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Abstract CO concentration and gas temperature distri-

bution are diagnosed behind a strong shock wave simu-

lating the Martian atmosphere entry processes by coupling

optical emission spectroscopy (OES) and tunable diode

laser absorption spectroscopy (TDLAS). The strong shock

wave (6.31 ± 0.11 km/s) is established in a shock tube

driven by combustion of hydrogen and oxygen. Tempera-

ture of the shock-heated gas is inferred through a precise

analysis of the high temporal and spatial resolution

experimental spectral of CN violet system (B2R??X2R?,

Dv = 0 sequence) using OES. A CO absorption line near

2,335.778 nm is utilized for detecting the CO concentra-

tion using scanned-wavelength direct absorption mode with

50 kHz repetition rate. Combined with temperature results

from OES, CO concentration in the thermal equilibrium

region is derived. The current experimental results are

complementary for determining an accurate rate coefficient

of CO2 dissociation and validation relevant chemical

kinetics models in Mars atmosphere entry processes.

1 Introduction

The escape velocity for the plant Mars is 5.0 km/s. Mini-

mum-energy flight trajectories from Earth to Mars result in

a Martian entry velocity of 5.8 km/s or much higher [1],

which will generate a bow shock in front of the heat shield

of a space probe. In the shock layer, physical and chemical

phenomena produce a non-equilibrium situation giving

birth to a strong radiative emission from the excited species

[2, 3]. It is well known that in those conditions main

radiative systems include C2 Swan bands, the CO fourth

positive system, the CN red system, as well as the CN

violet system. The radicals contribute significantly to

radiative heating rates during entries to Mars, which has

CO2/N2 atmosphere. Therefore, future exploration missions

towards the Mars need further understanding of physical

and chemical processes occurring during the probe entry in

the upper atmosphere.

So far, the physical and chemical processes behind a

reentry shock wave, especially about non-equilibrium

radiation and chemical reaction occurring in the shock

layer, can only be reproduced in some ground-based sim-

ulation facilities such as shock tube or shock tunnel [4].

Experimental investigations of the processes in shock-

heated simulated Martian mixtures using different kinds of

shock tubes recently were reported by a number of insti-

tutions, including NASA Ames Research Center in Cali-

fornia [5, 6], Université de Provence in Marseilles, France

[7–9], and University of Queensland in Australia [10, 11].

NASA Ames used an electric arc-driven shock tube facility

known as EAST, whereas Université de Provence and

University of Queensland’s tests were on free-piston-dri-

ven shock tubes based on the Stalker principle [12], known

as TCM2 and X2, respectively. Until now, the radiation

measurements have been widely investigated through

optical emission spectroscopy (OES), and several thermo-

dynamic models have been established to predict non-

equilibrium radiation and kinetic phenomena occurring in

the shock layer. All these results are useful to describe
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Mars atmosphere entry process and to validate relevant

chemical models.

However, the physical and chemical models still need to

be validated. It is well known that Mars atmosphere is

mainly composed of CO2 (97 %). The processes occurring

in the shock layer, especially about temperature distribu-

tion and carbon dioxide dissociation are not completely

resolved. That one of the most important reactions is the

dissociation of CO2 encountered for space probe’s reentry

is shown as following,

CO2 þM ! COþ OþM ð1Þ
COþM ! Cþ OþM ð2Þ

where the rate coefficient of rate-limiting reaction (1) for

dissociation processes is much more significant [1].

Temperature is one of the most important thermodynamic

quantities in shock-induced chemistry because it is a key

parameter in chemical reactions. Therefore, accurate

quantitative measurement of carbon monoxide concen-

tration and temperature along the strong shock wave will

help to understand carbon dioxide dissociation and

validate the relevant chemical kinetic models [13, 14].

Consequently, development of accurately quantitative

diagnostic techniques for shock tube experiments is nec-

essary. As we know, OES is widely used for temperature

estimation of self-luminous high-temperature gas behind a

strong shock wave because it is non-intrusive, high sen-

sitivity, and just simple instruments constitute [5–11].

