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The vibrational state of chemically reacting CN radicals does not necessarily have a Boltzmann distribution

because itmay be influenced by the chemical reaction leading to the formation of the CN radicals. Here, we develop a

newmethod tomeasure the rotational temperature of chemically reacting nonequilibrium cyanide radicals using the

band tails of their emission spectra. Because of the very short relaxation time scales, both the translational and

rotational states reach a thermal equilibriumevenwhen the vibrational state does not have aBoltzmanndistribution.

Themethod proposed in this study has two advantages. First, it is not sensitively affected by self-absorption. Second,

it does not require as high awavelength resolution as othermethods because it uses the overall shape of the tail part of

the CN emission bands. Thus, ourmethod ismore suitable for high-speed temperaturemeasurements, where a high-

wavelength-resolution measurement is difficult to obtain. To investigate the validity of our method, we carried out

laser-ablation experiments within an N2 �H2O � CO2 �Ar gas mixture using graphite targets and measured the

rotational temperature of laser-induced CN and C2 radicals using the proposed method. The rotational

temperatures exhibit reasonable trends as functions of time and beam cross sections, strongly suggesting that our

method is useful for translational–rotational-temperature estimation of chemically reacting nonequilibrium CN

radicals.

Nomenclature

A = transition probability
c = light speed
Er = the square mean of the difference between the observed

and theoretical synthetic spectra
F = rotational energy
h = Planck constant
Iobs = spectral irradiance of an observed spectrum

Isyn = spectral irradiance of a synthetic spectrum
Itrue = spectral irradiance of a true spectrum
J0 = rotational quantum number of an upper electron state
J00 = rotational quantum number of a lower electron state
k = Boltzmann constant
N = number density of an upper electron state
Trot = translational–rotational temperature
Tvib = vibrational–electron–electronic temperature
�0 = vibrational quantum number of an upper electron state
�00 = vibrational quantum number of a lower electron state
� = wavelength
� = irradiance of the instrument function of a spectrograph

I. Introduction

T EMPERATURE is one of the most important thermodynamic
quantities in shock-induced chemistry because it is a key

parameter in chemical reactions. Emission spectroscopy is often used
for temperature estimation of self-luminous high-temperature gas
because it is nonintrusive [1]. In general, an emission spectrum from
diatomic molecules exhibits a specific structure containing a large
number of rotational lines in a narrow range of wavelengths, because
diatomic molecules have internal degrees of freedom such as those
allowed by vibration and rotation. Extremely high spectral resolution
and a high signal-to-noise (S/N) ratio are required to separate
individual rotational lines within a band spectrum. Thus, spectral-
form-inversion analysis, which iteratively compares a theoretical
synthetic spectrum and an observed spectrum for different control-
ling parameters, is widely used for temperature estimation of self-
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luminous diatomic molecules [2–5]. The parameter set that mini-
mizes the difference between the observed and theoretical spectra is
considered the maximum-likelihood estimate (MLE) of the tem-
perature of the observed high-temperature gas. This is a useful
method in estimating the temperature of self-luminous diatomic
molecules if each molecular state (e.g., translational, vibrational,
rotational, electron translational, and electron excitation) has a
Boltzmann distribution.

CN radicals are among the best molecules for temperature
measurements of high-temperature gas because their emission effi-
ciency is very high and because they are stable at high temperatures
for a wide range of chemical compositions. In addition, CN is one of
the most important molecules in shock-induced chemistry, including
studies of the atmospheric entry of probe vehicles [6], the production
of carbon-nitride thinfilms [3], andmeteoritic impacts onEarth [5,7].
In such studies, CN is a signature of the chemical reaction between
carbon and nitrogen. Thus, it is important in estimating the tempera-
ture of CN in a self-luminous high-temperature gas. However, the
vibrational state of chemically reacting CN radicals is unlikely to
have a Boltzmann distribution, as CN may be formed via chemical
reactions during spectroscopic observations. This is because the
characteristic time scale of the vibrational relaxation of CN (�1 �s)
[8] is much longer than that of the radiation due to the electronic
transition of the CN violet band system (�60 ns) [9]. A disturbed
distribution of vibrational states affects the spectral shape, including
the ratio of the intensities of the different band heads. As a result, we
cannot estimate the temperature of chemically reacting non-
equilibrium CN radicals based on a spectral-form-inversion analysis
using the entire structure of their emission band. Failure to obtain the
temperature of chemically reacting gas makes it is very difficult to
understand the relevant reaction processes.

