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The spectroscopic measurement of low-pressure microwave-discharged nitrogen plasma was conducted in the wave-
length region of 550 to 1070 nm. Radiation from the N2 first positive band of the �v ¼ 0 to �v ¼ þ4 band series and
nitrogen atomic lines were observed. The experimental spectrum was compared with the theoretical spectrum, showing
the effect of the predissociation of N2 B 3¬g state through N2 A0 5g

+ state and triplet splitting for the transition of 3¬

to the 3 state. They agreed very well with each other for the �v ¼ 0 to �v ¼ þ2 band series, which consisted of
the lower vibrational levels of v 0 ¼ 0 to 7, but did not agree well for the higher vibrational levels of v 0 ¼ 8 to 12 in
the �v ¼ þ3 and +4 band series. By comparing the band head intensity of the experimental and theoretical spectra,
the experimental vibrational population on each vibrational level for the B 3¬g state was estimated to be a non-Boltzmann
distribution at the higher vibrational levels. In addition, the theoretical vibrational population distribution in the B 3¬g state
was calculated using a master equation, and then agreement between the experimental spectrum and the theoretical spec-
trum with the non-Boltzmann distribution obtained from the master equation was improved.
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Nomenclature

Aðv 0; v 00Þ: sum of radiative transition probability from vi-
brational level v 0 in B 3�g state to all vibrational
levels in A 3�u

þ state
Kðc; v 0Þ: recombination rate coefficient to vibrational level

of v 0

Kðv 0; cÞ: dissociation rate coefficient from vibrational lev-
el of v 0

Kðv; v 0Þ: transition rate coefficient from an initial level v in
B 3�g state to final level v 0

Jmax: maximum rotational quantum number
nM: population of third body
nS: population in 4S° state of nitrogen atom
nv0 : population of vibrational level v 0

Tr: rotational temperature
Tv : vibrational temperature
v 0: vibrational level in B 3�g state
v 00: vibrational level in A 3�u

þ state
�v: v 0 � v 00

Vmax: maximum vibrational quantum number
�D: surprisal parameter for dissociation

1. Introduction

Spectroscopic measurement has been conducted for arc-
heated wind tunnels,1,2) shock tubes,3) and inductively

coupled plasma4) to determine the physical properties of
high-temperature plasma. Since it is frequently used for tem-
perature determination by comparing with theoretical spec-
trum, it is important to improve the accuracy of the theoret-
ical spectrum and to understand the internal state of a
molecule or an atom concerned with the occurrence of the
spectrum. In general, the radiation from N2

þ, N2, and N is
often observed when using nitrogen gas as a test gas. In
the ultraviolet region, radiation of the N2 second positive
(2+) band and N2

þ
first negative (1¹) band is mainly ob-

served, and the radiation is strong. In the visible and near-in-
frared regions, the N2 first positive (1+) band is also often
observed, but the radiation is normally weaker than that of
the N2 2+ band. The N2 1+ band has been intensively inves-
tigated for afterglow plasma.5,6) The N2 1+ band originates
from the radiative transition of N2 B 3�g to the N2 A 3�u

þ

state, and the B 3�g state is well known as having a predis-
sociation process through the A0 5�g

þ state. This process
significantly affects occurrence of the N2 1+ band. Further-
more, it is difficult to observe the A0 5�g

þ state directly,
and this state contributes not only to the dissociation and re-
combination process in a nitrogen plasma, but also produces
a metastable state.6) Therefore, to understand the processes
concerned with the B 3�g and A0 5�g

þ states precisely, it
is important to predict the properties of the recombining plas-
ma and nonequilibrium plasma more accurately.