Tunable diode laser absorption spectroscopy (TDLAS) is

another effective method for measuring gas temperature

and concentration in many fields due to its advantage of

non-intrusive, high sensitivity, gas-specific and quick

response [15, 16]. However, according to our knowledge,

there is no relevant literature of TDLAS monitoring CO

behind normal shock waves for Mars atmosphere entry

testing.

In this paper, CO concentration and gas temperature

distribution behind a strong shock wave were simulta-

neously measured by an optical diagnostic system based on

OES and TDLAS. Through OES diagnostics, high tempo-

ral and spatial resolution experimental spectra of CN violet

system (B2R??X2R?, Dv = 0 sequence) were obtained

with ICCD gating time as short as 50 ns. The temperature

distribution along shock profile can be directly obtained

through a precise analysis of high-resolution experimental

spectra. The processing method was described in detail in

the literature [17]. The TDLAS system was operated in

scanned-wavelength direct absorption mode to diagnose

one CO absorption line near 2,335.778 nm. Absorption

measurement experiments were first conducted in a static

cavity to calibrate the absorption line near 2,335.778 nm

by the well-known position of the strong CO absorption

line near 2,335.544 nm at room temperature. Then,

experiments were carried out in a hydrogen–oxygen com-

bustion driven shock tube. According to the result from

OES and TDLAS, CO concentration in the thermal equi-

librium region, can be determined. To our knowledge, this

is the first quantitative absorption measurement of CO

concentration at relevant conditions for Mars atmospheric

entry.

2 Absorption spectroscopy theory and line selection

The fundamental theory of direct-absorption spectroscopy

has been detailed by numerous researchers [18, 19], and is

reproduced here briefly to define units and terms. The

fractional absorption of the laser intensity DI/I0 is related to

the absorption coefficient kv by the Beer-Lambert law

expressed as

DI

I0

� �
LAS

¼ I0 � It

I0

¼ expð�kvLÞ ð3Þ

where I0 and It are the incident and transmitted laser

intensities; L [cm] is the absorbing pass length; kv [cm-1] is

the spectral absorption coefficient. For an isolated

absorption transition, the spectral absorption coefficient

kv can be expressed as

kv ¼ PCO � SðTÞ � /ðvÞ ð4Þ

where PCO [atm] is the partial pressure of absorbing

species, S(T) [cm-2atm-1] and /(v) [cm] are the line

strength and line-shape function, respectively. The product

kvL is known as the spectral absorbance av.

av � � ln
DI

I0

� �
¼ kvL ¼ PCOSðTÞ/ðvÞL ð5Þ

The line-shape function /(v) is usually approximated

using a Voigt profile which is a convolution of the

Gaussian and Lorentz profiles that represent two significant

broadening mechanisms. The line-shape function /(v) is

normalized to unity (defined as
R

/ðvÞdv � 1), so that if the

temperature T [K] is acquired and the wavelength scans

strategy is performed, by integrating absorbance over the

whole wavelength range, absorbing species partial pressure

PCO can be found.

PCO ¼
R

avdv

SðTÞL ð6Þ

Based on the ideal gas equation, we can obtain the

concentration of absorbers ni, which is related to T as
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ni ¼
6:02� 1023 � PCO

R � T m�3 ¼ 6:02� 1017 �
R

avdv

R � T � SðTÞ � L cm�3

ð7Þ

Here, R [J/(mol K)] is the gas constant. The line strength

at any temperature, S(T), can be calculated from the known

line strength at some reference temperature, S(T0), using

SðTÞ¼SðT0Þ
QðT0Þ
QðTÞ

T0

T

� �
exp � hc

k

� �
E001�E002
� � 1

T
� 1

T0

� �� �

1�exp �hcv0

kT

� �� 	
1�exp �hcv0

kT0


 �h i ð8Þ

where h [J s] is Planck’s constant, c [cm/s] is the speed of

light, k [J/K] is Boltzmann’s constant, the total partition

function of the molecular, Q(T), of CO can be calculated

and have been reported in the literature [20, 21], and E00

[cm-1] is the lower state energy of the transition. Here, we

use the 296 K as the reference temperature, while the

corresponding line strength S(296) comes from the

HITRAN2008 database.

