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We. have studied the effect of collisions on the tim.!-resolved fluorescence arising from a single 
optlcally selected fine structure level (F1303 ) of the A 2B2 state ofN02 prepared via absorption near 
5933 A in the presence of a weak magnetic field. The fluorescence modulation induced by the 
magnetic field (Zeeman quantum beats) is used to monitor the time dependence of the alignment. 
The alignment decays exponentially and follows simple Stern-Volmer kinetics. The incoherent 
fluorescence intensity, used to determine population information, fits well a bi-exponential form 
at nonzero pressure. This is interpreted by a simple kinetic scheme involving cascade to additional 
fluorescing states. We find that only about 15% ofthe population removed from the initial level 
by collision produces subsequent emission that is detected (630-830 nm). We are unable to 
identify the exact nature of these emitting states. However, it is clear that pure rotationally 
inelastic collisions do not dominate the energy transfer process. Collisional population and 
alignment relaxation rate constants for the optically prepared level have been measured for 
excited state collisions with He, Ne, Ar, Kr, Xe, N2, CO, and N02 at 295 K and low density 
« 1 X lOIS particle/cm3

). In particular, we find that the rate for population removal of the 
initially excited level by collision is faster than the rate for elastic disalignment (depolarization 
within the same rotational level). 

I. INTRODUCTION 

The low-lying ( < 4 eV) excited states ofN02 have dem
onstrated exceedingly complex and irregular behavior in al
most all properties measured. Even in the isolated molecule, 
the interleaving of dense manifolds of rovibronic levels of 
grossly different nature makes high-resolution optical spec
troscopy a difficult challenge. The description of these elec
tronic states is of fundamental importance to the detailed 
understanding of photochemical and photocatalytic pro
cesses in the stratosphere, as well as the intermediate goal of 
modeling laboratory reactions involving the production or 
destruction of excited N02• 

Because of the complexity and importance of excited 
N02, it is not surprising that the study of fluorescence 
quenching in this system has a long and controversial his
tory. Early investigators attempted to characterize fluores
cence kinetics in spite of the lack of quantitative spectroscop
ic data or quantum-state-specific preparation and detection 
techniques. I As experimentation advanced, the complexity 
and subtlety of the behavior of the collisionally perturbed 
N02 became more evident. Several generally accepted fea
tures of the system were gradually brought forth. First, the 
radiative lifetime of optically excited N02 was found to be 
10ng2

-4 and to vary irregularly from level to level. 5-10 This 
has been rationalized as evidence for extensive intramolecu
lar coupling of the electronic states nearby in energy to the 
excited level in the isolated molecule. I 1 Second, collisional 
quenching studies show large rates for vibrationally inelastic 
processes relative to that for simple electronic quench
ing,12-19 complicating the fluorescence at finite pressure be
cause of emission from levels populated by cascade. The final 
state of these inelastic events remains unknown. 

Of particular interest to us are the specific collisional 
relaxation and energy transfer processes available to the op
tically prepared molecule. In this study we probe the fate of a 
single rotational level in time via its characteristic fluores
cence as it suffers collisions with foreign gasses. The Zeeman 
quantum beat (ZQB) method20 is used to monitor the state
specific alignment of the initial level. This method utilizes 
the spatially anisotropic fluorescence pattern from an en
semble of molecules excited with a pulse of polarized light in 
conjunction with the precessional motion of the ensemble in 
a magnetic field to produce a temporal modulation of the 
observed fluorescence intensity. The amplitude of this mo
dulation represents the excited molecular alignment in the 
precessional frame. The frequency of the modulation is de
pendent on the energy splitting of the magnetic sublevels of 
the excited state induced by the field and is, in general, differ
ent for each upper state. The state-specific alignment infor
mation obtained by this method provides insight into the 
collisional fate of one initially prepared level and does not 
represent the average relaxation properties of excited N02 in 
general. 

II. EXPERIMENTAL 

The experimental apparatus and techniques used in this 
study have been described previously.20 Briefly, an extraca
vity amplitude-modulated single-mode dye laser (peak pow
er 30 m W; 150 ns duration rectangular pulse of a repetition 
rate of 5 KHz; free running bandwidth 50 MHz) is used to 
excite a gas-phase N02 sample at 295 K. The gas sample is a 
conduction-limited slow flow maintained in a region of an 
applied homogeneous magnetic field (0-20 0). The excita
tion pulse selectively prepares a single rovibronic level in the 
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A 2B2 state whose fluorescence is detected at right angles 
through a polarizer/cutoff filter combination by an S20 re
sponse photomultiplier tube (Centronix QA4283 SA-25). 
The fluorescence signal is time resolved as a 1024 point array 
(resolution element 156 ns) by a discriminator TPHC/MCA 
combination and stored by a microcomputer on a floppy 
disk. The raw data are routinely corrected for pulse pileup, 
base line offset, and finite excitation pulse duration. The data 
are analyzed in the form of a InrI (t )/1 (t = 0)] vs time plot and 
a 1024 point complex Fourier transform of the time decay. 

