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Large-scale plasma was created in molecular gases (C@, NGOH,0) 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 botha@d CN radicals. A vibrational temperature of

~10* K was determined according to an intensity distribution in a vibronic structure of the Xt (B

X23*) violet band. For comparison, the NHCH,—H,—H,O 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,CThe 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 conditions but provide information also on relevance of the

) ) small-scale laboratory plasma to the real, large-scale atmospheric

Both electrical discharde* and laser-producéd’ plasmas  gyents.

have been l.Jsed.for an initiation of abiotic synthesis qf organic  5eg has frequently been used for the study of chemical
molecules in mixtures of molecular gases simulating early qnsequences of laser-induced dielectric breakdown (LIDB) in
earth’s and other planetary atmospheres. These plasmas servg,ious molecular gasés&:1° The method has already demon-
as a laboratory model of atmospheric high-energy density eventSgirated its ability to provide information on radiating LIDB
such as atmospheric discharges (i.e., lightrfifigid impact  plasma composition and temperature, required for gaining
of extraterrestrial bodies (i.e., comets and meteorifesid their | nowledge about the mechanisms of the laser plasma chemical
role in chemical evolution. Particular plasmas of both kifds  processes. In addition to that, OES data obtained with small,
have already been investigated on how their characteristics fit high-repetition lasers can be compared with the data reported
properties of real lightning and impact plumes. The optical in this article for the high-power laser system to evaluate
emission spectroscopy (OES)™ represents the plasma diag-  parameter differences of chemically active plasmas formed in
nostic method frequently used for these purpdseé&his simple these two ways.
method provides information not only on an abundance of  Thg |aser pulse energy deposited in the LIDB plasma can be
excited species and course of excitation processes 0ccurring ifransferred to the surrounding gas to initiate there a chemical
the plasma but also on basic plasma characteristics (€.9., itSchange through (a) short-wavelength radiation (i.e.AWJV/
temperature). Thus, the OES data help not only to shed light xyv radiation and X-rays) and energetic charged particles
on mechanisms of organic molecules formation under the given gmjtted from the hot plasma core, (b) a shock wave created by
LIDB, and (c) mixing and interaction of the plasma containing
* Corresponding author. Phone:420-266053275. Fax+420-286591766. huge amounts of highly reactive species (atoms, atomic and

E-mail: civis@jh-inst.cas.cz. molecular ions, free radicals) and thermal waves propagatin
tJ. HeyrovskyInstitute of Physical Chemistry, Czech Academy of through the ga’s ) propag 9
Sciences. :
; Institute of Physics, Czech Academy of Sciences. The roles these processes play within real LIDB plasmas are
; I'\r’]"s"t}f‘l%%rf";f;:'r%’a(’;g;;ggﬂggyl;aser Microfusion determined by the laser pulse characteristics controlling both
~Institute of Organic Chemistry and Biochemistry, Czech Academy of the electron temperature and other plasma parameters and their
Sciences. ability to initiate particular chemical reactions in a given
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molecular system. On the other hand, the particular processes (g) top view Faredains

are distinguished in both time and space. Therefore, by bringing

a spatial and time resolution to emission spectroscopy of the L laser

LIDB plasmas, we may investigate relationships between the focusing:, beam ! = 0=

physical processes and chemical action connected to a lase 'ens % g, A

spark. ——) TH i
In this article, an overall optical emission of high-power laser- ! e i._

induced dielectric breakdown in various molecular gases and R !

their mixtures has been measured and analyzed. Such a plasm i A 5 it

was also generated in a gas plume provided in the vacuum Q ........ B . I f ﬁu_bﬁ P

interaction chamber by a pulsed gas jet (i.e., gas puff). In

addition to the optical spectroscopy, X-ray emission was studied laser spark collecting

in the dynamic version of the LIDB experiments. lens —

Il. Experimental Section \?vl?;clt(rsocn-ll:? .

