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An argon laser beam was used to perturb the NO,-N,O, chemical 
system. The perturbation was monitored, in different experiments, with the 
laser-induced fluorescence and the IR optical double-resonance (IODR) 
techniques. The expected quantum perturbations which involve specific 
rotational levels in NOz, 3 *A1 were observed. Unexpected chemical effects 
which involve the ground state concentration of both species and which are 
attributed to the response of the chemical equilibrium to the optical per- 
turbation were also observed. The IODR results are discussed with the help 
of a model based on the Beer-Lambert law, which allows the role of the 
chemical response to be demonstrated. 

1. Introduction 

Many publications are devoted to the study of NO1. They demonstrate 
the interdisciplinary interest connected with the study of this molecule, 
which appears to have an important role in various fields such as spectros- 
copy [ 11, molecular dynamics [Z], the environment [3] and space research 
[41. 

It is well known that the chemical system to be considered when deal- 
ing with NOz also includes the dimer N,O, which is always present because 
of the existence of the chemical equilibrium 2N02 * N,O,. Although the 
amount of the coexisting dimer is large, e.g. 3% at 3 Torr and 25 “C, the 
potential influence of the chemical equilibrium on the light-induced pro- 
cesses in NO, is barely mentioned in the literature. Attempts have been made 
to study this influence but it could not really be demonstrated [ 51. It is our 
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aim to show that the entire chemical system has to be considered in order to 
understand properly the light-induced processes in NOz. 

The present study is a laser investigation of the NO,-N,O, chemical 
system. This contribution is concerned with the spectroscopic interpretation 
of the results. We used the visible and UV fixed-frequency argon laser lines 
in order to perturb the system. The effects of this optical pumping- on the 
molecules in their ground electronic states were assigned, using literature 
data and new results based on the laser-induced fluorescence (LIF) tech- 
nique. These effects were monitored with the help of the IR optical double- 
resonance (IODR) technique. The use of a line-tunable IR CO laser for these 
latter experiments allowed us to probe NO2 and N204 as well as the NO 
formed in photodissociation reactions. Experimental details are provided in 
Section 2. The experimental results are presented and correlated with the 
literature data in Section 3. The two qualitative interpretations, presented 
respectively in Sections 4 and 5, demonstrate the role of the chemical 
equilibrium in the response of the NO,-N,O, system to the optically-induced 
perturbation. The microscopic and macroscopic effects of the perturbation, 
together with some of the kinetic mechanisms induced by the optical pump- 
ing and responsible for the double-resonance observations, are discussed in 
Section 6. 

2. Experimental procedure 

For most of the experiments reported here, the gas NO2 (Matheson, 
99.5% purity) was allowed to flow slowly into a cell at room temperature 
and at a total pressure of 1 Torr for the LIF experiments and at 3 Torr for 
the IODR experiments. The higher pressure conditions were needed in order 
to gain some sensitivity in the detection of N204_ They correspond to partial 
pressures of 2.9 Ton NO* and 0.1 Torr N304 according to the value of the 
equilibrium constant 

K = CN2041 

[NO,1 2 
= 8.8 atm-’ = 215 mol-f 1 

where the constant given in the literature [6] is also expressed in concentra- 
tion units, The flow conditions were preferred because they reduced the 
importance of .side reactions such as those connected with the formation of 
NO (see Section 3). 

Three lasers were used. 
(i) The first was an argon laser (Spectra Physics 171) which could 

oscillate in multimode operation, individually on each of the nine visible 
lines from 4545 to 5145 A, or multiline on all four UV lines between 3336 
and 3638 A. The maximum output power for each visible line varied be- 
tween 1.5 W (4658 A) and 7 W (5145 or 4880 a); up to 2.4 W was available 
in the UV. 
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(ii) Another was a continuous wave (CW) argon laser (Spectra Physics 
165) fitted with an etalon, which could oscillate in monomode operation, 
individually on each of the nine visible laser lines. The monomode operation 
was monitored with a spectrum analyser; 

(iii) The third was a home-made CW CO IR laser of sealed-off design 
[7] which delivers some 90 laser lines between 1590 and 1790 cm-‘, the 
region of primary interest in the present work, The output power of the 
individual laser lines ranged between a few milliwatts and several hundred 
milliwatts, in multimode operation, as measured with a Laser Instruments 
154 power meter. The CO laser lines due to the 12Ci60 or 13C% com- 
pounds were identified with a spectrum analyser and their wavenumbers 
were taken from ref. 8. 

