
SOVIET PHYSICS JETP VOLUME 36, NUMBER 6 JUNE, 1973 

LUMINESCENCE OF A MOLECULAR GAS UNDER THE ACTION OF C02 LASER PULSES 

V. S. LETOKHOV, E. A. RYABOV, and O. A. TUMANOV 

Institute of Spectroscopy, USSR Academy of Sciences 

Submitted August 5, 1972 

Zh. Eksp. Teor. Fiz. 63, 2025-2032 (December, 1972) 

A study was made of the ultraviolet and visible luminescence emitted from NHs and C2 F 3CI gases as 
a result of absorption of CO2 laser radiation pulses. The luminescence appeared only above a certain 
threshold value of the laser power. The dependence of this threshold on the gas pressure was deter
mined and the luminescence power was measured as a function of the power of CO2 laser pulses. No 
delay was observed between the luminescence and the laser radiation pulses. The importance of the 
vibrational heating of the molecules by the laser pulses, followed by dissociation and emission of 
light from the dissociation products, was considered alongside other possible luminescence mecha
nisms. 

1. INTRODUCTION 

THE development of high-power infrared lasers has 
made it possible to investigate the resonance interac
tion between strong fields and molecular systems. 
Borde et al.(I] observed visible luminescence of am
monia under the action of continuous radiation emitted 
by a high-power CO2 laser at a frequency equal to the 
rotational-vibrational absorption line of the V2 band of 
NH3. This was attributed in (1,2] to the thermal heating 
of the NH3 molecule by the laser radiation to a high 
temperature. Similar experiments were subsequently 
carried out in which C02 laser radiation was absorbed 
by BCts crystalsP] The development of high-power 
pulsed atmospheric-pressure C02 lasers[4] has made 
it possible to study the effects produced in a molecular 
gas by high-power infrared radiation pulses. In partic
ular, optical breakdown and luminescence were ob
served in various molecular gases when CO2 laser 
radiation was focused in them. [5,6] In contrast to earlier 
observations of optical breakdown in gases transparent 
to laser radiation (see the review given in[7]), the break
down was now observed in resonantly absorbing gases. 

The present paper reports the results of an investi
gation of the luminescence and optical breakdown in 
NH3 and C2F3Cl under the action of CO2 laser radia
tion pulses. It was found that visible luminescence ap
peared at a certain threshold laser power p!~m and 
the intensity of this luminescence increased with the 
laser power. It was also found that optical breakdown 
occurred at a higher threshold power pr6" > pl~m. 
These two effects could be distinguished particularly 
clearly in the case of NH3. 

We studied the mechanism of the subthreshold 
luminescence in absorbing gases. It seemed that this 
could be due to the vibrational heating of the molecules 
followed by the dissociation and emission of radiation 
from the dissociation products. Studies of the time 
characteristics of the luminescence indicated that the 
vibrational heating mechansim was far too slow and 
could not explain the appearance of luminescence pulses 
of 200-300 nsec duration immediately after 200-500 
nsec laser pulses. We also observed ultraviolet 

FIG. I. Schematic diagram of the 
apparatus. M is a mirror, D is a dif
fraction grating, R is a Ge:Au radi
ation detector, A I and A2 are cali
brated attenuators, L is a lens, P is 
photomultiplier and MO is an 
MDR-2 monochromator. 
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luminescence, which was evidence of the excitation of 
higher electronic terms of the NH3 molecule and which 
could not be due to the laser excitation of even the 
highest vibrational levels of the ground electron state 
of NH3 • 

