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A high-speed Raman thermometry diagnostic was evaluated in lean H»-
air flames at a data acquisition rate of 5 kHz. Bursts of nanosecond pulses were
generated at a 10 kHz burst rate with energy of E = 13 J/burst at A =532 nm.
The pulses had duration of order 200 ns and were used to interrogate a
stabilized flat flame burner. Spectra were collected using a spectrometer
having focal length 0.32 meters and an electron multiplying charge-coupling
device (EMCCD) detector. Raman spectra were integrated over the full burst
to map adiabatic flame temperature versus equivalence ratio. The measured
spectra resolved vibrational band features to infer temperature. A detailed
spectral fitting model was used in the burst-integrated and burst-mode
spectra. Two pulses were used for each burst-mode measurement resulting in
a 5 kHz rate up to flame temperatures of about 2100 K. The measurement
precision in burst mode was 23 K and 62 K at flame temperatures of 1160 K
and 2080 K, respectively. The measurement accuracy was benchmarked
against the spectrally fitted full-burst spectra, chemical equilibrium
calculations and previous coherent anti-Stokes Raman (CARS)
measurements. Finally, a path towards demonstration of this technique in a
high-temperature shock tube is briefly outlined.

I. Introduction

Measurements in high-speed, high-enthalpy flows necessitate high-repetition diagnostics. This is particularly
true in impulsive facilities such as shock tubes and shock tunnels where experimental times are often on the order of
one millisecond (ms) or less. An ideal diagnostic in impulsive facilities should: 1) generate sufficient signal at extreme
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pressure and temperature, 2) acquire data at rates faster than post-shock event lifetimes and 3) provide spatial and
temporal resolution within the tube.

Techniques like optical emission spectroscopy (OES), laser absorption spectroscopy (LAS) and laser induced
fluorescence (LIF) are routinely used in shock tubes for temperature inference due to their robustness and design
simplicity; however, OES and LAS suffer from a lack of spatial resolution [1,2,3]. OSES additionally relies on upper
state transition emissions, which may not reflect the larger ground state population [4]. LIF requires fluorescence
quenching calibration adding additional uncertainties. Moreover, at high pressures, the quenching cannot be resolved
by nanosecond pulsed, high repetition rate lasers [5].

Inferring temperature from spectrally resolved light scattered off a measurement species is another approach
to laser-based thermometry. Scattering techniques include Rayleigh scattering, Raman spectroscopy, and CARS. Over
the years, there has been significant effort to advance and improve light-scattering thermometry to ever more
challenging optical environments [6,7,8,9,10]. Rayleigh scattering produces a strong signal but requires knowledge of
the gas composition at every measurement point and can be easily overwhelmed by scattering interference from the
incident laser beam. A CARS signal beam is spatially and frequency discrete but requires multiple beams to be
overlapped in space and time. This can be particularly challenging in the dynamic environment of a shock tube.
Spontaneous Raman spectroscopy offers the robustness of a single probe-detector configuration, while providing
discrete signal spatially and temporally. It has been previously demonstrated in luminous, rich hydrocarbon flames
and turbulent jets [11,12].

Addressing the outlined criteria for testing in a shock tube, Raman signal to noise can be increased by
adjusting the spectral resolution of the measurement, in effect spectrally integrating along the vibrational bands.
Temperature inference from vibrational band populations has been well-validated and is employed in this work [9,13].
Multiple measurements over a millisecond test time requires data rates greater than a kilohertz. Previous work suggests
interrogation by a high-speed “burst” of laser pulses can offer high-speed measurements. Additionally, pulse-bursts
have megahertz (MHz) repetition rates, allowing integration of multiple laser pulses for kilohertz sensing, which will
mitigate effects of low signal-to-noise ratio (SNR).

Previous work has demonstrated high-speed Raman imaging in flames at 10 kHz to study relative species
concentrations and qualitative temperatures [14,15,16]. Additionally, high-speed relative species concentrations were
made in a near-adiabatic flat flame using integrated Raman signal; the temperature measurements, however, were
made using Rayleigh scattering [17]. Raman thermometry requires spectrally resolved measurements and has thus far
been limited by the laser repetition rate. Temperatures in shear boundary layers have been made using a 10 Hz
Nd:YAG laser, with significant time integration [18]. Furthermore, well-resolved Raman signals have provided
information about the state of equilibrium of a supersonic flow, identifying regions of non-equilibrium, by comparing
rotational and vibrational energy distributions [18]. Finally, Raman spectroscopy can achieve spatial resolution on the
order of millimeters and temporal resolution on the order of nanoseconds depending on the required laser pulse
duration to avoid breakdown.

