLIF in a so-called two-color scheme
[11]. Lee et al . targeted NO production in flames and flows in
which NO/N2 mixtures could be seeded into the flow [12].

Clustered multichannel Nd:YAG laser systems provide
>100 mJ at UV wavelengths (355 nm) and rates above 10 kHz,
but these are limited to 4 to 8 pulses before further scaling
becomes impractical. These systems have sufficient pulse energy
for pumping solid-state optical parametric oscillators (OPO),
which do not suffer from saturation and limitations in repeti-
tion rate common to dye lasers. Previous work has focused on
OH and CH PLIF at 10 kHz [13–15]. Burst-mode Nd:YAG
lasers can achieve similarly high energies with longer duration
pulse trains using flashlamp-pumped (bursts up to 10 ms) [16]
or diode-pumped amplifiers (bursts up to 100 ms) [17,18].
Burst-mode systems have been used to generate 1–10 mJ/pulse
at UV wavelengths using OPO devices at 10 kHz or higher. The
combination of a high pulse repetition rate and an extended
burst duration yields sequences with 100–10,000 individual
pulses, sufficient for statistical analysis of transient events [19].
This architecture has been used for kHz–MHz PLIF of NO
[20], OH [21], CH [22], and CH2O [17,23].

Nearly all of these high-speed systems rely on additional
wavelength-generation schemes to produce UV laser light for
laser-induced fluorescence imaging. OPO devices have found
great use with clustered and burst-mode systems, where pulse
energy is high and repetition rates can reach 100 kHz–MHz
rates. Under these conditions, dye lasers are limited by satura-
tion of the dye and are typically not efficient, although recent
work has demonstrated the potential of burst-mode dye-laser
systems for kHz-rate PLIF imaging [24]. The burst-mode
pumping of a dye laser at 7.5 kHz over 75 pulses was demon-
strated with an input of up to 100 mJ per pulse at 532 nm,
producing 15 mJ per pulse at 566 nm and 2.2 mJ per pulse at
283 nm after second harmonic generation. However, at a pump
rate of 20 kHz, a pump energy of 27 mJ at 532 nm led to dye
saturation and limited the 566 nm pulse energy to 4 mJ. An
additional advantage of OPO devices is narrow-bandwidth
output (<0.01 cm−1), when employing injection seeding
with external cavity diode lasers. For this reason, OPO devices

have found considerable application in high-resolution spec-
troscopy using Q-switched 10-Hz sources in addition to the
aforementioned high-repetition-rate sources.

In addition to high-speed, spatially resolved imaging, simul-
taneous multi-species and multi-parameter measurements
(e.g., species and temperature) are needed to support model-
ing efforts. In flames with biomass-derived fuels, for example,
important temperature-dependent chemical pathways for NO
formation from fuel-bound nitrogen atoms in the presence of
ammonia are of interest [3], along with the effects of CH on
prompt NO formation in hydrocarbon flames. Multi-species
measurements have been performed in standard flames using
independent measurements under identical conditions, as well
as using multiple laser systems for simultaneous measurement
of up to three parameters, including velocity and species such
as OH, formaldehyde or hydrocarbon fuels [9,25]. The former
approach does not capture the transient physicochemical inter-
actions of interest, while the latter requires multiple burst-mode
lasers or highly specialized sources, such as a “three-legged”
burst-mode laser system [26]. Alternatively, tunable devices that
provide laser radiation at multiple wavelengths for electronic
excitation of multiple combustion species and parameters such
as temperature using a single high-speed laser pump source can
be devised.

In this paper, we describe and characterize a single OPO with
external second harmonic generation (SHG) for simultaneously
tunable laser radiation at 430 nm for CH PLIF and Rayleigh
scattering and 215 nm for NO PLIF using a single, multimode,
Nd:YAG laser cluster as a pump source. For simplicity, we will
refer to the scheme as CH–NO PLIF. While this pump-laser
architecture has been demonstrated previously for CH PLIF
at rates of 10 kHz by the co-authors [13], this work focuses on
the characterization of the dual-wavelength OPO source and
the potential for single-shot multi-parameter imaging. A par-
ticular advantage of the OPO system is the compatibility of the
wavelength generation scheme with either narrow-bandwidth
or multi-mode pump sources, typical of burst-mode or clustered
laser systems, respectively. Additionally, the OPO architecture
applied here has previously been used with burst-mode lasers at
rates of 10–1000 kHz. A key challenge, however, is limited pulse
energy in UV wavelengths. Hence, it is of interest if reasonably
high signal levels can be achieved using high-speed intensified
camera technology for measurements of various parameters of
interest using CH–NO PLIF and Rayleigh scattering with a
single laser source.

2. EXPERIMENTAL DETAILS

A. Optical Parametric Oscillator and Second
Harmonic Generation

Adapting an OPO design described in previous publications
by the authors [13,14], the current work focuses on the simul-
taneous generation of near-UV/UV wavelengths that are
optimal for exciting CH–NO PLIF with sufficient energy to
yield quantitative measurements of multiple flame parame-
ters. Briefly, a clustered Q-switched Nd:YAG laser with pulse
width of 8 ns, pulse energy as high as 225 mJ at 355 nm, and
inter-pulse spacing of 100 µs was used to pump an OPO as
shown in Fig. 1(a). The OPO consists of two BBO crystals
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Fig. 1. (a) Optical parametric oscillator and experimental setup. Beam propagation is clockwise in the OPO ring cavity. BBO: β-barium borate
crystal; HR: high reflector; OC: output coupler; BD: beam dump; SL1: 200-mm spherical lens; SHG: second harmonic generation; SL2: 500-mm
spherical lens; IRO: intensifier; HS: high-speed camera. (b) Conversion efficiency to signal at 430 nm and the SHG output at 215 nm. The trend is
identified using a logistics function.