Both the translational and the rotational states reach a thermal
equilibrium, as their relaxation time scales are very short [10,11].
The rotational state of chemically reacting CN should balance the
translational state even if the vibrational state does not have a
Boltzmann distribution, as explained in the following text. The
characteristic time scale of equilibration between the rotational
and translational states of N2 is �20 ns at 104 K and 1 bar [11].
Because CN has a certain polarity, the characteristic time scale of
equilibration between the rotational and translational states of CN
is expected to be shorter than that of N2. It is also expected to be
shorter than that of the radiation due to the electronic transition of
the CN violet band system. Thus, the rotational temperature is
practically the same as the translational temperature. Therefore,
we treat the two temperatures as a single temperature: the transla-
tional–rotational temperature. The translational temperature is also
an important parameter in driving chemical reactions because it
controls the collision probability of the gaseous particles in a
chemically reacting hot gas. Thus, this study attempts to estimate
the translational–rotational temperature of chemically reacting
nonequilibrium CN radicals using emission spectroscopy.

Broadly speaking, three spectroscopic methods have been pro-
posed in the literature for rotational-temperaturemeasurements using
molecular emission. The first involves plotting the logarithm of the
intensities of the rotational lines normalized by the emission energy,
transition probability, and statistical weight as a function of the
rotational energy (i.e., a Boltzmann plot) [12]. The second method
compares the shape of the band heads between the observed and
theoretical synthetic spectra [13]. The third method measures the
ratio of the irradiance of a bandhead and that of the depression
between bandheads [14]. An advantage of these methods is their
ability to estimate the rotational temperature directly.

A number of problems are inherent in the use of the preceding
methods. In this study, we analyze emission spectra for which the
vibrational states do not have a Boltzmann distribution. Thus, we
should use the wavelength range that corresponds to only one
electronic–vibrational transition when we use these three methods.
Figure 1 illustrates the distribution of the rotational lines of the CN
violet band system at 7000 K in thermal equilibrium, showing that
the relevant wavelength range is 387.2–388.5 nm. This wavelength
range corresponds to the (0,0) transition of the CN violet band
system. The vibrational quantum numbers ��0; �00� are indicated in
the figure. Each sequence of points in the figure corresponds to an
electronic–vibrational transition. The distribution pattern of a
sequence is controlled only by the rotational temperature. The
vibrational temperature controls the ratio of the emission intensities
of the different sequences. The (0,0) bandhead is highly vulnerable to
self-absorption in the CN violet band system. If self-absorption
occurs (i.e., if the chemically reacting gas is optically thick), these
methods cannot be applied directly to the emission spectra. In
addition, the first method requires a very high spectral resolution to
separate individual rotational lines within a band spectrum. The S/N
ratio decreases as the spectral resolution increases for a given
radiation source. The second and third methods also require a high
spectral resolution because they use the bandhead structure in a
narrow wavelength range. Thus, these methods are unsuitable when
tracking temperature changes over a short period of time. Moreover,
the second and third methods are affected by an additional
uncertainty: the shape of the bandhead may have been altered by
spectral line broadening of the rotational lines.

In this study, we focus on the blue ranges (CN: 379–381.5 nm,C2:
490–502 nm) of the band systems of CN andC2. Figure 1 shows that
the range ofwavelengths is largely controlled by emission lines of the
R branch. The series of emission lines by a transition from J0 to J00 are
P and R branches (P branch: J0 � J00 � �1, R branch: J0�
J00 � �1). We call this fraction of the wavelength range the
“band tail.”We propose a new rotational-temperature-measurement
method based on chemically reactingCN radicals using the band tails
of their emission spectra. We call the new method the “band-tail
fitting method.” The effect of self-absorption in the band tail tends to
be small because the optical thickness of the band tail ismuch smaller
than that of the band heads, where many rotational lines overlap. In

Fig. 1 Distribution of rotational lines in the CN violet band and C2 Swan band systems.
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addition, the band-tail fitting method can use much lower-resolution
spectra than the other methods discussed previously, as it uses the
spectral outlines of a band tail. Thus, our method is more suitable
than previously developed methods for high-speed measurements
(which are unable to obtain a large amount of light) of the tempera-
ture changes of chemically reacting CN radicals.

