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Abstract
This study demonstrates advancement in a low-pulse energy methylidyne (CH) planar laser-induced fluorescence (PLIF) 
method that facilitates its application alongside flows seeded for particle image velocimetry (PIV) or other particle scatter-
ing based methods, as well as in high scattering environments. The C-X (0,0) R-branch excitation and filtered detection are 
carefully selected such that the laser line frequency is heavily attenuated by an edge filter while allowing transmission of 
most of the (0,0) band fluorescence. There are strong OH A-X (0,0) lines in the vicinity, but they can be avoided or utilized 
through dye laser tuning. As a demonstration of efficacy, PIV is performed simultaneously with the PLIF imaging. Using the 
edge filter, particle scattering signal is reduced to sub-fluorescence levels, allowing for flame-front analysis. This achievement 
enables flame-front tracking at high repetition rates (due to the low-pulse energy required) in combination with a scattering 
method such as PIV or use in high scattering environments such as enclosed combustors or near burner surfaces.

1  Introduction

Planar laser-induced fluorescence of combustion radicals 
for the purpose of flame observation is a well-established 
and non-invasive diagnostic. Imaging of the hydroxyl (OH) 
radical, paired with particle image velocimetry (PIV), is an 
effective technique, in large part due to the ability to filter 
out particle scattering signal while obtaining strong fluores-
cence using an OH A-X (1,0) excitation while detecting only 
the (0,0) and (1,1) fluorescence. The methylidyne (CH) radi-
cal is an excellent flame marker, because of its rapid produc-
tion and consumption on either side of the high-temperature 
reaction surfaces, and therefore good correlation with heat 
release [1], but low number density has limited CH PLIF 
applications. Still, simultaneous CH PLIF—employing B-X 
(0,0) excitation and A-X detection—and PIV has been dem-
onstrated as a tool to characterize flame-front topology with 
individual snapshots [2–5]. More recent efforts have sought 

to temporally resolve CH PLIF measurements using either 
an Alexandrite laser [6] or an optical parametric oscillator 
(OPO) pumped by a custom Nd:YAG burst laser [7, 8]. The 
combination of 10-kHz CH PLIF and PIV has now been 
implemented with the use of a diode-pumped solid-state 
(DPSS) Nd:YAG/dye laser system for CH radical excita-
tion [9], wherein the B-X/A-X excitation/detection scheme 
was employed, which required use of the frequency-tripled 
output of the Nd:YAG laser and a short-lived blue (exciton 
exalite) laser dye.

In 2014, Carter et al. demonstrated the efficacy of uti-
lizing the C-X (0,0) band for CH [10] and CH–OH PLIF 
[11]. This approach has advantages over contemporary 
excitation methods of greater Einstein coefficients and an 
excitation wavelength (λex = 310–320 nm) accessible to 
frequency-doubled dye lasers using efficient and long-lived 
red dyes. Aside from facilitating high-quality CH PLIF 
imaging, the transition strength and line position make a 
C-X excitation well suited for high-repetition-rate (kHz) 
acquisitions. There have been three perceived disadvan-
tages to the C-X excitation: (1) the proximity to the OH 
A-X (1,1) and (0,0) bands, (2) signal loss to predissocia-
tion of the upper state, and (3) the need to use resonant 
detection due to the absence of strong diagonal transitions 
in the C-X system.

