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Large-scale plasma was created in molecular gases (CO, CO2, N2, H2O) and their mixtures by high-power
laser-induced dielectric breakdown (LIDB). Compositions of the mixtures used are those suggested for the
early earth’s atmosphere of neutral and/or mildly reducing character. Time-integrated optical spectra emitted
from the laser spark have been measured and analyzed. The spectra of the plasma generated in the CO-
containing mixtures are dominated by emission of both C2 and CN radicals. A vibrational temperature of
∼104 K was determined according to an intensity distribution in a vibronic structure of the CN (B2Σ+

u-
X2Σ+

g) violet band. For comparison, the NH3-CH4-H2-H2O mixture has been irradiated as a model of the
strongly reducing version of the early earth’s atmosphere. In this mixture, excited CN seems to be significantly
less abundant than C2. The LIDB experiments were in the molecular gases carried out not only in the static
cell but also using a large, double stream pulse jet (gas puff target) placed in the vacuum interaction chamber.
The obtained soft X-ray emission spectra indicate the presence of highly charged atomic ions in the hot core
of high-power laser sparks.

I. Introduction

Both electrical discharge1-4 and laser-produced4-7 plasmas
have been used for an initiation of abiotic synthesis of organic
molecules in mixtures of molecular gases simulating early
earth’s and other planetary atmospheres. These plasmas serve
as a laboratory model of atmospheric high-energy density events,
such as atmospheric discharges (i.e., lightning)8,9 and impact
of extraterrestrial bodies (i.e., comets and meteorites),10 and their
role in chemical evolution. Particular plasmas of both kinds3,8

have already been investigated on how their characteristics fit
properties of real lightning and impact plumes. The optical
emission spectroscopy (OES)11-14 represents the plasma diag-
nostic method frequently used for these purposes.3,8 This simple
method provides information not only on an abundance of
excited species and course of excitation processes occurring in
the plasma but also on basic plasma characteristics (e.g., its
temperature). Thus, the OES data help not only to shed light
on mechanisms of organic molecules formation under the given

conditions but provide information also on relevance of the
small-scale laboratory plasma to the real, large-scale atmospheric
events.

OES has frequently been used for the study of chemical
consequences of laser-induced dielectric breakdown (LIDB) in
various molecular gases.15-19 The method has already demon-
strated its ability to provide information on radiating LIDB
plasma composition and temperature, required for gaining
knowledge about the mechanisms of the laser plasma chemical
processes. In addition to that, OES data obtained with small,
high-repetition lasers can be compared with the data reported
in this article for the high-power laser system to evaluate
parameter differences of chemically active plasmas formed in
these two ways.

The laser pulse energy deposited in the LIDB plasma can be
transferred to the surrounding gas to initiate there a chemical
change through (a) short-wavelength radiation (i.e., UV-VUV/
XUV radiation and X-rays) and energetic charged particles
emitted from the hot plasma core, (b) a shock wave created by
LIDB, and (c) mixing and interaction of the plasma containing
huge amounts of highly reactive species (atoms, atomic and
molecular ions, free radicals) and thermal waves propagating
through the gas.

The roles these processes play within real LIDB plasmas are
determined by the laser pulse characteristics controlling both
the electron temperature and other plasma parameters and their
ability to initiate particular chemical reactions in a given
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molecular system. On the other hand, the particular processes
are distinguished in both time and space. Therefore, by bringing
a spatial and time resolution to emission spectroscopy of the
LIDB plasmas, we may investigate relationships between the
physical processes and chemical action connected to a laser
spark.

In this article, an overall optical emission of high-power laser-
induced dielectric breakdown in various molecular gases and
their mixtures has been measured and analyzed. Such a plasma
was also generated in a gas plume provided in the vacuum
interaction chamber by a pulsed gas jet (i.e., gas puff). In
addition to the optical spectroscopy, X-ray emission was studied
in the dynamic version of the LIDB experiments.