Before absorption line selecting, we should analyze the

region of gas flow parameters. In our experiments, the

absorption length is fixed at 7.8 cm. Based on thermody-

namic calculations, the pressure after a strong shock wave

is about 1.1 atm. Temperature in the thermal equilibrium

region behind the strong shock wave is inferred

7,400 ± 300 K by OES. In such a high temperature envi-

ronment, it is a challenge to calibrate the absolute line

positions. Therefore, absorption spectra based on the

HITRAN2008 database near 2.3 lm are computed for

choosing appropriate CO transitions, as shown in Fig. 1.

The CO absorption line near 2,335.778 nm is selected

because it can be conveniently calibrated by the absorption

line near 2,335.544 nm, which can be easily verified by a

wavelength meter and a Fabry–Perot interferometer at

room temperature.

3 Facility and experimental set-up

3.1 Static cavity

Absorption measurements of the CO absorption line near

2,335.544 nm in a room temperature cavity are used to

calibrate the absorption line near 2,335.778 nm. The

arrangement of the experiment is shown in Fig. 2. A dis-

tributed-feedback laser (manufactured by Nanoplus

GmbH), which is controlled by commercial temperature

and current controllers (Thorlabs, Model: ITC-502), is

lasing the wavelength near 2.3 lm for this study. A func-

tion generator (Tektronix, Model: AFG-3101) is used to

ramp the laser injection current and thus tune the wave-

lengths of the laser over the desired absorption features.

The laser beam is collimated by an achromatic doublet

lens. A gold mirror is used to adjust the beam across the

quartz windows on both sides of the static cavity. Laser

modulation parameters are the same in both the static

cavity and the shock tube experiments. Here, a scanned-

wavelength direct absorption is used. The wavelength is

tuned over a range of 0.7 nm and the repetition frequency

is set at 50 kHz, while the signals are sensed by two

InGaAs detectors (Thorlabs, Model: DET10D) and recor-

ded by a memory oscilloscope (Tektronix Inc., Model:

DPO4034) with 100 MS/s sampling rate. Using two beam

splitters, the two beams of reflected light are simulta-

neously steered to pass through a Fabry–Perot interfer-

ometer (Thorlabs, Model: SA200-18B, 1.5 GHz FSR) and

a free-space mid-IR wavelength meter (Bristol, Model:

721) for wavelength marking, these measurements also

provide absolute line positions which are in excellent

agreement with the HITRAN2008 database.

3.2 Shock tube

The experimental investigations are carried out in a

hydrogen–oxygen combustion shock tube facility. Figure 3

gives an overview of the facility with essential dimensional

details and an optical diagnostic system. The internal

diameter of the stainless steel shock tube is 78 mm. It is

equipped with three ion probes that record the shock front

during a run, so that the shock velocity can be measured.

Two 10 mm diameter quartz windows are equipped on

both sides of the shock tube to carry out optical measure-

ments. The windows are wedged at 38 angle to avoid

unwanted interference fringes. More detailed description of

the facility and its functioning is given in the literature

[17]. In our experiments, the mixture consists of 70 % CO2

Fig. 1 Spectral simulation of CO absorption near 2.3 lm for

choosing appropriate CO transitions
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and 30 % N2. Despite the difference from the actual

composition of the Mars atmosphere, such a ratio can

significantly improve the signal-to-noise (SNR) of the CN

radicals emission while the chemical kinetics processes

remain the same. The pressure is 200 Pa and the average

shock velocity is equal to 6.31 km/s with 1.7 % variation.

