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We performed a quantitative analysis of time-resolved laser-induced breakdown air plasma spectra to obtain the evo-
lution of temperatures and species relative fractions. The air plasma was generated by focusing a 100 mJ Nd:YAG laser
pulse, and the time-resolved spectra were recorded by an intensified charge-coupled device camera with incremental delay.
The attention was mainly focused on the emission spectra of the first negative system of nitrogen (N+

2 , B2Σ−u –X2Σ+
g ) and

the violet system of carbon nitride (CN, B2Σ+–X2Σ+) located at 383–396 nm. A custom-built model was developed to
perform the simulation and fitting of the N+

2 and the CN spectra from the air plasma. The model was verified by comparing
to a published model with a 0.9860 Spearman correlation coefficient. With this model, the time-resolved non-equilibrium
temperatures and relative fractions of N+

2 and CN were obtained with a fitting correlation coefficient higher than 0.9108.

Keywords: non-equilibrium, time-resolved, diatomic molecule, optical emission spectroscopy
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1. Introduction
Non-equilibrium flow is an active research area.[1] It has

enormous potential applications in various disciplines, par-
ticularly in aerospace and military contexts.[2–7] The surface
flow of a hypersonic vehicle at high altitude is essentially
in a thermodynamic non-equilibrium state. The thermody-
namic and aerodynamic properties of non-equilibrium flow
significantly impact the design of thermal protection systems
and aerodynamic structures.[8] So far, there has been exten-
sive research on non-equilibrium states. Many classical mod-
els have also been developed, which describe the thermo-
chemical non-equilibrium processes for spacecraft entry into
the Earth’s atmosphere.[9,10] However, the complexity of non-
equilibrium states has led to limitations in these models. Spec-
troscopy can directly obtain the particle population distri-
bution at various energy levels and internal energy distribu-
tion within non-equilibrium molecular systems,[11] thus better
characterizing the thermodynamic and aerodynamic properties
of non-equilibrium flow, which has gradually garnered wide
attention from researchers. Optical emission spectroscopy
(OES),[12–16] in particular, had been employed to carry out
experimental analysis of plasmas, since its non-intrusive na-
ture and ability to access more information concerning plas-
mas. Non-equilibrium spectra of plasmas were obtained using
OES, and the researchers estimated their vibrational and rota-
tional temperatures.[3,17–20]

NASA observed the phenomenon of high-level overpop-
ulation at the IHF Arc Jet Facility,[21] where the particle num-
ber distribution no longer adhered to the Boltzmann distri-
bution. However, the spectral resolution obtained by NASA
was relatively low. Subsequently, higher-resolution strongly
non-equilibrium spectra were gradually obtained internation-
ally under different experiment setups and conditions.[22–26]

Michael W. Winter proposed a fitting method that introduced
an overpopulation factor Nover

[27] to analyze non-equilibrium
spectra that do not satisfy the Boltzmann distribution, which
significantly enhanced the alignment of line profile and inten-
sity between the fitted and measured spectra. In summary, two
types of population distributions can be used to analyze the
non-equilibrium state: the Boltzmann distribution with dif-
ferent vibrational and rotational temperatures, and the non-
Boltzmann distribution. Researchers around the world have
conducted a large number of plasma spectral measurement ex-
periments and carried out corresponding analyses and temper-
ature extractions.

In this work, time-resolved spectra of CN and N+
2 from

laser induced breakdown plasma were measured. We devel-
oped a model for the simulation and fitting of the N+

2 and
the CN spectra. Based on the Boltzmann model, the tempo-
ral evolution of the rovibrational temperatures, Tν and Tr, and
the relative fractions of N+

2 and CN were obtained. The ap-
proach presented in this work has the potential to be applied
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in the analysis of non-equilibrium emission spectra, including
non-Boltzmann distribution spectra.