The present work leverages a pulse-burst laser to develop a new diagnostic capable of spatially resolved,
accurate measurements at speeds faster than state-of-the-art laser-based thermometry. These measurements are
demonstrated at 5 kHz in a H-air Hencken burner over equivalence ratios of 0.29 — 0.73, which corresponds to flame
temperatures, 7, ranging from 1160 K —2080 K. Signal collected in side-scatter (90° with respect to the probe volume)
was compressed onto an EMCCD detector using a f /4.1 spectrometer, in conjunction with a set of relay lenses. This
detector has been used previously to collect spectra at 100 kHz by illuminating 10 chip rows every shot [7]. Here,
pulse-burst Raman spectroscopy is determined to be an accurate and precise technique for temperature measurements.
A brief discussion of the anticipated challenges in applying this diagnostic in high-enthalpy shock tube flows follows.
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I1. Experimental Design

A. Spontaneous Raman Spectroscopy

Raman is a form of vibrational/rotational spectroscopy performed on homonuclear molecules, like N> or O».
The method resolves the inelastically scattered, Stokes-shifted photons, which are red-shifted in frequency with
respect to the incident light. The magnitude of frequency shift corresponds to the molecular species of interest and its
internal energy. When a molecule is in thermal equilibrium, an increase in translational energy also results in an
increase in vibrational energy. The hotter the molecule, the more vibrational energy levels will be populated and the
lesser the population occupying the ground state.
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Figure 1: Normalized simulated nitrogen Raman spectra demonstrating temperature dependent vibrational
level population. The temperatures correspond to those probed using the burst-mode thermometry.

Examples of simulated Raman spectra over the present experimental measurement range are shown in Fig.
1. The majority of the simulated nitrogen population lies in the first vibrational state at the lowest temperature of 7=
1200 K. The second and third vibrational states have been populated by 1800 K. A significant population has shifted
to the second vibrational level by 2250 K. This depopulation of the ground state must be a consideration when applying
Raman spectroscopy to extreme temperature environments. Additionally, the Raman signal, Sggman, 1S Weak and is
linearly dependent on the environment according to:

a
Skaman = Pnf = €l (Eqn. 1)
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where P is the incident laser power, n is the target species number density, ﬁ is the Raman cross-section of the

molecular species, € is the detector’s efficiency, [ is the sampling length set by the probe volume, and (2 is the
collection solid angle [18]. An increase in Raman signal can therefore be achieved by increasing either the acquisition
integration times, or the laser fluence to the probe volume. The former is acceptable at steady-state conditions but
reduces or removes temporal resolution. The latter can result in perturbation of the measurement volume, by laser-
induced heating, or negation of the measurement due to laser-induced breakdown. Accurate measurements have been
readily obtained by stretching a laser pulse to hundreds of nanoseconds, allowing hundreds of millijoules of laser
energy into the system [19,20,21].

B. Pulse-burst laser and burner

A multi-stage, diode and flashlamp pumped Spectral Energies Quasimodo pulse-burst laser was used for
flame interrogation. The laser operated at 10 kHz over a total burst duration of 2.5 ms. For this study, the laser was
modified to accept a Thorlabs continuous wave (cw) diode seed laser (model DBR1064P) at A = 1064 nm. An arbitrary
wave generator (AWG) was programed to shape the seed into Gaussian laser pulses approximately 200 ns in duration.
These pulses were then amplified and doubled to produce an energy of =13 J per burst (= 0.52 J per pulse). The laser
energy was monitored daily with an Ophir VEGA power meter. The burst energy was maximized by tuning the seed-
diode temperature to allow optimal conversion efficiency for A= 532 nm light generation.

Hencken Burner

EMCCD Detector

M: 532 nm Turning Mirror
L, ,: Spherical Lens
RL: Relay Lens

Spectrometer

Figure 2: Experimental schematic to collect burst-mode Raman spectroscopy in a flame.

The experimental design is given in Fig. 2. The laser burst was focused to a height of 12.7 mm above the
center of a stabilized flat flame burner (details to follow) using a spherical lens having a focal length /= 500 mm. The
scattered light was collected and collimated at 90° from the incident axis of propagation by an achromat lens having
a 100 mm focal length (f72). The collimated light then passed through a periscope to account for the height difference
between the burner and the spectrometer. Care was taken to account for the polarization of the Raman signal. The
signal was imaged onto the spectrometer slit, opened to 200 micrometers (um), by a spherical lens with a 200 mm
focal length (f/4). The spectrometer, a Horiba Jobin Yvon iHR320 having a focal length of 0.32 meters (f /4.1), was
aligned using the Rayleigh scattering from the probe volume. The light was dispersed onto the detector by a 1200
groove/mm grating blazed at 500 nm. The grating efficiency was approximately 50% at the Raman shift wavelength.
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A wavelength calibration and alignment check was performed using an Oriel 6032 neon pen lamp. A pen
lamp spectrum and corresponding calibration curve is shown in Figure 3.
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Figure 3: a) Neon lamp spectra and b) resulting wavelength calibration for the spectrometer and detector
system.