The optical diagnostic system consists of two parts: the

TDLAS system and the OES system, where the TDLAS

system is similar to the one described for the static cavity

calibrations except that the transmission light is focused by

a lens in the shock tube experiment. The lens could

effectively enhance the detection signal even in the pres-

ence of various beam-steering and misalignment. The OES

system arrangement during these experiments is designed

to allow the recording of the CN violet system radiation

emitted from the hot test gas immediately following the

shock front. The emission has been collected through an

optical fiber on which is focused the light coming through a

lens system. The role of the lens system is to ensure an

acceptable spatial resolution with 1 mm in diameter and

1 mm in depth. Spectral information is recorded using an

Andor SR-500i 500 mm focal length imaging, triple grat-

ing spectrometer coupled to an Andor DH-740 2048 9

512 pixels gated intensified charge couple device (ICCD).

A 1,200-grooves/mm grating, together with an entrance slit

aperture of 100 lm are used in the spectrometer giving a

spectral resolution of 0.154 nm (full-width at half-maxi-

mum), which is determined experimentally by comparing

atomic lines of the experimental and theoretical spectra of

a narrow line width diode laser (center wavelength:

777.19 nm, line width Dk \ 0.001 nm). The TDLAS

system and OES system are triggered simultaneously by

Fig. 2 Schematic diagram of

the experimental set-up for

calibration the CO absorption

line near 2,335.778 nm at

controlled pressure and room

temperature

Fig. 3 Schematic diagram of the experimental set-up of the shock tube and the optical instruments arrangement
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the No. 3 ion probe through a signal generator (Stanford

Research System, Model: DG535) when the shock wave

nears the location No. 3 ion probe which is installed on the

same section as spectrum capture field. Due to the very

quick response of the ion probe (*100 ns) and very short

internal time delay of electric circuit in the camera

(*50 ns), the ion triggering system enabled us to accu-

rately capture the flow area of interest. The camera expo-

sure time is set as 50 ns, which means the shock wave only

moves about 0.12 mm, much smaller than the spectral

capture field. Because the time between two acquisitions

limited by the computer storage frequency, cannot be

\0.01 s, it means that only single spectrum can be recor-

ded during one shot. The delay of the gate pulse can be

tuned to record different moments so that the spectrum is to

be captured in the equilibrium, or in the non-equilibrium

region.

The acquired spectra are calibrated in relative intensity

in the UV range (below 400 nm) with a NIST traceable

quartz-tungsten-halogen standard light source (Oriel,

Model: 63945). The calibration procedure is carried outside

the shock tube because of the large size of the tungsten

lamp, and the effect of the observation window, optical

fiber, grating and ICCD camera is also taken into account.

The signals’ output from ion probes, InGaAs detectors and

the function generator are simultaneously recorded by a

high dynamic memory digital oscilloscope (Tektronix Inc.,

Model: DPO4034).

4 Results and discussions

4.1 Wavelength calibration for the TDLAS system

The TDLAS system is first validated in the static cavity at

room temperature before being used in shock tube. Laser

modulation parameters are the same in the room temper-

ature cavity and the shock tube experiments. Since the

typical test times of interest in our shock tube experiments

are on the magnitude of 100 ls, hence fast time response is

needed for measurements. The scan rate using a ramp

signal (50 kHz) is chosen as a tradeoff between acquiring

enough data points per scan with sampling resolution and

generating enough scans per test in the 100 ls run duration.

Although the time to cover the absorption feature is about

1.6 ls, the temporal resolution of absorption measurement

is sufficient for the diagnosis in the equilibrium region

because whose effective time is at least 12 ls by the OES.

This absorption measurement, combined with relative

measurements using a Fabry–Perot interferometer, pro-

vides the absolute position of the absorption line near

2,335.778 nm, as shown in Fig. 4. In addition, the

absorption line near 2,335.544 nm can also be used to

check the process of changing the absorption scans in time

to wavenumber as the line positions of these transitions are

quite accurately known.

4.2 Rotational and vibrational temperatures

determination

Time-resolved spectra of the Dv = 0 sequence of the

B2R??X2R? electronic transition of CN have been

observed through OES. CN radicals are among the best

molecules for temperature measurements of high-temper-

ature gas because their emission efficiency is very high and

they are stable among a wide range of chemical composi-

tions at high temperature. In our studies, CN is a signature

of the chemical reaction between CO2 and N2, thus, it is

feasible and important in estimating the temperature using

CN radicals in the high-temperature gas mixture behind a

strong shock wave.

