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The absorption of up to SLX CO,-laser photons by excited NO2 has been observed. The dlssoaatlon product NO has been 
detected by laser induced fluorescence The NO produced after 435.7 nm ewitatlon and IR absorption of NO2 has been 
studled no mternall~ hot NO IS found, confummg that the dissociation of NO* 15 a rapld process_ 

1. Introduction 

The Infrared (IR) multrple-photon excrtatron and 
dissociation (MPD) of polyatomrc molecules has been 
in the past years increasmgly the subject of mtensive 
studies, expenmentaily and theoretically [ I] . Divrding 
the MPD process, as is commonly done. mto three en- 
ergy regrons, most mformatron has been acquired about 
the excitation in the first region (1) of discrete energy 
!evels and about the fragmentation mecharusm in the 
third region (III), above the drssocration hmrt Much 
less 1s known about the excrtation mechamsm and en- 
ergy drstnbution in the mtermedrate region (II) of quasr- 
contumum energy states. In this paper we wash to report 
a type of expenments which eventually may be surted 
to obtain further lnfonnatron about details of the pro- 
cess in region II as well as I and III. 

In most inrestigatrons the pumping has been per- 
formed by mtense infrared radiation of CO2 laser at 
single wavelengths. Some mvestrgatrons have been per- 
formed with ehcrtation at two IR wavelengths. In few 
experiments dissocration has been achieved by multrple- 
photon absorptron of COz-laser light followed by visr- 
ble/ultraviolet absorption. 

In this work we have performed multiple-photon ex- 
citation and dissociation of NO?, by the successron of 
a one-photon absorption rnto an exerted state below 
the dissociation lirmt followed by IR multiple-photon 
absorption. This leads either to a sluft in the fluores- 
cence spectrum of the parent molecule to shorter wave- 
lengths or further to dissocratron enabhng direct detec- 
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tion of the fragment, NO, by laser excitatron spectro- 
scopy_ In thus paper we report first observations and 
measurements on both effects. 

We have chosen the NO7 molecule for various rea- 
sons. (1) as a tnatomic rt belongs to the simplest pos- 
sable class of polyatomrc molecules; (2) although the 
electromc spectrum at room temperature is very complex 
[2] the level density at high energies (e g. OS/cm-l 
close to the dissocratron lirrut) [3] is comparable to that 
of larger molecules at much lower energies; (3) the 
initial starting level for the IR pumpmg can, at least in 
princrple, be selected by the wavelength of the vrsible 
photon; (4) the electronic excitation as well as the 
fluorescence lies in an experimentally convenient region, 
as compared to the IR regron, (5) the process can be 
followed into the drssocration regron in great detarl by 
laser mduced fluorescence spectroscopy of the NO frag- 
ment; (6) probing for the fragment recorl energy [4.5] 
provides the possrbrlrty of a complete analysrs of the 
dynamics of the dissociatron process. 

2. Experimental 

Nitrogen dioxide was taken from a cylinder @lesser 
Griesheim) purified by bubbling oxygen through the 
hquid at temperatures below 0°C and by degassing the 
solid several times at temperatures between -40°C and 
-196°C. During the experiments the NOa was kept at 
a temperature of 45°C and the vapour was pumped 
through a fluorescence cell at a speed such that the con- 
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tent of the cell volume was replenished between the 
laser pulses Experiments have been made at pressures 
between 0.5 X lo4 and 10 X IO6 bar in the cell, 
measured by a capacitance manometer. 

