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High-speed interband cascade laser absorption sensor for
multiple temperatures in CO, rovibrational non-equilibrium

Christopher C. Jelloian*, Nicolas Q. Minesi f and R. Mitchell Spearrin“t
University of California, Los Angeles (UCLA), Los Angeles, CA 90095, USA

An RF-diplexed laser absorption technique is employed to resolve spectral transitions of
CO; in the mid-infrared at MHz rates to infer non-equilibrium temperatures of rotation and
vibration. A distributed feedback interband cascade laser (DFB-ICL) resolves 7 transitions
within the CO, fundamental asymmetric stretch band near 4.19 pum, representing a range
of rotational and vibrational energies. Non-equilibrium spectra are resolved at MHz rates
and fit with a two-temperature model for line intensities. The sensor is demonstrated on a
high enthalpy shock tube, targeting temperatures between 1250 - 3500 K and sub-atmospheric

o
% pressures in various CO, - Ar gas mixtures. Tests have shown that this sensor provides sensitive
8 temperature measurements with 1-us resolution over a wide range of conditions relevant to
§' Mars entry radiation. Vibrational relaxation times on the order of 10 ps are resolved and
5 compared to existing models.
-
2
E I. Nomenclature
:
g Agy = Einstein A coefficient of spontaneous emission
E Bsy = Einstein B coefficient of stimulated emission
§ Bi» = Einstein B coefficient of absorption
Q E.i = energy of rotational level i
Ce} Evipi = energy of vibrational level i
g c = speed of light
3 c2 = second radiation constant
E h = Planck’s constant
% I = transmitted light intensity
@ Iy = incident light intensity
< J" = lower state rotational quantum number
g k = Boltzmann constant
2z L = pathlength
% M = molecular weight
§ n = collisional broadening coefficient of temperature dependence
] n; = population of level i
P = pressure
0 = partition function
R = area ratio between two spectral features
S; = linestrength of transition j
Tt = translational temperature
Trot = rotational temperature
Tvib = vibrational temperature
Uis = incident shock wave velocity
v = lower state vibrational quantum number
X = mole fraction
a = absorbance
) = transition wavenumber center
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Ave = collisional (Lorentzian) FWHM
Avp = Doppler (Gaussian) FWHM

@ = lineshape function

va-p = collisional broadening coefficient
A; = absorbance area of transition i

I1. Introduction

THERMAL non-equilibrium of CO; has been studied for a variety of applications including CO, plasma modeling and

planetary entry on Venus and Mars. As an entry vehicle encounters a planetary atmosphere, the bow shock rapidly
excites the translational and rotational modes of the gas whereas the vibrational energy mode of the gas lags behind [[1].
As the gas expands around the shoulder of the entry vehicle, the translational and rotational temperatures drop and the
gas undergoes non-equilibrium recombination. Radiative heating can be significant on both the fore and aft heatshields
depending on the entry velocity. If the energy of the shock wave is high enough, dissociation breaks the CO; to form
CO and atomic O. Reaction rates for CO, dissociation are extensively studied [2H5], but these studies usually do not
account for thermal non-equilibrium effects (7 #Tor #Tvib) typically encountered during entries. A multi-temperature
or state-to-state kinetic model can be employed to more rigorously analyze the shock layer.

Recent Mars entry studies [6, [7] have highlighted the need to better quantify the CO, non-equilibrium radiation
in the mid-wave infrared to lower uncertainties in radiative heating rates experienced on the fore and aft heat shields
of the thermal protection system (TPS). In the backshell region of the Mars entry flow, CO + O recombine to form a
significant amount of vibrationally excited CO, which then radiates and heats up the backshell. Cruden et al. [6] have
investigated this phenomena with an emission spectroscopy technique to spectrally and spatially resolve radiance behind
incident shock waves in pure CO; at shock velocities up to 7.5 km/s in the Electric Arc Shock Tube (EAST) facility at
NASA Ames. They noted that the measured radiance can not be predicted by a single mechanism over the range of
conditions tested.

Recent modeling efforts have sought to better understand the complex vibration and dissociation dynamics of
CO, with a state-to-state model approach. Vargas et al. [§] have published a mechanism combining chemical rates
available in literature and rates of vibrational energy exchange determined from forced harmonic oscillator theory.
In total, the model includes 11 species, 2 electronic states of O and CO;, 201 vibrational levels of CO,, and 22,569
reactions. This model represents one of the most comprehensive approaches to modeling CO, dissociation and the
authors note that "completely adequate modeling of CO; state-to-state processes is an endeavor still out of reach [and]
will require extensive theoretical and experimental work". In a recent study of Johnston et al. [9]], the non-equilibrium
kinetic model of Park et al. [[10] was improved and adequately predicted the non-equilibrium radiation in a series
of experiments conducted at EAST. However, this model failed to predict the CO, radiation in the range of velocity
explored by Cruden et al. [6]]. Therefore, there is a need for high resolution, non-equilibrium measurements of CO,
dissociation/recombination to better inform models in the entry environment.