In the present study, in order to obtain the N2 1+ band, ni-
trogen plasma was generated by a microwave discharge at a
low pressure and spectroscopic measurement was conducted.
A microwave discharge enables us to relatively easily obtain
nonequilibrium plasma, and the N2 2+ band was observed
clearly in the ultraviolet region.7) To sustain stable plasma
easily and investigate the nonequilibrium using the condition
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where it was observed, plasma was generated at the pressure
of 700 Pa and incident power of 200W. In general, the N2 1+
band has mainly been observed in the visible region. How-
ever, we can only obtain radiation from a vibrational level
of more than v 0 ¼ 2 in the visible region. In this study, in or-
der to observe radiation from the ground vibrational level in
the near-infrared region, and to investigate the radiative char-
acteristics with a sufficiently high intensity for the long-
wavelength region, spectroscopic measurement was con-
ducted using a near-infrared photomultiplier tube and a pho-
ton counting system. This experimental setup enabled us to
observe the N2 1+ band along with a wide wavelength re-
gion and obtain the radiation from all vibrational levels up
to 12. In this experiment, spectroscopic measurement of
the microwave-discharged nitrogen plasma was conducted
in the wavelength region from 550 to 1070 nm. The radiative
intensity observed during the experiment was compared with
the theoretical spectrum for the N2 1+ band. From the re-
sults, since the experimental spectrum with higher vibration-
al levels was not reconstructed using the theoretical spectrum
with Boltzmann equilibrium, the vibrational population dis-
tribution in the N2 B 3�g state was numerically calculated
using a master equation. The master equation is often applied
to investigate rotational and vibrational relaxation for high-
temperature plasma and nonequilibrium plasma.8–10) In the
analysis, the model of rate coefficients for excitation and dis-
sociation is important, and was developed for vibrational en-
ergy transfer8) and rotational energy transfer, individually.
Recently, studies for developing rotational and vibrational
master equations have begun, and defined rate coefficients
have been verified by making comparisons with previous
models or shock tube experiments.9,10)

In our experiment, vibrational nonequilibrium in the N2 B
3�g state was measured by comparing the experimental
spectrum and theoretical spectrum, but rotational nonequilib-
rium could not be confirmed due to the complicated rotation-
al lines on each band head. Hence, we estimated the vibra-
tional population at the N2 B 3�g state by calculating the
vibrational master equation. In the calculation, the vibration-
al transition rate coefficient based on information theory11)

and the modified model of the dissociation rate coefficient
of Gonzales and Varghese,12) as mentioned by Sakamura,13)

were considered. Using the non-Boltzmann population dis-
tribution obtained from the master equation, the vibrational
nonequilibrium in the N2 B 3�g state was investigated, and
improving the theoretical spectrum for the N2 1+ band
was attempted.

2. Experimental Setup

Figure 1 shows a schematic view of the experimental set-
up. The microwave-generating system is composed of a mi-
crowave generator, isolator, power monitor, EH tuner, and
rectangular cavity resonator. A quartz tube with an inside di-
ameter of 10mm was inserted into the aperture of the cavity
resonator. Nitrogen gas was forced to flow in the tube with a
constant flow rate of 50ml/min, and was exhausted by an

oil-rotary pump. Then the pressure in the tube was kept at
700 Pa. The microwave at a frequency of 2.45GHz was
transmitted into the cavity, and microwave-discharged nitro-
gen plasma was generated under the incident power of
200W. Figure 2 shows a schematic view of the measuring
point. The length of the plasma generated was about
55mm and it was very steady. The spectroscopic measure-
ment was conducted at a position of 30mm from the up-
stream end of the cavity on the center axis. Radiation from
the plasma was measured by a spectrometer (Andor
SR500) with a grating of 1200 grooves/mm and a focal dis-
tance of 500mm using a near-infrared photomultiplier tube
(Hamamatsu Photonics R5509-43) and a photon counting
system (Hamamatsu Photonics C9744 and C8855-01). An
achromatic lens with an applicable range of 500 to
1100 nm was used not only to focus on the radiation of the
plasma on the entrance slit of the spectrometer, but also for
preventing chromatic aberration. In this experiment, a spec-
trum over the wide wavelength region of 550 to 1070 nm was
measured in order to obtain as much of the N2 1+ band series
as possible. A longpass filter was also set in front of the en-
trance slit to eliminate a secondary spectrum in the shorter-
wavelength region of 550 nm. After measuring the spectrum,
the sensitivity profile depending on wavelength for the meas-
uring system was calibrated using a calibrated 200W tung-
sten halogen source lamp (Newport 63355).
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Fig. 1. Schematic view of experimental setup.