The N02 sample is obtained from trap-to-trap distilled 
(snow white crystalline powder at 77 K) Matheson 99.5% 
pure N02 stored in a glass and Teflon bulb. The buffer gasses 
(He, Matheson, 99.995%; Ne, Matheson, 99.99%; Ar, 
Matheson, 99.998%; Kr, Spectra Gasses, 99.995%; Xe, 
Spectra Gasses, 99.999%; N2, Liquid Carbonic, 99.996%; 
CO, Matheson, 99.5%) were used without further purifica
tion. Pressure measurements for these studies were carried 
out by use of a capacitance manometer (Baratron 220B 1 
Torr absolute head, PDR-C-lB controller) calibrated by the 
manufacturer. Observed fluorescence and excitation spectra 
taken at the same total pressure and various flow rates from 
near static to 20 1/s indicated that thorough mixing and 
thermal equilibrium were maintained under these condi
tions. Total pressures were stable to within ± 1 X 10-4 Torr 
overperiodsofhou~. 

The overall detector wavelength response spans only a 
fraction of the emission expected from the optically excited 
sample. Figure 1 shows an approximate detection efficiency 
vs wavelength curve derived from the transmission curves of 
the various elements in the detector's optical train and the 
manufacturer's specifications for the PMT. 

Because of the long emission lifetime encountered in 
this study, the excitation/detection geometry and emitter 
effusion/diffusion must be specifically considered to avoid 
systematic errors. A temporal bias in the detection efficiency 
occurs when the emitting species produced in the laser vol
ume live long enough for their thermal motion to remove 
them from the detection volume, causing the probability of 
the detection of emission at later times to be reduced relative 
to that at earlier times. This effect has been discussed specifi-
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FIG. 1. Overall detector response vs emission wavelength. The arrow indi
cates the laser excitation and the bars represent some of the prominent N02 

fluorescence features associated with the level studied. The entire fluores
cence spectrum continues an undetermined extent further to the red. 

cally with regard to the investigation ofN02 fluorescence. 5
,7 

Ideally, one would choose to perform the experiment with a 
small excitation spot centered in a large region ofhomogen
eous detection sensitivity to provide a minimum in temporal 
detection bias. This limit was approached in the work of 
Donnelly and Kaufman8,9,18,19 who employed a 72 t'spheri
cal bulb in which excited molecules could travel 18 cm be
fore leaving the field of view of the detector. Practical con
siderations often make this situation difficult to achieve for 
very long lifetimes or fast thermal motion. 

In this study, the dimensions of the emission volume are 
restricted by field inhomogeneity constraints and we were 
forced therefore to develop an alternative method of correc
tion for the systematic errors in detection caused by the use 
of a limited field of view. At very low gas density (no colli
sions), the effect of the free effusion of the emitting species 
may be calculated easily for a given excitation/detection ge
ometry. The light collection efficiency of the detection sys
tem is first measured or estimated as a function of distance 
from the excitation zone. This is then recognized as a collec
tion efficiency vs velocity relationship at a given delay time 
from excitation. Thus, the fractional detection probability of 
the ensemble of emitters at any time is obtained by an aver
age over the thermal velocities in the gas. 

The excitation region in this experiment is a stripe 
(about 2 mm high and 10 mm wide) of collimated laser light 
whose length is large compared to all other pertinent dimen
sions. The detection is performed at right angles to the laser 
light propagation and is restricted in field of view compared 
to the distance between the detector and the excitation zone. 
Thus, emitter motion along the excitation stripe or along the 
detection direction is not so important to the fluorescence 
collection efficiency as the motion perpendicular to these 
directions. Moreover, the detection response to a light 
source translated in this latter direction falls off rather 
smoothly from a plateau of near unity response close to the 
excitation zone. The solid curve in Fig. 2 shows the natural 
logarithm of the normalized temporal detection bias 
In [/D(t)], calculated for N02 at 295 K, excited in the center 
of a one-dimensional Gaussian detection region whose 1/ e 
falloff points are separated by 5.6 cm. The points in Fig. 2 are 
an experimental estimation of the In [/D (t )] ~btained from 
the observed decay waveform of several N02 A 2B2 levels of 
different known lifetimes at very low pressure. The agree
ment between this model calculation and experiment for 
short times (t < 30 j.ts) can be improved by the inclusion of a 
plateau region in the spatial detection response function near 
the excitation zone but this procedure has the drawback of 
introducing another adjustable parameter in the model and 
hence was not carried out. 

