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Abstract. We report ultraviolet spontaneous Raman scattering measurements of temperature in
a recombining nitrogen plasma. The plasma source is an atmospheric pressure RF torch facility.
A N5 /Ar mixture is injected into the torch and heated to approximately 6800 K at the torch exit.
Raman scattering measurements are in agreement with optical emission spectroscopy measurements
of temperature at the torch exit. A 15-cm water-cooled tube is then mounted at the torch exit
to rapidly cool the gas and produce a recombining plasma. Raman scattering measurements
indicate a temperature of approximately 3300 K at the tube exit, significantly lower than previous
emission spectroscopy estimates. The Raman measurements were confirmed via separate Rayleigh
scattering measurements. The lack of agreement between the emission spectroscopy, which only
yields information on excited states, and Raman scattering measurements shows that the plasma
is far from equilibrium at the exit of the recombining tube. These experiments provide a basis
for studying recombining plasmas which, among other applications, are important for atmospheric
reentry applications and plasma processing.

1. Introduction

We present ultraviolet vibrational Raman scattering measurements of Ny X 12; density and
temperature in a recombining N,/Ar plasma. This plasma is produced using an atmospheric
pressure plasma torch facility. It is then passed through a water-cooled brass tube in order to rapidly
cool the plasma and force it out of chemical equilibrium. The facility permits measurements
of recombination kinetics and provides a simple experimental model for thermal and chemical
kinetic phenomena encountered during atmospheric reentry. Such recombination phenomena are
predicted to have a strong impact on afterbody heating, which becomes important at higher entry
velocities.[1, 2] At the inlet to the water-cooled tube, the temperature is measured to be 6800 K and
the plasma is, by all measures, in equilibrium.[3] Previously, Gessman and Laux et al [4, 5, 6, 7, 8]
studied the recombining plasma at the exit of the water-cooled tube using emission spectroscopy
and reported non-equilibrium vibrational population distributions in several excited states of Ny
as well as measurements of the rotational temperature using optical emission spectroscopy (OES).
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We return to this experiment with new molecular nitrogen ground state temperature measurements
obtained by Raman scattering for comparison with their previous emission measurements.

Vibrational Raman scattering has seen widespread use in the combustion community as
documented by Eckbreth.[9] It has also been used in pulsed nanosecond discharges where
non-equilibrium population distributions occur.[10, 11, 12, 13] Within the hypersonic research
community, it has been used in several shock tube facilities to attain measurements of vibrational
population distributions.[14, 15, 16] Studer and Vervisch performed spontaneous Raman scattering
measurements of N, and O, in the boundary layer of a high enthalpy air flow over a cold flat
plate.[17] They reported measurements of vibrational temperature, rotational temperature and
density in the free stream and throughout the boundary layer. The measurements reported in
this paper use a similar approach, but a different experimental configuration: a N,/Ar mixture
is used rather than air in order to isolate nitrogen chemical kinetics; the plasma at the entrance
to the tube is in thermal equilibrium as a result of a higher operating pressure; and a water-
cooled tube, rather than a flat plate, is used to rapidly cool the gas. Though simple, vibrational
Raman scattering is a very weak process and often requires effort to both increase signal and
decrease noise under realistic operating conditions. One approach for increasing signal is to operate
in the ultraviolet region of the spectrum, where Raman cross-sections increase substantially,
leading to larger signals.[9] This approach avoids more complicated experimental configurations
such as multi-pass cells or nonlinear CARS. We use a frequency-doubled dye laser in order to
perform ultraviolet vibrational Raman scattering measurements of both vibrational temperature
and molecular nitrogen density in the ground state. Knowledge of these populations is important
given that the bulk of molecular nitrogen is in the ground state. The Raman scattering technique
also provides a separate measure of rotational temperature for comparison with the previous
emission measurements. We find that these Raman scattering measurements yield a much lower
temperature than the emission measurements at the exit of the water-cooled tube.