2. EXPERIMENTS ON NH3 

The apparatus employed is shown schematically in 
Fig. 1. We used a transversely excited pulsed CO2 

laser, [4] which produced up to 70-80 mJ in the form 
of 200-300 nsec pulses. A diffraction grating with 
100 lines/ mm was used as the resonator mirror and 
enabled us to tune the lines of the P and R branches 
within a wide range near 9.6 and 10.6 Il. The laser 
radiation was focused by a lens (made of KRS-5) into 
a gas-filled cuvette. The focus was located 5 mm be
yond the entry window. The focal length of the lens was 
f = 3.5 cm and the diameter of the focal spot was ~0.1 
mm. The luminescence and the breakdown radiation 
escaped through a side window of the cuvette (all the 
windows were made of NaCl) and was collected by a 
lens either on the sensitive area of a photomultiplier 
or on the entry slit of an MDR-2 monochromator. The 
spectrum of the radiation emitted in the course of 
breakqown in NH3 and C2F3Cl was also recorded with 
an STE-1 spectrograph. 

The luminescence and breakdown in ammonia were 
studied using the asQ( 5,3) line of the V2 band of NH3, 
which coincided quite well with the P(32) A = 10.72 Il 
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FIG. 2. Dependences of the luminescence power in the visible 
(5900A < Alum < 6500A, Fig. 2a) and in the ultraviolet (3200A < 
Alum < 3500A, Fig. 2b) spectral regions on the power of CO2 laser 
radiation. 

line of the CO:! laser. The absorption coefficient at this 
wavelength was independent of the pressure (beginning 
from 50 torr) and was equal to 1 cm -1. 

The focused radiation of the P(32) line emitted by 
the C02 laser generated luminescence in ammonia. 
Figure 2 shows the dependences of the luminescence 
power in the visible (5900-6500 A) and ultraviolet 
(3200-3500 A) parts of the spectrum on the power of 
the C02 laser radiation, obtained at various NHs pres
sures .. The necessary wavelengths were selected with 
colored-glass filters. The luminescence appeared 
above a certain threshold value of the C02 laser radia
tion power pI~m, which increased with decreasing 
pressure. The luminescence power increased prac
tically proportionally to the power of the C02 laser 
radiation right up to a second threshold PBf at which 
a breakdown occurred and the luminescence intensity 
increased by a factor of 104_105. 

We also studied the spectral and temporal charac
teristics of the luminescence and the breakdown radia
tion emitted from NHs. The luminescence was passed 
through a monochromator and recorded with an FEU-39 
photomultiplier. A complex system of bands in the 
visible region, attributed by Isenor and Richardson[5] 
to the NH2 radical, was accompanied by a strong band 
with maxima at 3360 and 3370 A, which was most 
probably due to NH. [B] It was important to note that the 
duration of the luminescence pulses in the visible 
region, where it was independent of the wavelength, was 
different from the duration in the ultraviolet region. 

Figure 3 shows the luminescence pulses obtained in 
different parts of the spectrum and the breakdown radi
ation pulse in the visible region. The duration of the 
luminescence pulses at A = 3360 A was 200-250 nsec 
and in the visible region it was 1.5-2 J.1.sec (Fig. 3). 
There was no delay between the luminescence pulses 
and the C02 laser pulses (this was determined to 
within AT = 30 nsec). The luminescence spectrum 
emitted from the breakdown region in NHs consisted 
mainly of the lines of nitrogen atoms and ions. 

The dimensions of the luminescence region, particu
larly the length, increased with increasing intensity of 
the C02 laser pulses although the brightness did not 
rise very fast. The dimensions of the luminous region 
and the photomultiplier signal were used to estimate 
the order of magnitude of the concentration of the NH 
radicals in the region of A = 3360 A. The data on the 
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FIG. 3. Oscillograms of pulses: a-intensity of the CO2 laser radia
tion; b-intensity of the ultraviolet luminescence (3200A < A < 3500A); 
c-intensity of the visible luminescence (5900A < A < 6500A); d-in
tensity of the breakdown radiation. 