The ability to fit experimental and model ID (t) func
tions for several detection geometries and emitter lifetimes 
gives us confidence that we can successfully parametrize the 
effect of emitter effusion in the limit of collisionless condi
tions. As the gas density is increased in the sample cell, ve
locity-changing collisions will inhibit the escape of the emit
ting molecules from the detection volume increasing the 
detection efficiency at long times relative to the low density 
case. Thus the free effusion case gives a lower limit tolD (t ) at 
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any time. The transition between regimes where effusion is 
important and that where velocity-changing collisions 
dominate is earmarked by positive curvature at low density 
in a plot of the effective radiative rate vs pressure. This is 
caused by the functional dependence of fD(t) on pressure, 
which we have not attempted to characterize. If the conse
quence of emitter effusion/diffusion were ignored [fD(t) as
sumed to be unity], the error in the effective radiative rate at 
low pressure would be on the order of the slope of the best 
line through the curve of Fig. 2, i.e., about 5 X 103 

S -I. Fur
thermore an error is introduced in the determination of the 
slope of the effective radiative rate vs pressure, causing 
slower bimolecular rate constants to be more poorly deter
mined than faster ones. 

III. RESULTS 
We present the results of collisional time-resolved flu

orescence studies of the selectively excited FI 303 rotational 
level of the A 2B2 electronic state ofN02 at a term energy of 
16854.50 cm- I

. This level is accessed through either the 
PI (4) or R 1(2) members of the prominent, although vibration
ally unassigned, vibronic band at 5933 A, dubbed No. 99 by 
Smalley et al.21 We have also performed similar, although 
less extensive, experiments on nearby rotational levels of the 
same vibronic band and the results of those studies are qual
itatively identical to those presented here. 

As described before,20 the magnetic field-induced mo
dulation of fluorescence polarization provides a direct mea
sure of the alignment (or orientation) of the emitting level. 
This Zeeman quantum beat signal arises from the coherence 
between the magnetic sublevels of the aligned excited state 
whose energy splitting is "tuned" by the applied magnetic 
field. As the coherence between these sublevels is destroyed 
the signal is damped. The evolution of the excited state align
ment (sublevel coherence) is represented in the decay enve
lope of the beat pattern in time, or equivalently (through the 
Fourier transform) in the line shape of the beat in frequency. 

• 

100 

FIG. 2. The logarithm of the normalized 
detection bias In[fD(t)) vs time. The 
points are experimental and solid curve is 
a model calculation. 

In the absence of collisions or other extrinsic relaxation 
processes, the line shape of the beat signal is Lorentzian with 
a linewidth determined by the spontaneous decay rate of the 
emitting level. In this situation, the half-width at half-maxi
mum of this Lorentzian F2 is equal to Fo = (21T1'o)-I, where 
1'0 is the radiative lifetime. Collisions relax the alignment as 
well as remove population from the emitting level and 
F2 = F! + Fo, whereFr is proportional to the pure elastic 
disalignment rate. The conditions of our experiment are 
such that the duration of the average collision is much 
shorter than the precessional period of the emitting state in 
the magnetic field. This causes the relative collision velocity 
to be isotropic when transformed into the precessional 
frame. 22 Hence the measurement of the rate of disalignment 
in this frame by the method of field-induced quantum beats 
is equivalent to a measurement in the laboratory-fixed 
frame. 

