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The current interest in hypersonic flows and the growing importance of plasma applications
necessitate the development of diagnostics for high-enthalpy flow environments. Reliable and
novel experimental data at relevant conditions will drive engineering and modeling efforts
forward significantly. This study demonstrates the usage of nanosecond Coherent Anti-Stokes
Raman Scattering (CARS) to measure temperature in an atmospheric, high-temperature
(> 5500 K) air plasma. The experimental configuration is of interest as the plasma is close
to thermodynamic equilibrium and the setup is a test-bed for heat shield materials. The
determination of the non-resonant background at such high-temperatures is explored and
rotational-vibrational equilibrium temperatures of the N, ground state are determined via
fits of the theory to measured spectra. Results show that the accuracy of the temperature
measurements is affected by slow periodic variations in the plasma, causing sampling error.
Moreover, depending on the experimental configuration, the measurements can be affected by
two-beam interaction, which causes a bias towards lower temperatures, and stimulated Raman
pumping, which causes a bias towards higher temperatures. The successful demonstration of
CARS at the present conditions, and the exploration of its sensitivities, paves the way towards
more complex measurements, e.g. close to interfaces in high-enthalpy plasma flows.

I. Introduction

XPERIMENTAL measurements in high-enthalpy flows are of large interest for hypersonics and plasma research.

They yield new insights and drive engineering developments for supersonic aircraft, re-entry technology, material
processing, and electromagnetic propulsion technologies. However, measurements in representative environments are
challenging due to high temperatures, strong background luminescence, possible thermodynamic non-equilibrium, and
the presence of multiple chemically active species.

Coherent Anti-Stokes Raman Scattering (CARS) has been used extensively for temperature and species measurements
in combustion environments [[1]]. It has also been used to detect multiple species simultaneously [2| 3]], characterize
non-equilibrium states [4]], and attempts have been made to extend the diagnostic to temperatures exceeding 5000 K [5H8]].
EXTEND Thus, it could proof a useful tool for measurements in the aforementioned high-enthalpy flow environments.

In this paper, we demonstrate multiplex nanosecond CARS [9]] measurements in the plume of an inductively coupled
plasma (ICP) torch running on dry air. We determine the N, ground state rotational-vibrational equilibrium temperature
and find peak values above 6000 K. We analyze the expected non-resonant susceptibility, report high quality single shot
temperature measurement capabilities, and explore possible sources of uncertainty. Leveraging this demonstration, we
are also performing temperature and multi-species measurements near the surface of a graphite sample exposed to the
plasma plume. First results of these efforts are presented in the companion paper by Kearney et al. [10].
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I1. Methodology

The ICP torch facility at UT Austin, in the Flowfield Imaging Laboratory, is shown during operation with air in
A maximum electric power of 50 kW can be put into the torch system. The operation set-point is controlled via
adjustment of the direct current (DC) anode voltage on the triode circuit, from 9-12 kV. The triode and tank circuit
produce radio-frequency (RF) alternating current at a frequency of 6 MHz, which powers the magnetic field sustaining
the plasma. An annotated schematic of the torch body is presented in[Fig.]Tb} The body has a length of 250 mm and the
outlet nozzle has a diameter of 30 mm. In this study, only air is used as the working gas (Linde AI 0.0UZ). A detailed
general characterization of the ICP torch has been presented previously in [[11]]. All data in the present paper has been
taken with an air flow rate of 30 slpm and a DC anode voltage of 10 kV, i.e. a plasma power of ~ 10.6 kW.
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Fig. 1 Overview of the ICP torch setup.

Measurements of the ro-vibrational equilibrium temperature are made using a multiplex nanosecond CARS system.
Thus, the entire Ny CARS spectrum can be recorded in one laser shot. The experimental setup is shown schematically
in[Fig. 24| and the corresponding transition diagram in[Fig.[2b] The broadband dye laser acts as the Stokes beam and its
spectral profile is centered at 607 nm with a full-width at half-maximum (FWHM) of 160 cm~!. The two pump beams
are degenerate, both being emitted by a Coherent Powerlite 9010 Nd: YAG laser at the second harmonic wavelength, i.e.
532 nm. For phase matching, the three beams are arranged in a BOXCARS configuration [9].

