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Two different types of emission from excited NO; were observed using pulsed ruby laser light at 943 A. The first
type of fluorescence was seen in the near-IR and results from the single photon excitation of NOy from the ground Ay
state, By observing the emission as 2 function of time an unexpected behavior was observed in the near IR and could be
explained by a consecutive deactivation mechanism, wherein a secondary species is preferentially detected. A second tvpe
of emission recently observed in the blue spectral region is weaker and is due to a multiphoton process. The intensity of
the blue emission is a function of the cube of the laser intensity at low pressures and approaches the square at high pressures.
We attribute this variation to simultaneous deactivation of the NOj intermediate by cotlision (square) and by anti-Stokes

Raman scattering off of the NO3 (cube).

1. Introduction

The consecutive two-step photodissociation of NO,
as well as the presence of a multiphoton induced emis-
sion in the blue has been previously reported using a
ruby laser {1,2].

Many studies on the fluorescence and quenchmg
of NO, have been performed [3-9], but in spite of
this extensive research the behavior of an electroni-
cally excited NO, is still not completely understood.
In particular, few studies have been performed using
excitation in the red where the NO, absorptzon is
wezk.

We present here the results of fluorescence lifetime
and quenching studies using the ruby laser excitation
at 6943 A along with the results of further expenments
on the multiphoton induced fluorescence.

2. Exﬁerimenta!

The NO, was excited using a Korad K-1 pulsed
ruby laser emitting at A = 6943 A, The pulse energy
was 2.2 J, pulse duration was 15 ns, and the linewidth

" was specxﬁed as being 0.06 A. The pulse was generated -
vsing a Korad electro-optical Pockels cell Q-switch.

The fluorescence cell was a 21.2 cm diameter Pyrex .
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bulb with flat Pyrex windows attached on sleeves. The
filter combinations were composed of Corning glass
and Kodak Wratten filters. An RCA 8575 PMT was
used to detect the blue emission while an RCA
C31000F PMT was used to detect the near IR emis-
sion. The detection system was sensitive over 3800
to 4400 A and 7500 to 9000 A for the blue and IR
experiments respectively. The time resolved emissions
were displayed on a Tektronix 7904 oscilloscope and
photographed. The laser intensity was attenuated
using flat Pyrex mounted in aluminum channeliing
as described previously [2].

3. Results
3.1 Near infrared emission

The results are presented here principally in the
form of graphs. The self-quenching constant and
radiative lifetime of NO, are determined from the
Stern—Volmer plot of pure NO;, as shown in fig. 1.
The quenching constants of NO¥ for a series of other
gases were similarly measured and these results are
shown in table 1. ’

Although exponential decay was observed at low
pressures (p < 30 mtorr), as the pressure of NO, was

_increased a growth of emissjon with time was observed,
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Fig. 1. The Stern—Volmer, 1/f 5 versus Pno, . plot for pure
NO;.

followed by a decay which appeared exponential. At
high pressures (p 2 220 mtorr) one could observe a
second maximum of lower intensity. The shapes of
the curves are reminiscent of a consecutive decay
process

A Az
A—B—C—etc.

)

Tz = O —A)~! I Ay). @)

Assuming the pseudo-first order rate constants A to be
proportional to pressure, A = &(M), one can write the
following;

1 - (ky —%3) (M).
Tmax [ln(k!/kz):]

The reciprocal of the measured time to maximum was
plotted versus the NO, pressure and a linear relation-
ship was found, as is shown in fig. 2.

&)

One can readily calculate the time for B to reach a

maximum as being

Table 1

Quenching rate constants of NO¥ for a series of added gases

Gas Mol. wt. Quenching constant
(cm3/part s}
He 4 2.5x 10711
Ar 40 3.2x 10711
Na 28 3.9x% 10-1¢
co 28 4.8 x 10~
NO 30 6.7 x 1041
0, 32 3.6 x 10-11
CO4 44 77X 1074
N2O 44 8.6 x 1074
NO, 3 46 5.7 X 10711b)

a) The collision free radiative lifetime was determined to be

4124 us.

b) Due to rapid simultaneous vibrational deactivation this

number is difficult to interpret in terms of solely electronic

quenching.

I
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+ P=2ltorr,m=2.67
P=Iltor,m=274
P=43tormm=3.00
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Fig. 3. The log of relative emission intensity versus log of

relative laser intensity plots for a series of pressures,
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3 2. Blué ef?'ziésion :

The blue emission was observed at much higher

" pressures of ’\(02 than the IR emission (1 torr and
over compared to less than 0.5 torr, respectively). if
the intensity of the fluorescence can be written as
being,

Ip =kIT, @

then the slope of a log /- versuslog #; plot will give the
order, n. The data on the blue emission is plotted as the

_log of the relative fluorescent intensity versus the log of
the laser intensity, and is shown for several different fixed
pressures of NO, in fig. 3. As can be seen from these
plots the order varies from 2.45 at a total pressure of
65 torr to 3.00 at a total pressure of 4.3 torr. If the
daza for the different pressures are fitted to an equa-
tion of the form,

Ig =C [} + Gyl (5)

which is the sum of a two and a three photon induced
process, then one can obtain the ratios C,/C, asa
function of pressure as given in table 2. This ratio is
seen to be inversely proportionat to pressure, and a
least squares analysis gives the result

C,J/C, =252/P (torr). (6)

The first part of (5) C; Iz {two photon process) there-
fore depends on pressure one order higher than the
second part C’21L (three photon process).