In the introduction of the technique, it was shown that 
Nd:YAG/dye laser systems, both a “traditional” 10-Hz and 
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a 10-kHz DPSS setup, have sufficiently narrow linewidth to 
resolve and isolate CH and OH lines in the region, address-
ing issue (1). Furthermore, initial imaging and follow-up 
turbulent flame applications have demonstrated that (2) 
predissociation does not preclude high fluorescence signal 
collection, and that (3) laser line surface scattering does not 
necessarily preclude application for an open-flame meas-
urement. However, these successful demonstrations have 
addressed neither the challenges nor solutions for dealing 
with strong particle scattering, as would be encountered in 
a PIV (particle image velocimetry) measurement, nor the 
scattering inherent to enclosed combustor applications. A 
solution, first suggested by Carter et al. [11], lies in shifting 
the excitation transition from near the Q-branch bandhead, 
as previously used, to a transition of the R-branch. With 
the excitation wavelength located away from the center of 
the electronic band, a long-wave-pass filter could reject the 
laser scattering while still transmitting the Q- and P-branch 
emission with very little attenuation, provided the edge is 
sufficiently steep and properly placed. Furthermore, the R1 
and R2 spin-split pairs are well overlapped in the J = 11 to 
J = 13 range [12]. This publication demonstrates the efficacy 
of such an approach by sharing experimental results of CH 
PLIF in a piloted-Bunsen burner using the C-X (0,0) R(13) 
or R(11) excitation lines and a steep-edged, long-wave-pass 
filter for intra-vibrational band filtering our fluorescence 
detection.

2 � Setup

This experiment utilized six primary components: (1) an 
Nd:YAG and (2) a frequency-doubled dye laser system to 
produce the excitation beam and (3) the intensified charge-
coupled device (ICCD) camera for fluorescence detection; 
(4) a dual-cavity Nd:YAG for the PIV scattering beam and 
(5) an interline-transfer CCD camera for PIV scattering 
detection; and (6) the piloted and premixed Bunsen burner. 
These components were suitable to achieve the goal of dem-
onstrating the effectiveness of the novel filtering method and 
the ability to collect high fidelity data for turbulent flames. 
Figure 1 illustrates the equipment layout.

2.1 � PLIF

A frequency-doubled Nd:YAG laser (Quanta-Ray 
GCR170) pumped a dye laser (Lumonics HD-300) con-
taining DCM dye (Exciton) in methanol at a 10-Hz rep-
etition rate. The 622-nm dye laser output passed through 
frequency-doubling and wavelength separation units (Inrad 
Autotracker III) to produce 311-nm radiation. Beam shap-
ing optics included a telescope, a rectangular concave lens 
for vertical divergence, and a spherical lens for vertical 

collimation as well as horizontal focusing to produce 
a narrow waist through the probe region. The resulting 
sheet was approximately 50-mm tall and approximately 
0.17-mm wide (FWHM). The pulse energy, obtained at 
the dye laser exit, was near 1 mJ. Losses due to optics and 
clipped edges of the well expanded sheet are estimated to 
be roughly 50% based on measurements of laser power 
post optics in previous/similar setups.

The excitation and detection method makes use of the 
wavelength separation between the rotational branches of 
the C-X (0,0) band. To facilitate intra-vibrational band 
filtering, the excitation line is chosen from the R-branch 
with a high rotational number. A long-wave-pass edge 
filter with a steep slope can be used to strongly attenu-
ate emission below 311 nm and still transmit most of the 
Q- and P-branch fluorescence. The overlapped R1(13) 
and R2(13) lines (λex = 310.690 nm, in air) are sufficiently 
strong and isolated from the band center (314–315 nm) 
for effective filtering. The R1(11) and R2(11) transitions 
(λex = 311.180 nm, in air) are even stronger but are also 
closer to the band center. In this pursuit, a custom filter 
has been designed and produced in a small quantity by 
Semrock, Inc. (AFRL-0002) (Fig. 2).

Fluorescence was collected using an ICCD camera 
(Roper Scientific PI-MAX 3 Superblue) equipped with an 
f/2.8 100-mm UV lens (Sodern Cerco). In the PLIF images 
presented in this paper, a combination of two AFRL-0002 
filters (to improve rejection) and one UG5 Schott glass filter 
were used, and the R1(11) and R2(11) lines were chosen for 
excitation. The field-of-view was determined by imaging a 
ruled target and found to be 47 × 47 mm2. Binning reduced 
the 1024 × 1024 pixel array to 512 × 512 pixels, yielding a 
digital resolution of 92 µm per pixel. The intensifier was 

Fig. 1   A diagram of the experiment setup
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gated to 100 ns, and the fluorescence was temporally cen-
tered within the gate.