2. Experimental Setup

The plasma torch facility used to produce the plasma at the inlet of the water-cooled test-section is
a TAFA Model 66 inductively coupled plasma (ICP) torch powered by a 120 kVA radio frequency
LEPEL Model T-50-3 power supply. The power supply operates at 4 MHz and can supply a
maximum of 12 kV DC and 7.5 A to the oscillator plates. Details of the plasma torch facility
are provided in previous publications: for example, see MacDonald et al.[18, 19, 20] For the
experiments presented here, a 1-cm diameter exit nozzle was used. Figure 1 shows a schematic
of the facility which includes radial, axial and swirl injectors. Calibrated flow meters are used to
control the mass flow rate of each gas through the system. A N,/Ar gas mixture was used for
these measurements. The flowrate was 1.5 g/s (50 slpm) for argon and 1.9 g/s (90 slpm) for N,.
75% of the Argon was injected via the swirl injectors and 25% via the axial injectors. All of the N
was injected through the radial injectors. Directly at the exit of the torch, which corresponds
to the inlet of the water-cooled test-section, temperature measurements could be obtained by
measuring the absolute emission from lines of atomic nitrogen and argon. The procedure for
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Figure 1. Left: Schematic of the plasma torch facility showing the head and nozzle assembly. The
plasma is at equilibrium and, for the No/Ar mixture used, is at a temperature of about 6800 K at
the nozzle exit. Right: A brass water-cooled tube, 15 cm in length, can be used to rapidly cool the
plasma and leave it in a state of chemical non-equilibrium.
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Figure 2. Experimental setup for Raman scattering measurements. The periscope consists of two
quartz prisms for adjusting the height and direction of the laser beam.

emission measurements is documented in Refs. [3, 7, 21].

The water-cooled tube forces the plasma to recombine rapidly, leaving it in a state of chemical
non-equilibrium. Figure 1 shows the water-cooled tube mounted at the torch exit. The tube, made
of brass, has an inner diameter of 1 cm and is 15 cm in length. The average velocity of the plasma
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at the inlet to the water-cooled tube is estimated to be approximately 500 m/s at the tube inlet}
and thus the time to transit the tube is ~ 300us. Based on this velocity and the temperature
profile, the total enthalpy per unit time passing the exit of the torch is estimated at 19 kW. At the
exit of the water-cooled tube, the gas temperature has decreased to a level where emission from
atomic nitrogen and argon is no longer detectable and, therefore, could not be used to estimate
the temperature for comparison with the Raman measurements. However, the temperature was
measured from NN, rotational lines as described in Ref. [6].

For Raman measurements, a frequency doubled Continuum dye laser was used to generate a
10 ns, 30 mJ ultraviolet pulse at 281 nm. Rhodamine 590 dye was used to supply a laser beam
at 562 nm which was then frequency doubled to produce the final output at 281 nm. While the
quadrupled output of a Nd:YAG laser at 266 nm may have sufficed for the measurements, the
ability to tune the dye laser offered the ability to avoid potential laser-induced interferences in
the UV. The wavelength used for these measurements, namely 281 nm, represented a compromise
between avoiding laser-induced interferences and maximizing laser power. The laser output at
281 nm was focused onto the exit of the torch at the point of interest via a 50 cm CaF; lens (Fig.
2). The laser was polarized vertically and scattered light was collected at a right angle to the laser
propagation axis. For imaging, two quartz lenses were used in conjunction with a 90° image rotator
in order to image the spectrometer slit parallel to the laser axis (Fig. 3). The optical magnification
from measurement point to camera was approximately 0.8. The spectrometer was a Princeton
Instruments SP500 spectrometer with a UV enhanced Princeton Instruments PI-MAX 1 intensified
camera mounted at the exit port. The grating was blazed at 240 nm and has 2400 grooves/mm.
Slit widths between 100 and 300 um were used for experiments. The instrumental function was
determined by measuring the Rayleigh scattering profile centered on the laser wavelength. For
every Raman measurement, a corresponding Rayleigh line profile was measured to determine the
instrumental broadening. Figure 4 shows a measured Rayleigh scattering profile obtained for a
slit width of 100 pm. The choice of slit depended on signal-to-noise ratio considerations: smaller
slit widths result in less signal but higher resolution spectra for more accurate determination of
temperature. Though the measured instrumental functions are not trapezoidal, it is useful for the
theoretical discussion that follows to approximate them as trapezoidal and to find the equivalent
FWHM. A slit width of 100 pm corresponds approximately to a trapezoidal instrumental function
with a FWHM of 0.04 nm. Slit widths of 200 um and 300 pm correspond to trapezoidal
instrumental functions with FWHM of 0.08 and 0.10 nm, respectively. Note that these trapezoidal
instrumental functions are not used in the final analysis: rather, the measured Rayleigh signal is
used to provide a measure of the exact instrumental function.