2. Experiment and method
2.1. Experiment

Figure 1 is the schematic of the experiment setup. In this
work, we utilized a plasma-generation system similar to that
in previous studies.[28–31] Specifically, a Nd:YAG laser (Sure-
lite, SL II-10), with a laser output of 10 Hz at 532 nm and
the maximum energy of 230 mJ, was employed. A 50 mm
focal lens was employed to focus the laser, ensuring it has suf-
ficient energy to break down air. To minimize optical losses
and improve collection efficiency, a UV prime lens (Jenop-
tik, UV CoastalOpt SLR objective lens, f = 105 mm, f/4.5)
was used to collect and image the air plasma spectrum in
the spectrometer slit (F = 500 mm). The spectra dispersed
by the spectrometer were recorded by an intensified charge-
coupled device (ICCD) camera. We set the laser intensity to
100 mJ and the slit width of the spectrometer to 100 µm, with
a grating line density of 1800 lines/mm, which was able to
obtain spectra with a higher resolution compared to previous
work.[19,20,32] The digital delay generator (Stanford Research
Systems, DG645) can set the acquisition time and exposure
time of the ICCD camera, enabling the camera to accurately
capture the non-equilibrium spectral signals. The ICCD was
set to integrate 0.1 µs per acquisition and accumulate 200
counts per readout, which was conducive to obtaining signals
with a relatively high signal-to-noise ratio.

Laser Nd:YAG

Mirror

DG645
    Lens
f=50 mm

ICCD

Spectrometer

     Prime lens
f=105 mm, f/4.5 Air plasma

Fig. 1. Experiment setup schematic.

The mechanism of laser-induced plasma generation indi-
cates that during the initial stage of plasma formation, con-
tinuous background radiation plays a predominant role. As
the temperature decreases, this radiation gradually diminishes,
and electronic transitions within atoms become more active,
leading to the emergence of the atomic spectrum. As the

temperature continues to drop, electrons, ions, and atoms re-
combine to form molecules or molecular ions, resulting in the
spectrum dominated by molecules.[33] In addition, the molec-
ular state is characterized as non-equilibrium due to the influ-
ence of high temperatures and shock waves in the early stage
of molecular formation. As collisions between molecules per-
sist, the system gradually approaches an equilibrium state.
Therefore, the detection time was critical for this experiment.
We initially set the acquisition time interval to 5 µs to estimate
the generation times of the plasma spectra at various stages.
After that, we adjusted the acquisition time interval to 1 µs and
conducted precise time-resolved measurements on the spectra
in the initial stage of molecular generation, focusing on the
wavelength range from 383 nm to 396 nm, to capture the non-
equilibrium spectra of N+

2 and the CN. At the end of the ex-
periment, a mercury lamp was used to measure the spectral
resolution at the 100 µm entrance slit, using a 404.7 nm refer-
ence peak approximated by a Voigt function with a 0.087 nm
FWHM (full width at half maximum). This latter feature rep-
resents the slit function, which was used to convolve the theo-
retical spectra for comparison with the measurement.

2.2. Simulation

According to Herzberg’s analysis of the rovibrational en-
ergy of diatomic molecules,[34] the vibrational and rotational
energy considering the coupling of rovibrational energy are as
follows:

Fν(J) = Bν J(J+1)−Dν J2(J+1)2, (1)

G(ν) = ωe(ν +1/2)−ωexe(ν +1/2)2, (2)

where ν and J represent the vibrational and rotational levels,
respectively. Bν and Dν are rotational and centrifugal distor-
tion constants. For a specific electronic system, the sponta-
neous emission intensity of non-equilibrium molecule, based
on Boltzmann distribution,[35] can be expressed as

I = C0Φσ
4 1

Q
exp
[
−G(ν ′)

Tν

− F(ν ′,J′)
Tr

]
×qν ′ν ′′ |Re(rν ′ν ′′)|2 SJ′J′′ , (3)

where σ is the wavenumber with the expression

σ = ∆Te +G(ν ′)−G(ν ′′)+F(J′)−F(J′′), (4)

where Tν and Tr are the rovibrational temperatures. Φ repre-
sents the nuclear spin factor, which is related to the parity of J.
Q is the total partition function. qν ′ν ′′ is the Franck–Condon
factor between vibrational levels and Re(rν ′ν ′′) are electronic
transition moment functions, both of which are accessible con-
stants. SJ′J′′ is the Hönl–London factor related to the differ-
ence in the components of the orbital angular momentum be-
tween the upper and lower electronic levels.
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Table 1. Klein–Dunham coefficients of N+
2 .[36]

