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This paper demonstrates the estimation of vibrational temperatures of N, and CO, in low-pressure plasmas
by threshold ionization mass spectrometry. The principle for the estimation is the decrease in the ionization
potential by the vibrational excitation. We observed that the threshold ionization curves of N, and CO,, which
were measured using a quadrupole mass spectrometer with an energy-variable electron beam, shifted toward
the low-energy side, when they were sampled from the plasmas. We constructed a model which assumed a
Boltzmann distribution for the population densities of vibrational excited states and the same cross sections of
electron impact ionization for vibrational excited states except the shifts of the threshold energies. The vibrational
temperatures were estimated by fitting the experimental threshold ionization curves with the model.
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1. Introduction

Recently, vibrational excited states of molecular
species attract much attention of many researchers in con-
junction with gas conversion processes using plasmas. It
is believed that vibrational excited states are useful for
the improvement of the energy efficiency in CO, split-
ting [1-5]. This is because dissociation via an electronic
excited state with a repulsive potential curve needs excess
excitation energy between the dissociated state and the po-
tential energy of the electronic excited state. CO, at the
electronic ground state can be dissociated if it is excited
to the vibrational state with v = 21 [6], where v3 is the
vibrational quantum number for the asymmetric stretching
mode of CO,, and in this case we can avoid the useless
consumption of the excess excitation energy in the Franck-
Condon dissociation process.

The importance of vibrational excited states of molec-
ular species is also pointed out in plasma-assisted catalytic
reactions [7-9]. It is reported by Rettner and coworkers
that vibrational excited states of molecular hydrogen have
larger probabilities of dissociative adsorption than the vi-
brational ground state on Cu(111) [10]. In addition, more
recent experiments using molecular beams show the en-
hancement of the reaction probabilities of CHs and CO,
by the vibrational excitations [11, 12]. In general, vibra-
tional temperatures of molecular species in nonequilibrium
plasmas are higher than gas temperatures. Hence, many
researchers expect that nonequilibrium plasmas are useful
for enhancing the rates of catalytic reactions.
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We need a method for measuring the vibrational tem-
peratures of molecular species to investigate gas conver-
sion processes in which vibrational excited states play im-
portant roles. However, the measurement of the vibra-
tional temperature in a nonequilibrium plasma is an issue
especially in a low-pressure plasma. Fourier-transform in-
frared spectroscopy (FTIR)[13, 14] and laser Raman scat-
tering [14-16] are standard methods, but their signals are
not detectable at a low pressure (< 10Pa). In addition,
FTIR is a hard method for detecting vibrational excited
states of CO,, since we should exclude CO, from the op-
tical passes among the light source, the Fourier-transform
spectrometer, the detector, and the plasma. Optical emis-
sion spectroscopy is a simpler method and is applicable
to a low-pressure plasma[17-19]. However, this method
gives us the vibrational temperatures of electronic excited
states, and the vibrational temperature of the electronic
ground state, which is the majority even in a plasma, may
be different from those of electronic excited states.

In this work, we developed a simple method for es-
timating vibrational temperatures of molecular species in
nonequilibrium plasmas with low gas pressures. The
method was based on threshold ionization mass spectrom-
etry. Threshold ionization mass spectrometry is widely
used for measuring densities of neutral radicals in the field
of low-temperature reactive plasmas [20-23]. It utilizes
the difference between the ionization potential of a radical
and the potential for dissociative ionization of its parent
molecule. Unlike this principle, the idea for measuring the
vibrational temperature by threshold ionization mass spec-
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trometry is the decrease in the ionization potential by the
vibrational excitation. We tried to derive the information
of the vibrational population distribution from the thresh-
old ionization curve.

2. Principles

Threshold ionization mass spectrometry needs a mass
spectrometer with an energy-variable electron beam for
ionizing neutral species sampled into it. In this work,
we employed a commercial quadrupole mass spectrometer
(QMS). If we sample molecules from a gaseous medium
(but not a plasma), the QMS signal at a mass number (M/e)
is given by
alen [ Vaf(exd !
7 ), oo s (1)
where E. and J. are the energy and the current density of
the electron beam, respectively, # is the density of molec-
ular species to be analyzed, f(¢) is the energy distribution
function of the electron beam, oy(€) is the cross section
of electron impact ionization for the molecule at the vi-
brational ground state, and « is the proportional constant
including the transport efficiency, the quantum yield in the
secondary electron multiplier, etc. I(E.) = aJ.noo(E.) if
f(e) is approximated by the delta function. However, the
broadening of the electron energy distribution function is
not negligible, and in this work we assumed a Gaussian
distribution for f(g) as follows,

[In2 -E.
HT exp [— In2 (8AEe )] , 2)

where AE. denotes the half width at half maximum of the
energy distribution function.