For imaging the scattered light, the PI-MAX camera was used in gate mode (gate width of 20
ns) with maximum intensifier gain. Measurements were taken over a 4 mm spatial window and
pixel binning was used to produce a measured spectrum. Spectral collection could be accomplished

1 The Prandtl number directly at the torch exit of the No/Ar mixture is approximately 0.7. If Pr ~ 1, the speed and
temperature profiles may be assumed to be self-similar. This, together with conservation of mass and the fact that the
plasma is in equilibrium allow for the calculation of a velocity profile.
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Figure 3. Relative positions of the laser focus, imaged spectrometer slit and torch nozzle. The laser
is focused approximately 5 mm above the torch nozzle exit.

by varying the number of accumulations on CCD, by simply averaging several spectra to reduce
noise or by some combination of these two. Increasing the number of accumulations on CCD
resulted in an increase in signal, but also noise. Averaging individual spectra reduced the amount
of noise but did not increase the signal. To maximize signal-to-noise, we found that averaging 50
individual spectra, each obtained by accumulating 100 images on the CCD yielded the best result.
The total time to obtain a single spectrum was then approximately 8 minutes. Note that these
measurements were not synchronized to the RF voltage/current used to generate the plasma in the
ICP torch. The plasma properties at the torch exit were viewed as steady: an assumption justified
by the stable emission measurements which have been previously made in this facility.[3] Minimal
interference from laser-induced fluorescence and from torch emission was observed at wavelengths
close to the Stokes signal, but were not observed to overlap the signal itself. This interference was
attributed to the nitrogen second positive system and was observed only at the torch exit, which
corresponds to the water-cooled tube inlet. No fluorescence was observed at the exit of the water-
cooled tube. Background spectra were taken by blocking the laser and recording spectra. These
background spectra were then subtracted from the signal obtained with the laser to produce a final
Raman spectrum. Both anti-Stokes and Stokes signals were observed. However, only the Stokes
signal was used for analysis because it was stronger and because the camera efficiency was better
at the Stokes wavelength.

3. Theory

3.1. Raman model

For temperature measurements, the spectral profile of the Raman signal was fitted with a theoretical
model. Only Q-branch rotational transitions (AJ = () were accounted for, as these are much
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Figure 4. Normalized Rayleigh spectrum obtained for a spectrometer slit width of 100 pm. This
spectrum was taken in ambient air (300 K, 1 atm).

stronger than the O- and S- rotational branches (AJ = =2). Furthermore, for the Q-branch
transitions, the anisotropy contribution was ignored as it is much weaker than the mean of the
polarizability tensor. This removed any dependence of the Raman cross-section on rotational level.
Given these assumptions, the relative intensity of the Stokes-shifted Raman transition at frequency
Wiaser -+ Aw was taken to be:

I(wlaser + Aw) = N,,J (V + 1) (1)

where v and J represent the vibrational and rotational quantum numbers of the initial state. Aw is
the Raman shift corresponding to Ay = 1 and AJ = 0. N,,; is the fractional population of N, in
the initial state corresponding to vibrational level v and rotational level J: this includes the relevant
Boltzmann factor, rotational degeneracy and nuclear spin degeneracy for the particular state. Note
the dependence on the vibrational level expressed by the factor (v + 1) which arises from the
Raman cross-section. After applying this equation across all populated levels of Vs, the resulting
intensity profile was convolved with the appropriate instrumental function. As an input, the model
accepts both vibrational and rotational temperatures. For temperature analysis, both the theoretical
and experimental spectra were normalized. A fitting routine then minimized the residual between
the experimental and theoretical curves to produce a final estimate of the vibrational and rotational
temperatures.