II. Band-Tail Analysis

In this section, we discuss the band-tail fitting method in detail.
This section consists of three parts. We discuss the calculation
procedure of the theoretical synthetic spectra in Sec. II.A, the effect
of temperature on the spectral outline of the band tail in Sec. II.B, and
the method of Trot estimation using observed and theoretical spectra
in Sec. II.C.

A. Calculation Procedure of Theoretical Synthetic Spectra

We use the CN violet band system (B2�� � X2��, ��� 0) in
this study. The C2 Swan band system (d3�g � a3�u, ��� 0) is
also used to compare Trot obtained for CN. Three steps are required
to obtain a theoretical synthetic spectrum. In this calculation, we
employ a widely used two-temperature model [15]. The first step is
to calculate the emission and absorption coefficients as a function of
wavelength for a given Trot and Tvib. The second step is to calculate
the radiative transfer in a radiative medium. The resulting spectrum
is often called a “true spectrum.” We assume that the radiation
medium is optically thin, except in Sec. V.B. The computer software
package SPRADIAN (structured package for radiation analysis)
[16] was used to calculate the true spectra. In this band-emission
calculation, SPRADIAN uses the Born–Oppenheimer approxima-
tion and the Franck–Condon principle; it calculates the diatomic
potential energy on the basis of the Rydberg–Klein–Rees method.
The line profile is assumed to be due to both Doppler and pressure
broadening. The third step assesses the effect of the finite spectral
resolution of spectrometers, to facilitate direct comparison with an
observed spectrum. A synthetic spectrum Isyn is given by a con-
volution of a true spectrum and the instrumental spectrograph
function � [nm�1]:

Isyn��� �
Z
Itrue�����������d�� �Wm�2 nm�1 sr�1� (1)

The instrumental function was obtained using the line profile of an
emission line from an Hg lamp (ELECTRO-TECHNIC, Inc., Model
SP200).

B. Effects of Rotational and Vibrational Temperatures

on Spectral Shape

The band tail consists of many electronic–vibrational transitions
(see Fig. 1). Thus, we must assess the effect of Trot and Tvib on the
spectral outline of the band tails of both CN and C2. Figure 2 shows
theoretical synthetic spectra for several values of Trot and Tvib. Note
that the spectral irradiance of the band tails of the theoretical
synthetic spectra is normalized to maintain constant irradiance
integrated over the entire wavelength range covered by the band tails
(379–381.5 nm for CN, 490–502 nm for C2). This figure clearly
shows that the spectral outlines of the band tails of both CN and C2

are solely controlled by Trot. Thus, the band tails of CN and C2 are
expected to be good indicators ofTrot. Therefore, we can estimateTrot
using only the band tail in the spectral-form-inversion analysis.

C. Procedure of the Translational–Rotational-Temperature

Estimation

The comparison between the observed and theoretical synthetic
spectra proceeds as follows. We used two spectrograph gratings to
obtain emission spectra, with groove densities of 150 linesmm�1 for
C2 and 2400 linesmm�1 for CN, to obtain the necessary wavelength
resolution and coverage. For the grating with a groove density of
2400 linesmm�1 the spectral resolution [full width at half maximum
(FWHM)�0:03 nm] is too high; it is very difficult to reproduce the
fine structure of the band system, such as the exact wavelength of
each rotational line, using this setup. Thus, we convolved the
spectrum with a Gaussian kernel (FWHM� 0:1 nm) to reduce the
effective spectral resolution of both the observed and theoretical
synthetic spectra. Next, we carried out a spectral-form-inversion
analysis using only the band tails of the emission spectra. The degree

Fig. 2 Effect of Trot (left) and Tvib (right) on the spectral shape of the band tails.
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of difference is assessed on the basis of the quantity Er, defined as
follows:

Er�
R
�Isyn��� � Iobs����2d�R
�Iobs����2d�

(2)

The parameter set that minimizesEr is considered theMLE of Trot of
the observed CN and C2.