From previous emission spectroscopy and spontaneous Raman scattering measurements [[111, [12]], we expect the
plume center temperature, close to the nozzle exit, to be in the range of 5000-7000 K. At such high temperatures, the
higher lying vibrational and rotational states are significantly populated, leading to a drop in the CARS signal intensity of
individual transitions and resulting in complex CARS spectra. That signal levels should drop with increasing temperature
can be discerned from the expression given in [9] for the CARS resonant susceptibility. At high temperatures, the upper
state populations increase while lower lying states are less populated. This reduces the population difference between
two states probed with CARS, N, and N, reducing the magnitude of the CARS for this state pair:
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Here, ¢ is the vacuum permittivity, c is the speed of light, do-/dQ is the differential Raman cross section, n; is the
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Fig.2 Overview of the CARS setup.

index of refraction of the medium the Stokes beam propagates in, 7 is the reduced Planck constant, w; and w, are the
frequencies of the pump and Stokes laser, wp,, is the Raman resonance between states a and b, and Iy, is the lifetime of
the Raman transition.

An additional challenge is the high background luminosity of the plasma. To tackle both the signal strength and
background luminosity issues, we use an intensified Princeton Instruments PI-MAX 4 1024i camera, set to a gating time
of 50 ns. This rejects all of the natural plasma radiation. The relative gain of the camera is set between 1.0-74.9 in the
presented data sets, providing sufficient signal levels even in the hottest part of the ICP plasma plume and more dynamic
range in the colder mixing regions. Before being recorded by the intensified CCD camera, the CARS signal from the N,
Q-branch near 473 nm is spectrally dispersed in a Princeton Instruments Spectra Pro HRS-750 spectrometer with a
1200 g/mm grating, yielding a dispersion of 0.35 cm~! /pixel and a spectral resolution of ~ 1 cm~!.

The recorded CARS spectra are wavenumber calibrated by comparison with theoretical spectra from CARSFT [13],
background subtracted, and intensity corrected with the non-resonant signal measured in pure argon. To obtain
temperatures, the spectra are curve-fitted to a library of CARSFT spectra. The theoretical spectra are generated
assuming isolated lines and only collision-broadening is currently considered, neglecting any other effects that might
become relevant at the high ICP torch temperatures. The self-broadened N, linewidths are calculated with the
modified-exponential-gap model. Finally, the CARS susceptibility is convolved with a Gaussian instrument function.
The constants used in the modified-exponential-gap model were determined at a maximum temperature of 2400 K [14]],
but our approach extrapolates the Raman linewidths to much higher temperatures. Both the temperature and the
non-resonant background susceptibility are fitted simultaneously. The non-resonant background contribution can
change, as the composition of the plume can vary significantly from high- to lower-temperature regions. Thus, it is also
desirable to estimate the expected non-resonant susceptibility, X, a priori for a sanity check, as temperature and X,
are correlated.

To illustrate changes in the non-resonant background susceptibility, we approximate X, accounting for N, [[15]],
O, [[16], and NO [[17], calculating equilibrium compositions of air using NASA CEA [18]. The total non-resonant
susceptibility is calculated as X, = >; X;X,,.;, for a given temperature. Unfortunately, no susceptibility values for
atomic oxygen and nitrogen are found in the literature. Since oxygen and nitrogen are in the same period as neon, it
might be reasonable to assume that their non-resonant susceptibility is approximately a factor 10 smaller than that of Nj
and O [17]. In that case, shows that the non-resonant background susceptibility correlates almost linearly with
the nitrogen mole fraction over the expected range of temperatures. If the susceptibilities of O and N atoms approach
their molecular counterparts, [Fig.[3] shows that X, stays pretty much constant over the entire range of temperatures.
Finally, if the susceptibilities of O and N grow larger, the non-resonant susceptibility would actually increase compared
to room temperature air. Further research is required to produce a reliable bound on the non-resonant susceptibility in
the high-temperature ICP plasma.
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Fig. 3 Estimate of the non-resonant susceptibility of the background gas and of the nitrogen equilibrium mole
fraction, over the expected range of temperatures in the present experiment.