2.1. LIF experiments 
The experimental procedure used for the LIF experiments has been 

fully described in a preliminary report of this work [ 91, and only the main 
trends of the procedure will be reported here. 

The fluorescence induced by each of the visible lines due to laser (i) was 
photographed at medium resolution using a 2 m Jarrel-Ash spectrograph. 
The wavelengths of the lines were measured on the photographic plates using 
the iron spectrum as reference. 

The fluorescence induced by each of the visible lines and by the UV 
lines was also recorded photoelectrically using a 2 m monochromator. 
Investigations were performed using laser (ii), i.e. a monomode excitation, 
and a microprocessor system allowing the monochromator to be driven 
semiautomatically. The fluorescence doublets or triplets were identified 
and assigned, with the help of the measured line wavelengths and of liter- 
ature constants [lo], according to the usual procedure described in ref. 11. 

2.2. IODR experiments 
Although most of the experimental details have already been presented 

1121, it seems important for a better understanding of the results and of 
their interpretation to provide a full description of the procedure. Figure 1 
presents the experimental set-up used for the IODR experiments. The beam 
of the high power laser (I) was focused on the chopper and then entered the 
cell perpendicular to the IR CO beam, defining in the CO beam an inter- 
action volume that can be approximated by a cube with a side of length 
I = 0.5 cm with the visible beam and I = 0.07 cm with the UV beam. IODR 
signals were observed by monitoring the power variations induced by the 
optical radiation in the IR beam with a liquid-nitrogen-cooled Au-Ge 
detector and a lock-in amplifier (LIA) referenced to the chopping frequency 
(300 - 700 Hz). Searches were made for IODR signals for the full range of 
%160 and ‘“C% IR lines for each argon laser line. 

The various experimental conditions, such as the pressure and flow 
conditions, the chopping frequency and the laser power, were varied in 
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order to characterize their influence on the observed signals. Double- 
resonance experiments were also performed with laser beams overlapping 
along the full length of the cell, or in the presence of foreign gases or in the 
CO laser cavity using monomode IR and visible laser beams. These experi- 
ments will not be detailed. Their results will be reported only when they add 
some significant information to this spectroscopically orientated investigation. 

2.3. IR absorption coefficients 
The absorption coefficient e at each CO laser line was calculated using 

the BeerLambert law 

I, = I, exp(-elc,) (2) 

where cl is the partial concentration of the absorbing species, by measuring 
the power of the IR beam passing through the cell (L = 26 cm) in the ab- 
sence (intensity I,,) and in the presence (intensity II) of the sample at 3 Torr 
total pressure. These measurements were performed in the absence of any 
visible excitation. 

3. Experimental results 

The various absorption processes monitored in the present study are 
summarized in Fig. 2. Each of the steps detailed in Fig. 2 and characterized 
by a number x will be specifically referred to in the text in terms of step X. 
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Fig. 2. Representation of the various absorption, emission 
monitored in the NO-N02-Nz04 chemical system. 

TABLE 1 

CO laser 
A? laser 
&+’ laser 
and photodissociation steps 

Assignment of the rotational levels of the NOz molecule in its ground electronic state 
belonging to transitions in close coincidence with the visible argon laser lines (electron 
spin assignments are omitted) 

br+ (& (JK,K,)i Reference (see text) 

4546 
4579 
4658 
4727 
4765 
4880 
4965 

121 11; 65 19 75 3 
100 10; 1019 

Unidentified coincidences 
31 3r 524 1019 

313 
43 lr 1037;844r 946; 100 lo, 13 113 

422;515; 154 12; 115 7 

164 12, 134 10, 1% 15, 236 1& 194 16r 

202 18 

15; 23 
26 ; 9, present work 
14 
9, present work 
9, present work 
18, 27; 22; 20 
18; 19; 29; 9, present 
work 
21 