III. Laser-Ablation Experiments

Laser-ablation experiments are conducted within an N2 � H2O �
CO2 � Ar atmosphere using graphite targets to investigate the
validity of the band-tail fitting method. We discuss the experimental
system in Sec. III.A, the experimental procedure in Sec. III.B, and the
experimental conditions in Sec. III.C.

A. Experimental System

Laser-ablation experiments within N2 gas using graphite targets
are often conducted to investigate the production process of carbon-
nitride thin films [3,17,18]. In the laser-induced carbon plume, C2

radicals are produced due to atomic recombination of carbon atoms
and ions or fragmentation of higher carbon clusters [17]. Then, CN
radicals are produced by a gas phase reaction between theC2 radicals
and the ambient N2 molecules near the boundary between a laser-
induced carbon plume and the ambient gas [17]. We used band-
emission spectra from these CN and C2 radicals to investigate the
validity of the band-tail fitting method.

Our experimental system consists of four components: an Nd:
YAG laser, a vacuum chamber, gas cylinders, and an optical spectro-
meter (Fig. 3).

The laser wavelength is 1064 nm and the pulsewidth�13 ns. The
irradiation frequency of the laser pulse is fixed at 1.0 Hz. The volume
of the vacuum chamber is 8:9 	 102 ml. The vacuum chamber has
four gas inlets to introduce a variety of gases independently. A
manometer is used to control themixing ratio of the gases. During the
experiments the temperature of the wall of the vacuum chamber was
kept at 80
C to prevent water condensation.

In this study,N2,CO2, Ar, and water vapor were used. Becausewe
focused on chemically reacting CN radicals, we addedCO2 andH2O
gases. Laser-induced hot CN radicals are expected to react actively
with the ambientCO2 andH2O gases. The presence ofCO2 andH2O
is important when applications to the atmospheric entry of probe
vehicles [6], and meteoritic impacts on Earth [5,7] are considered. A
small tank was filled with pure liquid water and connected to the
chamber to introduce water vapor up to the saturated vapor pressure
of approximately 30 mbar at room temperature.

The optical spectrometer consists of a spectrograph (Acton,
SpectraPro 2750) and an intensified charge-coupled-device (ICCD)
camera (Roper Scientific, PI–MAX). The focal length of the
spectrograph is 750 mm. Wavelength resolutions and coverage are
about 0.6 nm and 0.03 nm (FWHM) and 200 nm and 10 nm for the
gratings with groove densities of 150 and 2400 linesmm�1, respec-
tively. The charge-coupled-device pixel-array size of the ICCD
camera is 1024. A photodiodewas used to trigger each spectroscopic
observation. The delay time of this trigger system is about0:2 �s.We
obtained emission light from the entire laser-induced high-
temperature vapor using a focusing lens installed in front of an optical
fiber. The field of view (FOV) is�20 mm in diameter. The terminal
radius of the laser-induced vapor cloud is constrained by the
following relation:

PatmosVterminal � Elaser (3)

Vterminal �
2

3
�r3terminal (4)

where Patmos, Vterminal, Elaser, and rterminal are the total pressure in the
chamber (�1:1 	 103 mbar), the volume of the vapor plume, the
energy of the laser pulse (�3:8 	 102 mJ), and the terminal radius of
laser-induced carbon vapor, respectively. We assume that the shape
of the laser-induced carbon plume is a hemisphere. The terminal
radius of laser-induced carbon plume is 12 mm under the experi-
mental condition. This value is significantly overestimated because
we assume that the energy of the laser pulse is completely used as the
work done against the ambient gas mixture by the carbon plume
through its expansion. Thus, a laser-induced high-temperature vapor
is expected to stay within the FOV during the spectroscopic obser-
vations. Hence, the Trot obtained in this study is likely to represent an
irradiance-weighted average value of Trot in an entire laser-induced
high-temperature vapor. We conducted calibration experiments for
both wavelength and irradiance. Wavelength calibration for each
grating was carried out using emission lines of the Hg lamp. A
quartz–tungsten–halogen standard light source (Oriel Corporation,
Model 63355) was used for irradiance calibration. Because the
standard light source was too large to insert into the chamber, irra-
diance calibration was carried out outside the vacuum chamber;
however, the same glass view port used in the laser experiments was
placed between the standard lamp and the optical fiber to obtain
calibration data including the effect of window absorption. Thus, we
use a relative irradiance scale in this study.