Fig. 2. Schematic view of measuring point.
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3. Radiative Characteristics of N2 1+ Band

3.1. Experimental spectrum
Figure 3 shows the experimental spectrum between 550

and 1070 nm. The experimental spectrum was normalized
using the intensity of the N2 1+ (0, 0) band at 1051 nm. It
is mainly composed of the N2 1+ band for the �v ¼ 0 to
�v ¼ þ4 band series and some atomic lines. The H and O
lines are contamination in the gas. In each band series of
the N2 1+ band, the band heads for some upper vibrational
levels are distinguishable. In the near-infrared region, the ra-
diation from a ground vibrational energy level in the B 3�g

state was clearly observed, and the rotational lines could be
identified more sharply. In the�v ¼ þ3 and+4 band series,
the radiation from the higher vibrational energy levels more
than v 0 ¼ 7 could be observed. The radiation from v 0 > 12

was observed in the Lewis-Rayleigh afterglow5) at lower
pressure, but it was not obviously distinguished in this ex-
periment. The upper vibrational level in the B 3�g state for
distinguishable band heads in each band series is tabulated
in Table 1. The band heads in parentheses in this table are
overlapped in the same wavelength region. Similarly, the ra-
diation from a higher vibrational level in the �v ¼ 0 to
�v ¼ þ2 band series are overlapped with other band series.
Therefore, to understand the radiative characteristics from all
vibrational levels in the B 3�g state, it is necessary to meas-
ure the spectrum along with a wide wavelength region.
3.2. Theoretical spectrum of N2 1+ band

In order to investigate the radiative characteristics of the
N2 1+ band in detail, a theoretical spectrum for the N2 1+
band was calculated. In the calculation, the theoretical spec-
trum was constructed based on line-by-line calculation.14)

Since the origin of the N2 1+ band is radiative transition
from N2 B 3�g to the N2 A 3�u

þ state, triplet splitting for
the transition from 3� to 3� was considered, and then 27
branches were included.15) The B 3�g state is known to in-
teract with the N2 A0 5�g

þ state, and it is indicated that a pre-

dissociation limit exists near 9.99 eV at v ¼ 12 and
j ¼ 33.16) Figure 4 shows the potential curves for the B 3�g

and A0 5�g
þ states of N2. These curves were calculated by

combining the Rydberg-Klein-Rees and Hulburt-Hirschfelder
methods17) using the spectroscopic data.18,19) The two curves
for the B 3�g and A0 5�g

þ states cross above the vibrational
level of 10 in the B 3�g state, as shown in this figure, and the
N2 B 3�g molecule having the energy above the predissoci-
ation limit is dissociated through the A0 5�g

þ state to two
nitrogen atoms with a ground-level 4S� state. Originally,
the B 3�g state has a vibrational level of 30 and much higher
rotational levels on each vibrational level. However, the pre-
dissociation process eliminates the radiation from v 0 > 12

and higher rotational levels, and a unique spectrum of the
N2 1+ band is formed. Therefore, in this calculation, the ra-
diation from the B 3�g state above the energy level on
v ¼ 12 and j ¼ 33 was eliminated, and the maximum rota-
tional quantum number Jmax for each vibrational level was
determined from the predissociation energy of the B 3�g

state.
Figure 5 shows a comparison between the theoretical

spectrum with the effect of predissociation and the theoretical
spectrum without the effect of predissociation. The former
was calculated using a maximum vibrational quantum num-
ber of Vmax ¼ 12, and the latter was calculated using
Vmax ¼ 21 owing to restricting the data18) for Franck-Con-
don factor, radiative transition probability, and so on. The vi-
brational and rotational population distributions were as-
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Fig. 3. Experimental spectrum.