The relative positions and intensities of the neon pen lamp spectra were compared to the NIST database to
identify five emission transitions [22]. The line positions were then correlated with the pixel number to generate a
wavelength calibration for the Raman spectra. Additionally, the atomic emission transitions from the pen lamp are
taken to be nearly Dirac delta function, such that any spectral line broadening is the convolution of the atomic transition
and experimental instrument function associated with the collected light passing through the micrometer-scale
entrance slit.

C. EMCCD Detector

After the light was spectrally dispersed by the spectrometer’s grating, it was imaged onto a Princeton
Instruments back-illuminated EMCCD detector (Model ProEM-HS:1024BX3). The detector contained a 1024 x 1024-
pixel chip with 13 um x 13 um pixel size and had a maximum acquisition rate of 100 kHz. To resolve the Raman
signal from the entire 10 kHz burst, the detector was operated in ‘Full Frame’, ‘Low Noise’ mode. In this mode, the
full chip was exposed for a time of 2.6 ms, which was gated around the 2.5 ms laser pulse-burst. The signal was then
binned into a single 1024-pixel row and read from the chip. To collect multiple frames of Raman signal from the laser
burst at a 5 kHz data acquisition rate, the detector was operated in ‘Kinetics’, ‘EM Gain mode’: In this mode, the
bottom 280 rows were illuminated during two exposures (laser pulses) in the burst. These rows were then binned and
transferred upwards on the chip to allow for the next 280 rows to be illuminated. This detector architecture allowed a
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burst of frames to be taken in accordance with the laser burst. Fig. 3 provides example images of the Raman signal
from a single laser pulse in full frame and in burst frame (1024 x 280 pixels) mode operation.

Q) b)

Figure 4: EMCCD camera images of the a) full frame (1024 x 1024 pixels) and b) burst frame (1024 x 284
pixels) Raman signal

In Kinetics mode, the camera chip is always exposed, making light interference mitigation critical for high-
speed data collection. A set of Nikon Camera relay lenses with focal lengths of 50 and 101 mm were placed between
the exit plane of the spectrometer and the detector chip. This served to prevent extraneous light interference during
the chip exposure and to compress the Raman signal. The 280-row limitation for burst-mode operation also required
a 3.5 mm mask to be placed in front of the spectrometer slit to prevent inadvertent exposure to the remaining rows.
The detector height was then translated to ensure the upper part of the chip was not exposed to any extraneous light.
Note that in all cases, the spectra had no background subtraction due to shot-to-shot variance in the baseline and there
was minimal interference from luminescence and scattered light

A total of seven frames were taken for every laser-burst. Figure 5 shows the relative camera timing to the
laser pulse-burst.
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Figure 5: Timing of the camera and laser trigger used to acquire Raman at S kHz. The first camera image
integrates the first four laser pulses, whereas the remaining six pulses integrate two laser pulses each.

As seen previously, the pulse-burst laser produces weaker laser pulses in the beginning of the burst before
the pulse energy stabilizes [23]. The camera triggering began after the fourth laser pulse, within the stable region of
the pulse-burst.

D. Stabilized Flat Flame

Finally, the pulse-burst laser was used to interrogate a stabilized flat flame known as a Hencken burner. The
Hencken burner is generated by hundreds of small, candle-like flames, set across its area 4 of 2500 mm?. The burner
shown in Figure 6.
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Figure 6: a) Top-down image of the Hencken burner and b) Hz-air flame at ¢ = 0.73.

The equivalence ratio of the flame, and therefore the flame temperature, was varied by mixing a constant
volumetric flow rate of air (v = 86 SLPM) with hydrogen at varying volumetric flow rates of 8- 24 SLPM. The flow
rate was set using MKS 1559a mass flow controllers and MKS 246C controller readouts. The standard accuracy for
the hydrogen controller is 2% of the full scale, or 1 SLPM of hydrogen; the standard accuracy for the air controller is
1% FS, or 2 SLPM of air. The precision of the readout is 1% for the air controller. When using a gas correction factor
(GCF), which is necessary for hydrogen, this precision is reduced to 5%. The signal on the detector was maximized
using room temperature air before measurements were taken in the Hencken burner.