(θcut = 35◦) rotated for walk-off compensation, housed in a ring
cavity with a 40% output coupler. The signal output is tunable
from ∼424−432 nm by counter-rotation of the BBO crystals,
achieving a nearly uniform spectral bandwidth of∼9 cm−1. In
this work, the OPO signal is frequency doubled using a third
BBO crystal (θcut = 70◦) located outside the OPO cavity. The
SHG process produces ∼215-nm radiation (ω2) with residual
fundamental radiation near 430 nm (ω1). To increase the SHG
efficiency, the OPO signal beam was focused using a 200-mm
spherical lens with the SHG crystal placed within 1 cm of the
focal point. The UV and near-UV beams propagate collinearly
and are directed into the flame using a series of right-angled,
fused silica prisms with broadband UV anti-reflection coatings.
The 200-mm spherical lens, used to increase the SHG efficiency,
was rotated to produce a vertically elongated, divergent beam
and allowed to expand after the SHG crystal. The beam was
focused into a thin sheet using a 500-mm spherical lens, and
the low intensity wings of the beam were blocked to produce a
relatively uniform 25-mm-tall laser sheet in the flame, as shown
in Fig. 1(a).

The measured conversion efficiency of the OPO and SHG
processes are given in Fig. 1(b) as a function of pump energy at
355 nm. The conversion efficiency is defined as the ratio of the
pulse energy at 430 nm or 215 nm to the input pulse energy at
355 nm and thus represents the total efficiency of conversion
to each output wavelength. The individual energies were mea-
sured by inserting a Pellin–Broca prism into the beam path to
separate the two output wavelengths. Similar to previous results
[14], the single-pass OPO produces up to 4.3 mJ at 430 nm,
representing a conversion efficiency of 7.3%. The spectral
bandwidth of the signal was measured to be 7.6 cm−1, within
the range of previous non-seeded, multimode pumped OPO
sources (8.2± 1.4 cm−1) [14]. When double-passing the pump
pulse, the OPO signal is increased to 5.6 mJ for a conversion
efficiency of 9.6%. At this output energy, the SHG produces
225µJ at 215 nm, with an SHG efficiency of∼3.8% and overall
conversion efficiency of∼0.35% from the 355-nm pump beam.
The SHG conversion efficiency is low and can be increased by
focusing the beam into the crystal to increase energy density;
however, the benefit is limited by damage to the crystal and the
acceptance angle/bandwidth of the crystal. The pulse energies
represented in Fig. 1(b) include losses from reflections off the
200-mm lens used to focus the signal beam. The multi-pass
pump configuration has been used in prior work to increase the

OPO efficiency, but this reduces the signal beam quality when
forming the laser sheet. As such, measurements in this work
were conducted with the OPO in single-pass mode at reduced
pump energy to avoid damage to the crystal coatings. For all
the conditions in this paper, the pulse energies of ∼2.5 mJ at
430 nm and ∼200 µJ at 215 nm were measured at the flame
location. These values are disproportionally lower than the
measured OPO output values as a result of differences in the
anti-reflective coatings of the sheet-forming optics.

B. PLIF Imaging System

CH–NO PLIF and Rayleigh scattering signals were detected
using a high-speed CMOS camera (Photron, SA5) coupled to
a high-speed dual-stage intensifier (LaVision, HS-IRO) [14].
A 45.5-mm F/1.8 UV lens (Sodern, Cerco 2073) was used
to image the signal, along with two 8-mm extension rings for
increasing spatial resolution with no pixel binning. The lens
allowed greater than 10% transmission from 230 nm to 675 nm
with a peak transmission of 93%. For detection of NO PLIF, a
UG11 color-glass filter was used with a greater than 5% trans-
mission from 250–395 nm and a peak transmission of ∼80%.
This ensured sufficient suppression of elastic laser scattering
at 215 nm and 430 nm, as well as CH fluorescence around
431 nm. For the detection of CH PLIF and Rayleigh scattering,
a GG400 color-glass filter was used with a greater than 50%
transmission above 400 nm and a peak transmission of∼90%.
This ensured sufficient suppression of elastic scatter at 215 nm
and NO fluorescence that occurs below 395 nm. As discussed
in our previous publication, this filter does not eliminate elastic
scatter at 430 nm such that Rayleigh scattering is present in the
images [14]. In this case, care was taken to avoid saturation of
the detector and intensifier resulting from scatter off surfaces
and large particles. Additionally, discrimination of the Rayleigh
scattering and CH PLIF signals required the subtraction of the
“off-resonant” images where Rayleigh scatter was present, but
the excitation wavelength was selected to avoid CH absorption.

Typically, simultaneous PLIF imaging requires a separate
camera for each species to optimize detection. In this work, only
one camera/intensifier combination was used to acquire both
the Rayleigh scatter and CH–NO PLIF signals in a premixed
laminar flame. No spectral filtering was used for this purpose,
with signals integrated from 230 to 675 nm, including NO
PLIF, Rayleigh scatter at 430 nm, CH PLIF, and background
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flame emission. As a result, identification of the individual
structures associated with each signal required interpretation
based on known flame structure and combustion chemistry.
This was performed in a similar manner to other “two-color”
schemes such as CH–OH PLIF [11]. While this demonstrated
the feasibility of simultaneous imaging, characterization of
the dual-wavelength CH–NO PLIF and Rayleigh scattering
approach was performed with independent acquisition of the
signals. In this case, both wavelengths were generated simulta-
neously and were absorbed in the flame, but either the GG400
or UG11 filter were used with the single camera/intensifier to
limit fluorescence detection to Rayleigh scatter and CH PLIF or
NO PLIF, respectively. This allowed optimization of the PLIF
signals, separation of Rayleigh scatter and CH PLIF at 430 nm,
and proper selection of the OPO signal to meet CH–NO PLIF
detection requirements.

