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Abstract: The fluorescence spectrum of CO molecules in
intense femtosecond laser fields was studied experimen-
tally. Distinct spectral lines from excited atoms and mole-
cules were identified. Different dependencies on gas
pressure were observed for atomic and molecular spectral
lines. Analysis indicated that these atomic spectral lines
were induced by the TBR process, and those molecular
spectral lines were induced by collision-induced excitation
with tunneling electrons. This study paves the way for a
better understanding of complex plasma processes.
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1 Introduction

As the second most abundant interstellar molecule after
hydrogen, carbon monoxide plays very important roles in
relevant fields, such as plasma physics, combustion science,
and astrophysics [1]. Beyond the Earth, the CO molecules
have also been observed in comets, planetary atmospheres,
interstellar medium, and the photospheres of the Sun and
cooler stars, and usually are employed as probes for atmo-
spheric structure and dynamics [2]. The detection of CO
molecules is involved in transition spectroscopy; thus, the
fluorescence of CO molecules has been intensively studied
both theoretically and experimentally. Most previous stu-
dies were performed on spectroscopy and molecular prop-
erties [3]; however, plasma still lacks research.
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With the development of laser technology, femtose-
cond laser is found to be an ideal tool for generating
plasma, and the dynamic processes become a hot topic
for molecules in such intense laser fields. Because there
are many possible excitation pathways in laser-induced
plasma, the formation mechanism of excited atoms and
molecules remains controversial. In a single atom/mole-
cule case, the electrons could be excited by resonance,
absorbing single or several photons and populated into
excited states [4]. Even under non-resonant conditions,
electrons could also be excited into atomic and molecular
Rydberg states through frustrated tunneling ionization or
multi-photon resonance excitation in intense laser fields
[5-7]. Collisions prevail in the laser-induced plasma at
high gas pressure. Then, the formation mechanism for
the fluorescence of atoms and molecules becomes more com-
plex. Several mechanisms, such as radiative recombination
[8], dielectronic recombination, three-body recombination
(TBR) [9], and impact excitation by ions or electrons [10],
have all been observed in laser-induced plasma. Thus, it is
very difficult to identify the formation mechanism of fluores-
cence in laser-induced plasma.

In this study, we measured the fluorescence spectrum of
CO molecules in intense femtosecond laser fields. Numerous
spectral lines were observed in the laser-induced plasma.
These spectral lines were clearly identified and classified into
emission from excited neutral atoms and molecules. By
measuring the dependence of fluorescence intensity on gas
pressure and laser intensity, combined with the plasma para-
meters, we studied the formation mechanism of CO molecule
fluorescence in laser-induced plasma. Our research indicates
that the different excitation mechanisms exist simultaneously,
and the identification of the fluorescence mechanism paves the
way for further understanding of the dynamic processes in
plasma.

2 Experiment setup

The experimental setup used for fluorescence spectrum in
femtosecond laser fields is similar to those described in our
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previous studies [11]. The fluorescence spectrum was mea-
sured in a 20 cm-long air-tight cell. An oil-free mechanical
pump was used to pump the reaction region, providing a
base pressure of 0.01Pa. CO gas was leaked into the cell
through an effusive valve. The operating pressure was in
the range of 0.1-1,000 Pa, which was carefully controlled by
a flowmeter. The femtosecond laser pulses (50 fs, 800 nm,
1kHz, linearly polarized) from a commercial Ti:sapphire
laser system (Libra, Coherent) were introduced into the
reaction region by a 25 cm focus lens. At the focus, a neutral
density filter was inserted into the laser beam to vary the
laser intensity continuously. The fluorescence emitted from
these excited atoms and molecules was collected and intro-
duced into an optical fiber laterally. Two kinds of detectors
were used to measure the fluorescence at the end of the
optical fiber. A whole frequency spectrum of the fluores-
cence in the range of 350-1,100 nm was recorded using a
spectrometer (Ocean Optics, QE Pro). To achieve the decay
dynamics of these spectral lines, a monochromator (Zolix,
grating: 1,200 grooves/mm) was used in front of the photo-
multiplier (PMT, Zolix), and the time domain curves were
recorded by a data acquisition card (NI 5162). The fluores-
cence lifetime was obtained by fitting the falling edge of the
time domain curve with an exponential function.