Klein–Dunham coefficients (cm−1) B2Σ−u X2Σ+
g

Te 25467.025 0
ωe 2406.67 2197.95

ωexe 23.3782 16.0906
Be 2.07492 1.92286
αe 0.02088 0.0186
De 6.1912×10−6 5.8866×10−6

βe 1.3882×10−6 3.3812×10−6

In the following, the N+
2 first negative system (B2Σ−u –

X2Σ+
g ) is taken as an example for simulation. Deheng Shi

et al. re-evaluated the Klein–Dunham coefficients of N+
2 , as

shown in Table 1.[36]

Based on Eqs. (1)–(4), the spectral constants in Table 1,
and the selection rules for transitions, the theoretical spec-
tra can be obtained, which are the stick spectra containing
information on line intensities and line positions. During
these calculations, we defined the rotational quantum num-
bers as J = 0,1,2,3, . . . ,150 and the vibrational quantum num-
bers as ν = 0,1,2,3,4, then mapped all relevant parameters
into their respective two-dimensional matrices associated with
vibration-rotation quantum numbers, such as the rotational en-
ergy matrix (𝐹 ∈ R5×151) and the upper-level population ma-
trix (𝑄′ ∈ R5×151), and the line positions and line intensities
were calculated using a vectorized approach, which signifi-
cantly improves the calculation speed of theoretical spectra.
After the theoretical spectra are equally spaced, convolving
them with the slit function obtained in Subsection 2.1 can
yield the final simulated spectra. Figure 2 compares the spec-
tra obtained from the simulation code with the spectra by the
SPECAIR,[37–39] which was developed at Stanford based on
the NASA NEQAIR code and is based on accurate spectro-
scopic database. The purple line represents the simulated spec-

tra, while the brown line represents the SPECAIR results. Fig-
ure 2(a) shows the comparison of the results for a rovibrational
temperature Tν = Tr = 2000 K , corresponding to the equilib-
rium state. Figure 2(b) shows the comparison for Tν = 5000 K,
Tr = 3000 K, corresponding to the non-equilibrium state. It
is clear that the line positions of each band match well, and
the overall similarity of each band is good under the condition
of approximately equal peak values. On the other hand, the
line shapes of each band also have a high degree of match-
ing. Furthermore, the dark green box shows detailed compar-
ison of certain bands, where it is evident that the wavelength
ranges match, the line position coincides, and the intensity dis-
tributions and line shapes at different wavelengths are approxi-
mately overlapping. We also used the Spearman coefficient[40]

to quantitatively evaluate the correlation between the simula-
tion and SPECAIR. The formula is given as

ρ = 1− 6∑d2
i

n(n2−1)
, (5)

where di represents the difference in rank values of the i-th
data pair. n is total sample size. Generally speaking, the closer
the value is to 1 (or −1), the higher the correlation will be.
Additionally, correlations are classified as strong when the ab-
solute value of the correlation coefficient exceeds 0.7, moder-
ate when it falls between 0.4 and 0.7, and weak when it ranges
from 0 to 0.4.[41,42] The Spearman correlation coefficient is
0.9921 for the former, while for the latter it is 0.9860, which
means that the simulation outcome is satisfactory. It is noted
that the simulation model developed in this paper has a high
calculation rate, which can significantly improve the fitting ef-
ficiency of the fitting procedure described below and is highly
valuable for processing large batches of spectra.
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Fig. 2. Comparison diagram of N+
2 with different rovibrational temperatures: (a) Tν = Tr = 2000 K, the inset is a partial enlarged view of the

wavelength range from 385 nm to 389 nm. (b) Tν = 5000 K, Tr = 3000 K, the inset is a partial enlarged view of the wavelength range from
385 nm to 389 nm.