C. Laminar Premixed and Turbulent Diffusion Flames

Two types of flames were utilized in this work, with specific
emphasis placed on NH3 seeding relevant to biomass-derived
fuels. Both flames were stabilized over a jet burner with a 2-mm-
diameter round orifice surrounded by an axisymmetric co-flow
of air. A laminar premixed CH4−H2−NH3–air flame with
varying levels of CH4 and NH3 was used for characterization of
the simultaneous CH–NO PLIF approach. The fuel mixture
was composed of 55% H2 by volume with a balance ranging
from 45–10% NH3 and 0–35% CH4, respectively. The fuel was
premixed with air to an equivalence ratio of 1.4 and Reynolds
number of ∼1090. The laminar flame is comparable to that
used in our previous work (Ref. [14], Fig. 7), where the CH4 has
been partially or fully replaced with NH3 while maintaining the
same equivalence ratio. The amount of CH4 was chosen to vary
CH and NO production for characterization purposes. This
flame was chosen for its well-defined flame structure and high
levels of CH and NO and enabled evaluation of the PLIF and
Rayleigh scattering approach.

A turbulent non-premixed diffusion flame was used to
demonstrate single-shot PLIF imaging of CH and NO along
with Rayleigh scattering at 430 nm. The fuel mixture was com-
prised of 2.2% NH3, 7.9% H2, and 89.9% CH4 by volume
with a total flow rate of 12.7 SLPM resulting in a jet Reynolds
number of ∼7570. An air co-flow of 1.35 SLPM was pro-
vided. This flame is comparable to our previous work (Ref.
[14], Fig. 11c) with 4% CH4 replacement to achieve 2.2%
NH3 seeding, indicative of biomass derived synthetic gases [4].
Hydrogen was added to decrease the formation of polycyclic
aromatic hydrocarbons (PAH) that are broadband absorb-
ers and obscure the thin CH layer [27]. Calculations using a
computational fluid dynamics with chemistry (CFDC) code
known as UNICORN (UNsteady Ignition and Combustion
with ReactioNs, Innovative Scientific Solutions, Inc.), indi-
cate that NO concentrations in the NH3-seeded flames are
∼1000−2000 ppm [4].

3. SELECTION OF EXCITATION WAVELENGTHS

For simultaneous CH and NO PLIF, an excitation wavelength
must be chosen which provides sufficient CH PLIF signal near
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Fig. 2. (a) Visual image of laminar, premixed CH4−H2−NH3–
air flame. The white box indicates the region of interrogation for
(b) Rayleigh scattering and CH PLIF and (c) NO PLIF. Images are
acquired from a single laser shot. (d) OPO signal at 430.7 nm overlaid
with excitation scan over the NO (top axis) and CH (bottom axis)
absorption profiles compared with LIFBASE simulations [28]. The
NO absorption spectrum was modeled at 1750 K and an instrument
function of 7.9 cm−1. Experimental measurements (open symbols,
right axis) are corrected for intensifier gain, averaged over 100 images,
and bars represent the measured noise-to-signal ratios.

430 nm and, simultaneously, NO PLIF signal with excitation
near 215 nm. Additionally, the resonant Rayleigh scatter from
the combustion gases must be balanced with the CH PLIF sig-
nal, as both are acquired in the same image. The physics-based,
empirically driven selection of the wavelength was performed
using CH and NO PLIF signals and Rayleigh scattering in the
laminar CH4−H2−NH3–air flame discussed previously and
shown in Fig. 2(a). The cone-like structure of the thin flame
layer is clearly visible, surrounded by a hot product region. The
white dashed box represents the region interrogated with CH
and NO PLIF.

A. Spectroscopic Considerations for NO and CH PLIF
and Rayleigh Scattering

NO PLIF imaging has been used extensively in combustion
and high-speed flow systems to understand pollutant forma-
tion, chemical kinetics, and turbulent mixing [3,5,20]. For
these applications, the A-X (0,0) vibrational band at 226 nm
is commonly used, as it is easily accessible using commercial
off-the-shelf dye laser technology. However, in this work, the
A-X (1,0) band near 215 nm was utilized, with fluorescence
occurring primarily from 220–350 nm [28]. The UV lens used
in this work is opaque below 230 nm, acting as a filter for elastic
scatter and resonant fluorescence, while the UG11 filter acts as
a band pass to eliminate Rayleigh scattering and CH PLIF at
430 nm. The NO fluorescence is integrated over the region of
250–395 nm, limited primarily by the UG11 filter and UV lens
transmission.
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CH PLIF imaging has been used to mark the primary reac-
tion zone in hydrocarbon flames and study combustion stability
[29,30]. In most cases, excitation of the B-X (0,0) vibrational
band is used with fluorescence detection from 422–435 nm,
allowing filtering of elastic scatter at the excitation wavelength
[29]. Recently the C-X (0,0) transition at 315 nm has also been
used because of its overlap with OH A-X (0,0) transitions [11].
As in our prior work [14], here we utilize the CH A-X (0,0) band
at 430 nm for excitation with resonant detection of fluorescence.
As a result, other resonant scattering processes may also be inte-
grated along with the CH PLIF signal, including Rayleigh and
Mie scattering. Proper spectral filtering can remove Rayleigh
scattering from the surrounding cold air and elastic Mie scatter-
ing from particles while maintaining sufficient CH PLIF above
431 nm. However, for unconfined flames and clean gas flows
Mie scattering from surfaces or particles is rare, and Rayleigh
scattering can be used to identify hot product regions that are
spatially distinct from the thin, high-temperature flame layers
[14]. For this reason, a GG400 long-pass filter is used in the
current work to suppress contributions from the NO PLIF
signal, while integrating Rayleigh scattering and resonant CH
fluorescence from 420–440 nm.