Figure 3 is the normalized real part ofthe Fourier trans
form of the time decay called the ZQB spectrum. It shows 
the beat frequencies of the three hyperfine components 
(F' = 9/2, 7/2, 5/2) of the F I303(J' = 7/2) level in a 1.7 G 
magnetic field at two different total sample pressures. In 
each case, the experimental beat line shape well fits a Lorent
zian (i.e., the effective alignment decays exponentially in 
time) and a value of F2 is determined from the fit. The value 
of F2 at a given pressure is always found to be the same for 
each of the hyperfine (F') levels belonging to a single fine 
structure (J') level. This linewidth is not dependent on the 
magnitude of the applied magnetic field to within experi
mental error. In addition, no "satellite" or collisionally in
duced quantum beats are observed at any pressure. From the 
foreign gas density dependence of F 2, a collisional disalign
ment rate constant kA is determined. For a given buffer gas, 
F2 obeys the relationship 

F2([M])=ko+~ +kA[M], (1) 
where [M] is the density ofthe foreign gas, ko = 1/1'0 is the 
collisionless spontaneous relaxation rate of the excited level, 
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FIG. 3. The real part of the Fourier transform of the pulsed excited emission 
(ZQB spectrum) of the F J303 levei at different total sample pressures: (a) pure 
N02 at 1.3 X 10-3 Torr; and (c) pure N02 at 7.5 X 10-3 Torr. Both spectra 
were taken at 1.7 G under otherwise identical conditions. The correspond
ing residuals shown in (b) and (d) are the difference between the experimen
tal points and the Lorentzian fit (solid curve). 

and.li is a pressure-independent magnetic field inhomogene
ity term. The rate constant kA encompasses all collisional 
processes that remove alignment or population from the en
semble of excited molecules. 

We now consider the collisional rate constant for the 
removal of population alone from the laser excited level k p. 

Figure 4 shows the decay envelope for total emission follow-
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FIG. 4. The logarithm of the normalized overall emission intensity vs time 
and the corresponding Fourier transform (inset). The experimental decay 
envelope (points) is fit to a biexponential form (solid curve) using Eq. (2). The 
spectrum was taken at an N02 pressure of 5 X 10-5 Torr and N2 pressure of 
1.12 X 10-2 Torr. 

ing pulsed excitation of the F I303 1evel at finite pressure. The 
decay is markedly nonexponential and the corresponding 
line shape (shown in the inset) is non-Lorentzian. Transverse 
relaxation of the alignment of the excited ensemble that does 
not precess in the magnetic field (Tk)23) complicates the 
direct extraction of the evolution of population from the de
cay envelope. Correction for this effect in this case is, how
ever, numerically insignificant due to the small degree to 
which (TIo) contributes to the overall decay20 and the simi
lar time dependences of the population and effective align
ment of the initial level. The observed decay envelopes are 
found to fit well a biexponential form 

IE(t) = h(O)[(1 - C)exp( - Ro t) + Cexp( - RI/)] 
(2) 

over the entire pressure range studied (typically 0.5-15 
mTorr). 

This biexponential form of the decay implies the pres
ence of two classes of states No, and N I' both contributing to 
the total emission. While one is able to characterize NI by 
properties averaged over all levels that act as N 1, this does 
not allow us to understand the properties of individual N 1 

levels. The foreign gas density dependence of the parameters 
R o, R I' and C is consistent with a simple kinetic scheme 
involving collisional cascade between the populations No 
and N I • This scheme is diagrammed as follows: 

ko 
No ---=--- X + h 110 I k,[M] 

k5 [M] k, 
X • N,· .. X + hll, 

(3) 

where ko and kl are the spontaneous emission rates from No 
and N I' and X denotes all undetected final states. The states 
X are unknown and need not be exclusively associated with 
levels of the ground state. Here, the population removal rate 
from No, k p is identified as k3 + k4 • As will become clear 
from what follows, the model shown in Eq. (3) well describes 
the behavior of No, but fails in detail for N1, apparently be
cause of the inadequacy of representing the class of states N 1 

with the parameters corresponding to a single state. 
The solution to the set of coupled differential equations 

implied by Eq. (3) subject to the initial conditions of No = 1 
andNI = Ois 

No(t) = exp{ - [ko + (k3 + k4)[M]]t J, 
NI(t) = Q([M ])(exp[ - (k l + ks[M])t] 

where 

(4) 

Q([M]) = k3[M ]I[(ko - k l ) + (k3 + k4 - ks)[M]]. 
(5) 

The observed fluorescence decay signal is the rate of detec
tion of (hvo + hVI) at time t after excitation. However, all 
emitting states are not observed with equal detectivity. In 
particularly, fluorescence from collisionally populated levels 
NI are expected to be more red shifted than fluorescence 
from No•l •s,12.16,18 Hence we introduce the relative detecti-
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vity factor d t, which expresses the ratio of the detector re
sponse to fluorescence from Nt compared to No. In terms of 
the cascade model shown in Eq. (3), the ensemble photon 
emission rate is then given by 

I(t;[M]) = koNo(t) + dtktNt(t) 