Two drfferent wavelengths have been used to excite 
the NO, the second harmonic of a Nd : YAG laser at 
532 nm (pulse length 8 ns, pulse energy 5 mJ, 10 HZ 
repetition rate) and the stimulated fist anti-Stokes 
Raman radiatron at 435.7 run (1 mJ pulse energy) 
produced by the 532 run radiatron in a high pressure 
(10 bar) Raman cell fiied with hydrogen [6]. The 
diameter of these vlslble excitation beams was 2-4 mm 
in the centre of the fluorescence cell. The mfrared ex- 
citation was carried out with radiation from a line tun- 
able pulsed multimode TEA CO2 laser focused by a 
u= 151 mm) NaCl lens mto the centre of the mterac- 
tion chamber. The CO, laser pulse had a main peak of 
200 ns duration and a tarl of al vs. Its begin was time- 
delayed by usually 50 ns with respect to the visible ex- 
citation pulse. The two laser beams mtersected each 
other at an angle of 60”. The detection, erther of the 
NO, fluorescence directly or of the NO fragment by 
laser mduced fluorescence, was started 1 PS after the 
vrsible laser pulse. 

In the experiments on (VIS + IR) excitation of the 
NO, fluorescence the emission from the centre of the 
ceU was collected by an optical system (f/2.5), wave- 
length selected through various mterference falters 
(fwhm =600 cm-l) and detected by a cooled photo- 
multiplier (RCA 3 1034) Pulses from the photomulti- 
pher were amphfied and stored in a gated counter for 
a preselected number of laser pulses. Although the ra- 
diative lifetime of the observed fluorescence is several 
10 ~.ls the gate of the counter was opened for only 1 PS 
to avord the influence of collisions. 

In the experiments on the (VIS + IR) dissociation 
of NO, the product NO was detected by laser induced 
fluorescence (LIF) [5,7] using the frequency doubled 
output of a dye laser which was pumped by the third 
harmonic of a Nd : YAG laser. The levels U” = 0,l have 
been probed by excitation of the NO (A *Z+-X *II) 
system in the ultraviolet. The red-shifted NO fluores- 
cence was detected through an interference filter (&,.,= 
= 260 nm) by the same photomultrplier and counting 
system mentioned above. NO excitation spectra have 
been measured by scanning the dye laser wavelength 
with a stepping motor. The accumulated count rate of 
20 laser pulses 1s converted into an analog voltage and 
recorded. 

3. Results and discussion 

3-l_ Fluorescence excitation of NO2 

In the experiments on the NO, fluorescence wz have 
worked at the visible wavelength XLrrs = 532 nm 
(18797 cm-L). Fig. 1 shows the spectral distribution 
of the NO, fluorescence obtained after the successive 
absorption of the 532 run radiation folIowed by the 
CO*-laser hght, once of 9495 cm-1 (round dots) and 
once of 1046.8 cm-1 (squares). The CO,-laser puke 
energy was 1 J/pulse in both cases. Signals have not 
been corrected for the spectral response of the photo- 
mulhplier. Also shown (open circIes) is the fluorescence 
signal measured when the CO,-laser light was blocked 
in front of the fluorescence celI. This signal is thus 
caused by the 532 run radiation alone. its spectral ex- 
tension into the region of wavelengths shorter than 532 

NUMBER OF CO2 - LASER PHOTONS ABOVE 18797cm-’ 

I- 

WAVENUMBER OF THE FLUORESCENCE I&-‘1 

Fig. 1. Fluorescence of NO* excited by (1 ViS f II XR)-photon 
absorption. Spectral fluorescence distribution produced by 
532 nm alone (open circles); fluorescence enhancement by C&- 
laser radmtion of 1046.8 cm-’ (full squares) and 949.5 ME 
(full circles). COz-laser energy: 1 J/puke. NO2 pressure: 5 x 

lp bar at signals smaller than 10 counts/puke. 0.5 x l@ 
bar at higher signals. 
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nm IS to a large extent due to the broad transmission 
characterrstrcs (fwhm 600 cm-r) of the mterference 
filters used and to a smaller part due to some contribu- 
tron from the spread of thermal population of NO, m 
the ground state at room temperature_ The COz-laser 

radiatron however clearly causes fluorescence shifted 

towards wavelengths shorter than that of to the visible 

excrtation It m fact extends up to the drssociatron 

lirmt D(O-NO) of 25 125 cm-l [8], indicated in fig. 1 _ 
The numbers of CO, photons correspondmg to the 
energy gap from the visrble excrtation wavelength to 
the dissociation hmit are indrcated m the upper scale of 
fig. 1 for the two IR wavelengths. 