Rayleigh scattering from molecular species can be used to
quantify the density and temperature of combustion processes if
the composition is known. Significant work has focused on the
measurement of differential Rayleigh scattering cross sections of
combustion-relevant species as a function of temperature and
scattering wavelength [31]. If the composition of a gas-phase
sample is known, the relative Rayleigh cross section can be
estimated as a function of scattering wavelength and number
density. Assuming an ideal gas equation of state, Rayleigh scat-
tering can then be related to the temperature of the gas sample.
When coupled with recent advances in high-energy, high-
repetition-rate laser sources, these measurements can enable
planar temperature measurements in “canonical” turbulent dif-
fusion flames, often with strict compositional requirements that
produce uniform scattering cross sections in both the reactants
and the burned products [32]. Rayleigh scattering at 430 nm
benefits from increased scattering relative to 532 nm, which
is commonly used in Rayleigh thermometry, while avoiding
depolarization issues encountered with UV wavelengths. In
addition, the quantum efficiency of the high-speed intensifier
used in this work is also∼5% higher at 430 nm than at 532 nm.
Hence, while the per-pulse energy at 430 nm (<5 mJ) is sig-
nificantly lower than at 532 nm (∼500 mJ), it is feasible to
detect Rayleigh scattering as a by-product of the illumination
system. However, this requires the use of an intensified camera.
Here, the composition was not made to conform to uniform
Rayleigh cross-sectional requirements, and the product species
composition is not known at each point in space and time. As
such, the differential Rayleigh cross sections of the co-flow air,
fuel, and combustion products can vary by a factor of∼2 in the
CH4−H2−NH3 diffusion flame, and only qualitative temper-
ature information can be extracted from the Rayleigh scattering
at 430 nm.

B. OPO Signal Wavelength Selection Criteria

Because the NO and CH PLIF excitation wavelengths are
derived from the same source, judicious selection of the OPO
signal wavelength is required to optimize simultaneous CH–
NO PLIF signal generation and, to a lesser extent, Rayleigh
scattering. The selection criteria for the OPO signal wavelength
can be categorized as follows: available pulse energy, interference
from scattering and broadband absorbers, and the strength of
the fluorescence signal. A full treatment of CH and NO PLIF,
including quenching and reabsorption, and Rayleigh scatter-
ing is beyond the scope of this work. However, an empirical
investigation of the relative CH and NO PLIF intensity and
Rayleigh scattering is used to guide selection of the OPO signal
wavelength.

First, the recorded fluorescence signal and Rayleigh scattering
is directly related to the laser pulse energy per spectral element
at a given wavelength. The available pulse energy is 2.5 mJ at
430 nm and 225 µJ at 215 nm. Within the relevant wavelength
ranges for CH and NO PLIF, 420–440 nm and 211–216 nm,
respectively, the OPO conversion efficiency and bandwidth are
nearly uniform [14]. As a result, the second harmonic conver-
sion efficiency is also uniform across the range and there is no
significant advantage to a specific wavelength on the basis of
pulse energy. While injection seeding of the OPO provides a
significant increase in signal conversion efficiency (up to 12%)
and narrows the bandwidth by a factor of 2 (∼4.4 cm−1) [14], a
suitable tunable seed laser was not available over the wavelength
range required for this work.

Second, interference in the fluorescence image can originate
from elastic scattering of the particles (Mie scattering), while
fluorescence from fuel (NH3) and products (PAH) can yield
interfering fluorescence signals within the same wavelength
range. The former produce spatially localized “hot spots” in the
image, which can be difficult to remove in post-processing and
can, potentially, damage sensitive imaging systems. The latter
results in spatially broad, background signals that can interfere
with interpretation of the PLIF signal. Elastic scattering at
215 nm was blocked by the UV lens which exhibits 0% trans-
mission below 220 nm. At 430 nm, both Rayleigh scattering
and Mie scattering are transmitted by the optical system. Care
was taken to eliminate particulates in the fuel jet and co-flow
air, to minimize scattering from the burner surface, and to min-
imize secondary reflections. Specifically, filtered compressed
gases were used for all fuels and air co-flow, data was collected
∼10 mm above the burner surface to minimize scattering, and
non-combusting flow background images were subtracted from
all PLIF images. Only Rayleigh scattering from the 430-nm
wavelength is visible in the CH PLIF images (outside the hot
product region and within the cooler core of the flame) and
can be spatially discriminated from the thin CH PLIF layers, as
shown in Fig. 2(b). In contrast, the NO PLIF signal broadly fills
the product region of the flame as shown in Fig. 2(c). Figure 2(b)
was collected with the 215-nm signal blocked, while Fig. 2(c)
captured Rayleigh scattering (RS), CH PLIF, and NO PLIF. The
NO PLIF signal is extracted by subtracting the RS/CH PLIF
image. Variations in the PLIF signal resulting from the non-
uniform beam profile were corrected using Rayleigh scattering
from the cold ambient air in the 430-nm image. Because the
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430-nm and 215-nm sheet profiles were qualitatively similar,
the 430-nm beam profile was applied to both sets of images as a
first order correction.