3 Results and discussion

Figure 1 shows the fluorescence spectrum of CO molecules at
1,000 Pa with a laser intensity of 2 x 10** W/cm?* Numerous
atomic spectral lines were observed and numbered in order
of the wavenumber. By comparing with the NIST database,
these atomic spectral lines are assigned to the radiative
transition of neutral carbon and oxygen atoms, as listed in
Table 1. Due to the small base pressure, it is certain that the
background fluorescence signal from air molecules (0,) was
completely reduced. Besides, a series of equally spaced spec-
tral lines with broad line profiles are also identified and
assigned to be the emission of neutral excited CO molecules.
The heads of several progressions for d°A state (v = 5, 6, 7)
and e3¢ state (V' = 3, 4) [12], coincident with the observed
spectral lines, are calculated according to the molecular
parameters of these electronic states. The major subdivi-
sions of these neutral molecular spectral lines result from
the spin-orbit splitting.

To study the fluorescence mechanism of CO molecules,
we measured the intensity of these spectral lines as a func-
tion of gas pressure. Two different kinds of dependences
are observed as the gas pressure increases, indicating that
these fluorescence are produced by different mechanisms.
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Figure 1: The fluorescence spectrum of CO molecules at 1,000 Pa with a
laser intensity of 2 x 10" W/cm?. These atomic spectral lines are num-
bered in order. The heads of several molecular spectral lines of CO
molecules are indicated.

Thus, these spectral lines are divided into two parts accord-
ingly. For the first part, some atomic spectral lines (lines
nos. 3-5, 7-10, and 13) become visible when the gas pres-
sure is greater than 20 Pa. As an example, the results of C I
658.76 nm (line no. 9) spectral line are shown in Figure 2(a).
As shown in the figure, the fluorescence intensity increases
with gas pressure, reaches the maxima around 300 Pa of
gas pressure, and becomes a constant intensity after that.
For the second part, i.e., molecular spectral lines, the
results of 542.45 nm (e3¢ state of the CO molecule, labeled
with red asterisk in Figure 1) are shown in Figure 2(b) as an
example. As can be seen, this spectral line emerges until
100 Pa and increases with the gas pressure as a quadratic
function, which is different from the abovementioned
atomic spectral lines. On the contrary, other atomic spec-
tral lines (line nos 1, 2, 6, 11, and 12) have the same depen-
dence with these molecular spectral lines. Thus, it is
supposed that a portion of these excited molecules are not
stable, and excited atoms are produced by the neutral dis-
sociation of highly excited molecules [13,14], which then
leads to the formation of these atomic spectral lines. There-
fore, these atomic spectral lines (line nos 1, 2, 6, 11, and 12)
are also viewed as molecular spectral lines in the following
part. The lifetimes of atomic (658.76 nm) and molecular
(542.45nm) spectral lines were measured, as shown in
Figure 2(c) and (d), respectively. Both of them decrease expo-
nentially with the gas pressure, indicating that the collisions
should be considered in this range of gas pressure. The
different formation mechanisms of these atomic and mole-
cular spectral lines are discussed in the following section.
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Table 1: Identification of neutral atomic spectral lines
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Line no. Wavelength (nm) Atomic species Transition
1 965.84 C 25%2p3s——25%2p3p
2 940.57 C 25%2p3s——25%2p3p
3 926.08 0 2522p3(*S0)3s——2572p3(*S0)3d
4 909.15 C 25%2p3s——25°2p3p
5 844.64 0 25%2p(*S0)3s——2522p%(*S0)3p
6 833.51 C 25%2p3s——25%2p3p
7 777.19 0 25%2p(*S0)3s——2522p%(*S0)3p
8 72413 C 25%2p3s——25°2p6s
9 658.76 C 25%2p3s——25°2p4d
10 615.60 0 25%2p(*S0)3p——2522p°(*So)4d
n 467.67 C 25%2p3s——2522p4p
C 25%2p3p——2522p 15s/14s/13d
12 437.14 C 25%2p3s——25°2p5p
436.82 0 2522p3(*S0)3s——2522p3(*So)4p
13 426.90 C 25%2p3s——25°2p5p

In plasma, neutral excited atoms are usually produced
by the recombination of electrons with the corresponding
ions. There are three recombination processes: radia-
tive recombination, dielectronic recombination, and
three-body recombination (TBR). In this experiment, the
emissions of radiative recombination (i.e., continuous spec-
trum) and dielectronic recombination (i.e, spectral lines
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from excited atomic ions) were not observed in Figure 1,
and hence, these two mechanisms were excluded. There-
fore, the TBR process, whose rate is two orders of magni-
tude larger than the radiative recombination, is the
possible mechanism for the formation of these atomic
spectral lines [15,16].