Table 2
Relative (3Av{2hv) process ratio as a function of pressure of
NO,

Ratio C,/C, P(torr)
6.19 T 43
3.12 10.8
1.07 i 206
0.51 65.1

6. /€ =25.2/P(torr)

4. Discussion
4.F. Near infrared emission
The fluorescence behavior of NO, has been extensi-
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vely studied. The lifetime measurements yield values -

ranging from fairly short ones, 0.5 to 3.7 us [3], which
correspond te expected lifetimes calculated form the .
integrated absorption coefficient, to anomalously long
lifetimes of up to 120 us [4]. These long lifetimes have
been explained in terms of extensive mixing of the
electronically excited states (°By, 2B, ) with the ZA;
ground state [5]. A simple step-ladder model of con-
secutive vibrational deactivation in NOS has been

used in previous attempts at e*cplammn the nature of
emission from NO¥ [6,7]}.

The radiative hf’etlme of 41 us for NO;‘ obtained
here is in good agreement with the 46 ps lifetime
obtained in another study of NO, excited by a ruby
Iaser as performed by Calvert and co-workers [8].
Their quenching constant of 8 X 10~ c¢m3/part s
compares reasonably well with that of 5.7 X 1011
cm?3 /part s reported here. Care must be taken in the
interpretation of these self-quenching constants due
to the simultaneous electronic and vibrational relaxa-
tion occurring in NO3. The quenching constants for
the other gases are in reasonable agreement with those
obtained by Myers et al., using excitation at 4358 A [9].

Extension of the consecutive deactivation model
of vibrational relaxation [6,7] to data presented here
suggests that the following mechanism be used to inter-
pret the results:

(73)
N02 + hIJL ~> NO;(U), ')’1 =]L01 H
NOZ(v) > NO, + hvg, kg; (b))
NO§(U) + NO, - NO‘Z"(U-- 1) + NG,, kK, (79
NO;(U— - NO, +hvg, kp;  (7d)
NO#(x—1) + NO»—> NO¥(w—2)+NO,, k5 (7¢)
NO; + M- N02 + M, ICQ. (7ﬂ

The mechanism shown above predicts the time to
the first emission maximum (see equations) to be
given by the relation,

1 [, — kuz):{

where K,y > k5 must be true in order to observe the
emission maximum, and where kg, the electronic
relaxation is slow compared to vibrational relaxation.
The slope of the 1/,,,, versus Pyg, plot (fig. 2) gives

7,

max
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a value of 4 X 1010 cm3 /parts. Direct measurement
of the rise-time to maximum gives estimates of
(4-7) X 10~10 cm3 /parts for &,y and (3—5) X 10~10
cm3 [parts for k., but the presence of emission from
other states makes accurate analysis difficult.
Calculations using different models, either har-
monic oscillator or step-ladder {6,7,10] show k,,; and
k,» to be in the neighborhood of (1—5) X 10-10 cm3/
part s, indicating that the vibrational relaxation is
occurring at approximately the gas kinetic collision

rate. No production of the emission maxima is observed

for addition of gases other than NG, and therefore it
appears that a specific NO§-NO, interaction is respon-
sible for the observed phenomenon. Recent work by
Golde and Kaufman on the quenching of vibrational
chemiluminescence of NO3 from the NO + O reac-
tion shows much higher deactivation rates for NO and
NO, than the other gases studied, presumably because
of the bond forming potentials that lead to the stable
N203 and N204 molecules [1 1] .

All previous studies of NO, fluorescence, with the
exception of that of Calvert and co-workers {81,
excited the NO, at energies above the (0, 0) level of
the 2B, state {12], whereas the ruby laser at 6943 A
(14403 cm—1) lies only above the (0, 0) of the 2B2
state at 11956 cm™1 [12]. The fluorescence behavior
of NO% formed at this longer wavelength may there-
fore show different behavior from excitation at
shorter wavelengths where transitions to both the 231
and 2B, states occur simultaneously, as has been
pointed out by Kaufman [11]. The 2B, state emis-
sion is in general more discrete than that of the 2B,
state [13], so the observed phenomena daces neces-
sarily conflict with the known behavior of NO3
emission.