Figure 5 shows three normalized theoretical Raman spectra, one at 75, = T, = 300 K, a
second at T,;, = T,,+ = 3000 K and another at T,;;, = 71,,, = 7000 K. The different vibrational
transitions are highlighted in the figure and illustrate the dependence of the spectrum on vibrational
temperature. The rotational temperature impacts the shape of each vibrational feature, and is thus
also a parameter that can be inferred from the Raman spectrum. This provides an estimate of the
translational temperature given the fast equilibration between rotation and translation in ground
state [V, at atmospheric pressure[7].

For density measurements, the absolute magnitude of the signal was measured relative to
Raman scattering from room temperature air. The total area under the Raman spectrum depends
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Figure 5. Modeled Raman spectra for T;, = T,o¢ = 300 K, Ty = Tror = 3000 K and
Tyviv = Tror = 7000 K. The instrumental function used here was triangular with FWHM = 0.08
nm, which closely approximates the instrumental function when using a slit width of 200 ym. Each
spectrum has been normalized to its maximum. The vertical dotted lines and labels identify the
various vibrational bands (v/,1""), where ' and v’ represent the vibrational quantum numbers of the
upper and lower states, respectively.

linearly on the density, but also on the vibrational temperature. This temperature dependence is a
result of the dependence of the scattered intensity on the vibrational level (Eqn. 1). The total area
can thus be written as follows: A = (N Ne /N ) F(T, Nyf), where Ny is the total density of

N,. F(T, N};,ezf ) represents the area under the Raman curve calculated at vibrational temperature

T and at reference density vale . The A parameter was measured both in the plasma and in room

temperature air. Then, by setting N]'{,Zf = 1, the ratio of these areas could be used to determine the

density in the plasma as follows:
Aplasma _ Nplasma F(Tplasmm ]-)
Aair Nair F(Taim 1)
where 77, = 300 K and N,;,, the density of /N, in ambient air, are known. 7}, 1 determined
from the theoretical fit to the normalized experimental spectra. Npqsmq, the density of /Ny in the

2)

plasma, is the only remaining unknown in Eqn. 2. It can thus be determined directly from Eqn. 2.

3.2. Fitting routine and error analysis

For temperature measurements, a fitting routine was used to minimize the residual between the
normalized experimental and theoretical spectra for various temperatures. Before fitting, any
background offset was first subtracted and the experimental spectrum then normalized to its
maximum value. Note that this maximum value includes the experimental noise intrinsic to the
measurement. For low signal-to-noise situations, the normalization can be biased by this noise. To
avoid this bias, an amplitude scaling factor was also varied within the fitting routine and used to
scale the experimental spectra to obtain the best fit. The fitting residual is given by:

o _ VB —TOP
Z)w E()\i)2

3)
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Figure 6. Residual contours (in %) showing the residual of a fit between a theoretical spectrum
generated at (T)..+,1;») and a theoretical spectrum generated for Ty;, = T;o: = 3500 K. In all
cases, the white line denotes equilibrium temperature coordinates 7;.,; = T,;,. For each rotational
temperature, the black line denotes the corresponding vibrational temperature where the minimum
residual was achieved. The absolute minimal residual is achieved for 7)., = Ty;, = 3500 K as
expected. Top: Trapezoidal instrumental function with a FWHM of 0.04 nm, which corresponds to
a spectrometer slit width of 100 um. Bottom: Trapezoidal instrumental function with a FWHM of
0.10 nm, which corresponds to a spectrometer slit width of 300 um.

where T'()\;) and E()\;) denote the theoretical and experimental values of the spectra at the
wavelength );, respectively. This dimensionless residual represents the total error as a percentage
of the total signal.