FIG. 4. Absorption spectrum of the NH3 . ~cule. [10) The wave-
lengths from the left to right in cm- I (asterisks are used to denote coin
cident lines): 

NH3 molecule COl laser 
R(1,1) 971.92' 
Q(1,K) 968,03 
Q(2,K) 967,79 
Q(3,K) 964,40 
Q(4,K) 966.70 
Q(5,K) 966,21" 

R(16) 973.29 
R(14) 971,93' 
R(12) 970.55 
R(10) 969,14 
R(8) 967.71 
R(6) 966.25" 

photomultiplier sensitivity and the light-collection 
geometry indicated that at a pressure of 100 torr about 
105 photons were emitted at A = 3360 A (corresponding 
to the transition sn_ sL in NH[9J) into the solid angle 
of 41T sr. Near the luminescence threshold the luminous 
volume was V ~ d2Z = 2.5 X 10-6 cms. Thus 101°_1011 
photons/ cm s were emitted into the angle of 41T sr. If 
we assumed that the quantum efficiency of the lumines
cence was unity, we concluded that 1010-1011 cm-s of 
the NH radicals were generated in the excited elec
tronic state when the concentration of NHs was 3 
x 10 18 cm-s. Thus, the number of the NH radicals per 
unit volume was much smaller than the concentration 
of the NHs molecules, The concentration of the excited 
NH2 radicals was of the same order of magnitude as 
the concentration of the NH radicals. 

It was interesting to note a certain observation 
made in the present investigation and reported also by 
Isenor and Richardson.[5] When the power of the CO2 
laser pulses reached the required value, the lumines
cence appeared first in the focal region, where the 
emission stopped after ~50 nsec but the regions ad
joining the focus continued to luminesce. This was at
tributed in[5] to the "burnout" of ammonia in the focal 
region. Our estimates indicated that relatively few 
excited dissociation products were generated. This was 
because the first excited electronic state of NHs was 
located below the dissociation energy[9] and the dis
sociation products arising from this state could only 
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be NH or NH2 in the ground state, i.e., the products 
of the dissociation NHs were not excited. Such disso
ciation obviously affected the major fraction of the 
ammonia present. The small number of the NH and 
NH2 radicals which were excited and luminesced ap
peared as a result of dissociation from higher elec
tronic states. 

An important point in the understanding of the 
luminescence mechanism was the question whether the 
luminescence produced by laser pulses was due to the 
tuning of the frequency of these pulses to the absorp
tion line of the ammonia gas. We studied the appear
ance of the luminescence of NH3 (the pressure of NHs 
in the cuvette was 90 torr) in the'region of ~970 cm-r, 
where the ammonia had absorption lines coinciding with 
the laser emission lines. The absorption spectrum of 
NH3 in the region of 950-980 cm-1 [lOJ is reproduced in 
Fig. 4. We tuned the laser frequency from the R(16) 
line to the R(4) line of the 10.6 jl band and found that 
strong luminescence was produced by the R(14) and 
R(6) lines, which coincided with the absorption lines 
of NHs (Fig. 4). No luminescence was observed on 
excitation with the R(16) and R(12) lines. A weak 
luminescence was observed also when ammonia was 
excited with the R(8) and R(10) lines because of partial 
overlap of the NHs lines at the particular pressure 
employed. 

We could thus definitely say that the luminescence 
of NHs under the action of CO2 pulses was due to the 
absorption of the laser radiation, Le., it occurred only 
when the laser frequency was tuned to one of the ab
sorption lines of ammonia. 

3. EXPERIMENTS OF C2F sCI 

The luminescence and breakdown produced by CO2 
laser pulses were also investigated in gaseous C2F3CI, 
which absorbed strongly the CO2 radiation in the 
region of 9.6 jl. We found that, as in the case of am
monia, the visible luminescence was of threshold 
nature, Le., the luminescence disappeared when the 
incident laser energy or power was reduced by more 
than 10% below the threshold. The luminescence 
threshold increased with decreasing pressure. The 
experimental dependence of the threshold energy Eth 
on the pressure of C2F sCI is plotted in Fig. 5 for the 
P(12) line of the 9.6 jl band of the CO2 laser radiation. 
This dependence could be approximated quite accurately 
by the expression EthP = 6.5 x 102 J·cm-2·torr or by 
PthP = 2.51 x 109 W cm-2 ·torr. 