2.3. Fitting procedure

According to Eq. (3), intensity I could be regarded as
a function of the rovibrational temperatures, Tν and Tr. In

other words, the spectral simulation model described in Sub-

section 2.2 would serve as the simulation function SIM(·) for

vibrational–rotational temperature retrieval. The parameter

094701-3
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PARM for the SIM is a list, including the vibrational tem-
perature Tr, rotational temperature Tν , and wavelength mea-
surement error ∆λshift. By using Tν and Tr as fitting param-
eters, a series of numerical simulations of molecular spec-
tra corresponding to different rovibrational temperatures are
calculated. These simulated spectra are then matched with
the measured spectra. Therefore, the optimal temperature is
obtained, optimizing the fitting parameters through the least
squares method (LSM).[43] The flowchart of the fitting proce-
dure is illustrated in Fig. 3.

SATART

Import measurement (x data, y data)

Define simulation function SIM (PARM, x data)

Initialize PARM

LSM fitting

END

Fig. 3. The flowchart of least squares fitting for vibrational temperature
and rotational temperature.

To validate the accuracy of the fitting code theoretically,
Gaussian noise similar to the experimental noise was super-
imposed on the simulated spectrum to serve as the measured
spectrum for fitting.[44] Meanwhile, we conducted an initial

value randomness test on this fitting procedure; that is, the
similar fitting temperature can be obtained by randomly gen-
erating initial values. Figure 4 shows the comparison of the
fitting result with the measured spectrum, with the dark green
box highlighting the detailed comparison of certain bands,
which indicates that the result is consistently very close to the
measurement. In terms of fitting values, the rovibrational tem-
peratures of measured spectrum are 2000 K and 1000 K, re-
spectively, and the fitting results show the vibrational tempera-
ture of 1974.35 K and the rotational temperature of 1004.98 K.
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Fig. 4. Comparison diagram between the fitting spectrum and the spec-
trum with noise, where the vibrational temperature is 2000 K and the
rotational temperature is 1000 K, the inset is a partial enlarged view of
the wavelength range from 388 nm to 391 nm.

3. Result and discussion

Figure 5 shows the plasma spectra measured at different
detection times, with the plasma generation moment defined as
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Fig. 5. Nanosecond laser induced air plasma spectra at different times: (a) t = 0 µs, continuum radiation spectrum, (b) t = 5 µs, spectrum with
continuous radiation and atomic–molecular radiation, (c) t = 10 µs, atomic–molecular spectrum, (d) t = 15 µs, atomic–molecular spectrum,
(e) t = 20 µs, molecular spectrum, (f) t = 25 µs, molecular spectrum.
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t = 0 µs. At that moment, the emission spectrum was mainly
characterized by continuum radiation. The continuum radia-
tion has strongly decreased at t = 5 µs; in addition, a band
spectrum with a peak at 391.4 nm and a discrete spectrum
with a peak at 394.8 nm has appeared, corresponding to the
N+

2 first negative system (B2Σ−u –X2Σ+
g ), (0,0) band and the O

(4p–3s) spectra line, respectively. Until t = 15 µs, the discrete
spectral line has disappeared, leaving only the band spectrum,
indicating that molecular radiation dominates. At t = 20 µs,
the CN violet system (B2Σ+–X2Σ+) appeared with two peaks
at 387.3 nm and 386.3 nm.

To further analyze the time evolution characteristics of
the N+

2 and CN, the emission spectra were recorded at inter-
vals of 1 µs, with 10 acquisitions being made at each moment,
and the measurements are presented in Fig. 6. Evidently, the
radiation intensity of O(4p–3s) exhibits a gradual decline and
reaches zero at 15 µs. As stated previously, temperature in-
formation reflected in the measured spectra can be extracted
through spectral simulation and LSM fitting. Since there are
two electronic transition systems in the measured spectra, N+

2
and CN, the intensities I from Eq. (3) of both should be mul-
tiplied by their respective proportionality coefficients a and b,
and the intensity, Inew, is given by

Inew = a× IN+
2
+b× ICN . (6)
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Fig. 6. Molecular spectra of air plasma at 1 µs intervals with 10-time
accumulations per microsecond.