5017 Unidentified coincidences 5145 871.1157r80~3, 104 6, 31 3,117 5, 844, i:; 17, 20; 20 

8 2,1275,1166.18414,660,177 11, 6 
717,20614r313r826;717;515 

3.1. LlF observations 
3.1.1. Visible pumping 
It is well known that Nz04 is transparent in the visible [ 131 but that 

NOz absorbs each of the visible argon laser lines (step 1) [ 14,151. This latter 
process leads to a resonant LIF (step 2) and to an LIF continuum (steps 3 
and 4) [ l] . The resonant fluorescence in NOz has already been studied in 
the literature at high resolution for five of the argon laser lines, and in most 
cases several NOa lines were found to coincide with the laser lines [ 11, 15 - 
251. We were able to assign some of the absorption lines coincident with 
two additional laser lines, at 4727 and 4765 A, and to extend the assign- 
ments concerning the previously studied 4579 and 4965 A argon laser lines. 
Only the assignment of the lower state rotational levels initially pumped 
by the laser lines (J x,x& will actually be useful in the present context. This 
information is presented in Table 1 for the few newly assigned coincidences 
and for the numerous coincidences already reported in the literature [ll, 
15 - 29]_ Details of the new assignments and examples of the present experi- 
mental results are given in ref. 9. 
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Despite the extensive work devoted to the study of LIF spectra in the 
literature and also in the present work, Table 1 is still incomplete. This is 
particularly obvious for two of the laser lines, at 4658 and 5017 a, for 
which no assignment is reported. A study of the fluorescence induced with 
these laser lines was attempted during the present work and was unsuc- 
cessful, probably because of the weakness of the resonant fluorescence lines. 
Several weak fluorescence lines are still unidentified on the various LIF 
spectra. Most of them probably result either from unusual selection rules or 
from collisional processes affecting the upper rovibronic levels [ 22, 24, 251, 

Finally, as another possible fate of the visible excitation, it should also 
be mentioned that the reaction 

NO** + NO3 - NO+O+NO* (step 5) (3) 

can be expected to occur, as shown in ref. 30, where N02* results from the 
visible excitation (step 1). The production of NO in the present experiments 
will be discussed in Section 3.3. 

3.1_ 2. uv pumping 
The absorption of UV radiation in the NO,-N,O, system has been 

extensively studied in the literature [ 31, 321. UV radiation photodissociates 
both NO, 1311 and N204 [32] via 

uv 
NO*--+NO+0 (step 6) (4) 
and 

‘uv 
N,O,- N02* + NO, (step 7) 

The electronically excited NOz* produced in eqn. (5) then decays via 

(5) 

N02* - NO, + hv (step 4) (6) 

The role of eqns. (5) and (6) was confirmed in our experiments by monitor- 
ing the UV LIF. The broad structureless continuum characteristic of NO** 
was seen to extend throughout the visible. 

The formation of NO according to eqn. (4) could also be shown to 
occur in our cell. The NO detection will be reported in Section 3.3. 

3.2. IR absorption toe fficien ts 
The IR absorption coefficients for the various CO laser lines in the 

range 1598 - 1780 cm-’ are presented in Fig. 3(a)_ They can be classified 
into two groups of strongly absorbed lines: (i) a group below 1659 cm-‘, 
and (ii) a group between 1700 and 1790 cm-l. 

As shown in Table 2, the laser lines of the first group coincide, within 
less than 0.03 cm-‘, with the NO* absorption lines in the ZJ~ fundamental 
band assigned in the literature [ 33, 341. Therefore they correspond to 
absorptions involving NO2 in its ground electronic state (step 8). Only the 
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Fig. 3. Signals monitored in NCz-NzO., with the various available 12C160 and 13C16C laser 
lines in the range 1590 - 1790 cm-‘: (a) IR absorption coefficients; (b) IR optical double- 
resonance signals, normalized for 1 mW IR laser power due to the 4880 A argon laser line 
(7 W); (c) IR optical double-resonance signals, normalized for 1 mW. IR laser power, due 
to the UV laser lines (2.4 W). 
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TABLE 2 

IR transitions in ~3, N02, probed with the CO laser lines, and the corresponding absorp- 
tion coefficients (electron spin assignments are omitted) 

co NOz 
(cm-l)a (crn-lp 

1597.9357 1597.959 
1601.6222 1601.613 
1605.2760 1605.244 
1624.9200 1624.920 
1628.4831 1628.482 
1629.8628 1629.871 
1633.5188 1633.515 
1638.9871 1638.989 

Assignment in ugb*‘= 

259 u-259 17 

143 12-153’13 

6 z-75 5 3 
247 la-237 17 
297 22-2’37 21 

16-183 15 
;493 322-23321 
29126-28127 

E (1 mol-l cm-‘) 

7+1 
62 + 9 
60 f 9 

178+27 
30 f 5 

380 + 57 
a5 4 13 

204 + 30 

aSee ref. 8. 
bSee ref. 33. 
=See refs. 33 and 34. 

lines corresponding to the strongest absorption coefficients are considered 
in Table 2. 