II. Experimental Section

Laser-induced dielectric breakdown in the molecular gases
was achieved with a high-power iodine photodissociation laser
system, the Prague Asterix Laser System (PALS).20 A single
pulse of radiation with a wavelength of 1.3152µm (pulse
duration of 400 ps and energy of hundreds of Joules) was
extracted behind either the fourth or fifth amplifier of the system.
The laser beam had a diameter of 15 and 29 cm behind the
fourth and fifth amplifier, respectively. One pulse was delivered
every 25 min.

The fourth amplifier beam was focused into a gas cell by a
planoconvex lens, with a diameter of 15 cm and focal length
of 25 cm. Pulse energy losses at the focusing lens and cell
window did not exceed 15%.

The 15-L glass cell used in the static LIDB experiments is
shown in Figure 1a. The cell’s body had a shape of a cross
with both length and width of 40 cm. There were four windows.
The main, laser-beam entrance windows were made of 4-cm-
thick glass and had a diameter of 20 cm. Inspection windows
1.5-cm thick and 10 cm in diameter served for collecting the
OES signals. The windows were connected to the glass body
by stainless steel flanges and sealed with viton rings. The cell
was mounted on a 1-cm-thick aluminum plate, making possible
its easier manipulation and positioning. The cell body was
equipped with two vacuum valves (ACE Glass) for gas handling.
The complete glass cell setup weighed about 70 kg.

Before every experiment, the cell was disassembled, cleaned,
and heated to 450°C inside an oven. Then the cell was
evacuated to a pressure of 3× 10-5 Torr and filled with high
purity N2, CO, CO2, H2, NH3, and/or CH4 gases up to
atmospheric pressure. Under the flow of such gas mixture, 20
mL of deionized water was added into the cell. The filled cell
was then closed and transported to the laser facility.

Double-stream gas puff targets utilized two coaxial nozzles,21

as depicted in Figure 1b. The gas plume was formed in the
nozzle by pulsed injection of pressurized gas from an electro-
magnetic valve. The outer nozzle orifice was a ring with outer
and inner diameters of 3.0 and 2.5 mm, respectively. The annular
outer nozzle produced a hollow cylinder of helium, suppressing
sideways expansion of investigated molecular gases. The full
29-cm beam, extracted from the PALS after fifth amplifier, was
focused into the gas puff. Laser pulse energies were varied from
100 to 600 J. Soft X-ray emission spectra were measured with
a transmission grating spectrometer (4000 lines/mm) and
recorded by the back illuminated CCD42-40 camera (Marconi).

In the glass cell case, one of the glass windows perpendicular
to the laser beam was used for the emission spectroscopy
measurements. Radiation was collected by glass lens and
focused on the entrance slit of the spectrometer. Two ruled
gratings were switched in the spectrometer (MS257, Oriel), one

for preview (150 lines/mm, width of measured spectra) 400
nm) and the second for a high-resolution measurement (1200
lines/mm, width of measured spectra) 60 nm). The dispersed
spectrum was detected by intensified CCD camera (ICCD; iStar
720, Andor), with a resolution of 0.08 nm/pixel for the high-
resolution grating. Spectral lines in a distance down to 0.2 nm
were distinguished if a very narrow entrance slit was used.

The synchronization of intensified CCD camera with the laser
pulse was accomplished using a signal from the photodiode.
Spectrum was integrated for the time of 5 s after the trigger.
Each spectrum presented here corresponds to gas exposure with
a single laser shot.

In the case of the gas puff, LIDB plasma was observed with
the same spectrometer through a window in the wall of the
vacuum interaction chamber. No focusing lens was used.

Both experimental layouts can be seen in Figure 1. Because
of jeopardy of an electrical interference on the ICCD head
occurring in the high-power laser hall, the spectrometer was
placed in the Faraday cage.