Laser-induced dielectric breakdown in the molecular gases
was achieved with a high-power iodine photodissociation laser
system, the Prague Asterix Laser System (PA1°SA. single i
pulse of radiation with a wavelength of 1.31%2n (pulse (b) ! beam |
duration of 400 ps and energy of hundreds of Joules) was : :
extracted behind either the fourth or fifth amplifier of the system. top view : ;
The laser beam had a diameter of 15 and 29 cm behind the -
fourth and fifth amplifier, respectively. One pulse was delivered e ; focusing
every 25 min. Sievew N T

The fourth amplifier beam was focused into a gas cellby a /" of gas-putt farget *\.
planoconvex lens, with a diameter of 15 cm and focal length /
of 25 cm. Pulse energy losses at the focusing lens and ceII_f“--------..._.__:_,_
window did not exceed 15%. pe

The 15-L glass cell used in the static LIDB experiments is ! 2“9

I
shown in Figure la. The cell's body had a shape of a crossageszlm

back
ilurninated
cCcDh

transmission
grofing for x-rays

with both length and width of 40 cm. There were four windows. outer nozzle:

The main, laser-beam entrance windows were made of 4-cm- % inert gas J

thick glass and had a diameter of 20 cm. Inspection windows ':ﬁ’;‘f;gﬁﬁ";as . _
1.5-cm thick and 10 cm in diameter served for collecting the e ';l‘;‘;‘;n

OES signals. The windows were connected to the glass body o

by stainless steel flanges gnd seal_ed with viton rin_gs. The _ceII Figure 1. Static (a) and dynamic (b) layouts for Spectroscopic

was mounted on a 1-cm-thick aluminum plate, making possible investigation of large laser sparks. Top view, not to scale.

its easier manipulation and positioning. The cell body was

equipped with two vacuum valves (ACE Glass) for gas handling. ¢, preview (150 lines/mm, width of measured spectr&00

The complete glass cell setup weighed about 70 kg. nm) and the second for a high-resolution measurement (1200
Before every experiment, the cell was disassembled, cleanedyines/mm. width of measured spectra60 nm). The dispersed

and heated to 450C inside a”5 oven. Then the cell was spectrum was detected by intensified CCD camera (ICCD:; iStar

evacuated to a pressure ob310™ Torr and filled with high 720, Andor), with a resolution of 0.08 nm/pixel for the high-

purity Np, CO, CQ, Hp NHs, and/or CH gases up 10 yegolution grating. Spectral lines in a distance down to 0.2 nm

atmospheric pressure. Under the flow of such gas mixture, 20\yere gistinguished if a very narrow entrance slit was used.

mL thde'oT'ze% wa:jer was add%d mtg tr}e cellf. T_r;_e filled cell The synchronization of intensified CCD camera with the laser

was then closed and transported to the laser facility. pulse was accomplished using a signal from the photodiode.
Double-stream gas puff targets utilized two coaxial nozZles,  gpectrum was integrated for the timé%s after the trigger.

as depicted in Figure 1b. The gas plume was formed in the pach spectrum presented here corresponds to gas exposure with

nozzle by pulsed injection of pressurized gas from an electro- 5 single laser shot.

magnetic valve. The outer nozzle orifice was a ring with outer In the case of the gas puff, LIDB plasma was observed with

and inner diameters of 3.0 and 2.5 mm, respec@ively. The ann_ularthe same spectrometer thro,ugh a window in the wall of the

outer nozzle prodyced a.hollov_v cylinder of helium, suppressing vacuum interaction chamber. No focusing lens was used.

sideways expansion of investigated molecu!ar gases. The full Both experimental layouts can be seen in Figure 1. Because

29-cm beam' extracted from the PALS after_ﬂfth ampllfle_-r, Was o jeopardy of an electrical interference on the ICCD head

focused into the gas puff. Laser pulse energies were varied fromOCCurring in the high-power laser hall, the spectrometer was

100 to 600 J. Soft X-ray emission spectra were measured with laced in the Faraday cage '

a transmission grating spectrometer (4000 lines/mm) and P y cage.