B. Experimental Procedure

After a graphite target was placed on a stage, the vacuum chamber
was evacuated to a residual pressure of �5:0 	 10�4 mbar before

Fig. 3 Schematic configuration of the experimental system.
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each experimental run. Water vapor, CO2, N2, and Ar were intro-
duced into the vacuum chamber after evacuating the air. Subse-
quently, we started the laser irradiation and spectroscopic observa-
tion of the laser-induced CN and C2 radicals. To increase the S/N
ratio, 30 spectra measured under the same conditions were stacked.
During the experiment, the target was rotated so as to irradiate the
laser beam on a fresh surface of the target.

C. Experimental Conditions

We carried out two series of experiments in this study. First, we
investigated the time evolution of Trot of the laser-induced CN and
C2. The laser-beam diameter and intensity were fixed at 2.0 mm and
9:0 	 108 Wcm�2, respectively. The Trot of the laser-induced CN
and C2 should decrease with time due to cooling processes, such as
adiabatic expansion, radiation, and mixing with the cool ambient
atmosphere.

Second, we investigated the dependence of the beam cross section
on Trot. The initial Trot should be constant because the available laser
energy per unit mass of vaporized carbon is the same at fixed beam
intensity. The laser intensitywasfixed at5:0 	 108 Wcm�2, whereas
the laser-beam diameter was varied from 1.3 to 2.7 mm. The
exposure time was fixed at 0:2–10:2 �s after laser irradiation.

In all experiments the total pressure in the chamber was fixed at
1:1 	 103 mbar. The partial pressures ofN2,CO2,H2O, and Ar were
5:0 	 102, 2:6 	 102, 30, and 2:6 	 102 mbar, respectively.

IV. Experimental Results

This section first describes the results of the spectral comparison
between the observed and theoretical synthetic spectra and the
spectral-form-inversion analysis using the band tail of an observed
spectrum. We then consider Trot obtained as a function of time and
beam cross section.

A. Emission Spectra

We obtained low- and high-wavelength-resolution emission spec-
tra using two gratings, as discussed in Sec. III.A. Figure 4 shows the
time evolution of the low-wavelength-resolution (FWHM�0:6 nm)
spectra. The exposure times after laser irradiation are indicated in the
figure. The main emission sources were CN and C2. A strong black-
bodycontinuumwasobserved immediately after laser irradiation.We
use these spectra to estimate the rotational temperature ofC2. Here, it
is noted that there is a strongN�2 band emission (first negative system)
in the observed wavelength range. If the N�2 first negative band is

strong, we cannot apply the band-tail fitting method directly because
theN�2 first negative system overlaps the CNviolet band system [19].
However, a significant emission from the band was not observed in
our experiments. Thus, the effect of theN�2 band does not have to be
considered in the analysis in this study.

Figure 5 shows the observed high-wavelength-resolution spectra
obtained under the same conditions as in Fig. 4. Note that the
background continuum has been subtracted. The exposure times
after laser irradiation and the vibrational quantum numbers ��0; �00�
are indicated in Fig. 5. The intensity of the (1,1) bandhead is nearly
equal to that of its (0,0) equivalent in the spectra shown in panels b
and c. Because the transition probability of the (1,1) transition is
1.2 times smaller than that of (0,0) [9] the vibrational temperatures of
these spectra would be negative if we assumed that the vibrational
states have a Boltzmann distribution. Thus, laser-induced CN
radicals are clearly out of equilibrium under our experimental condi-
tions. Panel e shows a close-up of the (0,0) bandhead immediately
after laser irradiation and a theoretical synthetic spectrum for the
optimum Trot estimated in Sec. IV.B. The (0,0) bandhead of the
observed spectrum immediately after laser irradiation may be affec-
ted by self-absorption because its cusp is blunt. Panel e also shows
that thewavelength resolution is too low to produce a Boltzmann plot
for the rotational lines.