= [ko - dtktQ ([M])] 

Xexp{ - [ko + (k3 + k4)[M]]t J 

+ dtktQ([M])exp[ - (kt + ks[M ])t]. (6) 

The parameters Ro, R I' and C in the phenomenological 
form of the decay [Eq. (2)] can now be identified in terms of 
the constants in Eq. (6): 

Ro = ko + (k3 + k4)[M], 

R t =kl +ks[M], 

C=dlktQ([M])=dlktk3[M] (Ro-Rd- I. (7) 
ko ko 

The values of Ro, R I' and C are found to follow the foreign 
gas density dependence of Eq. (7) to within experimental er
ror for all gasses and for all pressure ranges studied. Here, Ro 
has been corrected for emitter effusion! diffusion at low pres
sure as discussed in Sec. II. For a given foreign gas, the rate 
constants ko' (k3 + k4), kl' and ks are derived from the inter
cept and slope ofthe linear least squares fit to the Ro vs [M] 
andR t vs [M] data (see Fig. 5). Then the Cvs [M] data yield 
the value of d 1k3 , but without a knowledge of d l it is not 
possible to determine separately k3 and k4. However, the 
reasonable assumption that d 1 is less than unity, i.e., that No 
is detected preferentially to emission from Nt, allows us to 
place lower and upper bounds on k3 and k4' respectively. 

It remains to identify the populations No and NI and 
combine the information obtained from the ZQB line shape 
with that obtained from the incoherent fluorescence decay 
envelope. Because no collisional transfer of alignment and 
precessional phase to other emitting levels is observed, the 
population No is subdivided into those molecules that are 
aligned, ANo' and those unaligned, UNo, where 
No = ANo + UNo. The kinetic model diagrammed in Eq. (3)is 
then modified to include ANo and UNo: 

~[M] AN ko c 
X .. 0 • X + hVo 

\1l+k2 [M] 

kiM] ~ ko 
X .. - No • X + hvo (8) 

k3[M] J k
3
[M] 

k5[M] N kl 
X .. I • X + hVI 

where chvo denotes coherent emission. The time dependence 
of the populations No and Nt in Eq. (8) are the same as in Eq. 
(3), i.e., they are given by Eq. (4) subject to the analogous 
initial conditions. In addition, the time dependence of the 
laser excited alignment follows the form: 
ANo(t) = ANo(O)exp[ - (ko +.:i + (k2 + k3 + k4)[M ])t]. 

(9) 
The collisional rate constant determined from ZQB line 
broadening, k A' is then identified as 

W 
I.. cr 

3 

00 

I 

234 
Xe DENSITY (x 1 0'4 particles·cm3 ) 

ii 

5 

FIG. 5. Experimental rate (points) vs foreign gas (xenon) density with linear 
least squares fit to the data(line). Circles: r 2; squares: Rlli crosses: R I • The 
error bars correspond to what is believed to be a 95% confidence limit. The 
zero pressure intercepts ofthe Ro vs [M] and r2 vs [M] lines differ by the rate 
.:1, which is proportional to the (pressure-independent) magnetic field in
homogeneity. 

(10) 
The ZQB measurement of the rate kA is used to find k2' the 
rate for pure collisional disalignment, knowing 
k p = k3 + k4. This completes the determination of the con
stants in Eq. (8). 

Table I shows the rate constants measured for various 
collision partners with the F I 303 level of N02• The directly 
observed rate constants kA and k p = (k3 + k4) show an ex
pected but "mild" dependence on the identity of the collision 
partner with a trend of increasing rates for more complex 
partners. The near equality of k p and k A for a given gas in 
Table I shows immediately that pure elastic disalignment 
does not dominate the thermal collision process. Note that 
an exact equality between the decay time of the ZQB signal 
and 1/ Ro would lead to the strict identification of the class of 
levels No with the laser excited (initial) level. A lower limit to 
the fraction of the emission from No arising from the initial 
level is RoI(Ro + k2[M]). At high pressure, this lower limit 
varies from 65% for CO to 93% for Ne, strongly implying 
that the initial level is entirely responsible for the short life
time component of the observed fluorescence. 

Figure 6 shows the different relative probabilities of col
lision-induced events available to the initial level for various 
foreign gasses. Here the rates k A are subdivided into pure 
disalignment k2 and population removal k p by direct 
quenching k4 and cascade to emissive states k3. The fraction 
of the population removed from the initial level cascaded to 
levels whose emission is detected dtk3/(k3 + k4) appears to 
be 15% and to be independent of quenching gas. The frac
tion of elastic to total effective disalignment k2/ 
(k2 + k3 + k4) is largest for CO and N2 and anomalously 
small for N02 and Ne. 