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 A. Optical Emission from the Gas Cell.Carbon Monoxide.

measurements. Radiation was collected by glass lens andAll our spectra were integrated over the whole period of LIDB

focused on the entrance slit of the spectrometer. Two ruled plasma formation, expansion, and recombination and over a

gratings were switched in the spectrometer (MS257, Oriel), one radiating surface of the large LIDB fireball formed by high-

Ill. Results
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Figure 2. Optical emission spectrum of LIDB in carbon monoxide
gas.
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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 @ and G radicals and atomic and atomic ion lines
of C and O. The Swan system of (D3[1g—A3I1,) dominates
in our spectra in the spectral interval between 450 and 550
nm22-29 |n addition, some lines belonging to the Swings band
of C3 (AM1,—X1Zy) appeared at 389420 nm?2273031This band
is partly overlapped with Deslandres-D’Azambuja Band
(CHMIg—AI,) at 350-410 nm?2:23.28

There are five Swan bandheads in the = -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

(BZ=+,—X2Z=*y). Itis 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 & = 0 sequence

of C, radical with the following equatiof?33

E, + hcB,J,(J, — 1)
KT

.= Cup(v) v")J,A exp[— 1)
where |, is the bandhead intensityC is constant,vy, is
bandhead wavelengtp(v',v") is the probability of vibrational
transition,Jy is the rotational quantum numbek] represents
the number of distinguished lines in the head of the bands
the vibrational energy of upper electronic level, @dis the
rotational constant. If I, /[p(v',v/")vy*JnAJ] is plotted as a
function of E,; + Er(y), WhereEg() = hcB,Jn(Jn — 1), and the
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Figure 3. Determination of the vibrational temperature using the slope

of the Boltzmann plot. The vibrational sequencefaf= 0 of the G
Swan band was used.
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Figure 4. Optical emission spectrum of LIDB in nitrogen compared
with atomic lines of N and simulated B, *—X2Z4" electronic tran-

sitions of 0-0 band of N* using the simulation program LIFBASE
and molecular parameters taken from ref 36.

spectrum is compared with the predicted spectrum in a spectral
range of 386-400 nm for temperature 4200 K and resolution
of 1 nm.

Water VaporThe laser plasma cell was evacuated and filled
with water vapor to a pressure of 20 Torr, which is a partial
pressure of water at ZC. Its LIDB spectrum is shown in Figure
5, and assignment of the emission lines is in Table 2 of the

Boltzmann distribution of the vibrational energies is preserved, Supporting Information. The spectrum is dominated by the H
then the slope of the obtained line can be used to determine thes: Hy» Hs, and H lines of the atomic hydrogen Balmer series

temperature. For this purpose, the rotational temperature wasin @ spectral interval between 400 and 700 nm. In the near-
determined from the ratio of the normalized intensity of the infrared region, we observed lines of atomic oxygen at 777.5,
(0,0) G Swan band at 516.5 nm and local maximum between 820.4, and 844.6 nm. The remaining lines are second orders of
516 and 513.5 nrif! Ho, H, and b . .
The estimated vibrational temperature was about 4200 K The excitation temperature was determined from the relative
(Figure 3), and the rotational temperature was about 4500 K. intensities of atomic hydrogen lines of the Balmer series with

The almost identical values of both temperatures indicate local the following equatior?’38
thermodynamic equilibrium (LTE) of formed plasma. 1

Molecular Nitrogen.The LIDB spectrum of M at pressure In(L) - _ i +cC )
of 350 Torr can be seen in Figure 4. The spectrum is composed ;A K. Tey

of one broad band. This band in spectral region-3000 nm

is created from unresolved lines of single charged nitrogen ion wherel; is the relative line intensityl, is the wavelengthg; is
and probably from electronic transitior?B,"—X2=4+ of 0—0 the statistical weight; is Einstein’s coefficient of spontaneous
first negative band of M. The experimentally recorded emission, ands is the energy of upper electronic level. The
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Figure 5. Optical emission spectrum of LIDB in water vapor. Figure 7. Optical emission spectrum of LIDB in the CON,—H,0
gas mixture.
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Figure 8. Ultraviolet emission spectrum of LIDB in the CEN,—
H.O gas mixture.