Figure 6 shows a relevant comparison between an observed CN
spectrum and three theoretical synthetic spectra for different
temperatures. The thick line shows the observed spectrum obtained
from 2.2 to 4:2 �s after laser irradiation. Panels c and d show the
residuals of the band tails between the observed spectrum and the
three theoretical synthetic spectra of panels a and b, respectively.
Note that the three residual lines for panel d mostly overlap. If Trot of
the theoretical synthetic spectra is fixed at the optimum value, the
band tails of both the observed and theoretical synthetic spectra are in
good agreement, regardless of the value of Tvib. In contrast,
significant differences are seen if we vary Trot.

Figure 7 shows a contour map of Er as a function of both Trot and
Tvib. The observed spectra of CN and C2 used for these calculations
are obtained 2:2–4:2 �s after laser irradiation. This figure shows
thatEr strongly depends onTrot. In contrast,Er is nearly constant for
Tvib. This clearly indicates that the band-tail fitting method can
determine Trot.

B. Temperatures for Each Experimental Condition

In this section, we discuss Trot obtained using the band-tail
fitting method as a function of both time and beam cross section.

Fig. 4 Low-wavelength-resolution observed emission spectra of laser-induced vapor clouds.
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Fig. 5 High-wavelength-resolution observed emission spectra of laser-induced vapor clouds.

Fig. 6 Comparison of an observed CN spectrum (solid gray line) with three theoretical synthetic spectra for different temperatures.
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Figure 8 shows Trot values of the laser-inducedCN andC2 radicals as
a function of time. Two data points were obtained for each exposure
time. Horizontal and vertical bars represent the exposure times and
fitting errors due to random noise in observed spectra in Trot,
respectively. Because Trot is estimated from minimization of Er, we
need to use a rather involvedmethod to estimate the fitting errors.We
used a Monte Carlo method called the bootstrap method [20] to
investigatefitting errors due to randomnoise in observed spectra. The
procedure to estimate thefitting errors is as follows. First, a half of the
data points are excluded from an observed band-tail spectrum
randomly. Then, we conduct the band-tail fitting analysis with the
partial data set. This calculation is repeated 250 times with different
random choices of data exclusion. The distribution of Trot estimated
from the partial data sets is similar to a Gaussian distribution. The
standard deviation of obtained Trot is expected to give fitting errors
due to random noise in the observed spectra. The estimated fitting
errors range from 2 to 4%. The reproducibility errors derived from
the variation between different shots repeated under the same
experimental condition are on the same order of magnitude (2–7%)
as the fitting errors. The temperatures of both CN and C2 decrease
with time in a similar fashion; however, the rotational temperature
of CN is significantly higher than that of C2. This result is
consistent with previous similar laser-ablation experimental studies
[3,17,18] under much thinner atmospheric conditions (with a
partial pressure of N2 of about 0.01–10 mbar). The rotational
temperature of CN is higher than that of C2 because the kinetic
energy of C2 is converted into the thermal energy of CN via ener-
getic collisions between C2 and N2.

Figure 9 shows theTrot of the laser-inducedCNandC2 radicals as a
function of beam cross section. Five data points were obtained for
each beam cross section. The initial Trot of the laser-induced CN is
nearly constant for different beam cross sections when the laser-
beam intensity is fixed. The reason for this trend is discussed in
Sec. III.C.

These results show that the band-tail fitting method can reproduce
the physically predicted trends of Trot as a function of both time
evolution and beam cross section.

V. Discussion

This section consists of three parts.We discuss the error evaluation
of the band-tail fitting method in Sec. V.A, the effects of variable
wavelength resolution and optical thickness on the spectral outlines
of the band tails in Sec. V.B, and compare the band-tail fittingmethod
with conventional spectral-form-inversion analysis in Sec. V.C.

A. Error Evaluation of the Band-Tail Fitting Method

The spectroscopic constants used in SPRADIAN have an asso-
ciated uncertainty, leading to a systematic error in the estimation of
Trot. Thus, we should estimate the range of MLEs of the temperature
based on the uncertainty in the spectroscopic constants.