In this study, an optical diagnostic is developed for measurements of rotational and vibrational temperature of CO,.
This work builds on similar absorption techniques demonstrated to partially resolve non-equilibrium temperatures in
shock tube and plasma discharge environments (T of CO, & CO [[11], and Ty & Tyip of CO; [12]]) and follows directly
from a prior effort by our research group demonstrating a sensor capable of resolving Ty, Tot, and Ty, in shock-heated
CO [I13]]. The sensor can be deployed in various ground test facilities (such as arcjets or hypersonic wind tunnels) to
quantitatively characterize and better constrain models and sub-models of the thermal dissociation and recombination of
CO; encountered during Mars entry.

II1. Methods and Theory
Laser absorption spectroscopy (LAS) is utilized to infer energy mode-specific temperatures from spectrally-resolved
light attenuation in the mid-wave infrared. Key governing equations and concepts are briefly discussed in this section as
LAS theory is well-detailed in literature [14]. The Beer-Lambert law, shown in Eq. [T} relates the spectral absorbance «
at frequency v to thermophysical gas properties (temperature, pressure, velocity, etc.) via incident and transmitted light
intensities, I and I, respectively.

I
a(v) =—In (i) = Sj (Trotv ijb)PXAL¢j(V, Ty, P, XA) (D
v
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Jol [molec-cm™] is the number density, X4 is the mole fraction of the absorbing species A, L [cm] is the pathlength,
S i (Trot> Tviv) [em™!/(molec-cm™2)] is the linestrength of rovibrational transition j at rotational temperature ;o [K] and
vibrational temperature Tyip, [K], and ¢ (v, Ty, P, X4) [cm] is the lineshape function.

In this study, scanned-wavelength laser absorption spectroscopy is utilized to resolve ¢ ;, which is modeled using
the Voigt profile. The Voigt lineshape captures the collisional and Doppler broadening effects of the features with a
convolution of Lorentzian and Gaussian profiles. The value of ¢; at the transition linecenter v; o is expressed in Eq. E],
where a is the spectral damping parameter and Avp [cm™'] and Ave [em™!] are the Doppler and collisional linewidth
contributions, respectively.

2 In2
91(7j0) = = - exp(a”)[1 - erf(a)] @
a= MAVC (3)

AVD

The Doppler linewidth depends on translational temperature T, the molecular weight M [g-mol~'] of the absorbing
species, and the transition linecenter v; [cm~'] as indicated in Eq. E} Collisional linewidth scales with pressure
and the mole fraction weighted broadening coeflicient of collision partner B with absorbing molecule A, as shown in
Eq.[5] Additionally, the broadening coefficient (y4-p) is typically modeled by implementing a power law, as shown in
Eq.[6] where T [K] is a reference temperature and 7 is the temperature exponent. For this study, collisional broadening
coefficients and temperature exponents for CO,-CO; and CO;-Ar were taken from Lee et al. [15], and the HITEMP
database [16]].

T,
Avp = vy o(7.1623 x 10—7),/ﬁ (4)
AVC =P Z XBZ'}’AfB (5)

B

T n

Ya-8(Tr) = Ya-p(Tp) (T—O) 6)
Tr

Aj =8 (Tror, Tvin) pXaL (7

_ & — Sl(Trou Tvib) (8)
A RY) (Trot, Tvib)

A. Line Selection

To resolve non-equilibrium temperatures of CO,, 7 spectral features are targeted for measurement in the mid-infrared
vibrational bands near 4.19 um. These lines were selected for strong absorbance signals over a wide range of temperatures
(1500 - 3000 K). The energy level spacing is sufficient for sensitive rotational and vibrational temperature measurements
above 3000 K. The spectrum is shown in Fig. [T} Two vibrational levels are probed. The R(58¢) line is from the ground
vibrational level (00°0(1)) and the R(103e), R(104f), R(105¢), R(106f), and R(140f) transitions lie in the first excited
bending mode (01 10(1)).