In addition to NO, NH3 exhibits significant absorption in
the UV region [33]. Because the fuel consisted of up to 45%
NH3 by volume, a wavelength scan of the NO absorption
profile was obtained in the products of the laminar flame with
fuel comprised of only H2 and NH3. This case was chosen
as the NH3 volume fraction was at its highest, and potential
interference would be maximized. The laser wavelength was
scanned by angle tuning the BBO crystals in the OPO, and the
PLIF signal was recorded as a function of excitation wavelength.
Only the 215-nm beam was transmitted to the flame for this
measurement (using a Pellin Broca prism for separation). The
spectrally integrated PLIF signal was averaged over a nearly
uniform region∼2.5 mm outside the jet core, corrected for the
intensifier gain, and normalized by the average pulse energy. For
comparison, the “gain free” PLIF signal, INorm,0 (counts/J) was
calculated as

INorm,0 =
IMeas

EP exp(bG)
,

where IMeas is the measured average PLIF counts, E P is the pulse
energy in J, b is an intensifier constant, and G is the intensifier
gain. For NO PLIF, the intensifier constant was measured as
b = 0.161 Gain−1. The gain-free PLIF signal allows direct
comparison of CH and NO signals corrected for differences in
the intensifier response and pulse energy between 430 nm and
215 nm. The gain-free NO PLIF signal is given as a function
of wavelength in Fig. 2(d), along with a simulated NO absorp-
tion spectrum. For empirical comparison with the CH PLIF
signal, the integrated NO PLIF signal is given as the product
of the gain-free, normalized PLIF signal and the 215-nm pulse
energy, INorm,0 × E P , in counts. The error bars in the exper-
imental data represent the noise-to-signal ratio of NO PLIF
signal measured in the laminar flame. The measured NO PLIF
data agrees well with the simulated NO absorption spectrum
from LIFBASE [28]. In general, integrated fluorescence arising
from excitation at a specific wavelength is linearly related to the
molecular absorption at that wavelength. This implies that the
PLIF signal recorded with a 215-nm excitation originates from
NO molecules and not fuel-bound NH3. Additionally, no PLIF
signal is observed in the jet core in Fig. 2(c), further confirming
the signal does not originate from NH3.

Third, the strength of the fluorescence signal between NO
and CH must be considered when choosing an OPO signal
wavelength. CH PLIF signal was acquired in the thin flame layer
and presented as “gain-free” counts in Fig. 2(d), following the
same procedure as that performed for NO PLIF. The simulated
absorption profile of CH is given as a function of wavelength
in Fig. 2(d). The CH profile is simulated using LIFBASE at
2000 K, corresponding roughly to the expected flame tem-
perature, while the NO absorption was simulated at 1750 K,
corresponding roughly to the expected product temperature [4].
The simulated absorption is normalized to the peak intensity in
the relevant wavelength range and scaled to match the measured
NO or CH PLIF signal. This is done to aid in comparison of
the simulated absorption spectra and integrated PLIF signal.
The signal wavelength region from 429 nm to 431.5 nm is

particularly interesting due to the significant overlap of the
CH and frequency-doubled NO absorption profiles. Although
not shown in the Fig. 2(d), NH3 and CH2O exhibit no signifi-
cant absorption features in this region as discussed previously
[33,34].

For the purposes of this work, the spatially and spectrally
integrated PLIF signal from CH and NO was used to empiri-
cally compare the excitation and detection system performance
and provide informed selection of the OPO signal wavelength.
To compare the system performance as a function of the OPO
signal wavelength, both CH and NO integrated PLIF signals
were acquired as a function of excitation wavelength. For NO,
the excitation wavelength was scanned in steps of 0.5 nm from
212.5 nm to 216 nm along with 214.7 nm. The PLIF signal was
measured in the products region and integrated from 220 nm
to 395 nm based on the transmission of the UV lens and UG11
color-glass filter. The “gain-free” integrated signal was scaled
by the pulse energy at ∼215 nm, corrected for the intensifier
response (bNO = 0.161 Gain−1), and shown with error bars
representing the noise-to-signal ratio in Fig. 2(d). For CH,
excitation wavelengths of 429.6 nm, 430.7 nm, 431.14 nm,
and 432.2 nm were investigated. PLIF was measured along the
thin flame layer and integrated from 430 nm to 500 nm based
on the transmission of the UV lens and GG400 color-glass
filter. Rayleigh scattering did not contribute significantly to the
signal in the CH layers (<20%), confirmed by comparison to
off-resonant images at 432.2 nm. The “gain-free” integrated
signal was scaled by the pulse energy at∼430 nm, corrected for
the intensifier response (bCH = 0.184 Gain−1) [14], and shown
with error bars representing the noise-to-signal ratio in Fig. 2(d).

C. OPO Signal Wavelength Evaluation and Selection

An appropriate OPO signal wavelength is selected by compar-
ing the relative “gain-free” PLIF intensity, UV and near-UV
pulse energy, and interferences as a function of wavelength as
shown in Fig. 2(d). Generally, the “gain-free” NO PLIF signal
shows higher intensity than the CH PLIF signal, even though
the pulse energy available at 430 nm is ∼9× larger than at
215 nm. Notably, for OPO signal from 429.5 nm to 431.5 nm
the corresponding NO PLIF signal decreases with increasing
wavelength, while the CH PLIF signal increases with increasing
wavelength. This range is particularly important as it is near the
absorption peak for each species. By considering the sum of the
CH and NO absorption profiles, scaled according to achievable
PLIF intensity with the current system, three potential OPO
signal wavelengths are identified: 429.8 nm, 430.7 nm, and
430.9 nm. In addition to the sum of CH and NO PLIF, which
is indicative of the total signal intensity, two other metrics can
be considered for evaluation of the OPO signal wavelength.
First, the NO-to-CH ratio indicates the balance of the NO and
CH signals. Second, the uniformity of the sum of the NO and
CH signals (NO + CH) as a function of excitation wavelength
indicates insensitivity of the total PLIF signal to changes in the
excitation wavelength, which eases the precision required for
efficient excitation. The evaluated metrics are given for all three
wavelengths in Table 1. At 430.7 nm, the total signal level is
only 10% lower than the peak at 429.8 nm, however, the ratio
of NO/CH “gain-free” PLIF intensity is 50% that at 429.8 nm.
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Table 1. Comparison of Optimal OPO Signal
Wavelengths

OPO Signal
(nm)

NO+CH
(Norm.)