Table 1. Vibrational level on B 3�g state for distinguishable band heads
in each band series.

Vibrational level on B 3�g state

�v ¼ 0 0 2 3 4 5
�v ¼ þ1 1 2 3 6 7
�v ¼ þ2 2 3 4 5 6 7
�v ¼ þ3 3 4 5 6 7 8 9 10 11 (12)
�v ¼ þ4 (4) 5 6 7 8 9 10 11 12

Fig. 4. Potential curves for B 3�g and A0 5�g
þ states of N2.
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sumed to be Boltzmann distributions, and the theoretical
spectra were calculated for a vibrational temperature of
7500K and a rotational temperature of 6500K. In this figure,
both spectra were normalized using the intensity of the N2

1+ (0, 0) band at 1051 nm. The spectra for the �v ¼ þ2

band series composed from lower vibrational levels of
v 0 ¼ 0 to 7 had nearly the same profiles. But in the�v ¼ þ3

to+5 band series, the intensity from higher vibrational levels
for the spectrum without predissociation gradually became
higher than the spectrum with predissociation. Especially,
the radiation from the vibrational levels of more than 13 dra-
matically changed. Since the radiation for v 0 > 12 was not
observed in this experiment, as shown in Fig. 3, it was found
that consideration of the predissociation for the B 3�g state
through A0 5�g

þ state is necessary and very important for
precise reconstruction of the N2 1+ band.

3.3. Comparison of experimental and theoretical spec-
tra

The theoretical spectrum with the effect of the predissoci-
ation shown in Fig. 5 was compared with the experimental
spectrum. Figure 6 shows a comparison of the experimental
spectrum and theoretical spectrum calculated at the temper-
atures of Tr ¼ 6500K and Tv ¼ 7500K. In the present
study, temperature determination was conducted by applying
the spectral matching method. As vibrational temperature in-
creases, the intensity of the band head with higher levels of
vibration in the upper state becomes relatively higher. As ro-
tational temperature increases, the intensity in the shorter-
wavelength region of each band head becomes relatively
higher. We estimated the vibrational temperature from the ra-
tio of each band head intensity and the rotational temperature
from the shape of the slope in the shorter-wavelength region
of each band series by comparing the appearance of the ex-
perimental spectrum and theoretical spectra for several tem-
perature conditions. The vibrational temperature was higher
than the rotational temperature. Then, the microwave-
discharged nitrogen plasma was estimated to be in a thermal
nonequilibrium state.

From Fig. 6, it was found that the theoretical spectrum
agreed well with the experimental spectrum for the entire
wavelength region to some extent, but agreement was inad-
equate for bands with higher levels of vibration in the B 3�g

state. A detailed comparison of the experimental spectrum
and theoretical spectrum for the �v ¼ 0 band series is
shown in Fig. 7(a) and that for the �v ¼ þ4 band series
in Fig. 7(b). In the �v ¼ 0 band series, though the intensity
of each rotational line of the N2 1+ band was not precisely
reconstructed and the atomic lines were not included in the
theoretical spectrum, both spectra were in good agreement.
On the other hand, in the �v ¼ þ4 band series, the intensity
of the theoretical spectrum in the wavelength region less than
the N2 1þ (7, 3) band gradually rose higher than that in the
experimental spectrum. This fact indicated that the vibra-
tional population distribution in the B 3�g state with higher
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levels of vibration was not in Boltzmann equilibrium. In this
study, in order to investigate vibrational nonequilibrium, the
vibrational population in the N2 B 3�g state was analyzed
numerically using a master equation.