This TBR process could be expressed as
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Figure 2: The normalized fluorescence intensity (a) and lifetime (c) as a function of gas pressure for atomic spectral line (658.76 nm) with a laser
intensity of 2 x 10" W/cm?. The same as (a) and (c) but for molecular spectral line (542.45 nm) are shown in (b) and (d). The solid lines in (a) and (b) are
the TBR rate and collision-induced excitation rate as a function of gas pressure (see text).
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where ion A" (C*/0*) would capture an electron and turn
into an excited atom A* (C*/0*), and the energy released in
the recombination process is obtained by another
bystander M. In this experiment, the most possible
bystander M is a neutral molecule.

According to Formula (1), the atomic fluorescence
intensity is proportional to the TBR rate krpg, which can
be written as

krgr = Nt X Ne X Ny X Orpg, 2

where Ny, N, and Ny are the number density of ions,
electrons, and bystanders, respectively. In plasma, the
number density of ions Ny is proportional to the density
of electrons N,, and the number density of bystander Ny
linearly depends on the gas pressure. grgy iS the cross sec-
tion of the TBR process, which is proportional to T,%?,
where T, is the plasma temperature [17,18]. Therefore,
the electron density N, and the plasma temperature T,
are needed for the estimation of the TBR rate krgg.

In the local thermodynamic equilibrium (LTE) condi-
tion, the electron density N, and plasma temperature T,
could be determined according to the measured fluores-
cence spectrum; the method is described in the papers
[19,20], and the results are shown as a function of gas
pressure in Figure 3. In general, both the electron density
N, and plasma temperature T, linearly increase with gas
pressure and reach a maximum of 100 Pa. Actually, there
are two production mechanisms for the free electrons in
the laser-induced plasma, i.e., strong field tunneling ioniza-
tion and collision ionization. In the beginning, electrons
are produced through tunneling ionization of CO mole-
cules in intense laser fields. Then, the energetic electrons
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Figure 3: The plasma temperature T, and electron density N, as a
function of gas pressure at a laser intensity of 2 x 10" W/cm?,

DE GRUYTER

could induce another ionization and produce secondary
electrons in the next collision process. This collision ioni-
zation would repeat until the laser pulse ends. Compared
with the low rate of tunneling ionization (0.1%), almost
40% of CO molecules are ionized at 100 Pa (the electrons
density is 1 x 10"® cm™, and the initial number density of
CO molecules at 100 Pa is about 2.5 x 10" cm™), which
indicates that most electrons are produced by collision
ionization. When the plasma is in the case of LTE, the
average kinetic energy is only about 0.4 eV for the secondary
electrons with the temperature T, = 4,500 K [19]. Compared
with the tunneling electrons, these secondary electrons with
small kinetic energy are easier to capture by atomic ions;
therefore, we believe that the electrons in the TBR process
were produced through collision ionization.

In order to confirm the TBR mechanism of these
atomic spectral lines, we divide Figure 2(a) into three
regions for a detailed discussion. In region I (20-100 Pa),
both the electron density N, and plasma temperature T,
linearly increase with the gas pressure (Figure 3). Then, the
dependence of TBR rate krpr On gas pressure p could be
expressed as p3T;°?, according to Formula (2). The varia-
tion tendency of krgg is shown in Figure 2(a) with red lines
by multiplying a coefficient. A good fitting was observed
between this variation tendency and the experimental
measurements. In Region II (100-300 Pa), both the electron
density Ne and plasma temperature T, change slightly with
the gas pressure (Figure 3); the same applies to the number
density of atomic ions Nx. The TBR cross section Orgg,
which is proportional to T;°?, is also irrelevant to the gas
pressure in this region. Therefore, the TBR rate kygy is in
direct proportion to the gas pressure in this region
according to Formula (2), owing to the number density
increment of the bystander Ny, and the variation tendency
of krggr in this region is shown in Figure 2(a) with blue lines,
which is in line with the experimental observation. As the
gas pressure increased, the mean free path in plasma
became smaller, and the rate krpgr of the TBR process con-
sumed the free electrons and continued to increase and
finally surpassed the collision ionization rate. Finally, an
equilibrium is established between the ionization and TBR
processes in plasma when the gas pressure is beyond
300 Pa. Therefore, the TBR rate krpg, as well as the atomic
spectral intensity, does not increase further in region III, as
shown in Figure 2(a). The full agreement between this TBR
rate with the measured atomic fluorescence intensity indi-
cates that the production mechanism of these atomic spec-
tral lines is indeed the TBR process.

