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Spectral Characteristics of CN Radical (B — X) and Its Application in
Determination of Rotational and Vibrational Temperatures of Plasma

PENG Zhi-Min(ZZE8)!, DING Yan-Jun( T #1% )" ZHAI Xiao-Dong(# ke 7)1, YANG Qian-Suo(#¥2%1)2,
JIANG Zong-Lin(ZE52#)2

!State Key Laboratory of Power Systems, Department of Thermal Engineering, Tsinghua University, Beijing 100084
2Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190

(Received 18 July 2010)

The aim is to resolve the difficulties of measurement of temperature at several thousands of Celsius degrees for
some unstable non-equilibrium gas flows. Based on the molecular spectroscopy theory and inherent molecular
structure characteristics of the CN radical, the dependence of the spectral profile on the rotational temperature
(RT), vibrational temperature (VT) and optical apparatus function are numerically explored within some certain
ranges. Meanwhile, by comparing the numerically calculated spectra with the experimental spectra of the CN
radical, the corresponding RT and VT of the plasma induced by the interaction of the laser pulse from an
oscillated Nd:YAG laser with the coal target are determined, respectively. In addition, a short discussion on the
thermodynamic state and the energy transfer process of the CN radical is also given.

PACS: 47.80.Fg, 42.65.Re, 33.70.—w

High temperature phenomena have been studied
widely and deeply with the progress of science and
technology.l' "1 As the temperature rises to several
thousands of Celsius degree for some unstable non-
equilibrium gas flows, the characteristics on the heat
kinetics and molecular dynamics are much more com-
plex than those at room temperature. The excita-
tion of molecules occurs in all freedoms such as the
rotation level, vibration level and electronic level of
these gaseous molecules. Therefore, the traditional
thermodynamics is no longer suitable for the descrip-
tion and expression of the characteristics of these hot
molecules. Meanwhile, the concept of translational
temperature and the methods of temperature mea-
surement are also limited so that they are of no con-
cern for the gases with a high temperature.

Fortunately, the CN radical can broadly be found
in a high temperature environment, such as in the
universe,[’ % re-entry environment,!''~*! supersonic
combustion, plasma, gas phase reactions and so
on.['"" 191 Meanwhile, the limited lifetime of the CN
radical at the upper levels results in the radiation tran-
sition from the upper level to the low level and the
corresponding emission spectra contain the tempera-
ture and concentration information of the CN radical.
Therefore, some primary parameters such as tempera-
ture and concentration can be estimated by analyzing
the emission spectra such as the B2S" — X237
band of the CN radical. This physical mechanism is
also the basis for the measurement of the rotational
temperature (RT) and vibrational temperature (VT)
for plasma under a high temperature.

In this Letter, based on the inherent molecular
structure characteristics of the CN radical, depen-
dences of intensity distribution of the B2t —
X2 Z+ band on the RT, VT and optical apparatus
function (OAF) are numerically explored. At the same
time, compared the experimental spectra with the nu-
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merical spectra and considered the OAF of the optical
multi-channel analyzer used in the experiment, the RT
and VT of a plasma induced by the interaction of the
laser pulse from a free oscillated Nd:YAG laser with
the coal target are determined.

According to the selection rules of the B2 —
X2 Z+ transitions, the intensity of a spectral line for
the transition between two levels (v, J" — v”, J") is
expressed as!?0~ 2"

a4 g g
I,Z;//JJ// = NU/J/AZ//JJ// hC’Ug//JJ//, (1)

where (v, J’) and (v”,J") represent the vibrational
and rotational quantum numbers in the upper level
and lower level, respectively, h is Planck’s constant, ¢
is the speed of light in vacuum, U;’:,‘]J/,, is the transi-
tion frequency (cm™1!); N,/ is the molecule number
in the upper level and obeys the Boltzmann distribu-
tion; A%/, is the Einstein emission coefficient (s~1)
expressed as

!
647T4 Sf// o' J’

! ! ! ’ 3
AZ”‘{],/ 3 73]1 2J/ + 1p’U”J” (U:/;‘]]u) 5 (2)
’ 2
Wlth pZ//JJ/, = jozo \I’v’J’ (T)Re(r)‘llv”J”(r)dT} )

U, s(r) the ro-vibrational wave functions and R.(r)
the electronic transition moment, S :},/, the Honl-
London factor.