4. Analysis of Vibrational Population Distribution

4.1. Master equation
In the present study, a master equation was used to calcu-

late the vibrational population in the N2 B 3�g state for
which the vibrational level was 13; that is, v 0 ¼ 0 to v 0 ¼ 12.
In the equation, the effects of vibrational transition, dissoci-
ation, and recombination resulting from heavy particle colli-
sions, and also the radiative transition from the N2 B 3�g

state to the N2 A 3�u
þ state were included. The master equa-

tion is described in the following form,

dnv0

dt
¼

X

v0 6¼ v

K v; v 0� �
nvnM �K v 0; v

� �
nv0nM

� �

�K v 0; c
� �

nv0nM þK c; v 0� �
nS

2nM

� A v 0; v 00� �
nv0 ; ð1Þ

where, the lefthand-side of Eq. (1) indicates the rate of
change in the population on the vibrational level v 0. On the
righthand-side, the first term indicates the change in rate of
the population resulting from vibrational transition due to
heavy particle collision; the second term represents change
due to dissociation from vibrational level v 0, and the third
and fourth terms represent change due to recombination
and radiative transition from the B 3�g to A 3�u

þ states, re-
spectively. For this calculation, we assumed the dissociation
and recombination occurred directly between the B 3�g state
and 4S� state of the nitrogen atom, without considering pre-
dissociation through the A0 5�g

þ state.
In this study, the vibrational de-excitation transition rate

coefficient Kðv 0; vÞ derived applying the information
theory11) and modified model13) of the dissociation rate coef-
ficient Kðv 0; cÞ originally derived from Gonzales and Var-
ghese12) were used. The excitation rate coefficient and re-
combination rate coefficient were derived applying the
principle of detailed balance. In order to estimate the effects
among vibrational transition, dissociation, and radiative tran-
sition, the coefficients of nv on the righthand-side of Eq. (1)
were calculated under the experimental conditions of a pres-
sure of 700 Pa and a vibrational temperature of 7500K. Rep-
resenting the total change in the population rate on vibration-
al level v 0 using vibrational transition as Ktrans, giving
dissociation as Kdis and radiative transition as Krad, these
terms are described in the following forms,

Ktrans ¼
X

v 0 6¼ v

K v 0; v
� �

nM; ð2Þ

Kdis ¼ K v 0; c
� �

nM; ð3Þ
Krad ¼ A v 0; v 00� �

: ð4Þ

The comparison of Eqs. (2), (3), and (4) is shown in Fig. 8.
For the plasma conditions considered here, the total change
rates due to vibrational transition and due to radiative transi-
tion can be determined uniquely, but the change rate due to
dissociation is adjustable applying the surprisal parameter
�D.12) In this figure, the total change rates due to dissociation
for �D ¼ 10, 25, and 50 are shown. The total change rate re-
sulting from vibrational transition is larger than other rates
and the effect of radiative transition is negligible. However,
it can be seen that the difference between the rates due to vi-
brational transition and dissociation becomes considerably
smaller as the vibrational level rises, and the value of �D de-
creases. For the lower value of �D, one can predict that the
effect of dissociation will appear relatively easily in the pop-
ulation distribution obtained from the master equation.
4.2. Theoretical vibrational population distribution

Theoretical vibrational population distribution in the N2 B
3�g state was calculated using the master equation. It was as-
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sumed that the plasma was in the steady state corresponding
to the experiment. Thus, numerically solving the 13� 13

matrix generated from the master equation with dnv0=dt ¼ 0,
the population at each vibrational level was obtained. In
this calculation, the temperature was assumed to be 7500K
and the pressure was 700 Pa, the same as the experiment.
Figure 9 shows a comparison of the theoretical vibrational
population distributions for �D ¼ 10, 25, and 50. The hori-
zontal axis is the vibrational energy and the vertical axis is
the normalized vibrational population. The population at
each vibrational level was normalized using the value of
the population at the ground vibrational level. From the re-
sults, it was found that the vibrational population distribution
obtained from the master equation formed a non-Boltzmann
distribution. As the value of �D becomes lower, the decline in

population at higher vibrational levels becomes larger. In
Fig. 9, the experimental vibrational population distribution
estimated from the �v ¼ þ4 band series so as to fit each
band head intensity of the experimental spectrum by adjust-
ing the population on each vibrational level of the theoretical
spectrum was also plotted. The population was normalized
using the population value at v 0 ¼ 6 so as to agree with
Boltzmann distribution because the vibrational populations
at the lower vibrational levels up to 6 were thought to be
within Boltzmann equilibrium. From this figure, in the case
of �D ¼ 25, it was found that the tendency of the experimen-
tal vibrational population distribution was relatively well re-
constructed.