As mentioned above, the production mechanism of
molecular spectral lines is different from that of atomic
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spectral lines. Similar to the excited nitrogen molecules
NZ(C3Hu) inside the laser filaments, there are three possible
mechanisms to populate these neutral excited CO(e*L”)
molecules: collision-assisted inter-system crossing [CO +
mhv - CO*; CO*(ISC) — CO(e%x)], dissociative recombina-
tion [21] [CO*™ CO - (CO),"; (CO),™ e — CO(e3L7) + CO], and
collision-induced excitation [21,22] [COX'Z*) + e = CO(e®L")
+ e]. In order to study the mechanism of molecular fluor-
escence, we present the fluorescence intensity dependence
of atomic (658.76 nm) and molecular (542.45 nm) spectral
lines on laser intensity at 1,000 Pa in Figure 4. The satura-
tion laser intensity of the atomic spectral line is estimated
to be 1 x 10" W/cm?, which is similar to that of tunneling
ionization of CO molecules [23]. This is because all these
complicated processes for TBR in plasma start with tun-
neling ionization. Clearly, the molecular spectral line
has the same saturation laser intensity as that of the atomic
spectral line. Compared with the TBR process in which
CO molecules are ionized, less energy (~8 eV) is needed
for the collision-assisted inter-system crossing, in which
the electron is excited into an electric state near the
CO(e®%") state. Therefore, if these neutral excited CO mole-
cules are produced through collision-assisted inter-system
crossing, a small saturation laser intensity would be
expected, which disagrees with the observation in
Figure 4. As a result, we exclude this collision-assisted
inter-system crossing for the formation mechanism of
molecular spectral lines.

Next, we consider the possibility of molecular excita-
tion by dissociative recombination. It should be pointed
out that the dissociative recombination was observed at
a rather high gas pressure in previous studies (a few thou-
sands of pascal to atmospheric pressure) [21]. While at such
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Figure 4: The normalized fluorescence intensities of atomic (658.76 nm)
and molecular (542.45 nm) spectral lines as a function of laser intensity.
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a low gas pressure (~100 Pa), the probability of collision
between molecules and ions is very low. Furthermore,
when the gas pressure is greater than 100 Pa, the number
density of CO" ion Ncor and low energy electron N, (sec-
ondary electron produced by collision ionization) are inde-
pendent of the gas pressure (Figure 3). Only the number
density of neutral CO molecules linearly increases with the
gas pressure. Therefore, a linear dependence of the dissocia-
tive recombination rate on gas pressure is expected, which is
inconsistent with the observation in Figure 2(b). Thus, the
molecular spectral lines produced through this dissociation
recombination should be ruled out in our experiment.

As a consequence, the formation of neutral excited CO
molecules in plasma is attributed to the collision-induced
excitation. The molecular fluorescence intensity is propor-
tional to the electron impact excitation rate kg, which can
be written as

kee o« Neo % Ne % 0crg, 3)

where N¢o and N, are the number density of the ground
state molecules and energetic electrons, respectively. ocig
is the electron collision excitation cross section of CO mole-
cules, which only depend on the kinetic energy of elec-
trons, independent of the gas pressure. As the gas pressure
increased, N¢g linearly increased accordingly.

Energetic electrons are essential for the collision-
induced excitation of CO molecules. Thus, the contribution
of secondary electrons to this collision-induced excitation
process is quite small. This is because the secondary elec-
trons with a temperature T, = 4,500 K only have an average
kinetic energy of about 0.4 eV. The electron with such small
kinetic energy does not cannot excite the CO molecules.