I11I. Results and Discussion
A. Full-burst Raman Thermometry

Vibrational Raman signal was initially collected over the full 2.5 ms of the laser burst. The stabilized Hencken
burner operated at equivalence ratios of ¢ = 0.29 — 1.23. These ratios were anchored to chemical equilibrium
calculations of adiabatic flame temperatures [24]. The burst-mode spectra had SNR = 50 — 180 and were used to map
flame temperatures to Ha-air equivalence ratio. A spectrum of the Raman signal at ¢= 1.07 is shown in Figure 7.
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Figure 7: Full-burst Raman spectrum with superposed best fit taken over 2.5 ms in a Hz-air flat flame at ¢=
1.07.

The resolved spectral peaks in Fig. 7 were all Q-branch Raman transitions. A Fortran spectral physics model
was provided by the University of Texas at Austin [13]. Fits were generated using tabulated molecular constants, the
measured instrument function and linewidths (Fig. 3a), and the gas mixture. The temperature of the gas was then
inferred from the relative intensities of the vibrational bands. The spectrum in Fig. 7 was best-fit to a peak temperature
0f 2426 K, which is slightly higher than published adiabatic flame temperatures previously made in this burner [7,25].
The standard deviation o of the full-burst Raman measurement was + 23 K determined from five full-burst spectra.
Full-burst Raman spectra also provided a measurement of the vibrational band lineshapes. Determination of the
lineshapes was necessary for generating meaningful fits of the Raman spectra and was further applied to the burst-
mode Raman spectra.

Measured temperatures with precision (standard deviation here) are compared to temperatures from chemical
equilibrium calculation in Figure 8.
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Figure 8: Hz-air gas mixture equivalence ratio versus chemical equilibrium temperatures (black line) and flame
temperatures inferred from full-burst integrated Raman spectra (blue symbols) taken over 2.5 ms.

The temperature measurements were systematically higher than calculated flame temperatures for gas
mixtures of ¢ > 0.5. Determination of measurement accuracy of the full-burst Raman thermometry was made by
comparing the percent difference between the mean temperature and chemical equilibrium temperature. The maximum
percent difference 3.9% at an equivalence ratio of ¢ = 0.73. At near stoichiometric conditions (¢ = 0.99), the
accuracy of the measurement was 1.35%.

B. Burst-mode Raman Thermometry at S kHz repetition rate

High-speed Raman temperature measurements were made every 200 pus throughout the burst. As previously
mentioned, the camera was run at 5 kHz and each frame was exposed to two laser pulses in the 10 kHz burst. Each
burst generated a set of spectra an example of which is shown in Figure 9.
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Figure 9: Four raw frames of pulse-burst Raman spectra taken in a Hz-air flame with ¢ = 0.29 at a 5§ kHz data
acquisition rate.

For measurement precision and accuracy determination, at least twenty pulse-burst spectra were taken at each
equivalence ratios from ¢ = 0.29 — 0.73 in the stabilized H-air flame. A magnified single exposure Raman spectrum
from the leanest flame is shown in Figure 10a; Fig. 10b is the same spectrum binned horizontally, with the best-fit for
temperature inference shown in Fig. 10c.
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Figure 10: a) Example 5 kHz raw Raman spectrum at a flame temperature of 1182 K and ¢ = 0.29, b) spectrum
binned horizontally by 4 pixels and c¢) binned spectrum with superposed best fit temperature.

By applying a horizontal bin of four pixels across the chip, the peak signals were improved with minimal
impact to spectral resolution. The inferred gas temperature of the flame from Fig. 10c was 7= 1182 K; the mean flame
temperature based on all twenty-one spectra collected at this equivalence ratio was Tyeqsn = 1160 + 23 K. Here and
throughout the paper, the precision about the mean is taken to be the standard deviation. At this temperature, most
nitrogen molecules occupied the first vibrational state; the peak of the second vibrational state was nearly seven times
less than the ground state peak. Each exposure in the pulse-burst was fit independently for temperature, providing the
measurement precision of + 23 K.

The operation range of the burst-mode Raman thermometry operation was determined by increasing the H»
mixture fraction until the SNR fell to approximately 5. This corresponds to ¢ = 0.73 and a flame temperature of about
2080 K. The resulting binned spectrum and superposed best-fit are shown in Figure 11.
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Figure 11: Example S kHz Raman spectrum at ¢ = 0.73 with superposed best-fit for temperature.