Figure 10 shows a comparison of the experimental spec-
trum and the theoretical spectrum with the non-Boltzmann
population distribution calculated using the master equation
for �D ¼ 25 in the�v ¼ þ4 band series. By considering the
non-Boltzmann population distribution, agreement between
the experimental and theoretical spectra was improved.
Therefore, it is important to consider the non-Boltzmann vi-
brational population distribution for the theoretical spectra to
reconstruct the experimental spectra precisely. However, the
intensity of the theoretical spectrum in a shorter-wavelength
region on each band was somewhat smaller than the experi-
mental spectrum. This tendency was also seen in other band
series. One possible reason is thought to be in the accuracy of
the Hönl-London factor. Moreover, the intensity of the theo-
retical spectrum was lower than that of the experimental
spectrum in the shorter-wavelength region of the N2 1+
(12, 8) band. Since the theoretical spectrum including the vi-
brational levels of v 0 ¼ 13 and 14 did not reconstruct the
slope of the experimental spectrum, another possible reason
is thought to be overlapping with other bands from N2 2+,
N2

þ 1¹ or N2 1+ of v 0 > 17 observed in the Lewis-Ray-
leigh afterglow.20) Consideration of details will be needed
in the future. Concerning the surprisal parameter, Gonzales

Fig. 8. Comparison of coefficients among Ktrans, Kdis, and Krad.

Fig. 9. Vibrational population distributions.
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Boltzmann equilibrium, and theoretical spectrum with non-Boltzmann vi-
brational population distribution.
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and Varghese estimated the value to be approximately
�D ¼ 1 for N2 from the comparison using shock tube data.12)

The vibrational population for �D ¼ 1, calculated from the
master equations, became much lower than the population
of the experimental distribution in Fig. 9. In this study, we
assumed the direct occurrence of dissociation and recombi-
nation without considering predissociation, and calculation
was carried out using the master equation. Considering pre-
dissociation and other processes for the N2 B 3�g state are
required for the master equation.

5. Conclusion

Spectroscopic measurement of the microwave-discharged
nitrogen plasma at low pressure was conducted in the wave-
length region of 550 to 1070 nm and the N2 1+ band from the
�v ¼ 0 to �v ¼ þ4 band series was observed. In the
�v ¼ 0 band series of the near-infrared region, radiation
from the ground vibrational energy level was clearly ob-
served. In the �v ¼ 0 to �v ¼ þ2 band series, radiation
from the vibrational levels up to 7 in the B 3�g state was ob-
served. It was found that the experimental spectrum for the
lower vibrational levels was well reconstructed using the the-
oretical spectrum with Boltzmann equilibrium. However, the
experimental spectrum with higher vibrational levels up to
12 in the �v ¼ þ4 band series was not fitted to the theoret-
ical spectrum with Boltzmann equilibrium. From the results,
it was found that the population in the B 3�g state with
higher levels of vibration was relatively small compared to
the Boltzmann distribution. In this study, the vibrational pop-
ulation distribution in the B 3�g state was calculated using
the master equation, and non-Boltzmann distributions were
obtained depending on the value of the surprisal parameter
�D. The theoretical spectrum with non-Boltzmann distribu-
tion for �D ¼ 25 agreed well with the experimental spec-
trum. However, consideration for predissociation of the B
3�g state through the A0 5�g

þ state was not directly included
in this master equation calculation. The effect of predissoci-
ation needs to be included in the calculation in the future.
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