The CO?-laser lure at 949.5 cm-l is evidently more 
effectrve in exciting the blue-shafted fluorescence than 
IS the 1046.8 cm-r lme, although the single photon en- 
ergy IS smaller. Experiments at other than these two 
CO1 laser lures confirmed this trend, namely that the 
lures below 1000 cm-’ are more effective than the 
shorter wavelength lines. A possible explanation for this 
behaviour could be that the lower energy lines are closer 
to a vrbrational frequency in excited NOz. Thrs would 
be consistent wrth Douglas and Huber who have found 
a vrbrational spacing of AC’ = 890 cm-1 in the blue 

regron of the absorption spectrum. 
The collisron free nature of the whole pumping pro- 

cess and of the fluorescence withm the tune Interval of 
observation (~2 ps) was checked by measuring the pres- 
sure dependence of the fluorescence at 23250 cm-t 
(filter peak transmissron). The result was a lmear increase 
with NO, pressure in the range from 0 5 to 18 pbar. 

Frg. 2shows the C02-laser energy dependence of 
the fluorescence mtensity observed at 22000 cm-l 
(filter peak transmrssron). Saturation occurs at a CO,- 
laser pulse energy of about 0 5 J which corresponds to 
a fluence of the order of 25 J/cm?-. The same quahta- 
tive behavrour has been found for the fluorescence at 
other wavelengths 22570 cm-* and 23250 cm-l. As 
to the dependence of the CO*-laser enhanced fluores- 
cence on the mtensity of the 532 run light, measure- 
ments for mstance at 23250 cm-l showed that rt in- 
creased linearly wrth intensrty up to 3.5 mJ pulse en- 
ergy. 

The decrease of the fluorescence intensity at shorter 
wavelengths might be explained by a bottleneck effect, 
i.e. a decrease of IR absorption cross section as the en- 
ergy mcreases towards the dissociation limit. However, 
wrth the present experunental results rt is not possrble 
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Fig 2 Dependence of the fluorescence enhancement observed 
at 455 nm (22000 cm-‘) on COz-laser pulse energy- Visible ex- 
citation wavelength 532 nm, COZ-laser he 949.5 cni’ 

to relate the observed intensity distnbution to a NO2 
population distriiutron at corresponding excitatron 
energies. For this one would need to observe resolved 
fluorescence spectra from the energy levels populated 
by the IR excitatron. Furthermore, the excitation by 
the visible photons produces a distribution of excited 
roviironic states because one starts already with the 
thermal population drstrrbution of NO, in the ground 
state which means, in turn, that the IR absorption also 
starts from a correspondingly undefined energy. Expe- 
riments wrth defined and selected initial states of the 
parent molecule and with hrgher spectral resolutron of 
the emission are in progress. 

Herman et al. [9 ] have performed IR-optical double 
resonance experiments in NO,, using cw lasers. They 
found evidence that at the wavelengths of the Ar-ion 
laser very short hved (0.6 + 0.2)~s levels are participating 
We have found that the major part (more than 95%) 
of the C02-laser enhanced fluorescence at 443 nm is 
not sensitive to the time delay between excitation laser 
(532 nm) and C02-laser pulse in the range from 50 ns 
to 2 PS. So, most excited states populated by 532 run 
radration which participate in the C02-laser photon ab- 

sorption have longer lifetimes_ 

3.2. Dzssociation of NO2 

Dissociation experrments have been carried out with 
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two visible wavelengths: 435.7 run (22952 cm-l) and 
532 run (18797 cm-l) and wrth two CO,-laser lines: 
1046.8 cm-1 and 944.2 cm-t. 