Energetic electrons could be produced in tunneling
ionization if the rescattering process is included. Both the
number density of neutral molecules N¢o and tunneled
electrons N, linearly depend on the gas pressure. The elec-
tron impact excitation cross section o¢p is independent of
the gas pressure because the kinetic energy of electrons in
tunneling ionization is irrelevant to the gas pressure.
According to Formula (3), the fluorescence intensity
induced by the collision of tunneled electrons should
depend quadratically on the gas pressure, and the varia-
tion tendency is shown in Figure 2(b) (red line), which is in
line with the observed molecular spectral line. This proves
that these molecular spectral lines are produced through
collision-induced excitation by energetic tunneling elec-
trons. Due to the small tunneling ionization rate (~0.1%),
the number density of tunneling electrons is rather small,
leading to a relatively small electron impact excitation rate
kce; therefore, these molecular spectral lines become
visible until the gas pressure is larger than 100 Pa.
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4 Determination of the electron
density and plasma temperature

Because of the dominance of the collision processes, the
plasma should be in local thermal equilibrium (LTE). The
criteria of LTE reads N, > N, = 1.6 x 1012/T(AE)3 where T
(in K) is the plasma temperature, AE (in eV) is the energy
difference for levels in the transition, and N, is the critical
density for thermal equilibrium. For the spectral line of CI
658.76 nm, inserting AE = 1.88 eV and a reasonable upper
limit estimation of T = 10,000 K, the critical density N, is
calculated to be less than 10 cm™>. This value is much less
than the plasma density obtained in Figure 3 (~10'° cm™).
This justifies the formation of plasma and the condition of
LTE. In thermodynamic equilibrium, the plasma can be
fully described by partition functions independent of the
excitation mechanism (e.g., by arc, shock tube, plasma jet,
or laser).

The electron density and plasma temperature are the
two independent parameters that describe the plasma and
could be deduced from the fluorescence spectrum. The
plasma temperature could be determined by the well-
known Boltzmann method from the relative spectral line
intensity, provided that the transition probabilities Ap,
from a given excited state are known. The populations of
the excited states follow a Boltzmann distribution, and
their relative emissivity &y, can be given by

A€mn
gmAmn

N(T) En

In = nU(T) k_Te

where A, Any,, and g, are the wavelength, the transition
probability, and the statistical weight for the upper level,
respectively; Ey, is the excited level energy; T, is the plasma
temperature; k is the Boltzmann constant; U(T) is the parti-
tion function, and N(T) is the atomic density. To construct
the Boltzmann plot, three atomic lines of O I (line no. 3, 5, 7)
are selected, because they are well isolated, having a suffi-
cient signal-to-noise ratio. Moreover, the energy difference
of their upper levels is large enough to provide reasonable
accuracy. Accordingly, the plasma temperature is deter-
mined from the slope of the Boltzmann plot. By repeating
this procedure, the plasma temperature is computed as a
function of gas pressure, and the results are shown in
Figure 3.

The measured line profile originates from different
line shifts and broadening mechanisms that can be divided
into stark broadening, Doppler broadening, and resonant
pressure broadening. Here, the stark broadening prevails,
which results from the perturbation of the excited levels
of the radiating atoms due to collisions mainly with the
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plasma electrons, whereas other broadening mechanisms
are negligible [24]. In quasi-static approximation, the
plasma density, associated with electron impact, is propor-
tional to the FWHM of the stark broadening line width

A =20

%] where N is the plasma density and w is the

electron collision parameter. In general, the electron para-
meter is weakly dependent on the electron temperature;
therefore, w = 1.16 nm for C I 658.76 nm emission was used
in the whole range.

The line profile of CI 658.76 nm was measured as a
function of gas pressure. The instrumental revolution for
the monochromator with the 1,200 grooves/mm grating
was estimated to be AA = 0.23nm (slit width is 100 pm),
which is only a few percent of the CI 658.76 nm line width.
Thus, the Stark broadening was corrected by subtracting
the AA from the FWHM of the atomic spectral line, which is
obtained by fitting the experimental spectral profile with a
Lorenz function. Having both the w and AA, the plasma
density in the laser-induced plasma could be calculated
accordingly, and the results as a function of gas pressure
are shown in Figure 3.

5 Conclusion

In summary, the fluorescence spectrum of CO molecules in
intense femtosecond laser fields was studied experimen-
tally. Distinct spectral lines from excited atoms and mole-
cules were identified. Different dependencies on gas
pressure were observed for atomic and molecular spectral
lines. Analysis indicated that these atomic spectral lines
were induced by the TBR process, and the molecular spec-
tral lines were induced by collision-induced excitation with
tunneling electrons. This study clearly distinguished the
different production mechanisms for the fluorescence of
CO molecules in laser-induced plasma and paved the way
for further understanding of the complicated processes in
plasma, such as the air laser and laser filament.
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