I11. Results
Representative examples of a fit to an averaged CARS spectrum and a single shot spectrum are shown in The
spectrum is averaged from 10 spectra, each accumulated over 10 shots. The fits are good and the higher lying vibrational
and rotational states are clearly distinguishable. The single shot spectrum is more noisy but still shows agreement
with the theoretical trends. The measurements are taken with the following beam pulse energies: 28.0 mJ/pulse and
32.0 mJ/pulse in the pump beams, and 19.0 mJ/pulse in the Stokes beam.
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Fig. 4 Example spectra and CARSFT fits for measurements taken on the centerline. The average spectrum is
the mean of 500 single shots, taken 6 mm above the ICP torch nozzle, with a relative gain setting of 74.9 using
two f = 300 mm convex lenses to form the measurement volume. The single shot spectrum is a representative
example from this data set.

The measured temperature distribution along the torch centerline, above the nozzle, is shown in taken
with 28.0 mJ/pulse and 32.0 mJ/pulse in the pump beams, and 19.0 mJ/pulse in the Stokes beam. Each data point
corresponds to the average of 10 measurements with an accumulation of 10 shots each.The quoted probe measurement
volume length has been determined by scanning a 150 pm thick microscope glass slide along the laser beams, while



measuring the non-resonant signal generated in the process. The probe volume is defined as the range over which 5-95%
of the integrated CARS signal is generated. Some of the data points exhibit a larger spatial variation than expected from
previous measurements [11]] and from the generally smooth average temperature variation in a hot plume.

Preliminary calculations have shown that the unexpected variations are not due to spatial averaging. Spatial
averaging can be observed in the presence of large gradients over the finite length of a probe volume [19]. Due to the
non-linear dependence of the CARS signal on population density, see the presence of colder gases contributes
disproportionately to the resulting CARS spectrum. Thus, biasing the result non-linearly towards lower temperatures,
even during a single shot measurement. However, the gradients in the ICP torch plume are not large enough to explain
jumps on the order of 1000 K. An analysis of the time series of single shot measurements and additional measurements,
presented later in this paper, suggest other sources of errors.

The radial temperature distribution is shown in taken with 28.0 mJ/pulse and 32.0 mJ/pulse in the pump
beams, and 19.0 mJ/pulse in the Stokes beam. Measurements were taken 6 mm above the nozzle. One data set is for a
longer measurement volume (f = 500 mm focusing lenses) and an average of 50 measurements with an accumulation
of 10 shots each; the second data set is for a shorter measurement volume (f = 300 mm focusing lenses) and 500 single
shot measurements.

An outstanding feature of the results in[Fig.[5b]is, that the peak temperature measured with the smaller measurement
volume is almost 60% higher than measured with the larger measurement volume. It is unlikely that the previously
mentioned spatial averaging is responsible for such a large temperature difference, as the gradients are not that strong.
Other possibilities are sampling errors, two-beam interaction, and stimulated Raman pumping. We will first discuss
possible sampling errors, which are also relevant for the aforementioned spatial temperature variations in the axial
temperature profiles.
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above the ICP torch nozzle. The CARS probe volume length 6 mm above the nozzle. The probe volume length is annotated

is 4.8 mm, formed with two f = 500 mm convex lenses. toeach data set. The longer measurement volume data points

Individual spectra are really 10 accumulations. consist of 100 single shots; the smaller measurement volume
data points of 500 single shots.

Fig. 5 Axial and radial CARS temperature distributions. The edges of the nozzle are at +15 mm. Blue markers
indicate temperatures derived from mean spectra, red markers indicate the mean temperature of fits to single
shot data.

The time series for the axial and radial data in and [Fig.[6b] respectively, show that there are time periodic
variations in the plasma properties. The period of the variations appears to be on the order of ~ 20 s and becomes more
pronounced towards the edge of the nozzle; compare the data taken at 0 mm and 8 mm distance from the centerline
in The variations in [Fig.[6a] are large enough and have a long enough period to explain some of the spatial
temperature jumps in the axial measurements, and radial measurements in[Fig.[5b] Thus, sampling error is
responsible for at least part of the temperature jumps observed, when data series are not long enough to average over
multiple periods of the observed temperature variations. The larger temperature variations closer to the edge of the nozzle
will have a stronger effect. However, the observed time dependence cannot explain the 60% temperature difference



between the large and small measurement volume cases in On the centerline, the maximum temperature
variation does not exceed ~ 1500 K. The peak temperature difference 8 mm from the centerline, in[Fig.[6b] is ~ 2800 K.
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Fig. 6 Temperature time histories computed from single shot data. 500 single shots over a 50 s observation time.