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

slope of the line In.Ai/g;.A;) versusk; yields the value of the

excitation temperature. The estimated excitation temperature was 5600
9300 K (Figure 6). 1
This temperature very well approaches temperatures if 4900'_
hydrogen atoms are excited due to inelastic collisions with free 4200 4
electrons?’38 = 1 1s
CO—N,—H20 Gas Mixture.The spectrum was collected at % 3500'_
atmospheric pressure over the spectral range—8800 nm G 2800 Sus
(Figure 7). Figure 8 shows the LIDB emission spectra in the £ 1 A Tus
UV spectral region. Assignment of the emission lines in the — 2100'_ My 5Sus
CO—N2—H30 mixture is in Table 3 of the Supporting Informa- 1400 - 4us
tion. Its LIDB emission spectrum is dominated by a strong band 1 MWWM“S
from the CN radical, specifically the electronic transition 700'_ W"""""“”"’WW"J“M"""”'M'zhus
B2t —X221,.22283%42 There are three sequences in the 0- " s
spectrum: Av = 1 in the 358 nm regionAv = 0 in the 388 T T T T T T T T
330 360 390 420 450

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 G radical electronic transition ¥I;—A3I, were Figure 9. Temporal evolution of optical emission spectra taken from
identified in a spectral range around 470 nm. There are the LIDB p.lasma.created by 100 J laser pulse focused into the CO

. . g . 7 . N>—H,0 mixture in the glass cell.
vibrational transitions wittAv = 2 in the 437 nm regionAv
= 1 in the 469 nm region, andv = 0 in the 512 nm region.  s. The spectra are shown in Figure 9. The measured spectra
In addition to CN and gbands, there are lines from neutral depict that the first 3is after the laser spark dominates in the
and ionized carbon, oxygen, and nitrogen atoms in the spectrum.spectrum a broad background continuum due to bremsstrahlung
The atomic and atomic ion lines dominated in the short radiation from electrortion collisions. No atomic or atomic
wavelength spectral region (Figure 8) ion lines have been observed. The CN radical starts to be formed

Intensified CCD allowed us to investigate temporal evolution 4 us after the laser pulse.

of the CN violet band. Time-resolved spectra were measured We were able to determine vibrational temperature from the
by changing an integration time of the detector fromslto 1 Av = 0 sequence of the CN violet band. The obtained value of

Wavelength [nm]
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Figure 10. Determination of the vibrational temperature of the mixture Figure 12. Determination of the vibrational temperature for the SO
CO-N,~H;O (W) and CO-N,—H.O—Xe (®) using the Boltzmann  N,—H,0 mixture using the Boltzmann plot method. To calculate the
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Figure 11. Optical emission spectrum of LIDB in the GON,—H,O
gas mixture. Figure 13. Optical emission spectrum of LIDB in the NHCH;—

the vibrational temperature was about 6535 K (Figure 10). This Hz~Hz0 gas mixture.

gaseous mixture was investigated in two more modifications: earth’s atmosphere as suggested and investigated by Urey and
with higher partial pressure of water vapor (higher temperature) Miller, respectivelyt2In contrast to the carbon monoxide-based
and with the 12% of xenon in the mixture. Excited ions of Xe mixtures, the excited CN seems to be less abundant tham C
de-excite easily by loosening the quanta of short wavelength the LIDB plasma created from the NHCH;—H,0—H, mixture
radiation (-keV).*3 Therefore, the role of short wavelength (Figure 13). Assignment of the emission lines is in Table 5 of
radiation for transport of the energy into the surrounding area the Supporting Information.

can be studied by adding the Xe into the reaction mixture. Al three types of temperature were determined in this
Nevertheless, there were no qualitative differences between thernixture_ The vibrational temperature’ determined fromAhe
spectra of mixtures containing Xe and free of Xe. The estimated = 0 sequence of Cradical, was 8050 K (Figure 14); the
vibrational temperature for the Xe-containing mixture was 5194 excitational temperature, determined from the relative intensities
K (Figure 10) and the Xe-free CEN>—H,0O mixture showed  of atomic hydrogen lines, was 8100 K (Figure 15); and the
slightly higher temperature that reflected the role of xenon as a rotational temperature was 8300 K. This fact demonstrates the
buffer gas. validity of LTE approximation.