The absorption coefficients of the laser lines of the second group make 
up the shape of a structureless vibrational band centred at 1748 f 5 cm-’ 
with a width of 35 cm- i (full width at half-maximum). These characteristics 
agree very well with those of the conventional low resolution IR spectrum of 
the vg fundamental band of N,04 [ 35j _ This set of absorptions can therefore 
be attributed to N,O, and the IR absorption is represented by step 9. 

The CO laser also allows the NO that might be produced in reactions 
(3) and (4) to be detected. Indeed, there is a known coincidence with the 
13C160 laser line at 1812.6418 cm-i which is only 27 MHz below the 
P(17.5) 1-O 211 transition in NO 1361 (step 10). 

The role of the CO laser as a probe of NOz, N,O, and NO will appear 
in the next section. 

3.3. IODR signals 
All CO laser lines in the range 1598 - 1790 cm-l were investigated for 

each argon line in order to detect possible IODR effects. Two representative 
sets of IODR results are presented in Fig. 3. They were obtained by coupling 
each available IR laser line with the 4880 A laser line on the one hand (Fig. 
3(b)) and with the UV laser lines on the other hand {Fig. 3(c)). The values of 
I(IODR)/I, (pV rnW_l), i.e. the double-resonance intensity normalized for 
1 mW IR power, are presented in Figs. 3(b) and 3(c). 

A closer look at the results summarized in Fig. 3 shows that the IODR 
signals correspond, for each optical pumping, to the same IR laser lines, and 
that they have similar relative intensities from one optical excitation to 
another. These comments also apply to the IODR signals observed with the 
other visible excitations which, however, have weaker intensities than those 
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observed with the 4880 A laser line. The IODR signals actually correspond 
to those IR laser lines which are strongly absorbed in NOz or in N204, as 
shown by the comparison of Fig. 3(a) with Figs. 3(b) and 3(c). The double- 
resonance signals thus imply IR absorption in the ground electronic states 
of either NO2 or N,O+ Their full interpretation will be provided and dis- 
cussed in the next sections. 

We were also able to detect the NO formed in the UV photodissociation 
of NO, (eqn. (4), step 6) by observing an IR UV double resonance (IUVDR) 
signal at 1812 cm-i corresponding to IR absorption in NO. 

The production of NO with visible excitation, expected from eqn. (3) 
(step 5), was also looked for with the same procedure_ The corresponding 
IODR signal could only be observed when the detection sensitivity was in- 
creased by overlapping rather than by crossing the two laser beams in the 
cell. 

4. Qualitative hterpretation of the results 

4.1. Optically-induced perturbations in NO2 
The observation of a resonant LIF in NOz, which can be identified in 

terms of specific absorption-emission schemes, clearly indicates that some 
particular rotational levels, assigned in Table 1, are affected by the visible 
pumping. These effects, which we will refer to as quantum effects, are 
usually also those involved in double-resonance spectroscopy. Generally, 
in double-resonance spectroscopy the radiation fields are resonant for two 
transitions of a molecule that either share a common quantum level (three- 
level scheme) or exhibit some preferred collisional coupling (four-level 
scheme) [ 371. In the present case, a comparison between the assignments 
of the levels initially pumped by the visible laser lines, given in Table 1, and 
those involved in the IR probe transitions, given in Table 2, demonstrates 
the potential existence of a single three-level scheme among all possible 
combinations. It involves the 753 level which belongs to two transitions, the 
IR and visible, which could be simultaneously excited by the 1605.2760 
cm-l and the 4545 a laser lines. However, the corresponding IODR signal, 
though intense, did not show any enhancement compared with those ob- 
tained with the same IR but different visible excitations. This three-level 
scheme is therefore probably not responsible for the corresponding observed 
signal. Moreover, despite the large variety in the levels initially pumped, and 
assigned in Table 1, the various IODR signals observed in NO, show similar 
relative intensities for each different visible excitation. Four-level schemes, 
which usually involve preferred collisional couplings, cannot therefore be 
entirely responsible for the observed IODR signals. It thus appears that 
under our experimental conditions the optical pumping has a dominant 
effect which is not a quantum or level-to-level effect but rather a uniform 
effect dispersed over all the levels. This is confirmed by the double-resonance 
signals observed with the UV excitation. The UV beam which photodis- 
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sociates NO, (step 6) can only be expected to pump uniformly on the 
ground state rotational levels. As already oointed out, the results show that 
the IUVDR signals correspond to the same IR laser lines and also show 
relative intensities similar to those induced by the visible pumping. Therefore 
the same (uniform) population perturbation results from the UV and visible 
pumpings. The origin of this perturbation, which we will refer to as a chem- 
ical effect, can be understood by considering the IODR signals corresponding 
to the IR absorption in N,O,. 