A repetition of the radial measurements with the f = 300 mm lenses shows that the presented results in and
IFig.|5b} in addition to the sampling error, are affected by a signal from two-beam interaction and stimulated Raman
pumping, in the case of the f = 500 mm and f = 300 mm lenses, respectively. The two-beam interaction causes a bias
towards lower temperatures. It is caused by one of the pump beams individually interacting with the Stokes beam to
achieve a four-wave mixing process, generating a CARS signal that, due to phase matching requirements, is collinear
with the respective pump beam. In our setup, the Stokes beam has a significantly larger diameter than the pump beams
and is focusing more poorly. Thus, the two-beam interaction occurs beyond the nominally determined probe volume
length in colder gas regions and biases the recorded spectrum towards the lower temperature signal. We confirmed this
using a DataRay WinCamD-LCM beam profiler and a corresponding measurement is shown in[Fig.[7a] It cam be seen
that, conceptually, the beam labelled as “Pump 1" can interact with the defocusing Stokes beam significantly beyond
the nominal CARS volume. When using the f = 300 mm lenses, we increase the crossing angle and the resulting
measurements are less affected by the two-beam interaction.

The two-beam interaction becomes especially relevant at the extremely high temperatures measured in the center of
our plasma plume. The CARS signal here is significantly weaker than, e.g., in a flame. Thus, while it may not play a
role in flame measurements, even a weak two-beam signal generated in colder gas due to beam imperfections will be
noticeable here. The two-beam signal will be affected by gain on the intensified camera and can distort the hot signal
noticeably. This effect is illustrated in [Fig.[7b] where multiple background and intensity corrected CARS measurements
are shown, taken on the centerline of the plasma plume 6 mm above the nozzle. The CARS spectra are normalized by
their corresponding gain setting. The CARS + 2-beam signal was measured with the same setup used to produce the
data in and [Fig.[5b] the 2 beam signal was isolated by blocking the central part of the presumed CARS signal
beam location, and the pure CARS signal was recovered by improving the Stokes beam quality with a spatial mask
and a telescope in front of the amplifier cell in the dye laser. The 2-beam signal is weak, as can be discerned from
the increased gain needed to visualize it, and it looks much colder than the full CARS measurements. However, even
though it is weak, it clearly distorts the nominal CARS signal and the change in the vibrational v1 — 0 bandhead will
yield lower temperatures when fitting spectra, as suggested by the temperatures indicated in the figure.

Nonetheless, even with two-beam interaction effects lowering the temperature in the f = 500 mm lens case, the
8000 K measured with the f = 300 mm lenses is extreme and not expected from previous measurements with emission
spectroscopy and Raman scattering. The reason for these extreme temperatures is the tighter focus of the CARS beams,
producing higher optical (electric) field strengths (because we kept the laser pulse energy constant) and resulting in
stimulated Raman pumping (SRP) and hotter-looking vibrational bands [20, 21]]. We are able to discern this effect
at room temperature if enough gain is applied to our camera, saturating the vl — 0 band but exposing a population
in the higher lying vibrational bands that should not be present, see This effect becomes even more severe



with lower densities [20l 21]], due to the lower collision frequency (v¢oy o n3/ 2), which explains why the temperature
disagreement is largest at the center of the plume in [Fig.[5b]
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severely than the pump beams. Beam: 19.0, 2 Beam: 67.9, CARS: 36.7.

Fig. 7 Additional data showing the origin and effect of the two-beam CARS signal and SRP. All spectra are
averaged from 50 measurements, each consisting of an accumulation of 10 shots, taken with 28.0 mJ/pulse and
32.0 mJ/pulse in the pump beams, and 19.0 mJ/pulse in the Stokes beam. The probe volume is formed with
500 mm focal length convex lenses.