CO—N,—H2O Gas Mixture.Surprisingly, the C@based The electron density in the LIDB plasma was determined
mixture emits just CN bands. In contrast to the CO-containing using the method based on the Stark broadening of the H
mixture, G emission has not been observed (Figure 11). spectral line spontaneously emitted by the pladtmim this
Assignment of the emission lines is in Table 4 of the Supporting investigation, the Voigt function was fitted to the measurgd H
Information. An absence of NO emission in the LIDB spectrum |ine profile to estimate the full width at half-maximum (FWHM)
was an interesting fact because NO is usually formed by sparkof the Lorentzian (Stark) profildAS @i H,) (Figure 16). The
discharge in C@-N, rather then HCN* The vibrational  simple relation forne used by Goktas et &f. for electron
temperature 6169 K (Figure 12) was estimated from the temperature in the range of-% eV and electron density
sequence oAy = 0 of CN radical, which is in good agreement  petween 18 and 108 cm 3 is
with the value of vibrational temperature obtained in the mixture
CO—N,—H;0 under the same conditions. N, = 1.09x 10°AL*(H )] **fem ™) 3)

NH;—CHs—H;0—H; Gas Mixture.Methane-based mixture
has been irradiated as a model of the strongly reducing earlywhere AAS®{Hp) is expressed in nm. The resulting value of
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Figure 14. Determination of the vibrational temperature for thedNH
CH;—H;—H;O mixture using the slope of the Boltzmann plot. To
calculate the intensity of the vibrational sequenee= 0 of the Swan
band of G radical was used.

-4,0

- 19 -1
42l 1/KT,, =-0,89431 x 10" J

T =8100K

4,4

i

4,6 -

In(IA/gA )

4,8 4

-5,0 -

-5,2 —
19,2

T T T
19,8 20,0 20,2

E, [10"J]

T
19,6 20,6

Figure 15. Determination of the excitational temperature from the
relative intensities of atomic hydrogen lineg End H; of the Balmer
series.

the FWHM of the Lorentzian profileAAS®{Hz) = 6.13 nm
yields the value of electron density = 1.53 x 107 cm3.

Bekeft*” and McWhirtef® have derived a necessary (but not
sufficient) criterion for LTE:

ne > 1.4 x 10T Y4 AE,,)%cm ] (4)
where T is electron temperature in eV amtEn, is energy
difference between the upper and lower energy levels (in eV).
Substituting values fofe (0.7 eV) andAE (2.5 eV) in eq 4, we
find that the lowest limit forne is 1.9 x 10 cm=3. Our
calculated values af, 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- ang-ddntaining
mixtures in the static cell and gas puff. In the case of the jet,

Babakovaet al.
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Figure 16. Measured H line profile and the Voigt function fit.
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Figure 17. Comparison of the LIDB emission spectra measured in
the gas puff filled with (a) C& N, together with (b) C&-N,—H,0
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Short-wavelength emission spectra collected in Figure 18
testify to a high abundance of highly charged ion§*(NO"*,

C**, 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

there is no examined emission from molecular species (Figurelaser sparks might be used to synthesize simple organic
17). It demonstrates that new molecules are formed in the phasemolecules, which participated in the formation of life on the

of laser spark evolution where the LIDB plasma expands into

early earth, from simple inorganic gases (CO,C8,0, CH,,

the surrounding gas. Such a period does not take place in theNHs, and N).

gas puff because the LIDB plasma expands through the thin

layer of helium directly into vacuum.

Laser-induced dielectric breakdown was realized with a laser
pulse of energy<1 kJ in mixtures of molecular gases represent-
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Figure 18. Soft X-ray emission spectra of laser sparks from pulse jet
experiments: (a) i (b) CO, and (c) CE&N..
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determination of stable products in the liquid phase using highly
sensitive instrumental analytical techniques (high-performance
liguid chromatography with a mass spectrometer deteétor),
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 -@Q—H,0
mixture contained the bands of €@dicals (Swan and Deslan-
dres-D’Azambuja systems), the @adical (Swings system), and
the CN radical (violet system). Only bands belonging to the
CN radical (violet system) were found in the €&N,—H,0
mixture. The bands of the Qadical (Swan system) predomi-
nated in the NB—-CH;—H>—H>O mixture, with less intense
bands of the CN radical (violet system). Two very strong lines
of atomic hydrogen Hand H; 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

ing various compositions of the original atmosphere of the earth. ¢ the Ay = 0 CN sequence and,Gadicals. The rotation