NO/CH
(Rel.)

Uniform Band
(nm)

429.8 1 6.21 0.11
430.7 0.89 3.00 0.39
430.9 0.59 0.92 0.16

Therefore, excitation at 430.7 nm and 215.35 nm produces
large relative PLIF signals that are reasonably balanced and thus
similar intensifier and imager settings can be used to acquire
both signals simultaneously. Additionally, the greater uniform-
ity of the NO + CH integrated signal as a function of wavelength
and the near constant NO/CH ratio around 430.7 nm reduces
sensitivity to small variations in the OPO signal wavelength.
In general, a 430.9-nm excitation provides insufficient signal
even though the NO and CH PLIF signals are well balanced.
As a result, 430.7 nm was selected as the optimal OPO signal
wavelength for the current work. The CH and NO PLIF images
in Figs. 2(b) and 2(c) were acquired with an OPO signal of
430.7 nm and intensifier gains of 60% and 70%, respectively,
and show sufficient signal levels, spatial resolution, and noise
figures to enable semi-quantitative analysis of flame features.
This is particularly important in turbulent diffusion flames
where single-shot imaging is required, as will be discussed in
Section 4.

For the specific system optimization in this work, corrections
applied for calculation of absolute PLIF intensity were not
required to enable the selection of the OPO signal and, there-
fore, the CH and NO PLIF excitation wavelengths. However,
future work could extend this analysis to general systems by
considering corrections for quenching, reabsorption of fluo-
rescence, and differences in transmission of the filters and UV
lens. Additionally, the wavelength selection in this work was
optimized based on the NO concentrations present in NH3-
seeded flames. Combustion processes with lower levels of NO
may benefit from an OPO signal wavelength of 429.8 nm, closer
to the NO absorption peak.

4. DEMONSTRATION OF SINGLE-SHOT CH–NO
PLIF AND RAYLEIGH SCATTERING IN A
TURBULENT DIFFUSION FLAME

A. Flame Details and Image Quality

A series of single-shot NO and CH PLIF images were acquired
in a CH4−H2−NH3 diffusion flame with Reynolds Number
of 7570 to demonstrate the utility of the diagnostic system
for semiquantitative measurements of flame properties. A
visual time-averaged image of the flame is shown in Fig. 3(a).
The outer edge of the flame layer can be clearly identified and
exhibits linear growth as a function of height above the surface,
in line with self-similar solutions at stoichiometric conditions
[35]. When fit with a linear function, the flame half width,
WF (y ), can be described as

WF (y )= 0.114y + 1.01[mm],

Fig. 3. (a) Visual image of the turbulent, non-premixed
CH4−H2−NH3 diffusion flame. The white box indicates the region
of interrogation for (b) CH PLIF and (c) NO PLIF images. Color scal-
ing is (b) reversed between images and (c) to enhance visual contrast.
Rayleigh scattering from the ambient co-flow air and low-temperature
fuel core is visible in the CH image.

where y is the height above the surface in mm. The flame has
a half width of 1.01 mm at the burner surface, a half angle of
6.48◦, and exhibits a virtual origin, a , equal to−8.88 mm. The
burner orifice has a radius of 1 mm. The white dashed box in
Fig. 3(a) represents the interrogation region for NO and CH
PLIF.

Two representative, independently acquired PLIF images of
CH and NO are shown in Figs. 3(b) and 3(c), respectively. Each
image was acquired under identical conditions using the same
laser system and camera/intensifier combination described in
the previous sections. For CH PLIF, the GG400 filter was used
to block signal from NO PLIF. In this case, the intensifier gain
could not be increased beyond 65% because of the presence of
elastic scattering in the images. Rayleigh scattering at 430.7 nm
from the ambient air co-flow and low-temperature jet core are
visible in the image. For NO PLIF, a UG11 spectral filter was
used to block Rayleigh scattering at 430.7 nm and the CH PLIF
signal. The image exposure times of 150 ns were used for both
images, although intensifier gain was increased to 85% for the
NO PLIF image. The intensifier level for NO PLIF was higher
than that used in the laminar diffusion flame to compensate for
the lower NO levels and transmission losses associated with the
UG11 filter. Although the NO PLIF signal in the current work
is sufficient for the use of high-speed intensified cameras for
image collection, the NO concentration in the flame products
can reach 2000 ppm in these flames [4]. Using the intensifier
response and assuming constant excitation energy, the same
relative intensified NO PLIF signal could be collected at 100%
intensifier gain for an NO concentration of∼200 ppm. This is
similar to NO concentrations measured for the combustion of
fuels without NH3 (100–1000 ppm) [1]. However, the image
noise of the intensifier increases exponentially with intensifier
gain thus potentially limiting its utility for PLIF imaging above
∼90% gain and limiting detection levels to∼1000 ppm.

The peak PLIF signal to background noise ratio (SNR) was
calculated for each image. The CH PLIF image exhibits an
SNR of ∼105 : 1 in the thin flame layers while the NO PLIF
image has an SNR of ∼33 : 1. This SNR is a useful indicator
of the ability to identify flame layers from background in noisy
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data. Clearly, this is applicable to the CH PLIF image, as is
evident from the image itself, but the NO PLIF image would
be better characterized by the peak PLIF signal to PLIF signal-
to-noise ratio (PSNR), since the NO layers are broad. Within
the broad NO PLIF region, the PSNR is ∼3 : 1. This implies
that although the NO PLIF layer is clearly distinguished from
the background signal, variations in the NO concentration can
only be identified within ±33%. In contrast, the CH PSNR
is ∼8 : 1, in line with prior published values [14]. The noise
features appear larger within the NO PLIF image and may origi-
nate from the increased intensifier gain used for the NO PLIF
image acquisition.