The described dependence of Eth on p occurred 
only when the lens focus was located 1-2 mm from 
the entry window of the cuvette so that the absorption 
of the laser radiation in front of the focus could be 
ignored. When the lens focus was shifted to a distance 
of 15-20 mm from the entry window the value of Eth 
was found to be practically independent of the C2F sCI 
pressure in the 30-150 torr range. 

The intensity of the luminescence and the dimen
sions of the luminous region increased with increaSing 
laser radiation power. The luminous region was 
about 15 mm long and about 4 mm in diameter when 
the laser radiation power at the focus was ~109 W/cm2 

and the C2F 3CI pressure was 0.4 atm. In this case, 

Etb X 10-', J/cm' 

¥U 8U fZU 
p,mmHg 

FIG. 5. Dependence of the luminescence threshold on the pressure 
ofC2 F30. 

the intensity of the emitted luminescence was lOS 
times higher than that near the threshold. This rela
tively large luminous region was observed for illumi
nation with the P(12) laser line, which coincided with 
a strong absorption line of C2F 3Cl. Illumination with 
radiation of wavelength A = 10.2 jl, at which the ab
sorption of C2F sCI was very low, produced a typical 
optical breakdown spark similar to that observed in 
NHs. However, in the case of C2F sCI a strong green 
luminescence was observed around the spark in a 
region of about 10 mm in diameter, which was absent 
when C2F 3CI was illuminated with the strongly ab
sorbed line of A = 9.6 jl wavelength. Moreover, the 
duration of the luminescence resulting from illumina
tion with A = 9.6 jl and 10.2 jl wavelengths was differ
ent and equal to 1-1.5 and 0.3 jlsec, respectively (the 
duration was measured at mid-amplitude). 

We also recorded the spectrum of the breakdown 
radiation emitted from C2F 3CI under the influence of 
laser radiation of the A = 10.2 jl wavelength as well as 
the spectrum of the strongest luminescence excited by 
the A = 9.6 jl laser radiation. These spectra were 
identical. They contained only the lines of the F atoms 
and of the C2+ and C12+ ions. Thus, the conditions for 
the dissociation of the molecules and for the excitation 
and ionization of atoms were the same in both cases. 
This was different from the observations of the lumi
nescence of NH3 which included the lines of the NH 
and NH2 radicals. Obviously, partial dissociation of 
the molecules occurred near the luminescence thresh
old when the emission was weak. In contrast to NH3, 
the regions of strong luminescence and optical break
down in C2F 3CI were not separated by a threshold. 

4. DISCUSSION 

Our experiments on NHs and C2F sCI show that the 
visible luminescence appears only on resonance be
tween the absorption line of the gas and the emission 
line of the carbon dioxide laser. Therefore, it is 
natural to assume that the luminescence results from 
the vibrational heating of the molecules by the reso
nant infrared radiation followed by the dissociation in 
the laser field and the luminescence of the diSSOciation 
products. This mechanism of the action of infrared 
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radiation on molecules is discussed, in particular, 
in [3,11,12]. However, a more detailed analysis of the 
kinetics of the excitation of the molecular vibrations 
by infrared laser radiation, given in [1S], indicates that 
this mechanism is not responsible for the luminescence 
of a molecular gas under the action of laser radiation 
pulses. 

According to Letokhov and Makarov, [13] the rate of 
injection of the vibrational energy Evib into a molecu
lar system as a result of interaction with monochro
matic radiation satisfies the condition 

dE vib / dt < noo,q / 21 rot (1 ) 

where fuJ o is the energy of the incident quanta; q is the 
relative proportion of the molecules at the lower rota
tional-vibrationallevel of a molecule which is in reso
nance with the field; Trot is the rotational relaxation 
time. The inequality (1) gives the upper limit and does 
not depend on the mechanism by which the molecules 
rise along the vibrational levels. An analysis of a 
specific excitation mechanism of the higher vibrational
levels (cascade excitation due to the vibrational
vibrational exchange) shows that this upper limit is 
even lower. 