Figure 1 shows the distributions of the spectral
line intensity for different vibrational transitions with
T. =T, =T, = 3000K. The largest intensity is de-
fined as the value of 1000. From the data in Fig. 1, it is
obvious that intensity of the 0-0 transition is stronger
than that of the others and the distributions of the
spectral line of all vibrational transitions are similar.

For a spectroscopy, the experimental spectra are
not only affected by RT and VT but also by OAF.
To determine the RT and VT, calibration of OAF is
performed first. A mercury lamp or a laser with a
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wavelength of 532 nm is utilized for the measurement
of OAF before the spectrum experiment is performed.
In many cases, OAF can be well fitted to a Gaussian
profile as a function of the wavelength A; therefore
the best way to mathematically represent OAF is to

consider a Gaussian profile given by!*"]
)2
(A/2)

where \g is the central wavelength, A is the half-width
and is about 0.321 nm in this study.
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Fig. 1. Spectral line intensity distribution of the
B2t - X25°F band at Te = To, = T = 3000 K.

Figure 2 indicates the dependence of intensity dis-
tribution of the B2Y." — X23°" band of the CN
radical on RT, VT, and OAF. Figure 2(a) shows the
total spectra and the four components for vibrational
transition with T,, = T,. = 3000K, where the band
head from 387.6 nm to 388.8 nm is attributed to 0-0 vi-
brational transition and the spectral intensities whose
wavelength is shorter than 387.6 nm are related to all
vibrational transitions. Figure 2(b) shows a group of
simulated spectra with an RT of 3000 K and various
VTs of 2000, 3000, 4000, 5000 and 6000 K. It is easy to
see that the spectral intensities outside the band head
are obviously proportional to VT. In Fig. 2(c), a group
of simulated spectra is displayed, where VT is fixed at
3000 K and RTs are set at 2000, 3000, 4000, 5000 and
6000 K. By comparing Fig. 2(c) with Fig. 2(b), the sen-
sitivities of the second peak intensity (A & 387.2nm)
and the third peak (A ~ 386.2nm) to RT are lower
than those of the two peak intensities to VT. Finally,
a variety of simulated spectra for A = 0.1, 0.2, 0.4,
0.6nm and T, = T,, = 3000K are given in Fig.2(d).
It can be seen that the relationship between intensity
distribution and OAF is sensitive. From the above
analysis, we know that the RT and VT can be esti-
mated by analyzing the intensity distribution of the
B2S"" — X23°" band of the CN radical.

In the experiment, the intensity distribution of the
B23"" = X23°" band of the CN radical is utilized
to determine the RT and VT of a plasma induced by
the interaction of a focused laser pulse from a free os-

cillated Nd:YAG laser with a coal target. The experi-
mental setup is shown in Fig. 3. The distance between
the lens and the coal target surface heated is nearly
equal to the focal length of the lens, 150 mm. It is
well known that the interaction mentioned above can
abate some rigid granules from the coal target and a
hot particle jet, which contains some free electrons
formed. The seed electrons absorb the laser pulse
energy through the inverse bremsstrahlung process,
some of the air molecules are ionized by their collision
with these accelerated electrons, the electron and ion
densities all increase rapidly and a plasma forms in
the front of the target surface heated.[*"]

1200

L(a)  T,=T,=3000K,

L(b) T, =3000K, A=0.321nm
A=0.321nm i

©
i=3
(=}

L —=— 17, =2000K

—*— 0-0 transition
—#— 1-1 transition

~ 600 -

2 —a— 2-2 transition

= —=— 3-3 transition

= 300 —— Total

< L

E 0 e

= i Lol 1 L

5., 1200

2 L(c) T, =3000K, A=0.321nm| | (d) T, =T, = 3000 K
@ L L

S 900 I ——A=0.1nm
3 —#—A=0.2nm
5 —— A=0.4nm

[=)
(=
o

—— A=0.6nm

1 ..I...I...I... PRI Pt L1
380 382 384 386 388 390 382 384 386 388 390

Wavelength (nm) Wavelength (nm)

Fig. 2. Dependence of intensity distribution on RT, VT
and OAF of the B23"F" — X2 5% band of the CN rad-
ical: (a) the total spectrum and spectral components for
four vibrational transitions; (b), (c¢) and (d) the groups of
the total spectra for a different VT, RT and OAF, respec-

tively.
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Fig. 3. Experimental setup for the interaction of a focused
free-oscillated laser pulse with a coal target in air.