4.2 Blue emission

In the previous work where the blue emission was
first reported 2] the order of fluorescence intensity
with respect to laser intensity was shown to be 245,
but only a single NO, pressure of 65 torr had been
studied. A possible explanation for a slope of 2.0 had
been given using the following mechanism [2]:

N02 + hVL -> Nog, i =ILO'I M (93)

. NO§ +M~NOJ + M, kps (9b)
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NOJ + vy > NOS*, ¥y =1 03; (9¢)

NO;* - N02 + hvp(blue), kF‘ (9d)

Without the deactivating second step the absorptios -
of a second photon lifts the NO¥ above the dissocia-
tion limit where it has a lifetime of 2 X 10-13 5, as
directly measured by Busch and Wilson via photolysis
using a pulsed frequency doubled ruby laser at 3472 A
[14]. The O-atom from the two-photon NO, photo-
dissociation rapidly reacts with NO, to form O,. This
process was reported previously and showed an I%
dependence [1,2].

The mechanism given in eq. (9) would also predict
an I% dependence, but additional experiments per-
formed showed an increase in the order from 2.45 to
3.00 as the pressure was decreased (see fig. 3).

If three photons are absorbed simultaneously or
consecutively their combined energy would raise the
NO, to the lower levels of the C state or higher levels
of the B (2B2) state [15], however neither state has
been observed in emission, and the estimated pro-
babilities of these processes would be much lower
than the approximate measured quantum yield for the
blue emission of about 10~9 [2]. Since Stern—Volmer
plots showed that the blue emission had a lifetime -
compatible with that of NOJ below the dissociation
limit (the quenching constant was approximately 0.15
times the gas kinetic collision rate} it was concluded
that the I3 process probably occurs in a manner that
yields an NO3* below the dissociation limit. The fol-
lowing mechanism is proposed to account for the Ii
dependence:

N02 + hl—’L g NO?;(U), m= ILO'I ; (103)
NO¥(v) + hvy, ~ NG5 (v~n) +h' (Raman),

NOX(v—n) + iy > NO%*, vy =1y 09; (10c¢)
NO3* - NO, + hvg(blue), kp. (10d)

Here the second step is not a collisional deactivation,
but rather seems to be an anti-Stokes Raman scat-
tering of the laser light off of the NOJ intermediate
which thereby removes n effective vibrational quanta
in the process.

Using the mechanism (10} above, one can obtain an
approximate expression for the quantum efficiency
of the blue light as being
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. kg . . _
_ ¢f [kp +kQ(NO’))_] [L R an
where A isa factor depending on Dulse duration, laser
intensity; and pressure, ag is the Raman scattering
cross section, kg, is the ra_diative rate constant and
kg is the electronic quenching constant. The quantum
* efficiency is defined here as being the number of
- photons emitted per potential NOJ* formed via a
consecutive two’ photon absorpnon A value for ¢¢
_was estimated previously as being about op =109
for NO, at a pressure of 30 torr [2]. Using a value of
kg =2.7X 10% 571 [16] and kg =4 X 10-12 ¢m3/
parts [17] for the NO% in the blue region and esti-
mating the factor 4 to be about 0.08 for the condi-
tions used, the value of ¢, that is required is about
=23X% 10— cmzlpart A Raman scattering cross
sectlun of this magnitude indicates that a resonant
type of Raman scattering may be occurring. Such
resonant scattering has been observed in the scattering
of argon ion laser lines off ground state NO, [18,19].
This calculated ¢ depends naturally on the second
absorption cross section and the actual value would be
expected io be different from that measured by us for
the two photon dissociation, but not by many orders
of magnitude.

Assuming that the blue emission can be expressed
as a sum of the contributions from the two and three
photon processes as was assumed above in eq. (5), the
data can be fitted to this expression to obtain values
for the ratio C,/C as a function of pressure. A plot
of log C,/C; versus log P gives a slope, m, of m = 1.0,
s0 the ratio is inversely proportional to pressure, as
would be expected if the two photon process requires
a collisional step that the three photon process does
not. At a relative laser intensity /; = 1.0 (corresponding
to 150 MW at 6943 A, the ratio C,/C; can be shown to
be unity when P~ 25 torr. The ratio is a measure of
the relative importance of the three photon to the
two photon process, for the given laser intensity.

5. Conclusion

The pulsed ruby laser has beén used to excite near-
infrared fluorescence in NO,. The values obtained for
 the radiative lifetime of NO and for the quenching
constants -for a series. of added gases are sxmllar to
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- values @)btained for more energetic excitation. The

unusual time resolved behavior at higher pressures is
interpreted as being direct observation of the vibra-
tional deactivation process; a value for the vibrational
deactivation rate constant of about 4 X 10-10 cm3/
part s being obtained.

The multiphoton induced fluorescence was studied
at a series of different pressures. The order of this
“blue” fluorescence was found to be pressure depen-
dent. The data could be separated into 2 two photon
process that required a collisional deactivating step,
and a three photon process that required a collision-
less deactivation. The latter process is interpreted as
an anti-Stokes Raman scattering, which acts as the
collisionless deactivating step.
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