B. Experimental Setup

The optical and experimental setup is shown in Fig. 2] An interband cascade laser is used to probe the selected
rovibrational lines of the asymmetric stretch fundamental band of CO, near 4.19 um. Current through the laser is
modulated at 1 MHz using a bias tee circuit (or RF-diplexer). A 2-inch germanium etalon is used to transform light
intensity signals from the time domain to the wavenumber domain. Background and etalon signals are recorded before
each test. A narrowband filter and iris are used to mitigate the emission signal on the catch side of the sensor, and a
focusing lens collects the light onto a high bandwidth (~200 MHz) photovoltaic detector.

The high enthalpy shock tube (HEST) at UCLA was used to near-instantaneously heat various CO, - Ar gas mixtures
and generate a well known set of equilibrium conditions behind incident shock waves with velocities up to 2.9 km/s.
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Fig.1 (left) Energy level diagram of CO; molecule showing levels of interest in this study (rotational energy
levels not-to-scale). Note the CO, multiplicity (Z or IT) varies with the bending excitation. (right) Simulated
spectra at 2500 K (20% CO,, 0.2 atm) using the HITEMP database [16]].
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Fig.2 (top) Shock tube schematic. (left) Sensor layout through the optical access location 2 cm from the
endwall. (right) Background and transmitted light intensity signals during incident shock test. Note the
transient intensity in the measurement signal.

CO; concentrations ranged from 2% - 100%. The tube consists of a 5.125 ft cold gas driver and a 16 ft driven section. 5
piezoelectric transducers are used to measure the shock velocity. Optical access and a high-speed pressure transducer
(Kistler 601B1) are located 2 cm from the endwall. Before filling the tube with test gas, a turbopump is used to achieve
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an ultimate vacuum pressure on the order of 100s of ptorr. Leak rates are in the range 0.1 - 1 mtorr/min and are measured
with a Baratron manometer (627D) before each test.

In this work, the laser chip was modulated using the RF-diplexed system described in [[17] with a square waveform.
This type of modulation maximizes the signal intensity, and hence optimizes the signal to noise ratio (SNR) during
the spectral scan. Also, the laser chip experiences the greatest temperature difference between the up and down scans,
which provides the highest scan-depth possible for a given amplitude of current modulation. The laser intensity scan is
shown in Fig. 2, which corresponds to a scan depth of approximately 0.4 cm™! at 1 MHz repetition rate. Additional
details on improving the scan-depth using arbitrary waveforms are given in [[18]].

C. Data Interpretation

In order to relate the measured absorbance areas of the resolved spectrum to non-equilibrium temperatures through
Eq. [ an accurate linestrength model is needed. The fundamental definition of linestrength accounting for stimulated
emission is shown in Eq. E} B, and B»; are the Einstein coefficients for absorption and stimulated emission, which
are calculated from the Einstein A coeflicient (A,;) tabulated in HITEMP [16], /v is the energy of the transition, ¢ is
the speed of light, n; and n; are the populations of the lower and upper levels, respectively. By assuming separable
Boltzmann populations over rotation and vibration, Eq. [I0] can be derived from Eq. [0 where g» is the upper level
degeneracy, Ery,1 and Eyip 1 are the rotational and vibrational energies of the lower state, Eyy 2 and Eyp o are the
rotational and vibrational energies of the upper state, Ot and Qi are the partition functions of rotation and vibration.
It is important to note that CO; has 3 vibrational modes; symmetric stretch (ss), doubly degenerate bending (bend), and
asymmetric stretch (as) that may be at separate temperatures (Tss # Tpeng # Tas). For the lines selected in this study,
no upper level symmetric or asymmetric stretch states are probed, therefore only 1 vibrational temperature is assumed
over all vibrational modes.

A two temperature model is used to fit the seven spectral features shown in Fig. [3] The collisional broadening is
floated over the low J number (R58), mid J number (R103-R106), and high J number (R140, R143) transitions. By
grouping the collisional broadening terms based on J number, the uncertainty of the lineshape in the blended spectral
features is mitigated, because the broadening coefficients should be very similar. Additionally, the R(58) feature is large
compared to the other spectral features in these tests and tends to dominate the fitting routine. Therefore, a weight
is applied to the cost function in the fitting routine, to ensure the small spectral feature is adequately captured. On a
majority of the tests, the smallest spectral feature is the R(140) line. On the low temperature tests (T < 1500 K) the
R(140) feature is not present due to low population in this high rotational level, therefore the weight function was applied
to the R(103) and R(104) features. The weight function that was applied on all tests is shown in Eq. @Where @peak, max
is the R(58) absorbance peak and @peak, min 18 the R(140) peak if visible or the R(103), R(104) absorbance peaks.