As discussed in Sec. II.B, the band tails of the emission spectra of
the CN violet band and the C2 Swan band system are controlled by
Trot. Thus, the spectroscopic constants of the vibrational term such as
!exe, !eye, and !eze are not relevant for rotational-temperature
estimation using the band-tail fitting method.

The most influential spectroscopic constant of the band-tail fitting
method is a rotational constant Be [cf. Eqs. (8) and (9)]. The reason
for this is as follows. The emission intensity of each rotational line is
given by [21]

I�
0J0
�00J00 �

1

4�

hc

��
0J0
�00J00

A�
0J0
�00J00N�0J0 (5)

where I is the emission intensity. The transition probability ofCNcan
be separated into vibrational and rotational terms using

Fig. 7 Contour maps of Er (%) as a function of both Trot and Tvib for CN and C2.

Fig. 8 Trot of laser-induced CN and C2 radicals as a function of time.

Fig. 9 Trot of laser-induced CN and C2 radicals as a function of beam

cross section.
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A�
0J0
�00J00 �

�
��0�00

��
0J0
�00J00

�
3 A�0�00SJ0J00

�2J0 � 1� (6)

where ��0�00 ,A�0�00 , and SJ0J00 are thewavelength of the band origin, the
transition probability of the electronic–vibrational transition, and the
Hönl–London factor, respectively [16]. Assuming that the rotational
state of CN is in thermal equilibrium, the rotational term of the
emission intensity is described by

I�
0J0
�00J00 /

�
1

��
0J0
�00J00

�
4

SJ0J00 exp

�
�F�J

0�
kTrot

�
(7)

The rotational energy and the wavelength of the rotational line are
given by

F�J0� � B�0J0�J0 � 1� �D�0J
02�J0 � 1�2 (8)

B�0 � Be � �e
�
�0 � 1

2

�
; D�0 �De � �e

�
�0 � 1

2

�
(9)

and

��
0J0
�00J00 �

�
1

��0�00
� F�J0� � F�J00�

��1
(10)

where Be, �e,De, and �e are spectroscopic constants. The rotational
quantum numbers corresponding to thewavelengths of the CN band-
tail range from 55 to 68 for the (0,0) transition. In this case, the first
term of Eq. (8) is�100 times the second term, and Be is�90 times
�e [21]. Thus, the rotational energy F�J0� is practically equal to
BeJ

0�J0 � 1�. Consequently, Be is the dominant spectroscopic
constant controlling the estimated temperature in the band-tail fitting
method. Because the first term of the wavelength of each rotational
line is�50 times the second term, the uncertainty in the wavelength
of each rotational line due toBe is negligible. Also, the uncertainty in
��0�00 does not change the spectral outline of the band tail, because
��0�00 does not depend on J. Thus, the largest uncertainty in the
emission intensity due to the uncertainty in Be is the Boltzmann
factor of the rotational term exp��BeJ0�J0 � 1�=kTrot�. Con-
sequently, the systematic error in Trot is of the same order of
magnitude as that of Be. A number of researchers have estimated Be
[21–23]. The difference in Be estimated in these studies is less than
1%. Consequently, the systematic error in Trot estimated in this study
is also less than 1%. Thus, the observed temperature difference
between CN and C2, �2000 K (i.e., >25% of the CN and C2

temperatures), is most likely real. This result supports the conclusion
that our method is robust with respect to the uncertainties in the
spectroscopic constants.

B. Effects of Wavelength Resolution and Optical Thickness

In this section, we discuss the effects of wavelength resolution and
optical thickness on temperature estimation using the band-tailfitting

method. In this study, we convolved a Gaussian kernel with the
observed and theoretical synthetic spectra, as discussed in Sec. II.C.
We conducted a spectral-form-inversion analysis using the band tail
of the emission spectra convolved with different Gaussian FWHM
values to investigate the effect of wavelength resolution. Figure 10
shows the theoretical synthetic spectra andEr as a function ofTrot for
three values of FWHM. The left-hand panel shows that the spectral
shapes of the band tails are unaffected by the Gaussian FWHM
adopted. The band tails of the three spectra are in good agreement and
the optimum Trot is nearly constant, regardless of FWHM. These
results strongly suggest that the band-tail fitting method requires
much lower-wavelength-resolution spectra than other rotational-
temperature-measurement methods. Note that this result also shows
that the MLE of the temperature is unaffected by the smoothing
method.