435.7 rrm. After the excitation by 435.7 run radia- 
tion the NO2 has to absorb a rnmimum of two addition- 
al CO2 laser photons in order to reach the dissociation 
limit of 25 125 cm-1 [S] _ An energy defect of 79 cm-l 
for the 1046 8 cm-1 line can be compensated for most 
of the NO, molecules by theu thermal internal energy. 
For the 944.2 cm-1 line the energy defect of 285 cm-l 
can be compensated of course by correspondingly fewer 
NO2 molecules in the upper half of the rovibronic room 
temperature drstrrbution. Those with less initial internal 
energy need three additronal IR photons. 

Fig. 3 shows m the upper part (A) an excitation 
spectrum of NO from the viiratronal ground state (u” = 
0) obtained with the 435.7 nm radiation followed by 
radiation of 944.2 cm-l at a COZ-laser energy of 1 J/ 

pulse The lower part (R) of fig. 3 also represents an 
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NO (u” = 0) excitation spectrum taken, however, without 
irradiation by the CO,-laser light, i.e. by 435.7 nm 
alone. This background NO spectrum is due to No pres- 
ent as an impurity in the NO2 sample at a concentra- - 
tion of the order of 0_2%. The same NO excitation spec- 
trum was obtained also without the 435.7 run light. 
Comparison of the signal strengths shows that the back- 
ground spectrum (B) is weaker than (A) by about an 
order of magnitude_ Taking the impurity to be 0.2% 
this indicates that at least 1% of the NO, in the crossing 
region of the three laser beams was dissociated. 

As to the rotational energy distriiution of the NO 
fragment, the spectral distribution of spectrum (A) is 
similar to that of spectrum (B), indicating that the NO 
fragment is produced with roughly room temperature 
rotational distribution in the v” = 0 state. The exci*a- 
tion by the CO*-laser radiation did not produce NO 
in the excited vibrational state u” = 1. By comparing 
the fluorescence intensity of the thermal excitation 
spectrum from uD = 1 of the impurity NO with the noise 

NO,A*I’(v’=O)- X*m (v-=0) 

I I I . 
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~,g. 3. NO2 lssoclation by (1 VIS + n IR)photon absorption. Exatation spectra of NO(A *Z+, u’ = 0 c X *n. u” = 0). Upper spx- 
trum (A). NO2 irradiated by 435 7 nm (enera 1 ml/pulse) plus CO2-laser light at 944.2 I-XII-’ (energy 1 J/P&& NO2 Pressure 
3 x 1@ bar. Lower spectrum (B) NO background evatatron spectrum. Conditions as in (A), however tithoutCO&ser irradia- 
tion. 
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level it was possible to estimate an upper hmrt of the 
relative dissociation yie!d of about low5 for NO (u” = 
1) to NO (u” = 0). The thermal rotational distribution 
of NO in u” = 0 and the virtual absence of vibrationally 
excited NO IS consistent wrth the ~omxnonly accepted 
MPD mechanism according to which the dissoclatron is 
explained by the RRKM model with statistical energy 
Istnbutlon. Because of the few degrees of freedom of 
the molecule the dissociation rate of NO, after absorp- 
tion of up to one C02-laser photon above the dlssocia- 

tion hmrt IS so large (IO1l--IOIZ) s-l [3,10] that the 
probability of absorption of another phoL:n 
at the intensrtres applied ( 1O2* photons s 

is _‘;ry small 
cm -by 

order of magnitude) If more CO2 photons were ab- 
sorbed one would expect internal excitation of NO. 

To ascertain the collisionless nature of the (VIS + 
IR) drssociation process the dependence of the NO 
laser excited fluorescence intensity on the NO, pres- 
sure was measured. Frg. 4 shows results obtained from 
measurements at the intense NO lines rn the head of 
the P,, branch (fig. 3). The slight deviatron from lm- 
earity at pressures higher than 5 X :06 bar is partly 
caused by the begmmng of saturation of the pulse 
countrng system. When less intense NO lines were used 
hnear dependence was observed up to about 10-S bar. 