The radial temperature profile measurement was repeated with the f = 300 mm lenses, lower laser pulse energies,
and with an improved Stokes beam profile using spatial masking and the aforementioned telescope ahead of the amplifier
cell in the dye laser. In each data point of the repeated measurement consists of 500 single shots and the pump
and Stokes beam energies are 13.0, 21.5, and 12.5 m], respectively. The large number of single shots mitigates the
sampling error, the lower laser pulse energy removes the effects of stimulated Raman pumping, and improving the
Stokes beam quality removes the cold two-beam signal. The resulting average temperature profile is smoother than
those presented in [Fig.[5b| and peak temperatures lie in between the previous two measurements. The temperature
drops nearly monotonically from the center of the plume towards the edge, as one would expect for a hot round jet.
Temperatures between all measurements agree better towards the edge of the plasma plume, where the CARS signal
strength and the density are higher and, thus, any potential two-beam signal or SRP contribution is reduced. As in the
other measurements, temperatures of average spectra are biased towards lower temperatures, especially at the edge of
the plume where more mixing with cold ambient air occurs.

Unfortunately, these results demonstrate that it is hard to determine whether a CARS measurement is affected by a
two-beam signal or SRP a priori. In general, higher gas temperatures (lower densities and lower CARS signal) and
faster probe volume lenses (higher optical field strength) increase the risk of these phenomena having a noticeable effect.
The beam overlap and quality can be scrutinized to determine whether a CARS signal could be generated outside of
the nominal CARS volume through two-beam interaction. The central part of the CARS signal can be blocked and
the gain increased, to see whether a colder than expected signal remains. Then, improving the Stokes beam quality
and/or masking part of the beam will help mitigate potential two-beam signals. It should be noted that changes to the
Stokes beam in this fashion will influence its spectral content, and care has to be taken that resulting CARS spectra
are corrected with the appropriate non-resonant intensity signal. To identify SRP, measurements in ambient air can
performed with high camera gain, to see whether higher lying vibrational bands are populated when they should not be.
Subsequently, the pump and/or Stokes pulse energy can be lowered until the higher lying bands disappear from the
measurement. Finally, if the power densities of the utilized laser beams as well as the Stokes beam spectral profile is
known, a comparison between the laser pulse duration and the rate of molecular promotion can be made, to estimate a
laser pulse energy threshold at which SRP will occur [21].
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Fig. 8 Radial temperature distribution in the plasma plume, 6 mm above the exit. The measurements repeated
with the f = 300 mm lenses are shown in saturated colors, the data from [5b|are shown as faded symbols. Blue
markers indicate temperatures derived from mean spectra, red markers indicate the mean temperature of fits to
single shot data.

IV. Conclusions

Average and single-shot nitrogen CARS measurements have been performed in the plume of an ICP torch.
Temperatures derived from spectral fits are in the range of 2000 to 6000 K, depending on the measurement position in
the plume. A simple estimate of high temperature non-resonant susceptibilities is presented, highlighting the need for
reliable third-order susceptibility data for atomic nitrogen and oxygen. Major sources of uncertainty in the measurements
presented are sampling errors, due to periodic variations in plasma plume temperature, two-beam signal generation, due
to Stokes beam quality and size, and stimulated Raman pumping, due to low densities and high optical field strength.
Especially in the hottest part of the plasma plume, the two-beam signal and the stimulated Raman pumping become a
bigger problem because the nominal CARS signal strength is lower and collision frequencies decrease. The identification
of these unwanted effects has been discussed and measurements have been presented that employ mitigation strategies,
resulting in reasonable temperatures (compared to results from other measurement methodologies) and a more well
behaved radial temperature profile. Future work will address the contribution of atomic species to the non-resonant
susceptibility and quantify uncertainties, accuracy, and precision in more detail. The utilization of a spatial filter on the
Stokes beam and/or the CARS signal beam will be explored as a means to mitigate the two-beam signal generation.
Finally, a companion paper [10]] reports on simultaneous N, and CO CARS spectra taken near a graphite sample in the
plasma plume of the ICP torch.
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