III. Results

A. Optical Emission from the Gas Cell.Carbon Monoxide.
All our spectra were integrated over the whole period of LIDB
plasma formation, expansion, and recombination and over a
radiating surface of the large LIDB fireball formed by high-

Figure 1. Static (a) and dynamic (b) layouts for spectroscopic
investigation of large laser sparks. Top view, not to scale.
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power laser. The optical spectrum taken in the atmospheric
pressure CO gas is shown in Figure 2, and assignment of the
emission lines is in Table 1 of the Supporting Information. The
measured spectra are mostly composed of molecular emission
spectra of C2 and C3 radicals and atomic and atomic ion lines
of C and O. The Swan system of C2 (D3Πg-A3Πu) dominates
in our spectra in the spectral interval between 450 and 550
nm.22-29 In addition, some lines belonging to the Swings band
of C3 (A1Πu-X1Σg) appeared at 380-420 nm.22,27,30,31This band
is partly overlapped with Deslandres-D’Azambuja C2 band
(C1Πg-A1Πu) at 350-410 nm.22,23,28

There are five Swan bandheads in the∆V ) -2, -1, 0, 1,
and 2 sequences in the spectrum. At 358 and 385 nm, two quite
weak bands appeared belonging to the CN radical violet system
(B2Σ+

u-X2Σ+
g). It is probably caused by the presence of small

leaks or some impurities of nitrogen in the pressure bottle.
The vibrational temperature of gaseous mixtures was deter-

mined by the relative vibrational population of∆V ) 0 sequence
of C2 radical with the following equation:32,33

where IV′V′′ is the bandhead intensity,C is constant,νh is
bandhead wavelength,p(V′,V′′) is the probability of vibrational
transition,Jh is the rotational quantum number,∆J represents
the number of distinguished lines in the head of the band,EV′ is
the vibrational energy of upper electronic level, andBV′ is the
rotational constant. If lnIV′V′′/[p(V′,V′′)νh

4Jh∆J] is plotted as a
function ofEV′ + ER(V′), whereER(V′) ) hcBV′Jh(Jh - 1), and the
Boltzmann distribution of the vibrational energies is preserved,
then the slope of the obtained line can be used to determine the
temperature. For this purpose, the rotational temperature was
determined from the ratio of the normalized intensity of the
(0,0) C2 Swan band at 516.5 nm and local maximum between
516 and 513.5 nm.34

The estimated vibrational temperature was about 4200 K
(Figure 3), and the rotational temperature was about 4500 K.
The almost identical values of both temperatures indicate local
thermodynamic equilibrium (LTE) of formed plasma.

Molecular Nitrogen.The LIDB spectrum of N2 at pressure
of 350 Torr can be seen in Figure 4. The spectrum is composed
of one broad band. This band in spectral region 300-700 nm
is created from unresolved lines of single charged nitrogen ion
and probably from electronic transition B2Σu

+-X2Σg
+ of 0-0

first negative band of N2+. The experimentally recorded

spectrum is compared with the predicted spectrum in a spectral
range of 380-400 nm for temperature 4200 K and resolution
of 1 nm.

Water Vapor.The laser plasma cell was evacuated and filled
with water vapor to a pressure of 20 Torr, which is a partial
pressure of water at 20°C. Its LIDB spectrum is shown in Figure
5, and assignment of the emission lines is in Table 2 of the
Supporting Information. The spectrum is dominated by the HR,
Hâ, Hγ, Hδ, and Hε lines of the atomic hydrogen Balmer series
in a spectral interval between 400 and 700 nm. In the near-
infrared region, we observed lines of atomic oxygen at 777.5,
820.4, and 844.6 nm. The remaining lines are second orders of
Hδ, Hγ and Hâ.

The excitation temperature was determined from the relative
intensities of atomic hydrogen lines of the Balmer series with
the following equation:37,38

whereIi is the relative line intensity,λi is the wavelength,gi is
the statistical weight,Aij is Einstein’s coefficient of spontaneous
emission, andEi is the energy of upper electronic level. The

Figure 2. Optical emission spectrum of LIDB in carbon monoxide
gas.