Under non-equilibrium conditions, there can exist a large uncertainty in vibrational and/or
rotational temperature. To illustrate, a normalized theoretical curve was generated for 7T);, =
T, = 3500 K. Next, the fitting routine was used to calculate the residual between this normalized
spectrum and normalized spectra generated for various other combinations of 7%, and 7,.,;. For
this test case, no artificial noise was added and thus the best fit is necessarily for T';, = T, = 3500
K with R = 0. As illustrated in Fig. 6, however, the residual can remain quite low along certain
trajectories (black lines) in the domain defined by 7, and 7,.,; coordinates. This results in large
uncertainty. Where permissible due to signal-to-noise considerations, narrower spectrometer slit
widths reduce the uncertainty and permit a more accurate determination of the vibrational and
rotational temperatures. Note that under equilibrium conditions, the uncertainties are reduced
because it is known that T,;, = T,.,, = T and the measurement is constrained.

The minimum residual between experiment and theoretical spectra is denoted R,,;, and
corresponds to the best estimate of (I, 71.:). We assume that our model perfectly accounts
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for the experimental trends and that only Gaussian noise is present. The standard deviation of
this Gaussian noise, o, is estimated by taking the standard deviation over several camera pixels in
regions where there is no signal. Given the residual defined in Eqn. 3, it is natural to then define a

parameter R,,:
T “
RV SN IO e

where 9; denotes the normally distributed error with standard deviation o at the pixel corresponding
to wavelength \;. This provides an estimate of the minimum residual that would be achieved for
a perfect fit in the presence of pure Gaussian noise. In fact, we find that the minimum residuals
achieved are only slightly higher than this value. Thus, the assumption of white gaussian noise
appears valid. In order to determine the uncertainty in the measurement, an estimate for residuals
which correspond to a bad fit is needed. If indeed the error is well described by Gaussian noise
and corresponds to a standard deviation o then, for every pixel, 95% of the measured values will
fall within 20 of the true value. Given this, we define a cutoff value for the residual as:

ZAZ-<2U)2 20\//T/'

Re = =
Van B2 E(N)?

where N is the number of data points. This was used as the cutoff value between good and bad
fits. All combinations of 7}, and 7,.,; for which R < R. were considered acceptable.

&)

4. Results

4.1. Measurements at exit of plasma torch
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Figure 7. Residual of various fits to the experimental spectrum obtained at the torch exit. The color
indicates the goodness of the fit: yellow corresponds to the best fits and red to the worse fits. Only
the residuals of acceptable fits are shown: fits outside the acceptable window are colored blue. This
contour surface represents the range of uncertainty in the measurement. The white line indicates the
equilibrium coordinates To,;p = Trot.
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Figure 8. Best fit achieved under equilibrium assumption for 7, = T}.o¢ = 6600 K.

Raman measurements of temperature and density were first performed directly at the exit
of the torch, which corresponds to the inlet of the water-cooled test section. The Raman
measurements correspond to an average over a spatial window of approximately 4 mm centered
on the nozzle axis. The high temperature and low gas density resulted in a relatively low signal-to-
noise ratio for the measurement. This prohibited measurements from being made at the narrowest
spectrometer slit width, which in turn reduced the sensitivity of the measurement to temperature.
The residual contour shown in Fig. 7 illustrates the uncertainty in the measurement. Assuming
equilibrium conditions (7';, = T}..¢), the best fit results in a temperature of 6600 + 1000 K. This
best fit is shown in Fig. 8. The measured temperature, along with Eqn. 2 and the corresponding
Raman spectrum taken in room temperature air, can be used to estimate the density of molecular
nitrogen. This yields a value of about 4.2(41.1) x 107 ¢m ™3, corresponding to a nitrogen mole
fraction of 0.38 £ 0.1. At a temperature of 6600 + 1000 K, given the injection mixture of N, and
Ar, the equilibrium density of N, corresponds to 4.0(43.5) x 10'7 cm ™3, At a temperature of 6600
K, the equilibrium density corresponds to a mole fraction for molecular nitrogen of 0.36.