First of all, we analyze in detail the spectral structure of

CN violet system (B2R??X2R?, Dv = 0 sequence) and

propose a rotational temperature measurement method

based on fitting high-resolution spectrum. The similar

method has also been employed by other researcher [7, 8,

24]. Here, we will briefly introduce rotational temperature

and vibrational temperature determination through pattern

match scheme by OES. Figure 5 illustrates the structure of

the different vibrational band spectra and theoretical syn-

thetic spectra of the CN violet band system (B2R??X2R?,

Dv = 0 sequence) at 7,000 K in thermal equilibrium. The

rectangular panel shows that the range (387.6–388.6 nm)

of the emission spectrum of the CN violet system is

completely controlled by the (0, 0) transition, in other

words, this distribution pattern of a sequence is controlled

only by rotational temperature Trot. This wavelength range

corresponds to emission lines of the P branch (rotational

Fig. 4 The CO absorption line near 2,335.778 nm is calibrated by the

known position of the strong CO absorption line near 2,335.544 nm at

a room temperature cavity
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number J range from 0 to 57), and the slight effect of other

transitions tends to be neglected, as shown in Fig. 5.

According to the measured spectral resolution, the Trot is

determined by comparing this fraction of the wavelength

range between the experimental and theoretical synthetic

spectra. The uncertainty of the rotational temperature

measurement mainly comes from the theoretical spectrum

calculation. We discuss in detail as follows.

The emission intensity is described as

Iv0;J0

v00;J00 ¼ Nv0;J0A
v0;J0

v00;J00hvv0;J0

v00;J00 ð9Þ

Assuming Born–Oppenheimer approximation and

Frank–Condon principle, the transition probability is

expressed as

Av0;J0

v00;J00 ¼
64p vv0;J0

v00;J00


 �3

SJ0

J00

3hð2J 0 þ 1Þ qv0;v00R
2
e ð10Þ

where (v’, J’) and (v’’, J’’) represent the vibrational and

rotational quantum numbers in the upper level and lower

lever, respectively; R2
e is the average value of the electronic

transition moment and can be considered to be constant;

qv0;v00 is the Franck–Condon factor, SJ0

J00 is the Hönl-London

factor, and vv0;J0

v00;J00 is the transition frequency. Assuming that

the rotational state of CN is in thermal equilibrium, fixing

the value of v’ and v’’, and substituting Eq. (10) to Eq. (9),

the rotational term of the emission intensity is described by

Iv0;J0

v00;J00 / vv0;J0

v00;J00


 �4

SJ
0

J00
exp �FðJ 0 Þ

kTrot

� �
ð11Þ

The rotational energy and the transition frequency are

given by

Fðv0; J0Þ ¼ Bv0J
0ðJ0 þ 1Þ � Dv0J

02ðJ0 þ 1Þ2 ð12Þ

Bv0 ¼ Be � ae v0 þ 1

2

� �
ð13Þ

Dv0 ¼ De þ be v0 þ 1

2

� �
ð14Þ

vv0;J0

v00;J00 ¼ vv0;v00 þ FðJ 0 Þ � FðJ 00 Þ ð15Þ

where Be, ae, De, and be are spectroscopic constants. As

discussed above, the rotational quantum numbers

corresponding to the wavelengths (387.6–388.6 nm)

range from 0 to 57 for the (0, 0) transition. In the case,

the first term of Eq. (12) is *90 times the second term, and

Be is *100 times ae. Thus, the Eq. (12) can is derived as

FðJ0Þ ¼ BeJ0ðJ0 þ 1Þ ð16Þ

The first term of the transition frequency of each

rotational line is much larger than the second term, and

vv0;v00 is a constant for a given electronic transition, so the

uncertainty due to Be in vv0;J0

v00;J00 is negligible, and the Eq. (11)

can be described as

log
IJ0

J00

c3

� �
¼ � Be

T 0rot

� c2 þ c1 ð17Þ

where c1, c2 and c3 are three constants. As shown in the

Eq. (17), we know Be is the predominant spectroscopic

constant affecting the estimated Trot and the systematic

error in Trot is at the same order of magnitude as that of Be.