IV'V'' ) CVh
4p(V′,V′′)Jh∆J exp[-

EV' + hcBV'Jh(Jh - 1)

kT ] (1)

Figure 3. Determination of the vibrational temperature using the slope
of the Boltzmann plot. The vibrational sequence of∆V ) 0 of the C2

Swan band was used.

Figure 4. Optical emission spectrum of LIDB in nitrogen compared
with atomic lines of N+ and simulated B2Σu

+-X2Σg
+ electronic tran-

sitions of 0-0 band of N2
+ using the simulation program LIFBASE35

and molecular parameters taken from ref 36.

ln( Ii.λi

gi.Aij
) ) -

Ei

k.Tex
+ C (2)

Spectroscopy of LIDB in Molecular Gases and Mixtures J. Phys. Chem. A, Vol. 110, No. 44, 200612115



slope of the line ln(Ii.λi/gi.Aij) versusEi yields the value of the
excitation temperature. The estimated excitation temperature was
9300 K (Figure 6).

This temperature very well approaches temperatures if
hydrogen atoms are excited due to inelastic collisions with free
electrons.37,38

CO-N2-H2O Gas Mixture.The spectrum was collected at
atmospheric pressure over the spectral range 340-800 nm
(Figure 7). Figure 8 shows the LIDB emission spectra in the
UV spectral region. Assignment of the emission lines in the
CO-N2-H2O mixture is in Table 3 of the Supporting Informa-
tion. Its LIDB emission spectrum is dominated by a strong band
from the CN radical, specifically the electronic transition
B2Σ+

u-X2Σ+
g.22,28,39-42 There are three sequences in the

spectrum: ∆V ) 1 in the 358 nm region,∆V ) 0 in the 388
nm region, and∆V ) -1 in the 415 nm region. These sequences
appear in the spectrum as second orders as well. Swan bands
of the C2 radical electronic transition D3Πg-A3Πu were
identified in a spectral range around 470 nm. There are
vibrational transitions with∆V ) 2 in the 437 nm region,∆V
) 1 in the 469 nm region, and∆V ) 0 in the 512 nm region.
In addition to CN and C2 bands, there are lines from neutral
and ionized carbon, oxygen, and nitrogen atoms in the spectrum.
The atomic and atomic ion lines dominated in the short
wavelength spectral region (Figure 8)

Intensified CCD allowed us to investigate temporal evolution
of the CN violet band. Time-resolved spectra were measured
by changing an integration time of the detector from 1µs to 1

s. The spectra are shown in Figure 9. The measured spectra
depict that the first 3µs after the laser spark dominates in the
spectrum a broad background continuum due to bremsstrahlung
radiation from electron-ion collisions. No atomic or atomic
ion lines have been observed. The CN radical starts to be formed
4 µs after the laser pulse.

We were able to determine vibrational temperature from the
∆V ) 0 sequence of the CN violet band. The obtained value of

Figure 5. Optical emission spectrum of LIDB in water vapor.

Figure 6. Determination of excitation temperature from Balmer series
of hydrogen atoms.

Figure 7. Optical emission spectrum of LIDB in the CO-N2-H2O
gas mixture.

Figure 8. Ultraviolet emission spectrum of LIDB in the CO-N2-
H2O gas mixture.

Figure 9. Temporal evolution of optical emission spectra taken from
the LIDB plasma created by 100 J laser pulse focused into the CO-
N2-H2O mixture in the glass cell.
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the vibrational temperature was about 6535 K (Figure 10). This
gaseous mixture was investigated in two more modifications:
with higher partial pressure of water vapor (higher temperature)
and with the 12% of xenon in the mixture. Excited ions of Xe
de-excite easily by loosening the quanta of short wavelength
radiation (∼keV).43 Therefore, the role of short wavelength
radiation for transport of the energy into the surrounding area
can be studied by adding the Xe into the reaction mixture.
Nevertheless, there were no qualitative differences between the
spectra of mixtures containing Xe and free of Xe. The estimated
vibrational temperature for the Xe-containing mixture was 5194
K (Figure 10) and the Xe-free CO-N2-H2O mixture showed
slightly higher temperature that reflected the role of xenon as a
buffer gas.