4.2. Optically-induced perturbations in N2 O4 
It has already been pointed out that NzO, is transparent in the visible 

and it cannot be involved in any of the visible excitations. Only NO* can be 
excited by the visible laser lines. Therefore the IODR signals corresponding 
to IR absorption in NZOh with visible pumping, i.e. the signals observed 
around 1748 cm-’ in Fig. 3(b), constitute a peculiar observation. Those 
signals do indeed involve pumping in one species, NO*, and probing of the 
other species, N,O,. The two species are only connected by a’ chemical 
equilibrium. This equilibrium therefore appears to have a critical role in 
the response of the system to the optical pumping. As a result of the visible 
pumping which perturbs -the population of specific ground state rotational 
levels in NOz, the concentration of NOa in its ground electronic state is 
affected as a whole. The chemical equilibrium responds to this perturbation 
and both the NO2 and the N,O, ground state concentrations are modified. 
This modification, which affects the population of all the rotational levels, 
is probed by the CO laser lines and leads to the observation of IODR signals 
in NO, and in N,O,. This interpretation of the double-resonance results 
implies that the variations in concentration on both sides of the equilibrium 
are connected because they have the same chemical origin. 

We should also comment on the other IODR signals corresponding to 
IR absorption in N,O, but observed with UV pumping, i.e. the signals 
around 1750 cm-’ in Fig. 3(c). According to the data summarized in Fig. 2, 
both NOz and Nz04 absorb the UV radiation (steps 6 and 7). The concentra- 
tion of Nz04 is then affected not only by the indirect response of the chem- 
ical equilibrium, but also by the direct pumping in N204. This scheme is 
more complex to interpret than that with the visible pumping. It will never- 
theless be considered quantitatively in the next section. 

5, Quantitative interpretation of the results 

5.1. Efficiency of the optical pumphg 
There appears to be a specific relation between the normalized double- 

resonance intensities 1(IODR)/1, and the IR absorption coefficients E. This 
dependence is displayed in Fig. 4 for each of the two groups of signals occur- 
ring with 4880 A excitation (Figs. 4(a) and 4(b)) and with UV excitation 
(Figs. 4(c) and 4(d)). Only the strongest IODR signals corresponding to IR 
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Fig. 4. Correlation between the intensity of the IR optical double-resonance signals ob- 
served in N02-Nz04, normalized for 1 mW IR laser power, and the absorption coefficient 
of the corresponding IR laser lines, in the case of excitation with the 4880 A argon laser 
line (7 W), with (a) IR absorption in NO1 and (b) IR absorption in N,O,; and in the case 
of excitation with the UV argon laser lines (2.4 W), with (c) IR absorption in NO2 and (d) 
IR absorption in NzO+ 

absorption in NO2 are taken into account in Figs. 4(a) and 4(c). For each 
group the plots in Fig. 4 demonstrate a linear relationship between the two 
quantities, which can be understood by analysing the mechanism of the 
double-resonance detection. 

The absorption of the IR beam by NO2 or N204 in the interaction 
volume can be described by the Beer-Lambert law 
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TABLE 3 

Comparison between the variations in concentration 
N204 by the optical pumping due to argon laser lines 

AC (mol 1-l) induced in NO* and in 

Optical pumping WNOz) WNA’d 

4880 aa 1.2 x 10-h 3.8 x 10-s 
UVb 1.4 x 10-G 7.3 x 10-a 

aLaser power, 7 W; length I of the interaction volume, 0.5 cm; chopping frequency, 713 
HZ. 
bLaser power, 2.4 W; length I of the interaction volume, 0.07 cm; chopping frequency, 
375 Hz. 

with cl the concentration of the absorbing species and I= 0.5 cm and 1= 
0.07 cm for the visible and UV excitations respectively. The absorption coef- 
ficients for the various probe laser lines have already been presented (see 
Table 2 and Fig. 3(a)). 

The chopped optical pumping leads to a modulated variation (AC) in the 
concentration of NOz and N204. Therefore, in the presence of the two laser 
beams, the IR absorption is described by 

I2 = IO exp( --Ec2E) (3) 

withcl-c2= AC. 
Combining eqns. (7) and (8) gives 

Iz = I1 exp(eAcl) (9) 

The difference, AX = I, -I,, which is too small to be determined by direct 
reading of Iz and Ii on the IR power meter, gives rise to the double-resonance 
signal. Assuming that EACZ < I, then for each IODR signal 

I(IODR) = ol(l, -Ii) (10) 

or 

I(IODR) = ti,eAcI (11) 

and 

I( IODR) 

1s 
= a(lAc)~ 

where is a proportionality factor which is included because the units of 
I(IODR), measured in microvolts, and those of II and la, measured in miIli- 
watts, are different. 