B. Identification of General Flame Structure

Qualitatively, the CH PLIF signal originates from the thin flame
region of the diffusion flame. The image quality is comparable
to previously published CH PLIF images [13,14], and several
breaks in the flame layer can be identified. The broad signal out-
side the flame layer is due primarily to Rayleigh scattering from
room temperature air since the images have been corrected for
background scattering. Additionally, the low-temperature core
of the fuel jet can be seen in the middle of the flame. In contrast,
the NO PLIF images exhibit broad, featureless layers, and the
signal exists primarily in the high-temperature products of the
diffusion flame. Although the images in Figs. 3(b) and 3(c) are
not recorded simultaneously, the high-temperature products
are observed in similar locations for both images, where the NO
appears primarily inside the diffusion flame layer. Additionally,
the NO PLIF image lacks a signal along the lower portion of the
flame centerline, roughly corresponding with the location of the
fuel jet observed in the CH PLIF image.

Quantitatively, analysis of the Rayleigh scattering at
430.7 nm, the CH PLIF signal, and the NO PLIF signal demon-
strate the complementary nature of the two-color CH–NO
PLIF technique and provide further support for identification
of specific flame structures. Radial profiles of Rayleigh scattering
and PLIF signals are shown for CH and NO in Fig. 4 at heights
of (a) 10 mm, (b) 12.5 mm, (c) 15 mm, (d) 20 mm, (e) 25 mm,
and (e) 30 mm above the burner surface. These profiles are
taken from the images in Figs. 3(b) and 3(c) and were selected
to highlight the various flame structures. Generally, the CH
PLIF signal and Rayleigh scattering is normalized to unity at the
radial extremes (±7.5 mm), since the images are corrected for
variations in the beam profile using the Rayleigh scattering from
the ambient air co-flow. In this case, the laser beam propagates
from positive to negative distances from centerline, consistent
with the slight decrease in signal observed on the negative half
of the abscissa. The NO PLIF signal is normalized to the maxi-
mum signal in the image. Near the burner surface, the CH layers
are clearly defined with broad Rayleigh scattering regions both
inside and outside of the flame layers, identified with a reduced
signal resulting from higher temperatures. The NO PLIF signal
mirrors the Rayleigh scatter signal, but is inverted, with a broad
radial distribution and small depression along the centerline.
As height above the burner surface is increased, the distance
between the CH layers increases while the features associated
with Rayleigh scattering are broadened. The NO PLIF signal
also broadens and the depression observed at y = 10 mm is no
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Fig. 4. CH PLIF and Rayleigh scatter at 430.7 nm (blue solid
line) and NO PLIF (black dashed line) at heights of (a) 10 mm,
(b) 12.5 mm, (c) 15 mm, (d) 20 mm, (e) 25 mm, and (f ) 30 mm
above the surface of the burner. The CH PLIF and Rayleigh scatter
are normalized to Rayleigh scattering from the air co-flow. The NO
PLIF is normalized to the peak signal in the image. Data are taken from
single-shot images.

longer evident. Although the profiles in Fig. 4 are from a single
set of images that were not acquired simultaneously and deviate
from the average image as a result of the turbulent flame charac-
teristics, the trends are consistent with all 200 images acquired
in the data sets.

C. Quantification of Specific Flame Structure

Quantitative analysis of flame properties requires the iden-
tification of specific flame structures including flame layers,
high-temperature products, and the fuel-jet core. The specific
definition of these features enables measurement across sets
of multiple images in a systematic way. Identification of these
features is shown in Fig. 5(a) for Rayleigh scattering and CH
PLIF and Fig. 5(b) for NO PLIF. The radial profiles shown were
acquired at a height of 10 mm above the surface of the burner,
for demonstration purposes. The high-temperature product
region is identified by the region of the reduced Rayleigh scatter-
ing signal, RSProd, owing to the elevated temperature and lower
density associated with those regions. The product region is fit
with a super-Gaussian function. The low-temperature jet core of
unburned fuel is identified by the increased Rayleigh scattering
signal along the centerline, RSCore, and is fit with a Gaussian
function. Although the relative signal of the core is equal to that
of the ambient air (∼1), the Rayleigh scattering cross section of
the fuel is∼2× that of air as a result of the high methane content
(89.9% by volume). This indicates that the temperature of the
core is ∼600 K, which is reasonable assuming some mixing
with products as evident in Fig. 3(c). The high-temperature CH
layers are fit using Gaussian functions.
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Fig. 5. (a) Identification of specific flame structures (combustion
products, flame layers, fuel-jet core) originating from the CH PLIF
and Rayleigh scatter and (b) from NO PLIF. Radial profiles were taken
10 mm above the burner surface from the CH and NO PLIF images
in Figs. 3(b) and 3(c), respectively. Data are taken from single-shot
images.

In Fig. 5(b), the high-temperature products region,
NOProd, is identified with the NO PLIF signal and fit with a
super Gaussian function. In this case, the order of the super
Gaussian (n = 3) is identical to that used to fit RSProd. The low-
temperature core, NOCore, is associated with the depression in
the NO signal along the centerline and fit with a Gaussian func-
tion. The total CH or NO PLIF signal can be reconstructed by
taking the sum of the individual features, as shown in Figs. 5(a)
and 5(b). This process was repeated on multiple image sets for
radial profiles from 10–30 mm above the burner surface with
steps of 2.5 mm. Using the fit parameters for the flame features
shown in Figs. 5(a) and 5(b), quantitative values are calculated
for the width of the flame layers, WCH, the high-temperature
product region, WRS,Prod, and fuel core, WRS,Core, based on
Rayleigh scattering. The average measurements of the param-
eter half width at half maximum (HWHM) are given in Fig. 6(a)
based on the CH PLIF image sets. For comparison, the average
measurements of the high-temperature product, WNO,Prod, and
the fuel jet, WNO,Core, HWHM are given in Fig. 6(b) based on
the NO PLIF image sets. The dashed lines provide a reference to
the burner orifice half width of 1 mm while the solid lines are the
measured flame width from the visual image in Fig. 3(a). Several
general trends are observed in the measured data.