CO2-N2-H2O Gas Mixture.Surprisingly, the CO2-based
mixture emits just CN bands. In contrast to the CO-containing
mixture, C2 emission has not been observed (Figure 11).
Assignment of the emission lines is in Table 4 of the Supporting
Information. An absence of NO emission in the LIDB spectrum
was an interesting fact because NO is usually formed by spark
discharge in CO2-N2 rather then HCN.44 The vibrational
temperature 6169 K (Figure 12) was estimated from the
sequence of∆V ) 0 of CN radical, which is in good agreement
with the value of vibrational temperature obtained in the mixture
CO-N2-H2O under the same conditions.

NH3-CH4-H2O-H2 Gas Mixture.Methane-based mixture
has been irradiated as a model of the strongly reducing early

earth’s atmosphere as suggested and investigated by Urey and
Miller, respectively.1,2 In contrast to the carbon monoxide-based
mixtures, the excited CN seems to be less abundant than C2 in
the LIDB plasma created from the NH3-CH4-H2O-H2 mixture
(Figure 13). Assignment of the emission lines is in Table 5 of
the Supporting Information.

All three types of temperature were determined in this
mixture. The vibrational temperature, determined from the∆V
) 0 sequence of C2 radical, was 8050 K (Figure 14); the
excitational temperature, determined from the relative intensities
of atomic hydrogen lines, was 8100 K (Figure 15); and the
rotational temperature was 8300 K. This fact demonstrates the
validity of LTE approximation.

The electron density in the LIDB plasma was determined
using the method based on the Stark broadening of the Hâ
spectral line spontaneously emitted by the plasma.45 In this
investigation, the Voigt function was fitted to the measured Hâ
line profile to estimate the full width at half-maximum (FWHM)
of the Lorentzian (Stark) profile∆λStark(Hâ) (Figure 16). The
simple relation forne used by Goktas et al.46 for electron
temperature in the range of 1-4 eV and electron density
between 1014 and 1018 cm-3 is

where∆λStark(Hâ) is expressed in nm. The resulting value of

Figure 10. Determination of the vibrational temperature of the mixture
CO-N2-H2O (9) and CO-N2-H2O-Xe (b) using the Boltzmann
plot and the∆V ) 0 sequence of the CN violet band.

Figure 11. Optical emission spectrum of LIDB in the CO2-N2-H2O
gas mixture.

Figure 12. Determination of the vibrational temperature for the CO2-
N2-H2O mixture using the Boltzmann plot method. To calculate the
intensity of the vibrational sequence∆V ) 0 of CN radical was used.

Figure 13. Optical emission spectrum of LIDB in the NH3-CH4-
H2-H2O gas mixture.

ne ) 1.09× 1016[∆λStark(Hâ)]
1.458[cm-3] (3)

Spectroscopy of LIDB in Molecular Gases and Mixtures J. Phys. Chem. A, Vol. 110, No. 44, 200612117



the FWHM of the Lorentzian profile∆λStark(Hâ) ) 6.13 nm
yields the value of electron densityne ) 1.53× 1017 cm-3.

Bekefi47 and McWhirter48 have derived a necessary (but not
sufficient) criterion for LTE:

where Te is electron temperature in eV and∆Emn is energy
difference between the upper and lower energy levels (in eV).
Substituting values forTe (0.7 eV) and∆E (2.5 eV) in eq 4, we
find that the lowest limit forne is 1.9 × 1015 cm-3. Our
calculated values ofne are much greater than this limit, implying
the validity of LTE approximation.