This simple model appears to fit the experimental results presented in 
Fig. 4. The linear relationship between the two quantities I(IODR)/I, and e 
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is, according to eqn. (12), a clear indication that AC has a constant value in 
each group. For each case, AC can be calculated from the data represented in 
Fig. 4. The conversion factor cx, needed to obtain such values from those of 
1(IODR)/I, measured in microvolts per milliwatt, has been determined by 
comparing the intensity of IR laser lines, measured with the lock-in arn- 
plifier,‘, and their power, measured with the power meter. This factor is 
I(V)/I(W) = 70. The results are presented in Table 3, These effects are com- 
pared in the next section. 

It should be mentioned that the normalized signal I(IODR)/I, corre- 
sponding to the strongest IR absorption coefficient in NOz, i.e. the point 
between parentheses in Figs. 4(a) and 4(c), was not considered in the calcula- 
tion of AC because the associated experimental value of Ii was extremely low 
and therefore very uncertain. 

It therefore seems possible to use the experimental results to quantify 
the effect of the optical pumping on the concentrations of NOa and N204. 

5.2. Role of the chemical response 
The observation of a double-resonance signal when probing NO, and 

Nz04 is a clear indication that both sides of the equilibrium are affected by 
the optical pumping, The quantitative treatment of the results, in terms of 
the amount of each species perturbed by the pumping, demonstrates that 
this amount, given in Table 3, is the same for both species. Indeed, it appears 
to be of the order of 1% of the initial concentration for both species. This 
behaviour is observed when the initial excitation is restricted to one chemical 
species (visible laser pumping in NOa only), and also when the excitation 
affects directly both species (UV laser pumping in NO2 and N,04). Therefore 
the quantitative information deduced from our results definitively confirms 
the existence of a balanced chemical response of the system to the optical 
perturbation. 

Unfortunately, the values of the quantities AC given in Table 3 are small 
so that a closer comparison between them appears meaningless because of 
the accuracy to which the other relevant quantities, such as the equilibrium 
constant and the initial pressure, are either known or measured. 

6. Discussion 

Compared with our previous preliminary studies [9,12] of the NO,- 
N,O, chemical system, the present work contributes three main items of 
information which need to be emphasized as they open new areas of dis- 
cussion. 

(a) It brings together the dynamic and spectroscopic observations con- 
cerning the effects of Ar+ laser pumping in NO,-N,O,. These observations 
demonstrate the occurrence of both quantum and chemical effects in the 
same system, giving new insight into the NO2 problem. The relative impor- 
tance of each of these effects will be discussed in this section. 
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(b) IODR observations are reported not only with optical excitation 
in NOz and IR monitoring in N204, as in ref. 12, but also with IR monitor- 
ing in NO2 itself. Quantitative information could therefore be obtained con- 
cerning the response of the species to the optical perturbation on both sides 
of the equilibrium, allowing the role of the equilibrium to be demonstrated. 
This new development was presented in Section 5 and it will be_$iscussed 
further here. 

(c) Double-resonance signals are reported for the first time with UV 
excitation. The results are therefore extended not only to NO* with optical 
excitation but also to NO, and N,O, with UV excitation.’ A comprehensive 
discussion of the various sets of double-resonance results will be provided in 
order to suggest possible kinetic mechanisms responsible for the observations 
and to point out their expected relative importance. 

6.1. Quantum and chemical effects 
The absence of quantum effects among the double-resonance signals, 

i.e. the absence of three- or four-level schemes, needs to be discussed. In- 
deed, quantum effects were demonstrated with the LIF experiments which 
were performed under experimental conditions similar to those of the 
double-resonance experiments, and such effects could also be expected to 
contribute to the double-resonance intensities. A unique three-level scheme 
was pointed out in Section 4.1. from the known assignments of the visible 
and IR coincidences. The absence of a corresponding strong IODR signal 
can probably be attributed to the poor efficiency of the optical coincidence 
with the 4545 A laser line mentioned in the literature [ 23]. As pointed out 
previously, the double-resonance results did not show any stronger evidence 
for preferred collisional coupling schemes. However, it should be noted that 
the signals observed in NO2 with UV pumping (Fig. 4(c)) present a better- 
defined relationship with the e values than in the case of visible excitation 
(Fig. 4(a)). The AC values, given in Table 3, are also much more comparable 
in the case of UV pumping. A possible explanation is that some of the IODR 
signals observed in NO2 with the visible pumping would include a weak but 
significant contribution from the usual -four-level schemes. This contribution, 
which differs from one signal to another, might explain the poor relationship 
observed with visible excitation. 