2.2 � PIV

A dual-cavity frequency-doubled Nd:YAG laser (New-
Wave Solo PIV) provides two 532-nm pulses separated by 
Δt = 4 µs. Pulse energy was manipulated by adjusting flash-
lamp energy and Q-switch delay so as to provide similar 
energy in each pulse, about 20 mJ, while a halfwave plate 
and polarizing cube acted as an attenuator on both pulses. 
Beam-shaping optics expanded the beam into a laser sheet 
before a final mirror combined it with the 311-nm sheet. 
Particle scattering was imaged using an interline-transfer 
charge-coupled device (CCD) camera (PCO 1600) posi-
tioned on its side such that the image is taller, 1600 pixels, 
than it is wide, 1200 pixels. The field-of-view is 38 mm wide 
and 50 mm tall, with a 31 µm-per-pixel digital resolution. 
The image pairs were processed into velocity vector fields 
using DaVis 8.4 (LaVision). Interrogation regions were 50% 
overlapping 16 × 16 pixel windows for the first four passes, 
then decreasing to a minimum size of 8 × 8 for the final four 
passes.

2.3 � Burner

The high-turbulence Hi-Pilot II burner was used for this 
demonstration. The 21.6-mm (ID) central tube issued a 
premixed flow of 454 SLPM air and 50.1 SLPM CH4, an 
equivalence ratio of φ = 1.05, at a mean centerline velocity 
of 32 m/s with a turbulent Reynolds number of ReT = 7900 
and a turbulence intensity (normalized by the laminar flame 
speed) of u′/SL = 25.9. A large-area annular pilot flame, with 
a 130-mm diameter, provides a co-flow, with a total pre-
mixed flow rate of 476 SLPM, at near stoichiometric com-
position (φ = 0.98). The co-flow burns close to the expanded 
steel cap, positioned below the main flow exit, such that 
it provides an annulus of hot products around the central 
jet flow. The central flow was seeded from a fluidized bed 

of 150–250 nm (agglomerated) TiO2 particles (LaVision 
1108953). The burner position was adjusted using an XYZ 
translation stage while the cameras remained static. More 
detailed discussion of the Hi-Pilot burner and the “Case 3A” 
flame conditions used here can be found in Refs. [14, 15].

2.4 � Acquisition control and timing

A signal generator (quantum composer) was used as a mas-
ter timing device for synchronization, with camera signals 
gated by an acquisition input (Stanford Research Systems). 
Camera gating and laser timing were observed using camera 
monitor ports and photodiode signals on an oscilloscope for 
confirmation. The lasers were timed such that the PLIF pulse 
occurred 1 μs after the first PIV pulse for all cases. Glass 
and aluminum targets were imaged for registration and field-
of-view (FOV) measurement, with illumination from a UV 
LED for the PLIF camera.

3 � Results and discussion

3.1 � CH PLIF and PIV

The application of a C-X excitation strategy with a seeded 
flow is shared in Fig. 3. The combination of filters proved to 
be very effective; no significant particle scattering, Rayleigh 
scattering, or OH LIF were observed. Initially, the R(11) 
lines were passed over in favor of the slightly weaker R(13) 
transitions in an effort to increase the wavelength distance 
between the laser line and filter edge. However, we did 
not experience any interference from scattering when we 
adjusted from R(13) to R(11) lines. Note that the R(12) lines 
overlap with the OH A-X (0,0) Q1(13) line to such a degree 
that it is not possible to bias towards the CH peak over the 
OH peak; furthermore, the OH fluorescence is many times 
stronger, and so the CH R(12) lines are not suitable. Note-
worthy too is the relative contribution of A-X and B-X fluo-
rescence via electronic energy transfer; this was estimated 

Fig. 2   An excitation spectrum 
of the CH C-X (0,0) band 
computed using LIFBASE [13] 
at a temperature of 1600 K. 
Curves are plotted for the 
transmission function T (manu-
facturer provided, actual) of the 
AFRL-0002 filter. In practice, 
two filters were used and so the 
transmission function is T2. Two 
candidates for R-branch excita-
tion are marked to the far left
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to be two orders of magnitude weaker than the C-X fluo-
rescence using different filters to compare emission of the 
different bands.