The population densities of vibrational excited states
are not negligible when molecules are sampled from a
plasma. In this case, electron impact ionization of vibra-
tional excited states contributes to the QMS signal such
that

Ig(Ee) =

1
fle) =

AE,

I(Ee) = %;n(v) fo ) o (&) Vef(e)de,  (3)

where n(v) is the population density of the vibrational state
with the vibrational quantum number v, and o,(¢) is the
electron impact ionization cross section for the vibrational
state. We assumed the Boltzmann distribution for n(v),

. n _E(v)
n(v) = 0Ty exp( T ), 4)
with
- E(v)
U(Ty) = ) exp (——) (5)
2.,

where E(v) is the energy of the vibrational state (the energy
standard is E(0)), T is the vibrational temperature, and k
is the Boltzmann constant.

The principle of the proposed method is the fitting be-
tween Eq. (3) and the corresponding threshold ionization
curve observed experimentally. The problem here is the
electron impact ionization cross section. The data for the
vibrational ground state (o(g)) is known, but the cross
section data for v > 1 are not available. In this work, we
have employed a bold assumption that the cross sections
of electron impact ionization are the same for the vibra-
tional ground state and excited states except the shifts of
the threshold energies. The magnitudes of the shifts were
assumed to be equal to the vibrational energies. This is
a reasonable assumption since the cross section of electron
impact ionization is determined by the electronic transition
and is basically independent of the state of the nuclei. Un-
der this assumption, the QMS signal for a molecule sam-
pled from a plasma is given by

I (E.)= % UZ:(; n(v) fo ) oo(e + E(v)) Vef(e)de.
(6)

3. Experiment

The experimental apparatus is schematically shown in
Fig. 1. We used a miniature electron cyclotron resonance
(ECR) plasma source, which employed permanent mag-
nets for the ECR magnetic field, in this experiment. The di-
ameter of the plasma source was 40 mm. It was connected
to a microwave power supply at 2.45 GHz via a coaxial
cable and a three-stab tuner. The microwave power was
lower than 100 W. We tried the estimations of the vibra-
tional temperatures of N, and CO; in pure N, and CO,
plasmas, respectively. The plasma chamber was evacuated
using a turbomolecular pump, and the operating pressures
of N, and CO, were less than 1 Pa. The gas in the plasma
was sampled into another chamber with differential pump-
ing via an orifice with a diameter of 0.5 mm. The differen-
tially pumped chamber was equipped with QMS (HIDEN
Analytical HAL201). A collisionless condition was real-

Microwave power
(2.45GHz)

Three-stub tuner

T Orifice
L (®0.5mm)

Fig. 1 Schematic of experimental apparatus.
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ized in the QMS chamber since the pressure was lower than
5x107® Torr. We confirmed that the electron emission cur-
rent was controlled to be independent of E, in this QMS.
The vacuum tube which connected the orifice and QMS
was sandwiched by a pair of permanent magnets. The per-
manent magnets were necessary to reduce the noise in the
QMS current which was caused by the direct transport of
ions from the plasma.

4. Results

4.1 Estimation of electron energy distribu-
tion function
First of all, we examined the threshold ionization

curves of Ar and N, to estimate the energy distribution
function of the electron beam in QMS. Figure 2 (a) shows
the threshold ionization curve of Ar together with the cross
section of electron impact ionization. The cross section
data was obtained from the LXCat database [24, 25]. Ar
was introduced into the plasma chamber and a part of it
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Fig. 2 (a) Comparison between threshold ionization curve of
Ar and the cross section of electron impact ionization.
(b) Comparison between threshold ionization curve of Ar
and Eq. (1) with various values of AE..

was sampled into the QMS chamber via the orifice. The
plasma was not ignited. As shown in the figure, the varia-
tion of the QMS signal agreed well with the cross section
at E. > 18eV. However, the variation of the QMS sig-
nal was gentler than the cross section at electron energies
around the ionization potential (E. ~ 15.8eV). This dis-
crepancy suggested the fact that the electron energy distri-
bution function was not approximated by the delta func-
tion. The comparison between the threshold ionization
curve and Eq. (1) is shown in Fig. 2 (b), where we assumed
0.2 < AE. <£0.6¢V for the half width at half maximum of
the electron energy distribution function. The signals are
normalized at E, = 24 eV. It was necessary to shift the cal-
culated ionization curves by 0.5 eV toward the high-energy
side to obtain the fitting shown in Fig. 2 (b), suggesting the
inaccuracy in the absolute electron energy in QMS. As
shown in the figure, we obtained the agreement between
the experimental threshold ionization curve and Eq. (1) by
assuming AE. = 0.4eV. It was possible to evaluate the
magnitude of the energy shift and the width of the electron
energy distribution function independently.