The IODR signals reported here were observed at various pressures 
between 1 and 20 Torr as mentioned in Section 2. The results show that 
there is a linear dependence of the IODR intensity on the partial pressure of 
the corresponding chemical species, i.e. the species absorbing the IR radia- 
tion. Extrapolation of these results indicates that the chemically induced 
double-resonance signals would. be extremely weak at low pressures. Other 
microwave optical and microwave_ IR double-resonance studies of NOz 
described in the literature [ 26 - 291 were all performed at low pressures, 
typically 100 ml‘orr. It is therefore very unlikely that these other double- 
resonance signals, attributed to quantum effects, could include a significant 
contribution from the chemical effect reported here. 
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Another (IR optical) double-resonance study of NO* should be men- 
tioned specifically. IODR signals were observed in that study using the 
visible argon laser lines and attributed to non-identified coupling schemes in 
NO2 [38], The experimental observations reported in that study have several 
features similar to those discussed in this paper, However, the interpretations 
of the two sets of results can hardly be compared directly_ In the previous 
case a high power IR laser was used. It was, moreover, a COz laser, whose -~ - 
lines in the 10 pm range do not correspond to any ground state absorption, 
and could only be absorbed between excited vibronic levels. Thus the pres- 
ent study appears to be different in the sense that the IR laser lines, in our 
case, have a probe role and concern the molecules in their ground electronic 
states. 

The present double-resonance mechanism, based on a chemical equilib- 
rium connecting two species, appears to be an original scheme. It can be 
compared with another peculiar scheme discussed in the literature [39] 
which involves a physical rather than a chemical effect. In that case, a micro- 
wave beam pumps a molecule placed in the cavity of an IR CO* laser on a 
specific transition. The resulting saturation effect changes the characteristics 
of the gas and therefore the output power of the IR laser, although the laser 
line is off resonant. Both the physical and the present chemical mechanisms 
are indirect and have the advantage of being less restrictive than the usual 
quantum schemes. However, because of the lack of specificity, some of the 
advantages of the double-resonance technique, such as help in the assign- 
ment, are lost. 

6.2. Kinetic mechanisms 
The absence of signed quantities among the present results is apparent. 

The values of AC given in Table 3 are actually absolute variations and their 
relative sign may be extracted from the experimental measurements concem- 
ing the phase associated with the IODR signals, which have not yet been 
mentioned. A 0” and 180” phase shift is expected for signals which charac- 
terize similarly and oppositely varying quantities respectively. In the present 
case, the phases associated with the signals corresponding to IR absorption 
in NO2 or N,O,, coherent within each group of signals, appeared shifted by 
130” for the visible excitation and by 110” for UV excitation. The dis- 
crepancy with the expected behaviour probably indicates that several mech- 
anisms with different delays are induced by the chopped optical pumping. 
Each of these mechanisms must contribute to the phase and also to the in- 
tensity of the observed IODR signals. We will discuss briefly the kinetic 
aspect of some of, the steps presented in Fig. 2 and point out, if possible, 
their expected relative importance. 

6.2-l. Formation of NO 
The NO,-N,O, chemical system presented in Fig. 2 is a closed system 

except for the formation of NO (steps 5 and 6) which introduces a leak, i.e. 
which decreases the concentration of the starting species NOi and N204_ The 
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importance of that leak is reduced significantly by the flow conditions used 
in the experiments. The intensities of the perturbations induced by the UV 
and visible beams should be compared in order to determine the importance 
of NO formation in the system shown in Fig. 2. Indeed, the efficiency of 
NO formation, as confirmed by the observations reported in Section 3.3, 
is much larger with the UV excitation which directly photodissociates NO, 
with a quantum yield of unity [31], and the perturbation, i.e. the corre- 
sponding AC value, must also be larger if that step has a predominant role. 
The visible and UV AC values, given in Table 3, are unfortunately not dire& 
ly comparable because they are derived under different experimental con- 
ditions, such as the laser power, the laser beam diameter and the chopping 
frequency. An estimation of the influence of these experimental factors 
seems to indicate that the intensity of the perturbation is similar for the UV 
and visible excitations. We therefore do not believe that the formation of NO 
contributes significantly to the mechanisms responsible for the observed 
IODR signals. 