The simulation obtained using this method serves as the
fitting function, and we fit the measured spectra through the
LSM. The fitting spectra and the measurements are shown in
Fig. 7. It is important to note that there is an unknown peak
in the measured spectrum at t = 10–15 µs, in the 389–390 nm
range, which led to the exclusion of this portion from the fit-
ting process. The fitting spectra match the measurement re-
sults well both in terms of line profile and intensity, and the
Spearman correlation coefficient is 0.9250 for 14 µs, while for
19 µs it is 0.9419. Moreover, these values at other instants
are all greater than 0.9108, and the fitting results show a good

agreement, indicating that the molecules in the plasma still fol-
low the Boltzmann distribution, with only the vibrational and
rotational temperatures differing.
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Fig. 7. Comparison diagram of fitting spectra and measured spectra at
different times: (a) t = 14 µs and (b) t = 19 µs.

Using the aforementioned method to fit the measured
spectra from 10 µs to 26 µs, the temporal evolution patterns
of the relative fractions of N+

2 and CN, as well as the rovibra-
tional temperatures, were obtained. In fact, only the ratio of
the fitting parameters a and b is meaningful, as it arose from
normalization during the fitting process. The following con-
version is necessary to proceed:

a1(t) = a0(t)× Inor(t)/a0(t),
b1(t) = b0(t)× Inor(t)/a0(t),
a(t) = a1(t)/a1(t = 10 µs),
b(t) = b1(t)/a1(t = 10 µs),

(7)

where a0 and b0 are the fitting results, and Inor(t) is the nor-
malization factor during the fitting process. As illustrated in
Fig. 8(a), N+

2 exhibits a trend of initially increasing followed
by a decrease. The relative fraction of N+

2 peaks at 12 µs
and then begins to decline, with its second derivative also ex-
hibiting an initial increase followed by a decrease, leading to a
rapid decline of N+

2 between 14 µs and 18 µs. In contrast, the
overall change of the relative fraction of CN is not significant.
It slowly decreases after approximately t = 15 µs. At 26 µs,
the relative fraction of N+

2 decreases to approximately 0.0645
of its maximum value, indicating that a significant amount of
N+

2 has converted to other species.
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Fig. 8. The results obtained by fitting the time-resolved measurement spectra: (a) Time-resolved relative fractions of N+
2 and CN. (b) Time-

resolved rovibrational temperatures of N+
2 and CN.

Figure 8(b) presents the time variation of rotational and
vibrational temperature. The error bars represent the standard
deviation derived from 10 repeated measurements at each time
point, reflecting the reproducibility of measurement results.
Regarding the rotational temperature, the error bars are no-
ticeably short, indicating results are more precise. Besides,
it shows a gradual decreasing trend after 15 µs, with only
slight variation, and the rate is approximately 136.70 K/µs,
which means that the rotational temperature might reach equi-
librium through collisions. For vibrational temperature Tν , it
first increases, peaks around 18 µs, and then decreases grad-
ually. However, the error bars are relatively large, indicating
a higher uncertainty in the vibrational temperature, especially
in the early stages (10–14 µs) and near the peak. Certainly,
at this stage, the vibrational temperature and rotational tem-
perature are not the same, which can be determined that the
molecules are in a non-equilibrium state.

4. Conclusion and outlook
This paper has carried out high-resolution time-resolved

measurements on CN and N+
2 in air plasma and conducted

quantitative analysis. We have developed a custom-built
model to perform the simulation and fitting of the N+

2 and
the CN spectra. After fitting the measured spectra using the
Boltzmann distribution with different vibrational and rota-
tional temperatures, the results demonstrated a high-quality
match in both line profile and intensity between the fitting re-
sults and the measured with the Spearman correlation coeffi-
cient not less than 0.9108, indicating that the molecules are in
non-equilibrium state. Additionally, the temporal evolution of
the relative fraction and rovibrational temperatures, Tν and Tr,
for N+

2 and CN were obtained: (i) The relative fractions of N+
2

first increases and then decreases. The overall change of the
relative fraction of CN is not significant. (ii) Tν first increases
and then slowly decreases, but Tr declines monotonically at a
rate of 136.70 K/µs, leading to a non-monotonic variation in
the population.

This model can also extract the population from molec-
ular spectra that do not follow the Boltzmann distribution
(non-Boltzmann distribution). Future work will concentrate
on spectral measurements in ground wind tunnels, utilize ap-
propriate distribution laws to extract the population state, and
build a comprehensive experimental database, aiming to pro-
vide strong support and a basis for improving the numerical
models used to simulate the hypersonic flow fields.
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