At higher flame temperatures two factors serve to decrease the SNR: 1) the number density of nitrogen in the
atmospheric flame is reduced and 2) the distribution of vibrational population is spread further across multiple states.
These effects can be observed by comparing the relative maximum intensities between Fig. 10b and Fig. 11. The
inferred temperature from Fig. 11 is 7= 2078 K. The mean temperature at this equivalence ratio is 2093 + 62 K as
determined from 31 individual spectra. The decrease in SNR decreases measurement precision, increasing the standard

deviation to o =+ 62 K.

14
American Institute of Aeronautics and Astronautics



2500

—Equilibrium Temperature R
[ Full Burst Raman
f Pulse-Burst Raman

2000

T

Temperature (K)
o
o
o

1000

0 0.5 1 1.5

500

Equivalence Ratio (¢)

Figure 12: Flame temperature versus equivalence ratios measured by Raman thermometry of the entire burst,
with an integration time of 2.5 ms, and Raman thermometry throughout the burst, with an integration time of
200 ps.

For determination of measurement accuracy, Fig. 12 compares the burst-mode thermometry and the full-
burst thermometry to calculated chemical equilibrium temperatures. At the leanest Hy-air mixture of @ = 0.29, the
percent difference between pulse-burst and equilibrium temperatures is 0.09%. At the richest equivalence ratio of
0.73, the measurement accuracy decreases to about 3%. Therefore, like the full-burst measurements, the accuracy of
the pulse-burst thermometry increases with increased signal to noise.

For each burst, seven frames of Raman spectra were collected. This equates to 1.4 ms of test time in which
temperature measurements were acquired every 200 ps. Notably, the present repetition rate of 5 kHz rivals the current
state-of-the-art rates of CARS and scanning absorption thermometers [7,10,17]. Naturally, the implementation of a
single-laser spontaneous Raman system is far simpler than CARS. Furthermore, in comparison to absorption methods,
Raman has the advantage of superior spatial resolution. Pulse-burst Raman spectroscopy therefore offers a robust
method for high-speed thermometry that may be amenable to the most challenging measurement environments.

Iv. Summary and Future Work

Spectrally resolved Raman thermometry has been assessed in a stabilized flat flame burner to gauge its
accuracy and precision as a temperature measurement technique. The burner was run using an H,-air mixture. Raman
spectra were collected from an entire pulse-burst comprised of 25 pulses at 10 kHz burst rate. The laser wavelength
was 532 nm and the total burst energy was approximately 13 J. Spectra utilizing the entire 13 J of burst energy served
as a baseline over an equivalence ratio range of 0.29 — 1.23. A detailed spectral fitting model determined the adiabatic
flame temperature range to be about 1150 K — 2400 K over these equivalence ratios.
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Measurements were demonstrated at 5 kHz by integrating two pulses onto a high-speed, back-illuminated
EMCCD detector. In the burst-mode measurements, thermometry was performed over an equivalence ratio range of
0.29 — 0.73, corresponding to flame temperatures of 1160 K — 2090 K. The maximum equivalence ratio was limited
by SNR considerations. The standard deviation of the 5-kHz Raman thermometry was 2 — 3% of the measured value,
dependent on SNR. Here, the burst-mode measurement test time was 1.4 ms, a limit imposed by the number of frames
that could be stored on the EMCCD detector. Note that access to longer test times is possible by running the detector
in an alternative mode that bins each column of rows prior to final readout. The accuracy of the burst-mode
measurement was at worst 3%, indicating that this simple, robust configuration can offer high-speed measurements
with high accuracy. This implies that burst-mode Raman spectroscopy may be a useful in-sifu diagnostic for
thermometry in a shock tube or other similar high enthalpy, impulsive systems.

Future work will implement a variant of the present burst-mode Raman thermometry into the Sandia High-
Temperature Shock Tube facility. High-speed temperature measurements of dynamic shock-phenomena require
considerations of beam delivery, signal collection and signal transfer to the detector. The laser must be passed through
sapphire windows with a thickness of 18 mm, which have been measured to reduce the laser incident laser energy by
< 16%. Without antireflective coating, an additional loss of Raman signal will occur during collection through another
sapphire window. Preliminary optical emission measurements also showed bright, broadband emission from the
shock-heated air at high temperatures. This makes SNR considerations critical; polarization filters could be placed in
the collection path to remove half of the unpolarized emission. Additionally, the baseline contribution by emission
interference could be limited by a set of intensified relay optics (IRO) which would gate the camera exposure time
around only the hundreds of nanoseconds where the laser pulse is present in the shock tube.
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