6.2.2. Removal of NO2 
The absorption of the visible beam leads to a direct decrease in the 

ground state population of NOz. The response of the equilibrium to the 
perturbation is expected to be instantaneous [ 40 J . A corresponding simul- 
taneous decrease in the N204 concentration must therefore result from the 
visible excitation. This mechanism is probably one of the key mechanisms 
responsible for the chemical perturbation. A similar removal of NOz exists 
in the case of the UV pumping, which probably also contributes predom- 
inantly to the intensity of the IUVDR signals. As pointed out previously, the 
mechanism is, however, more complex to interpret in that case because of 
the UV absorption in both the species NO2 and N,O,. 

6.2.3. Thermal effect 
The importance of the thermal response of a chemical equilibrium to 

an optical perturbation in a closed system has been stressed in the literature 
[ 5]. The NO,-N,O, system was actually studied in that particular context, 
using the visible argon laser lines to heat up the system. However, the role 
of the thermal effect appeared not to be definitively demonstrated in that 
study. Such a thermal process, expected to be slow compared with the 
chopping frequency, would lead, unlike the removal of NOz, to an increase 
in the NO2 ground state concentration at the expense of the Nz04 concen- 
tration. 

In order to understand fully the IODR observations, both the excita- 
tion step, i.e. the direct removal of NO, (steps 1 or 6) and the thermal effect 
may have to be taken into account. These effects, both modulated at the 
chopping frequency, are characterized by different delay times because of 
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the slower response of the thermal effect. They both contribute to the de- 
crease in the concentration of N,O, but have the opposite influence on the 
concentration of NO*. The resulting time-modulated variation in the con- 
centration of the two species might well present phase and amplitude charac- 
teristics which could fit the present observations. The study of such a kinetic 
model appears to be beyond the scope of the present paper, which is limited 
to the spectroscopic interpretation of the results_ 

7. Conclusion 

In the present study, the NO,-N,O, chemical system was perturbed by 
an optical pumping affecting directly either NO2 alone, with a visible argon 
laser beam, or both NO2 and N204, with a UV argon laser beam. The effects 
of the optical pumping on the molecules in their ground electronic states 
were studied through the characteristics of the resonant LIF. They were 
also monitored in separate IODR experiments, with the help of an IR CO 
laser probing specifically NOz, N,04 and NO in their ground electronic 
states. The results, in combination with literature data, demonstrate that 
the optical pumping leads to quantum and chemical perturbations in the 
system. The quantum or microscopic perturbations, assigned using the LIF 
technique, involve the populations on specific rotational levels in NO*, 
which are pumped with the visible laser beam. The chemical or macroscopic 
effect, monitored with the IODR technique, concerns the concentrations of 
the two species which are modified by the response of the chemical equilib- 
rium to the optical perturbation. A model describing the efficiency of the 
macroscopic perturbation in terms of the Beer-Lambert law was applied to 
the IODR results. It enabled the role of the chemical equilibrium on the 
response of the system to be demonstrated. 

The results therefore indicate that the optical pumping leads, in addi- 
tion to the expected microscopic effects, to a real macroscopic transition, 
i.e. brings the system to a new steady state. This macroscopic transition is 
controlled by a chemical response of the system which re-equilibrates the 
concentrations of NO2 and N,O, perturbed by the optical pumping. This 
effect affects the population of all rotational levels in NO2 in its ground state 
and must therefore contribute to any light-induced process in that molecule. 
This contribution is, however, expected to be very weak under low pressure 
conditions. 

The characteristics (amplitude and phase) of the observed IODR signals 
certainly reflect the kinetic schemes which are induced by the optical pump- 
ing. It is our hope to understand better those schemes which, in addition to 
absorption, emission and photodissociation processes, must include the 
chemical equilibrium relation and possibly a thermal response of this chem- 
ical equilibrium. 

The use of the IR optical double-resonance technique in the present 
dynamic context provides further scope for this spectroscopic technique. It 
could indeed be applied to the study of chemical species connected not only 
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by a chemical equilibrium but also by an isomerization process or 
intermolecular bonding force, such as that encountered in van 
molecules, and it could provide new structural, spectroscopic, 
thermodynamic information about such chemical systems. 

by a weak 
der Waals 
kinetic or 
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