1 ! 1.5
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: i \ ' 30 1
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Fig. 3 (left) Voigt Fit of the spectra at t =7 us into the test. (right) 2D map of absorbance versus time and
wavenumber. 20% CO,/Ar shock, U;; = 1606 + 11 m/s, T, = 2129 + 25 K, P, = 28.4 + 0.4 mbar.
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Az 82 —C2Eo,1 —Cc2Eyip,1 —C2Eo2 —c2Evip2
S;= 5 exp|————|exp|——=] —exp exp (10)
8ry CQrot(Trot)Qvib(Tvib) Trol Tvib Trot Tvib

Xpeak,max

W=0.7 (11)

Apeak,min

IV. Results

Experiments were conducted to determine the range, accuracy and precision of the sensor. Incident shock wave
velocities ranged from 1.1 - 2.9 km/s generating equilibrium temperatures from 1250 - 3460 K and equilibrium
pressures from 0.03 - 0.17 atm. From the normal shock relations solver [19]], the measured temperatures after relaxation
and equilibrium temperatures can be compared to validate the sensor and method. The deviation of the measured
temperatures with the simulated shock temperature from theory [19], is shown in Fig. @ In this figure, the residual is
the root-mean-square (RMS) error defined as in Eq. |'1:Z| where T is either Ty or Tyip, and N the number of data points
in the equilibrium region. The RMS error is found to be < 3% for Ty, and < 2% for Ti,. The average standard deviation
(207) of the measured temperatures in the equilibrium region of each test is found to be 86 K for T;o; and 46 K for Tyip.

12)

Vibrational relaxation can be visualized in the spectra measurements by the depopulation of the low vibrational
states. For instance, in Fig. [3 this effect is especially visible for the R58 line and lasts for approximately 20 us. Note
this signal decrease is not due to dissociation because the temperature of the test (2129 + 25 K) is well below that
needed to initiate dissociation (above 3000 K). After the first 20 ps, the width and area of the lines reach steady state
which indicates that the rovibrational populations are at thermal equilibrium. The time resolution of the presented
sensor enables the measurement of such short vibrational relaxation times. The increase of the vibrational temperature
in time can be fit with an exponential function. Two examples are shown in Fig. [5]at low and high temperature shocks
(Ts = 1250 K and 75 = 2800 K). For the test cases in this work, relaxation times were found to be bounded by the Park
[LO] and Simpson [20] models.
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Fig. 4 (left) Time resolved temperatures. Note the rovibrational equilibrium reached at t > 10 ps. (right)
Measured equilibrium temperatures compared to normal shock relations solver [19]. Temperature ranges
from 1250 - 3470 K.

Rigorous uncertainty analysis of the results is the subject of ongoing work, however a few points are discussed. The
two vibrational levels of CO, probed in this study are the lowest lying vibrational states and are found to be sensitive up
to approximately 3000 K. At higher temperatures (T > 3000 K) it is difficult to separate dissociation from a vibrational
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Fig. 5 (left) Time resolved temperatures. 2% CQO, - Ar test case, U;; = 1061 + 6 m/s. (right) 20% CO,; - Ar
test case, U;; = 1941 + 16 m/s.

temperature increase in this absorbance spectrum as both cause the overall magnitude of the signal to decrease. This can
be solved by probing higher vibrational states of CO,. Lastly, the R(140) feature of CO, is small and is most sensitive
to rotational temperature. A few tests exhibit noise that can be attributed to low absorbance on this line and can be
mitigated using mixtures with higher concentration of CO;.

V. Conclusions

A mid-IR laser absorption sensor for probing rotational and vibrational temperatures of CO, has been developed and
shown to yield quantitative results for shock velocities between 1.1 km/s - 2.9 km/s in CO,-Ar gas mixtures. Pressure and
equilibrium temperature conditions ranged from 0.03 - 0.17 atm and 1250 - 3470 K. This sensing method probes three
distinct ranges of rotational quantum number (J = 58, 103 - 106, and 140) providing a sensitive rotational temperature
measurement over a range of conditions and probes two distinct vibrational states of CO, (ground and first excited
bending mode) providing a sensitive vibrational temperature measurement. The high effective precision, accuracy, and
temporal resolution (1 ps) of this sensor as shown in Fig. ] demonstrates its potential for use to investigate the complex
vibration - dissociation dynamics of CO; and is the subject of ongoing efforts.
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