B. Optical and X-ray Emission from the Pulse Gas Jet
(Gas Puff).A significant difference has been found in the optical
spectra of LIDB plasmas created in CO- and N2-containing
mixtures in the static cell and gas puff. In the case of the jet,
there is no examined emission from molecular species (Figure
17). It demonstrates that new molecules are formed in the phase
of laser spark evolution where the LIDB plasma expands into
the surrounding gas. Such a period does not take place in the
gas puff because the LIDB plasma expands through the thin
layer of helium directly into vacuum.

Short-wavelength emission spectra collected in Figure 18
testify to a high abundance of highly charged ions (N6+, O7+,
C4+, etc.) and strong XUV/X-ray emission from the hot core
of high-power laser sparks. It is clear that the high-power LIDB
plasma itself, before its expansion into a cold molecular gas,
has a high electron temperature and its chemical action can only
be destructive (i.e., molecules are decomposed into atoms and
atomic ions).

Experiments with the gas puff provide the unique ability to
look through the vacuum and inert, weakly absorbing gases (here
He) and observe the short-wavelength emission of LIDB plasma.
This cannot be done in the static cell due to strong absorption
of short-wavelength radiation in the cold, dense gas. It is
expected that short-wavelength radiation could play a significant
role in the chemical action of LIDB plasmas, initiating
photochemical and/or radiation-chemical reactions in the sur-
rounding gas.

IV. Discussion

The purpose of this work was to determine whether large
laser sparks might be used to synthesize simple organic
molecules, which participated in the formation of life on the
early earth, from simple inorganic gases (CO, CO2, H2O, CH4,
NH3, and N2).

Laser-induced dielectric breakdown was realized with a laser
pulse of energy<1 kJ in mixtures of molecular gases represent-

Figure 14. Determination of the vibrational temperature for the NH3-
CH4-H2-H2O mixture using the slope of the Boltzmann plot. To
calculate the intensity of the vibrational sequence∆V ) 0 of the Swan
band of C2 radical was used.

Figure 15. Determination of the excitational temperature from the
relative intensities of atomic hydrogen lines HR and Hâ of the Balmer
series.

ne g 1.4× 1014Te
1/2(∆Emn)

3[cm-3] (4)

Figure 16. Measured Hâ line profile and the Voigt function fit.

Figure 17. Comparison of the LIDB emission spectra measured in
the gas puff filled with (a) CO-N2 together with (b) CO-N2-H2O
mixture in the static cell.
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ing various compositions of the original atmosphere of the earth.
A PALS iodine photodissociation laser, working at a basic
wavelength of 1315 nm, providing short, 0.5-ns laser pulses
with an energy of up to 1 kJ, was used for this purpose. At the
given length of the pulse, the high-energy content corresponds
to high intensity. If such a beam is focused in a gas mixture, a
LIDB threshold is achieved at a substantially greater distance
from the focal point, where the diameter of the beam is much
greater. Thus, a high-power, 100 J pulse can produce an order
of magnitude greater volume of LIDB plasma than the laser
pulses with energies of∼0.1-1 J used to date.

Until now, these experiments were carried out using small
lasers with high-repetitive frequencies, yielding low-energy
pulses or electric discharges. Large laser sparks could be a better
laboratory instrument simulating processes with high-energy
intensity, such as lightning discharges or the impact of an
extraterrestrial body into the earth’s atmosphere. In these
atmospheric processes, the hot plasma is separated to a
substantial degree in space and time from the final products of
the reactions that it initiates in the atmospheric gases. Pulses
with high-energy content permit fulfilling of this condition.
Several high-energy laser pulses can be used to deposit the same
amount of energy in a gas mixture as thousands of low-energy
pulses; however, it is possible to avoid the undesirable action
of subsequent laser pulses on the already-formed products, which
is unavoidable with low-energy pulses. When the laser pulse
has sufficient energy, such an experiment can theoretically be
carried out with a single pulse and thus simulate in the laboratory
a time-limited high-energy event.