Spatially resolved measurements of temperature were also obtained by measuring the absolute
emission of atomic nitrogen and argon lines. The measured temperature profiles are shown
in Fig. 9 and are compared with the Raman measurements. To within the uncertainty of
both measurements, they are in agreement with one another. Thus, despite the relatively large
uncertainty in the Raman measurement, this confirms the assumption of thermal and chemical
equilibrium at the torch exit.

4.2. Measurements at exit of water-cooled tube

Raman measurements of temperature and density were also first performed at the exit of the 15-
cm water-cooled brass tube. As before, they correspond to an average over a spatial window of
approximately 4 mm centered on the nozzle axis. Here, because the gas density is higher, the
signal-to-noise was much better and a slit width of 100 pm (approximately 0.04 nm FWHM slit
function) was used. This resulted in higher spectral resolution and an increased sensitivity to the
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Figure 9. Temperature profile measured directly at the torch exit via absolute emission of the
atomic N transition at 746 nm and the atomic Ar transition at 764 nm. The Raman spectroscopy
measurement of temperature is represented by the highlighted grey region. The horizontal width of
this grey box represents the spatial window over which the measurement was taken. The vertical
height of the box represents the uncertainty in the Raman measurement. Note the extent of the radial
axis: the nozzle perimeter is located at r = 0.5 cm.

vibrational and rotational temperatures.
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Figure 10. Residual of various fits to the experimental spectrum obtained at the exit of the water-
cooled brass tube. The color indicates the goodness of the fit: yellow corresponds to the best fits and
red to the worse fits. Only the residuals of acceptable fits are included: fits outside the acceptable
window are colored blue. As with Fig. 7, this contour surface represents the range of uncertainty
in the measurement. The best fit temperature was achieved for T),;; = 2850 K and 7., = 3850 K.
The white line indicates the equilibrium coordinates T,;p = Tot.

As at the exit of the torch, the residual contour is centered on equilibrium temperature
coordinates (1, = T,,:) suggesting that these degrees of freedom are equilibrated. If it
is assumed that T,;, = T, the best fit temperature occurs for 7' = 3300 £ 100 K. The
measured density is estimated at 1.4(#£0.3) x 10'® ¢m ™3, which corresponds to a mole fraction
of 0.61 £ 0.1 at a temperature of 3300 K. At 3300 &+ 100 K, the equilibrium nitrogen density is
1.43(40.05) x 10 em™3. At 3300 K, the equilibrium mole fraction is 0.64. Note that atomic
emission cannot be used for measurements of temperature at the exit of the 15-cm tube. Not
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Figure 11. Best fit achieved between experimental spectra obtained at exit of water-cooled brass
tube and the model corresponding to Ty, = 7)ot = 3300 K.

only is the emission of atomic lines here too weak to measure, but these measurements rely on an
assumption of full thermochemical equilibrium. The plasma at the exit of the 15-cm tube has been
previously demonstrated to be out of equilibrium so that this approach is no longer valid.[8]

4.3. Rayleigh Scattering Measurements

A separate measure of temperature at the exit of the 15-cm water-cooled tube was desired for
verification. For this, Rayleigh scattering was used to measure the total gas density. This
total gas density, together with the known gas pressure of 1 atm, could be used to estimate
the temperature via the gas equation of state. For a single temperature estimate, two Rayleigh
scattering measurements were taken. The first one was taken at the exit of the 15-cm water-
cooled tube. A second one was also taken at the exit of the 15-cm water-cooled tube but with
the plasma torch turned off, providing a reference Rayleigh measurement at a temperature of 300
K in the Ny/Ar gas mixture. Given the known gas pressure of 1 atm, the ratio of these two
measurements could be converted to a temperature estimate through the gas equation of state. The
measurements were performed at the exact same location and under the same conditions as the
Raman measurements at the exit of the 15-cm water-cooled tube. A laser wavelength of 281 nm
was used and the laser was polarized vertically as with the Raman measurements. Scattered light
was collected at a ninety degree collection angle from the laser propagation axis. The Rayleigh
scattered signal was assumed to come solely from atomic argon and molecular nitrogen:

Zrr =nVIgng (Xn20on2 + Xaroar) (6)

where Zp;, corresponds to the intensity of the Rayleigh scattered light, 7 represents a collection
efficiency factor for the optical collection system, V' represents the collection volume for Rayleigh
scattering, [;, the intensity of the laser at the collection point and n the total gas density at the
collection point.[22] o5 and o 4, represent the right-angle Rayleigh scattering cross-section at the
laser wavelength for molecular nitrogen and argon respectively. Note that the cross-sections o o
and o 4, are unknown at the laser wavelength. Limbach et al [23] report cross sections for various
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species, including N2, N, Ar as well as their respective ions, at a laser wavelength of 532 nm. The
values for N, N* and Ar* are comparable to those of N, and Ar. Though we see strong evidence
of chemical non-equilibrium as documented in Laux et al [8], the total densities of these species are
still estimated to be significantly lower than those of N, and Ar under our conditions. Therefore,
the assumption that the Rayleigh scattering signal comes solely from atomic argon and molecular
nitrogen was viewed as reasonable. Furthermore, o4, does not depend on the gas temperature and
o2 changes by less than a few percent below 7000 K.[23]

If Zpjusmq denotes the Rayleigh measurement with the torch ignited and Z 4;,,p;en,¢ denotes the
Rayleigh measurement in the ambient gas mixture at 300 K, the ratio of these two signals yields:

IPlasma __ Nplasma (XNQO-NQ + XATUAT)Plasma

ZAmbient N Ambient (XNQUNQ + XATUAT)Ambient

_ Tambient (Xn2082 + Xar0ar) prgsma (7)
TPlasma (XNZUNZ + XATUAT)Ambient

where 1 pjgsma and 1 ampien: represent the total gas density with the torch ignited and in the ambient
mixture, respectively. 7piasma and Tampient represent the temperature with the torch ignited and
in the ambient mixture, respectively. The values in parentheses depend upon temperature and the
subscripts ‘Plasma’ and ‘Ambient’ on these terms denote these values in the plasma and ambient
mixture, respectively. The hypothesis that the chemical composition of the gas is approximately
equal to that of the ambient mixture, and that the temperature dependence of the cross-section
is negligible, removes any temperature dependence from the terms in parentheses in Eqn. 7. It
follows that Zpiasma/Zambient = T ambvient/ T Plasma-

For the measured Rayleigh scattered intensity, we integrated across the total line profile
to obtain values for Ipjusma and I ampients. These measurements and the corresponding density
estimates, yield a gas temperature estimate of 3100100 K. Because Rayleigh cross-section data is
typically reported at 532 nm, the use of a 281 nm wavelength for Rayleigh scattering measurements
was not an optimal choice. However, given our experimental configuration, this wavelength was
more easily accessible and, furthermore, provided measurements in good agreement with the
Raman measurements. As a verification step, similar measurements were done in the visible
at the fundamental wavelength of the dye laser (A = 562 nm). Here, the cross-sections for
A = 532 nm reported by Limbach et al [23] were used along with equilibrium mole fraction
calculations for N, Ny and Ar species as a function of temperature. This was done to account
for any potentially significant variations in the Rayleigh cross-section or mole fractions. These
calculations, when compared with the experimental data taken at A = 562 nm, returned the same
estimate of temperature.