The signal-to-noise (SNR) ratio has been estimated 
using 10 OH PLIF images acquired with all parameters 
but excitation wavelength held constant. This allows one 
to calculate an interrogation region (12 × 12 pixels) with 
the assumption that the true signal should be constant and 
that all variance is noise, producing a conservative lower 
bound on SNR. The OH PLIF images were first processed 
by subtracting an average image of flame background sig-
nal to avoid improperly counting chemiluminescence as 
signal, and flat-field corrected. To account for the higher 
mean OH signal than found in the CH PLIF images and 
therefore lower shot noise, the OH image SNR values are 
multiplied by the square root of the ratio of CH to mean 
OH signal. In this way, we have estimated the SNR to be 
> 6.5 with respect to the mean CH signal along the flame-
front curve, and with SNR ≈ 10 with respect to peak CH 
signals; SNR values increase further with some filtering 
(e.g., median filtering) of the image. The background due 
to any OH A-X fluorescence, sampled from the product 
region near the flame in the data, is ~ 5% of CH signal. Any 
background signal caused by particle scattering is indis-
tinguishable from other background sources in the PLIF 
images. Measurements in lean flames, where CH number 
densities are expected to be lower, have been examined in 
the same manner, with the SNR in φ = 0.85 flames found 
to be just over half the value for the φ = 1.05; one can 
expect > 3.4 for mean CH signal and > 5 for peak signal 
segments. The particle seeding density is sufficiently great 

for production of a high-resolution velocity vector grid 
(i.e., ~ 0.25 mm for final interrogation window).

3.2 � OH PLIF and PIV

The presence of strong OH A-X lines in the region is 
an obstacle to avoid for pure CH excitation, but it also 
makes OH PLIF accessible with a small dye laser wave-
length adjustment. We made use of an isolated nearby OH 
A-X (0,0) transition, the Q1(12) line, at a wavelength of 
310.602 nm. Signal detection still makes use of resonant 
rejection by the filter(s). Signals are nearly five times that 
of the CH images. Figure 4 contains an example of data 
collected after adjusting the dye laser to excite OH. Unfor-
tunately, there does not seem to be CH and OH transitions 
with a fortuitous spacing to facilitate combined CH–OH 
PLIF imaging.

These measurements were undertaken as a proof of con-
cept, and thus in-depth analysis of the Hi-Pilot flames was 
beyond the scope of the work. Nonetheless, it is clear that the 
approach allows tracking of eddies (at very high resolution) 
in relation to the flame-front location as well as the deriva-
tion of statistical information (e.g., u′, v′, etc.) conditioned 
on the reaction layers themselves. Greater understanding of 
preheat-zone broadening and its effect on turbulent flame 
propagation, may also be afforded by the new technique (see 
Ref. [16]). Moreover, based on the results here, it appears 
possible that the measurement technique can be extended to 
the kHz domain, which would allow tracking of eddies and 
flame-front movement in real time.

Fig. 3   An example of simultaneous CH PLIF and PIV using the CH 
C-X (0,0) R1 and R2(11) lines near 311.180 nm. One of the PIV cam-
era images shows the scattering from seed particles (left) alongside a 
CH PLIF image after background subtraction and projective mapping 
(center left). The computed velocity vector field is overlaid at 1/16th 

density onto the CH PLIF image, with green arrows for velocity and 
red coloring for the CH signal (center right). A denser velocity field, 
where one vector is plotted for every four vectors calculated, is shown 
over an enlarged region (right). The downstream location (in mm) is 
marked by the vertical scales
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