Many researchers have estimated Be, and the results shows

the difference in Be is \1 % [22, 23]. Consequently, the

systematic error in Trot estimated in this study is also\1 %.

More details and error analysis description of this method

are given in the literature [17]. Then the vibrational tem-

perature is estimated by minimizing the difference between

the experimental and theoretical spectrum. In order to

describe the measurement accuracy, we use the quantity Er

to assess the degree of difference between the experimental

and calculated spectrum [24].

In Fig. 6, the vibrational temperatures of the CN radical

are obtained by fitting the profile of the experimental spectra

of the CN violet system (B2R??X2R?, Dv = 0 sequence)

to that of the theoretical spectra. The profiles in the solid line

are the experimental spectra of the CN violet system at

different delay times and the exposure time of the spec-

trometer acquiring system is 50 ns. The profiles in the dotted

line in Fig. 6 represent the corresponding theoretical syn-

thetic spectra with the best-fit vibrational temperatures. The

Er on the top panel of Fig. 6a, b indicates that excellent

agreements between the experimentally measured and the

theoretical synthetic spectra are obtained and that reasonable

rotational and vibrational temperature measurements are

achieved. The results show that the shock-heated gas should

reach thermal equilibrium at these two moments with the

equilibrium temperature Teq = 7,400 ± 300 K. The accu-

racy of our experiments is similar with the results of other

researchers by OES [8, 24].

Fig. 5 Structure of theoretical synthetic spectra in the CN violet

system (B2R??X2R?, Dv = 0)
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4.3 CO absorption measurements behind the strong

shock wave

For shock tube experiments using TDLAS, measurement

procedure is similar to the one described for the static

cavity calibrations except that the TDLAS system is trig-

gered by the No. 3 ion probe through a signal generator

when the shock wave nears the probe. Figure 7 shows a

representative absorption measurement signal behind a

strong shock wave during one shot. In Fig. 7a, a sharp

rising voltage output of the No. 3 ion probe indicates the

arrival of the shock at the station of No. 3 probe location

and propagates to the downstream region of the tube.

According to the previous discussion, the shock-heated gas

should reach thermal equilibrium after 16 ls and the

equilibrium temperature is equal to 7,400 ± 300 K,

therefore the CO concentration can be calculated directly

by means of the integrated absorbance, using Eq. (7). The

data processing procedure usually follows this sequence:

first, for each measured absorbance signal as shown in

Fig. 7b, the non-absorbing wings are extracted and fitted

into a polynomial, which is used as the baseline for con-

structing the absorbance plot of the absorption feature. The

baseline polynomial order is adjusted until the baseline

absorption signal is zero without any negative values. Here,

the baseline is fitted with a fifth-order polynomial. Second,

a Voigt profile is used to fit the absorbance plot in the first

step. In addition, the chosen baseline also needs to yield a

low residual between experiment and the Voigt fit data.

The top panel of Fig. 8 shows a measured absorption line

shape fitted with the Voigt profile, and the bottom portion

shows the fitting residual, which is \1 % of the peak

absorption throughout the line profile. Such low fitting-

residual illustrates the high SNR is achieved in this

research. Finally, based on the Voigt fit obtained in the

second step, the integrated absorbance can be calculated,

and then used to determine the CO concentration.

Figure 9 presents the evolutions of vibrational and

rotational temperatures and integrated absorbance along

the shock profile using OES and TDLAS, respectively.

First, CN emission spectra have been obtained each 200 ns

interval when the medium is considered out of equilibrium

Fig. 6 Experimental and theoretical synthetic spectra of the CN violet system (B2R??X2R?, Dv = 0) at different delay times. (Experiment:

P1 = 200 Pa, Vshock = 6.31 ± 0.11 km/s. Composition: 70 % CO2 and 30 % N2.)