5. Discussion

It is important to compare these new results with those of Gessman et al and Laux et al.[4, 5, 8]
They report a measured temperature of 7200 + 100 K at the water-cooled tube inlet. Our
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measurements, from both emission using atomic nitrogen and argon and by the Raman scattering
profile, indicate a slightly lower centerline temperature of about 6800 £ 100 K (Fig. 9). The slight
discrepancy may be due to differences in the torch power or gas injection procedure used. Despite
several attempts, we were not able to operate using the same gas injection scheme. However, the
emission measurements show that the two conditions are reasonably close.
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Figure 12. Same spectra as shown in Figure 11 but with a theoretical spectrum calculated for
Tyiv = Trot = 4700 K and a theoretical spectrum calculated for 7%,;;, = 3300 K/ T}.,, = 4700 K
added for comparison. All plots are normalized to their maximum value.

At the exit of the 15-cm water-cooled brass tube, Laux et al [6] report rotational temperature
measurements of 4715 + 100 K. These were measured by fitting rotational lines of the N3 first
negative system. We repeated these emission measurements and found essentially the same results.
Namely, we obtained a comparable estimate of the rotational temperature and observed similar
non-equilibrium distributions in the Ny B and C electronic states as reported in Refs. [4, 5, 8].
This served as another indicator that, while the operating conditions used were slightly different
than those of Gessman et al and Laux et al., the essential characteristics of their experiment
were reproduced. The Raman measurements presented in this paper offer a new perspective on
this recombining plasma by targeting the nitrogen ground state. They supply a measure of the
vibrational temperature, previously unavailable by emission measurements, in addition to measures
of rotational temperature and density. These results show that T;,, = T,.,; = 3300 £ 100 K.
Figure 12 shows a comparison between the measured Raman spectrum, a theoretical Raman
spectrum calculated for 7,;, = T, = 3300 K, a theoretical Raman spectrum calculated for
Tviv = Trot = 4700 K and a theoretical Raman spectrum calculated for 73,;;, = 3300 K/ T}, = 4700
K to illustrate that a temperature of 4700 K cannot be explained by the experimental Raman
measurements.

While the Rayleigh scattering measurements support the Raman measurements, the
discrepancy between the emission measurements remains. Such discrepancies can arise when
production and/or decay mechanisms are faster than rotational-translational relaxation.[24] While
the Raman measurements show that T);, = T,.:, the measured distributions of the N, B and C
states observed via emission spectroscopy suggest that these electronic and vibrational levels do
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not follow a Boltzmann distribution.[4, 5, 8] Furthermore, the electron density, measured via Stark-
broadened hydrogen emission in Ref [5], is much higher than the equilibrium values for both 4700
K and 3300 K. It was also shown in Ref. [5] that there is a significant overpopulation of N atoms at
the exit of the 15-cm water-cooled tube. Any of these observed non-equilibrium phenomena could
potentially perturb the rotational temperature measurements made via emission spectroscopy of the
N3 ion. Bruggeman et al [24] give examples of scenarios in which optical emission spectroscopic
measurements yield incorrect estimates of the gas rotational temperature. Studer and Vervisch
report similar discrepancies in rotational temperature between emission measurements of the first
negative system and Raman measurements. They argue that, as a recombining plasma, excited
species such as B 2X 1 state of V5" that are produced via chemical reactions are rapidly depopulated
and do not have time to equilibrate to the background rotational temperature of the gas.[17]

6. Conclusion

To summarize, we presented ultraviolet Raman scattering measurements in a recombining plasma.
The measurements permit direct interrogation of the molecular nitrogen ground state and supply
measurements of density, rotational temperature and vibrational temperature. Raman scattering
measurements made directly at the inlet of the water-cooled tube are in agreement with atomic
emission measurements of temperature and confirm that the plasma is at equilibrium with a
temperature of approximately 6800 K. Measurements performed at the exit of a 15-cm water-
cooled tube used to rapidly cool the plasma and produce non-equilibrium distributions, show that
both the vibrational and rotational temperatures are equal to about 3300 K, i.e. much lower than
measurements of rotational temperature made by emission spectroscopy using the first negative
system of N . Future work aims to study the recombining plasma in more detail and to understand
the discrepancy between the results from Raman scattering measurements and from emission
spectroscopy measurements. Understanding non-equilibrium radiating plasmas is important for
atmospheric entry applications, particularly for afterbody heat transfer and plasma processing.
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