We repeated the same comparison for Ny, as shown
in Fig.3. The cross section data was also obtained from
the LXCat database [24]. As shown in Fig. 3 (a), the vari-
ation of the QMS signal was gentler than the cross sec-
tion at electron energies around the ionization potential
(E. = 15.6eV). Figure 3 (b) shows the fitting between the
experimental threshold ionization curve and Eq. (1). The
signals are normalized at E. = 25 eV. We shifted the calcu-
lated ionization curves by 0.95 eV toward the high-energy
side to obtain the fitting shown in Fig.3(b). In the ex-
periment, we observed the day-to-day fluctuation between
0.2 and 1€V in the magnitude of the energy shift that was
necessary to obtain the fitting, suggesting that the abso-
lute electron energy in QMS was not stable. However,
the day-to-day fluctuation was not a problem in the esti-
mation of the vibrational temperature, since we checked
the threshold ionization curve in every experiment. As
shown in Fig. 3 (b), the threshold ionization curve observed
experimentally was reproduced by Eq.(1) by assuming
AE. = 0.4eV. On the basis of the fitting results shown in
Figs. 2 (b) and 3 (b), we concluded that the electron energy
distribution function in QMS was represented by Eq. (2)
with AE, = 0.4eV.

4.2 Estimation of vibrational temperature of
N,

Figure 4 (a) shows the comparison between the thresh-
old ionization curves of N, which were observed with and
without the N, plasma. The N, pressure in the plasma
chamber was 0.3 Pa, and the microwave power was 100 W.
As shown in the figure, when the plasma was switched on,
we observed a considerable current at the electron energy
less than the ionization threshold of N,. This was a kind
of noise which was caused by the transport of N3 from
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Fig. 3 (a) Comparison between threshold ionization curve of N,
and the cross section of electron impact ionization. (b)
Comparison between threshold ionization curve of N,
and Eq. (1) with various values of AE..

the plasma to the secondary electron multiplier in QMS.
The noise was dependent on the plasma density and the
plasma potential. We subtracted the noise from the cur-
rent by fitting it with an exponential curve. The reason for
employing the exponential curve was that we observed a
straight line in the semilogarithmic plot for the noise, as
shown in Fig.4 (a). The QMS current after the subtrac-
tion of the noise shifted toward the low-energy side around
the threshold energy, as shown in Fig. 4 (a), suggesting the
contribution of vibrational excited states to the QMS sig-
nal.

We calculated the ratio I,/l; by adopting AE. =
0.4eV. The vibrational energies E(v) were calculated us-
ing the harmonic oscillator model with the vibrational con-
stants of N [26], and the population densities n(v) were
calculated at various 7,. We included vibrational excited
states with v < 5 in the calculation, since the popula-
tion densities for v > 6, which have energies higher than
1.83 eV, were negligible at a vibrational temperature less
than 5000 K. The ratios I,/ at various T are plotted in
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Fig. 4 Threshold ionization curves for estimating vibrational
temperature of N,. (a) Comparison between threshold
ionization curves observed with and without plasma and
(b) I/, at various T, together with the ratio of blue and
red plots shown in (a).

Fig.4 (b) together with the experimental result (the ratio
between the red and blue plots in Fig. 4 (a)). Considering
the inaccuracy in the subtraction of the noise, the range
for the comparison was limited at E. > 16.5eV. On the
basis of the comparison shown in Fig. 4 (b), we estimated
T, = 1800 = 100K for the vibrational temperature of N,.
The error bar was evaluated by the ambiguity in the com-
parison between I,,/1, and the experimental result.

The vibrational temperature of N, thus estimated is
summarized in Fig.5. The increase in 7, with the mi-
crowave power was observed, as shown in Fig. 5 (a), where
the N, pressure was fixed at 0.3 Pa. The increase in T
is synchronized with the increase in the electron density,
since vibrational excited states are produced by electron
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Fig. 5 Relationships between vibrational temperature of N, and
discharge parameters. (a) 7, vs. microwave power and
(b) Ty vs N, pressure.

impact excitation. On the other hand, we observed weak
dependence of T, on the pressure, as shown in Fig. 5 (b),
where the microwave power was fixed at 30 W. The elec-
tron density increases with the pressure, but the increase in
the rate of electron impact excitation may be compensated
by the higher frequency of vibrational-translational energy
transfer at the higher pressure, resulting in the weak depen-
dence of T on the N, pressure.