A PALS iodine photodissociation laser, working at a basic

temperature was determined from the ratio between the standard

wavelength of 1315 nm, providing short, 0.5-ns laser pulses jyiensity of the head of the (0,0) bands of ther@idical at 516.5
with an energy of up to 1 kJ, was used for this purpose. Atthe nm and the local maximum in the 5£613.5 nm region, that

given length of the pulse, the high-energy content correspondsis, between the (0,0) and (1,1) vibration lines of theSwvan

to high intensity. If such a beam is focused in a gas mixture, @ panq. The excitation temperature could be determined for the
LIDB threshold is achieved at a substantially greater distance Ny, —cH,—H,—H,0 mixture and for water vapors from the

from the focal point, where the diameter of the beam is much (g|ative intensities of the hydrogen atomic lines of the Balmer
greater. Thus, a high-power, 100 J pulse can produce an ordelsgies. The values of the individual temperatures for the given
of magnitude greater volume of LIDB plasma than the laser ga5 mixture were in very good agreement, indicating that the

pulses with energies 0£0.1-1 J used to date.

system was in local thermodynamic equilibrium. The vibration

Until now, these experiments were carried out using small temperature of carbon monoxide alone had a value of 4200 K.

lasers with high-repetitive frequencies, yielding low-energy

The values of the vibration temperatures of the-@Q—H,O

pulses or electric discharges. Large laser sparks could be a betteand CQ—N,—H,O mixtures, both at a water vapor partial
laboratory instrument simulating processes with high-energy pressure of 2.3 kPa, were 6535 and 6169 K, respectively. The
intensity, such as lightning discharges or the impact of an vibration temperature of the GEN,—H,O mixture with a water
extraterrestrial body into the earth’s atmosphere. In these vapor partial pressure of 12.3 kPa with the addition of xenon
atmospheric processes, the hot plasma is separated to gvas 5194 K. The vibration temperature of the NHCH;—Ho—

substantial degree in space and time from the final pI’OdUCtS of H,O mixture, with a water vapor par[ia| pressure of 12.3 kPa,
the reactions that it initiates in the atmospheric gases. Pulsesyas 8050 K.

with high-energy content permit fulfilling of this condition.

The temperatures determined here by the analysis of the

Several high-energy laser pulses can be used to deposit the samegptical spectra emitted by large laser sparks are very close to
amount of energy in a gas mixture as thousands of low-energythe values reported in the literat&f8-52 for LIDB with low-
pulses; however, it is possible to avoid the undesirable action energy pulses provided by high-repetition lasers. There are no
of subsequent laser pulses on the already-formed products, whiclhjramatic differences in plasma characteristics in these two cases
is unavoidable with low-energy pulses. When the laser pulse when the LIDB plasma is expanding, interacting with a
has sufficient energy, such an experiment can theoretically be surrounding gas. However, different volumes of the chemically
carried out with a single pulse and thus simulate in the laboratory active plasma represent the main difference, leading to different

a time-limited high-energy event.

total amounts of the products formed in a single laser shot.

Processes leading to the formation of organic molecules were This experiment with the pulse jet permitted direct investiga-
monitored in three ways. These consisted of indication and tion of the hot core of the LIDB plasma, excluding a role of
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surrounding cold gas. The spectra obtained confirmed the
expected strong emission in the extreme ultraviolet and soft 1095 52 5304

X-ray regions. A spectrometer with a transmission grating was (20) jungwi'rth, K.; Cejnarova, A.; Juha, L.; Kralikova, B.; Krasa, J.;
employed to record the spectra of multiple-charged ions of Krousky, E.; Krupickova, P.; Laska, L.; Masek, K.; Mocek, T.; Pfeifer,
carbon, nitrogen, and oxygen to hydrogen-like ions, containing M.; Préag, A; Renner, O.; Rohlena, K.; Rus, B.; Skala, J.; Straka, P.;
only one electron in their electron shells. The emission spectrum V!ISchmied, JPhys. Plasmag001, 8, 2495,

. T . . . . . (21) Fiedorowicz, H.; Bartnik, A.; Juha, L.; Jungwirth, K.; Kralikova,
in the visible region was also studied in this experiment. No B ; krasa, J.; Kubat, P.; Pfeifer, M.; Pina, L.; Prchal, P.; Rohlena, K.; Skala,

(18) Kielkopf, J. F.Phys. Re. E 1995 52, 2013.
(19) Fu, G. S.; Yu, W,; Li, X. W.; Han, L.; Zhang, L. hys. Re. E

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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