Fig. 7 a No. 3 ion probe output versus time and b corresponding

absorption signal versus time under test conditions of P1 = 200 Pa

and Vshock = 6.36 km/s

CO concentration and temperature measurements 407
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and each 2 ls when equilibrium is assumed. The temper-

ature decrease behind the shock front is clear and with a

relatively large uncertainty on the temperature in the non-

equilibrium region. Otherwise, the good agreement

between rotational temperature and vibrational temperature

after 16 ls corresponds to an equilibrium temperature

Teq = 7,400± 300 K. Second, the slightly varied inte-

grated absorbances of CO in the thermal equilibrium region

means the CO concentration has also achieved equilibrium,

then we can assume that both thermal and chemical

equilibrium are achieved after 16 ls in our experimental

conditions. The deduced average CO concentration is

7.46 9 1012 cm-3, corresponding to the equilibrium

temperature 7,400± 300 K. The integrated absorbance of

CO in the non-equilibrium region can also determined by

TDLAS, as shown in Fig. 9. However, non-Boltzmann

distribution at ground state and components of the shock-

heated gas in the non-equilibrium region will lead some

complexity for inferring CO concentration determination.

Further study about temperature measurement using

TDLAS for non-equilibrium state will be carried out in

near future.

Uncertainty in the measurement concentration consists

of the uncertainty in temperature measurement and

uncertainty in the integrated absorbance. As shown in the

Eq. (7), the uncertainty in temperature (*4 %) can also

affect the accuracy of line-strength calculation, a 4 % error

in the temperature creates a *5 % the line-strength cal-

culation error in our experimental temperature range. The

uncertainty in the integrated absorbance is mainly caused

by the error associated with baseline and Voigt profile fit.

Under our conditions, the high SNR of the baseline and

Voigt profile fit, as indicated by the very small fitting

residual shown in Fig. 8, results in an error of *1 % in the

integrated absorbance. Therefore, the uncertainty in the

measure concentration is about 10 %. From the above

discussion, we know temperature is the dominant param-

eter affecting the CO concentration measurement accuracy.

5 Conclusions

In this paper, experimental results concerning the CO

concentration and gas temperature behind a strong shock

wave in Martian-like mixture are presented. The experi-

ments are conducted in a hydrogen–oxygen combustion

driven shock tube using an optical diagnostic system based

on OES and TDLAS. High temporal and spatial resolution

experimental spectra of CN violet system (B2R??X2R?,

Dv = 0 sequence) are used to determine the rotational and

vibrational temperature distribution along the shock wave.

Radiation structure of shock layer, including induction,

relaxation and equilibrium processes can be also obtained

through analysis of time gating optical emission spectra.

The CO concentration is measured by a tunable diode laser

absorption spectroscopy (TDLAS) system. For this TDLAS

system, CO absorption line near 2.3 lm is selected, and

scanned-wavelength direct absorption mode is utilized with

50 kHz scan rate. The average CO concentration in the

thermal equilibrium region is deduced for the concerned

test state. An error analysis has been performed to assess

the uncertainties from the temperature measurement and

the integrated absorbance. As we know, this is the first

quantitative absorption measurement of CO concentration

in relevant conditions for Mars atmospheric entry. The

results will be very helpful to understand CO2 dissociation

and provide verification data for computational fluid

Fig. 8 Single-scan absorption data taken at 50 kHz for concentration

measurement in a shock tube with the CO transition near

2,335.778 nm. Shown at the top is the best-fit Voigt profile to the

experimental data, while the residual of the fit is shown at the bottom

Fig. 9 Evolution of the CO integrated absorbance and temperatures

behind the shock wave (Experiment: P1 = 200 Pa, Vshock = 6.31 ±

0.11 km/s. Composition: 70 % CO2 and 30 % N2.)
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dynamic (CFD) simulation in high enthalpy Mars reentry

chemical kinetics.
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