To investigate the effects of optical thickness, we calculate
theoretical synthetic spectra for several values of the column number
density of the CN radicals. The result is shown in Fig. 11; the effects
of the optical thickness on the band tail and the bandhead of the (0,0)
transition are shown in the left- and right-hand panels, respectively.
The column number densities of CN are shown in the figure.
Blackbody radiation at the same temperature is also shown in the left-
hand panel of the figure. Note that the spectral irradiance of the band
tail (left) and the bandhead (right) of the theoretical synthetic spectra
have been normalized tomaintain constant irradiance integrated over
the entire wavelength range (379–381.5 nm for the band tail, 387.5–
388.5 nm for the bandhead). As the column number density of CN
increases, the emission spectrum approaches gradually Planck
function. The slope of Planck function in thewavelength range of the
band tail of CN is much more gentle than that of the band-tail spectra
of CN for typical temperature (5000–10,000 K) in this study (see the
left-hand panel of the Fig. 11). Thus, self-absorption causes a
systematic overestimation ofTrot in the band-tail fittingmethodwhen
we used optically thin theoretical synthetic spectra. The band tail is
free from self-absorption if the column number density of CN is less
than�20 nmol cm�2. In contrast, the spectral shape of the bandhead
is highly vulnerable to self-absorption. In our actual experiments, it is
difficult to estimate the column number density of laser-induced
nonequilibriumCN radicals because the electronic state of CN is also
expected to be out of an equilibrium population. The degree of self-
absorption is controlled by the population of both upper and lower
electronic states. Thus,we cannot estimate the systematic error due to
self-absorption in observed Trot quantitatively. Nevertheless, in
Fig. 11, we demonstrate that the spectral shape of band tail is much
more robust against self-absorption than the bandhead under the
same radiation environment.

C. Comparison with Conventional Spectral-Form-Inversion Analysis

Because the irradiance of the CN band tail is smaller than that of
the bandhead, the influence of the band tail on the spectral-form-
inversion analysis is smaller than that of the bandhead. As discussed
in Sec. II.B, the band tails of the emission spectra of the CN violet

Fig. 10 Theoretical synthetic spectra and Er as a function of Trot for three values of the Gaussian FWHM.
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band and theC2 Swan band systems are controlled only byTrot. Also,
as discussed in Secs. V.A and V.B, the shape of the band tail is
highly insensitive to the uncertainties in the spectroscopic constants
and to self-absorption. In contrast, the bandhead is likely to deviate
from the equilibrium shape of the band system due to the nonequili-
brium distribution of the vibrational state and self-absorption. Thus,
if a spectral-form-inversion analysis using the entire structure of a
band system fails to fit the band tail, an optimum Trot that minimizes
Er may not be as good a measure for the rotational temperature. In
such a case, the band-tail fitting method proposed in this study
would give a more accurate estimate of the rotational temperature.

VI. Conclusions

Wedeveloped a new rotational-temperature-measurement method
for chemically reacting nonequilibrium CN radicals using the band
tails of the emission spectra. The results of this study show that the
band tails of the emission spectra of CN andC2 are controlled only by
the rotational temperature. Thus, the band tails can serve as a good
indicator of the rotational temperature. The band-tail fitting method
has two advantages: it is insensitive to self-absorption and can use
much lower-resolution spectra than other rotational-temperature-
measurement methods.

Laser-ablation experiments within N2 � H2O � CO2 � Ar
atmospheres using graphite targets were conducted to investigate
the validity of our method. We observed laser-induced nonequili-
briumCN radicals and estimated the translational–rotational temper-
ature. Experimental results show that the rotational temperatures
obtained can reproduce the physically predicted trends as a function
of time and beam cross section. The systematic error due to
uncertainties in the spectroscopic constants in the band-tail fitting
method is of the same order as the uncertainty in the spectroscopic
constants. These results strongly suggest that ourmethod can serve as
a powerful tool inmeasuring the translational–rotational temperature
of chemically reacting nonequilibrium CN radicals.
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