4.3 Estimation of vibrational temperature of
CO,

We repeated a similar experiment and a calculation for
CO,. Since CO; has three vibrational modes, the number
of vibrational excited states is much larger than that of N,.
The number of vibrational excited states we considered in
the model for CO, was 520, even though we ignored the
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Fig. 6 Threshold ionization curves for estimating vibrational
temperature of CO,. (a) Comparison between threshold
ionization curves observed with and without plasma and
(b) I/, at various T, together with the ratio of blue and
red plots shown in (a).

vibrational states with energies higher than 2eV. The vi-
brational energies were calculated by

Eco,
e Z w;(v; +d;/2)

+ D xii(vr + dif2)w; + d)2) + x1,, ()
=

where i and c are the Plank constant and the speed of light,
respectively, v; and I, are the quantum numbers of the vi-
brational modes, and d; = 1, d, = 2, and d3 = 1 are their
degeneracies. The spectroscopic constants w, x;;j, and xy,y,

are shown in literature [6,27].
Figure 6 (a) shows the threshold ionization curves of
CO, observed with and without the plasma. The CO, pres-
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sure and the microwave power were 1 Pa and 20 W, respec-
tively. The noise caused by the transport of ions to QMS
was smaller than that shown in Fig. 4 (a), which was due
to the lower plasma density in the CO, plasma. In contrast
to N, CO; had a high degree of dissociation, resulting in
the decrease in the QMS current by the plasma produc-
tion. The degree of dissociation estimated from Fig. 6 (a)
was approximately 33%. The ratios I,/I, at various T\
are plotted in Fig. 6 (b) together with the experimental re-
sult. n in Eq. (4) was multiplied by 0.67 in calculating /, to
take the degree of dissociation into consideration. Accord-
ing to the comparison shown in Fig. 6 (b), we estimated
T, = 700 = 100K for CO; in the plasma. The range for
the comparison was limited at E. > 14.5¢eV, considering
the inaccuracy in the subtraction of the noise caused by the
transport of CO;.

5. Discussion

The minimum vibrational temperatures that can be es-
timated using the proposed method are 1000 and 500 K for
N, and CO,, respectively, as understood from Figs. 4 (b)
and 6 (b). On the other hand, the accuracy of the vibra-
tional temperature estimated by the proposed method is af-
fected by both the experiment and the model. The most
serious problem in the present experiment was the noise
due to the transport of ions from the plasma. The transport
of ions to the orifice was unavoidable since the plasma po-
tential was higher than the potential of the plasma cham-
ber. We used a pair of permanent magnets to deflect ions in
the tube that connected the orifice and QMS, but the frac-
tion of ions arrived at QMS was considerable especially
in the N, plasma, as shown in Fig.4 (a). The ranges of
the electron energy that were used for the comparison be-
tween the experimental ionization curves and I,/I, were
limited at E. > 16.5e¢V and E. > 14.5¢eV in the N, and
CO; plasmas, respectively, to avoid the error caused by the
inaccuracy in the subtraction of the noise in the present ex-
periment, but the detection limit and the ambiguity in the
estimation of 7'y may be improved if we can use the data at
closer energies to the ionization potential. Mass spectrom-
eters which have the ability of retarding ions are available
commercially, and the use of such mass spectrometers may
give us a better detection limit and improved ambiguity.

Another problem in the experimental point of view is
the broadening of the electron energy distribution function.
The width of AE, = 0.4 eV is rather narrow in comparison
with the values in conventional quadrupole mass spectrom-
eters, but a narrower broadening is preferable in the pro-
posed method. We used the ranges of 16.5 < E. < 18eV
and 14.5 < E. < 16.5eV for estimating the vibrational
temperatures of N, and CO,, respectively. Although AE, is
narrower than the ranges of the electron energy, the sharp-
ness of I,/1, against E. is damaged by the broadened elec-
tron energy distribution function. If we can use a spectrom-
eter with narrower AE,, we may obtain a better detection

limit and improved ambiguity.

The principal problem in the model is the assumption
of the Boltzmann distribution for the population densities
of vibrational excited states. Vibrational population distri-
butions which deviate from the Boltzmann distributions are
observed experimentally [16, 28]. If the vibrational popu-
lation distribution has a tail component, it may result in the
over estimation of the vibrational temperature by the pro-
posed method. In addition, different vibrational tempera-
tures were observed for the different vibrational modes of
CO; in plasmas (the vibrational temperature of the asym-
metric stretching mode is higher than those of the symmet-
ric stretching and bending modes) [13, 29, 30]. We have
not ever observed a threshold ionization curve that is ap-
parently deviated from the Boltzmann distribution in our
experiment, but it is better to consider the possibility of the
nonequilibrium population distribution in the data analysis.

6. Conclusions

We have demonstrated the estimation of the vibra-
tional temperatures of N, and CO, on the basis of the
threshold ionization curves which can be measured using a
commercial quadrupole mass spectrometer. The principle
of the estimation is the decrease in the ionization poten-
tial by the vibrational excitation. We observed the shifts
of the threshold ionization curves toward the low-energy
side, when the molecules were sampled from the plasmas.
We compared the shifted threshold ionization curves with
a model, and we estimated the vibrational temperatures.
We believe that the proposed method is useful for estimat-
ing vibrational temperatures of molecular species in low-
pressure plasmas.
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