Frg. 5 shows the C02-laser fluence dependence of 
the NO productron for two drfferent C02-laser lines. 
Both curves show saturation and the “threshold” seems 
to be Iower for the 1046.8 cm-1 lure. As mentioned 
above, for this line the energy defect for VIS + 2 IR 
photon-drssociation is smaller, so almost the whole 

6 10 16 20 

NO2 -PRESSURE I lO+‘bar) 

Fig. 4. NO2 pressure dependence of the NO dissoclauon yield, 
measured by the LIF mtennty of NO excited in the PI I band 
head. Vtsiile evcltatlon at 435 7 run, CO+ser hne 1046 8 cm-‘. 
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CO2 -LASER FLUENCE I Jlcrdl 

FIN. 5 COZ-laser fluence dependence of the NO dwoclatlon 
yield measured as under fig. 4. Visible ewltatlon at 435.7 nm 
(22952 cni’). COz-laser lmes at 1046.8 cm-’ and 914 2 cni’. 

thermal NOa drstnbution can in pnnciple be drssocia- 
ted by 1 VIS + 2 IR photons, whereas in the case of 
the 944.2 cm-1 hne a considerable part of the thermal 
rotatronal distribution needs 1 VIS + 3 IR photons for 
dissociation. 

The dissociation by 1 VIS + (2-3) IR photons 

shows the same saturation character as the blue-shifted 
fluorescence after 532 nm excitation, described above 

(fig- 2) 

532 nm. Jhe drssocration yreld with 532 nm excrta- 
tion was found to be smaller than with 435.7 nm by 
about a factor of 20. In order to observe NO at tms 
smaller density the background spectrum level of NO 
had to be lowered to reach higher sensrtrvity This was 
achieved by reducing the spot srze of the probing laser 
beam and by more precise alignment of the detection 
system with respect to the effective fluorescence vol- 
ume, so that NO fluorescence originating from outside 
this volume was more effectively eliminated. 

Fig. 6 shows the C02-laser energy dependence of 
the NO yield for the two CO*-laser lines. As wrth 
435.7 run the IR line with the higher photon energy is 
again more efficient than that with the lower energy. 
This behaviour IS opposite to that observed for fluores- 
cence excitation (fig. 1). A pronounced difference is 
observed in the slopes of the fluence dependence for 
the two visible excitation lines. Before speculating 
about the cause, more systematic measurements are 
needed. 
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CO2 -LASER FLUENCE C J/cdl 

Fig. 6 C&-laser fluence dependence of the NO dissociation 
yield, measured as under fig. 4. Visible exntation at 532 nm 
(18797 cm-l), COz-laser lines at 1046.8 ti’ and 944.2 cm-*. 

The pressure dependence measured with a CO,- 
laser energy of 1 J/pulse was again found to be linear 
up to 1 0d5 bar of NO,. Also the dependence of the NO 
yield on the intensity of the 532 run radiation was 
measured to increase linearly up to an energy of 5 mJ/ 
pulse, which for a beam diameter of 3 mm2 and 8 ns 
pulse duration corresponds to an intensity of about 
20 MW/cmz. When the 532 nm intensity was increased 
by focusing to a spot size of less than 1 mm2 NO2 dis- 
soclation into NO + 0 by two-photon absorption was 
observed. 

4. Conclusions 

Experimental evidence is presented that NO, ex- 

cited by 532 MI radiation can absorb up to six or seven 
IR CO, -laser photons. 

From the rotational and viirational distriiution of 
the NO produced by (1 VIS f 2 IR) dissociation of NO2 
one can conclude that the dissociation process is very 
fast. 

The method of preparing molecules in excited states, 
before multiple IR photon dissociation starts, offers 
some advantages for a more detailed study of [R exci- 
tation and dissociation: (a) One can follow the way of 
excitation by observing visiile fluorescence. (b) By 
choosing the proper wavelengths of the visible radiation 
one can change the minimum number of iR photons 
necessary for dissociation. 
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