First, the width of the fuel core is nearly equal to the orifice
size. At 20 mm above the burner surface, the fuel-jet signal
begins to dissipate. This reduction in radius most likely results
from increased mixing between the fuel and burned products
that dissipate and heat the jet, reducing the Rayleigh scattering
signal. Increased mixing with the products is directly observed
in the NO PLIF image where NO signal completely fills the
interior of the diffusion flame above 20 mm. It is, therefore, not
surprising that the fuel-jet half-width measurements from the
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Fig. 6. Quantitative measurements of the combustion product
zone half width, the flame layer half width, and fuel-jet half width from
(a) CH PLIF and Rayleigh scattering and (b) NO PLIF. The dashed
line indicates the burner orifice half width, and the solid line is the
measured flame half width from Fig. 3(a).

Rayleigh scattering and NO PLIF signal are nearly identical, as
shown in Fig. 6(b).

Second, the flame half width measured from the separation
of the CH flame layers is a nearly linear function of the height
above the burner and closely follows the flame width measured
from the visual image as shown with a solid line. When fit with
a linear function, the data yield a flame half width of 1.09 mm
at the burner surface, a half angle of 6.66◦, and a virtual origin
of −9.31 mm. These metrics, computed from the CH PLIF
and Rayleigh scatter images in Fig. 3(b), represent percent
differences of 7.7%, 4.8%, and 2.7%, respectively, from the
visual image measurements, and are indicative of the quantita-
tive nature of the flame measurements derived from the current
data sets.

Third, the region comprising the combustion products is
observed to be broader than the flame width with a nearly con-
stant offset of 1.14± 0.18 mm. This region exhibits a higher
temperature than the surrounding co-flow of air as indicated
by the reduction in Rayleigh scatter intensity. Although a full
treatment of the Rayleigh scattering cross section of the products
requires detailed knowledge of the chemical composition at each
point in space and time, the product composition was computed
using equilibrium chemistry, and the Rayleigh cross section was
estimated to be ∼10% higher than that of air [29]. If one
assumes the products are well mixed 25 mm above the surface
of the burner, a centerline temperature of 840 K is calculated
from the Rayleigh scattering signal with uncertainty bounds of
650–1220 K based on the signal-to-noise ratio. The half width
of the NO PLIF signal closely follows the Rayleigh scattering,
as shown in Fig. 6(b), indicating this region is dominated by
combustion products.

Quantitative comparisons of the CH and NO PLIF images
yield information on the internal structure of turbulent diffu-
sion flames, including the location of high-temperature flames
and combustion products, and the persistence of the internal
fuel core. Specifically, Rayleigh scattering at 430.7 nm and NO
PLIF signals were used to identify combustion product zones
and the low-temperature fuel core. Thus, the NO PLIF signal
resulting from 215.35-nm excitation provides corroborating
and complementary information to the Rayleigh scattering and
CH PLIF signals originating from the 430.7-nm excitation.
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5. SUMMARY AND EXTENSION TO KHZ-RATE
DIAGNOSTICS

An optical parametric oscillator with second harmonic gen-
eration has been developed, which simultaneously produces
sufficient laser light at 430.7 nm (2.5 mJ) and 215.35 nm
(225 µJ) for CH–NO PLIF and Rayleigh scattering in lam-
inar and turbulent diffusion flames with a mixture of fuels
containing CH4, H2, and, NH3. The CH A-X (0,0) and NO
A-X (1,0) bands were chosen based on their accessibility, and
appropriate spectral filters were applied to isolate NO PLIF, CH
PLIF, and Rayleigh scattering at 430.7 nm. An optimal OPO
signal wavelength was selected based on available pulse energies
at UV and near-UV wavelengths, interferences from elastic
scatter and broadband absorbers, and CH–NO PLIF intensity.
Three potential wavelengths were identified, with selection of
430.7 nm, and 215.35 nm via SHG, based on three quantitative
metrics relating the total signal level, the balance between CH
and NO PLIF, and sensitivity to changes in the wavelength. The
CH–NO PLIF and Rayleigh scattering approach and use of a
high-speed, intensified imaging system was demonstrated in a
turbulent, non-premixed diffusion flame. The image quality
was quantified with sufficient SNR and spatial resolution to
enable identification of general and specific flame structures.
The quantitative measurements of the product region, flame
layer, and fuel-jet half widths were achieved, demonstrating
the complementary nature of the CH–NO PLIF and Rayleigh
scattering approach.

Due to the limitations of using a single camera/intensifier
system in the current work, single-shot pure CH and NO PLIF
images were acquired independently. This prevented direct
comparison of the pure signals outside the statistical averages,
which were captured at different times in the turbulent dif-
fusion flame. However, each single-shot image was acquired
with appropriate spectral filters (GG400 or UG11) to sup-
press out-of-band signal. As such, simultaneous acquisition is
straightforward using a second high-speed camera/intensifier
system. In that case, one system could utilize a GG400 filter for
capturing CH PLIF and Rayleigh scattering, while the second
could utilize a UG11 filter for recording NO PLIF. Additionally,
the high-speed pumping of the OPO described in this work has
been demonstrated with sufficient signal for 10-kHz CH PLIF
using a high-speed camera/intensifier system [13]. Therefore,
extension of the current work to kHz rates is feasible with the
addition of a second high-speed detection system.
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