Processes leading to the formation of organic molecules were
monitored in three ways. These consisted of indication and

determination of stable products in the liquid phase using highly
sensitive instrumental analytical techniques (high-performance
liquid chromatography with a mass spectrometer detector),7

detection of unstable species on the principle of optical and
X-ray emission spectroscopy (this work), and finally, monitoring
changes in the composition of the gas phase by high-resolution
Fourier transform IR spectrometry and gas chromatography (to
be published).

In addition to conventional experiments in a static glass cell,
measurements were carried out with a pulse jet, which provided
a unique opportunity to study the LIDB plasma in the initial
stages of its development and monitor short-wave radiation in
the extreme ultraviolet (XUV) and soft X-ray spectral regions,
emitted by the plasma, which were absorbed by the cold gas
molecules surrounding the spark under conventional, static
conditions.

V. Conclusions

Laser emission spectroscopy was used to monitor unstable
particles formed by the action of large laser sparks in gas
mixtures of various compositions. Molecular emission bands
dominated in all the emission spectra. The CO-N2-H2O
mixture contained the bands of C2 radicals (Swan and Deslan-
dres-D’Azambuja systems), the C3 radical (Swings system), and
the CN radical (violet system). Only bands belonging to the
CN radical (violet system) were found in the CO2-N2-H2O
mixture. The bands of the C2 radical (Swan system) predomi-
nated in the NH3-CH4-H2-H2O mixture, with less intense
bands of the CN radical (violet system). Two very strong lines
of atomic hydrogen HR and Hâ were identified in this mixture.
The identified molecular bands were used for determination of
the parameters of the plasma formed.

The vibration temperature was determined from the slope of
the Boltzmann line. The calculation was carried out on the basis
of the ∆V ) 0 CN sequence and C2 radicals. The rotation
temperature was determined from the ratio between the standard
intensity of the head of the (0,0) bands of the C2 radical at 516.5
nm and the local maximum in the 516-513.5 nm region, that
is, between the (0,0) and (1,1) vibration lines of the C2 Swan
band. The excitation temperature could be determined for the
NH3-CH4-H2-H2O mixture and for water vapors from the
relative intensities of the hydrogen atomic lines of the Balmer
series. The values of the individual temperatures for the given
gas mixture were in very good agreement, indicating that the
system was in local thermodynamic equilibrium. The vibration
temperature of carbon monoxide alone had a value of 4200 K.
The values of the vibration temperatures of the CO-N2-H2O
and CO2-N2-H2O mixtures, both at a water vapor partial
pressure of 2.3 kPa, were 6535 and 6169 K, respectively. The
vibration temperature of the CO-N2-H2O mixture with a water
vapor partial pressure of 12.3 kPa with the addition of xenon
was 5194 K. The vibration temperature of the NH3-CH4-H2-
H2O mixture, with a water vapor partial pressure of 12.3 kPa,
was 8050 K.

The temperatures determined here by the analysis of the
optical spectra emitted by large laser sparks are very close to
the values reported in the literature8,49-52 for LIDB with low-
energy pulses provided by high-repetition lasers. There are no
dramatic differences in plasma characteristics in these two cases
when the LIDB plasma is expanding, interacting with a
surrounding gas. However, different volumes of the chemically
active plasma represent the main difference, leading to different
total amounts of the products formed in a single laser shot.

This experiment with the pulse jet permitted direct investiga-
tion of the hot core of the LIDB plasma, excluding a role of

Figure 18. Soft X-ray emission spectra of laser sparks from pulse jet
experiments: (a) N2, (b) CO, and (c) CO-N2.
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surrounding cold gas. The spectra obtained confirmed the
expected strong emission in the extreme ultraviolet and soft
X-ray regions. A spectrometer with a transmission grating was
employed to record the spectra of multiple-charged ions of
carbon, nitrogen, and oxygen to hydrogen-like ions, containing
only one electron in their electron shells. The emission spectrum
in the visible region was also studied in this experiment. No
molecular bands were identified there. In conclusion, the
presence of the cold molecular gas surrounding the hot core of
the LIDB plasma is a necessary condition for formation of
complex molecular species.
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