The only way of going outside the range specified in 
Eq. (1) is to consider the direct radiative excitation in 
all the successive rotational-vibrational transitions 
without rotational relaxation at intermediate vibrational 
levels, i.e., the excitation in accordance with the 
scheme 

(v = 0, I,) --- (v = 1, I,) --- (v = 2. I,) - •. , and so on 

In this case, the vibrational energy of a mOlecule rises 
in accordance with the law 

(2) 

where Wexc is the probability of an induced transition. 
However, in practice, this mechanism is inapplicable 
to the excitation of high levels in a real molecule be
cause of anharmonicity. 

Polyatomic molecules are usually characterized by 
q ~ 1O-2_10-s and the rotational relaxation time is 
T rot ~ 10-9 sec ·atm. If we assume that these values 
hold for C2FsCl and NHs, we find that dEvib / dt < 0.63 
eV/f.LSec at a pressure of 1 atm. The visible lumines
cence appears immediately (to within ll.T ~ 30 nsec) 
after the laser pulse. Before the emission of the lumi
nescence the average energy of the molecules is Eav 
:s ll.TdEvib/dt = 0.02 eV, which is quite insufficient for 
the dissociation of the molecules. Thus, the vibrational 
heating of a molecule followed by dissociation does not 
contribute to the observed luminescence. This mecha
nism is excluded also by another important observa
tion. The experimentally observed strong luminescence 
band of the NH radicals at A = 3360 A may be due to 
the excitation of higher unstable electronic states of 
NH3 and not to dissociation from the ground electronic 
state which would occur in the case of strong vibra
tional heating of the molecules. 

We have to assume that there is some other faster 
luminescence mechanism. The visible luminescence 
appears in the range of laser radiation powers about 
an order of magnitude lower than the optical breakdown 

threshold which corresponds to electron avalanching. 
We may assume that initially electrons are generated 
and heated by the incident infrared radiation at power 
levels below the breakdown threshold. The lumines
cence threshold then represents the appearance of 
electrons of energies amounting to several electron
volts, which is sufficient for the excitation of the higher 
electronic states of the NHs molecule. These electrons 
lose their energy by interacting with the molecules and 
a continuous electron avalanche does not appear below 
the breakdown threshold. However, a certain number of 
electrons with energies of several electron-volts is 
still present and they excite the ammonia molecules. 
According to this model, a molecular gas luminescences 
under the action of short-lived electron avalanches 
which appear at power levels several times lower than 
the optical breakdown threshold, i.e., the power at 
which electron avalanches become continuous. This 
happens because of the relatively low excitation poten
tial of the levels and the presence of the visible lumi
nescence. 

The electron mechanism of the excitation of the ob
served luminescence does not explain clearly why the 
luminescence threshold should depend on the resonance 
with the absorption line of a molecular gas. It is pos
sible that a gas contains molecules which have captured 
electrons. When these molecules collide with vibra
tionally excited mOlecules they may lose the electrons. 
However, this mechanism of initiation of the sub
threshold luminescence would require confirmation by 
special experiments. 

5. CONCLUSIONS 

The subthreshold luminescence of a molecular gas 
under the action of resonant infrared laser radiation 
pulses can be used in studies of the electronic states 
in molecules and of the radicals formed by the dissoci
ation of the molecules. The luminescence threshold is 
~1 GW/cm2 and modern CO2 lasers emitting energies 
of hundreds of joules can excite the luminescence and 
dissociate molecular gases in large volumes. The 
same method might be used to attain a nonequilibrium 
population of levels in the molecules and radicals and 
thus produce laser transitions. 
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