A four-frame CCD camera is utilized to record the
images of the plasma in succession. The height and
width of the images are 18 mm and 24 mm, respec-
tively and the exposure time of each image is 20 ps.
In the experiments, the appearance of the laser pulse
acts as the trigger signal for the four-frame CCD cam-
era and the delay time AT of every frame can be set
up.

An optical multi-channel analyzer is utilized to
record the spectrum of the B2Y." — X23°F band
of the CN radical. Before the experiment, the mer-
cury lamp and tungsten lamp are utilized to measure
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the OAF and response of optical multi-channel an-
alyzer, respectively. The experimental results reveal
that OAF can be well fitted to a Gaussian profile and
half-width is about 0.321 nm. The appearance of the
laser pulse acts as the trigger signal for an optical
multi-channel analyzer.

Figure 4 shows the images of plasma induced by
the interaction of laser pulse with the coal target for
different delay times and the energy of laser pulse is
about 250 mJ. From the images, it is easy to see that
the intensity of the plasma gradually expands during
the laser pulse and then decreases, which is also used
to prove the reliability of temperature measurement
results. In addition, the experimental results also re-
veal that the plasma bulk is proportional to the energy
of the laser pulse.

In Fig. 5, the RT and VT of the CN radical are ob-
tained by fitting the profile of the experimental spectra
of the B2 3.7 — X2 "% band to that of the simulated
spectra. The profiles in the solid lines are the experi-
mental spectra of the B2Y." — X23°" band at dif-
ferent delay times and the energy of the laser pulse
is about 250 mJ and the exposure time of the opti-
cal multi-channel analyzer is 4ps. To determine RT
and VT, several numerical calculations are performed

for the fitting of the simulated spectra with the ex-
perimental results. The profiles in the dotted line in
Fig. 5 represent the corresponding simulated spectra
which are as functions of RT and VT and approach to
the experimental spectra under a special RT and VT.
Therefore, the corresponding values are recognized as
the RT and VT of plasma.
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Fig. 4. Images of plasma for different delay times as en-
ergy of the laser pulse is about 250 mJ.
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Fig. 5. Experimental spectra and corresponding simulated spectra of the B2 Z+ — X2 Z+ band of the CN radials
in the plasma induced by the interaction of the free-oscillated laser pulses with the coal target, where RT and VT are
chosen so that the two kinds of spectra match as much as possible (E = 250 mJ, A = 0.321 nm, AT is the delay time).
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Fig. 6. Experimental spectra and the corresponding simulatin spectra of the B2 Z+ — X2 Z"' band of the CN radials in
the plasma induced by the interaction of the free-oscillated laser pulses with the coal target, where RT and VT are chosen
so that the two kinds of spectra match as much as possible (AT = 70 ps, A = 0.321 nm, F is the energy of the laser pulse).

The experimental data reveal that the RT of the
plasma is as high as 10000 K at the beginning and
the VT is about 5000 K. Then the RT decreases and
VT increases, the experimental data also reveal that
RT and VT of plasma reach equilibrium saturation at
the delay time of 70 ps and the value is about 7000 K.
After that time, the RT and VT decrease in a sim-
ilar rate and the RT and VT of the plasma fall to
4800 K at the delay time of 165ps. Compared Fig. 4
with Fig. 5, the experimental results indicate that the
changing process of the temperature is similar to the
evolutionary process of the plasma. In addition, the
two temperatures of the plasma are proportional to
the level of laser energy as shown in Fig. 6.

In summary, the characteristics of the intensity dis-
tribution of the B2Y." — X23°" band of the CN
radical and its dependences on RT, VT and OAF are
analyzed by numerical simulation. The two temper-
atures of plasma, which are induced by the interac-
tion of a free-oscillated laser pulse with a coal tar-
get, are measured. The theoretical and numerical
results reveal that the dependences of intensity dis-
tribution on the RT, VT and OAF are sensitive. In
the experimental measurement, the RT and VT of the
plasma are successfully determined by the fitting of

the simulated spectra to the experimental spectra of
the B2Y." — X2 3% band.
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