The rate constants kJ and ks determined for Nt are 
more uncertain than corresponding rates for No because of 
temporal detection bias discussed in Sec. II. Hence these 
rates should be regarded more as fitting parameters rather 
than significant quantities intrinsic to the molecule. The ex
amination of the relative quantum yield for fluorescence of 
the ensemble at finite pressure elucidates some of the short-
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TABLE I. Rate constants for the F ,303 1evela of A 2 B2 N02 at 16 851.98 em -I determined for the kinetic model 
diagrammed in Eq. (8). Bounds of k3 and k. are based on the assumption that d , < 1. 

Gas (k3 + k.)b k,tb k,c k b 
2 k3b 

He 3.0 ± 0.2 3.9 ±0.5 2.0 0.9 >0.48 
Ne 2.6±0.7 2.8 ± 1.0 2.1 0.2 >0.40 
Ar 3.8 ±0.7 5.0 ± 1.0 2.1 1.2 >0.58 
Kr 3.7 ±0.7 4.2 ± 1.0 2.1 0.5 >0.61 
Xe 4.1 ±0.3 4.9 ±0.5 1.9 0.8 >0.60 
N2 4.6±0.3 6.3 ± 1.0 2.0 1.7 >0.69 
CO 4.9±0.3 7.5 ± 1.0 2.0 2.6 >0.77 
N02 5.9 ± 0.5 6.5 ±0.5 1.8 0.6 >0.87 

&ko = 1.9(2)XIQ4s-'. 
b In units of 10- 10 cm3/particle s. 
C In units of lQ4 S- I. 

comings of the simple two-population model described so 
far. Figure 7(a) presents the total emission intensity of the 
sample at finite buffer gas (helium) density relative to that at 
zero buffer gas density 4>TOTAd [M]). In the context ofthe 
model depicted in Eq. (8), 4>TOTAL ([M ]) may be calculated 
from the constants in Table I according to 

4>TOTAd[M]) = 4>o([M]) + 4>,([M]), (11) 

where 

(12a) 

and 

4>,([M])=d)k,Q([M])[ 1 
k) + ks[M] 

- ko + (k3 : k4 )[M ] ] 
(12b) 

are the contributions to 4>TOTAL arising from No and Nl , 

respectively. We do not know the relative detection response 
factor d 1 but believe that d I";; 1. Let us begin by taking 
d 1 = 1. With this assumption Fig. 7(a) shows that Eq. (11) 
does not adequately describe the pressure dependence 0/ 
4>TOTAL' but that the observed relative quantum yield ap-

k.b ks
b 

<2.5 0.08 
<2.2 0.08 
<3.3 0.03 
<3.1 0.02 
<3.5 0.02 
<3.9 0.17 
<4.2 0.19 
<5.0 0.53 

proaches the partial quantum yield from No at high densi
ties. Moreover, no simple scaling in which d , is set equal to 
some fraction less than unity can rectify this gross failure of 
the model. Figure 7(b) presents the experimental 4>TOTAL 

minus the calculated 4>0' This is compared to the value of 4>1 

calculated from Eq. (12b) for d , = 1. Again this comparison 
is suggestive that d 1 needs to be made pressure dependent 
presumably caused by increased red-shifted fluorescence 
with increasing number of collisions, i.e., the behavior of N 1 

cannot be described by a single set of density-independent 
properties. Of course, an immediate corollary to this conclu
sion is that the rate constants pertaining to the class oflevels 
N 1 that we have derived are not very meaningful, in contrast 
to those for No. 

IV. DISCUSSION 

The interpretation of pseudo-first-order rate constants 
for the effect of collisional processes on resonance fluores
cence has many complications. In addition to the well
known problems associated with averages over thermal en
sembles and multiple collisions, there is the further 
complexity of N02, itself, whose excited state structure re
sists simple description and whose levels show large variabil-
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FIG. 6. A histogram of bimolecular rate 
constants k,t = k2 + (k3 + k.) vs foreign 
gas, where k2 is the pure disalignment rate 
constant, k3 is the cascading rate constant, 
and k. is the direct quenching rate constant. 
The values of k3 and k. are lower and upper 
bounds, respectively (see Table I), while 
their sum, kp = (k3 + k.) is determined un
ambiguously. 

Downloaded 01 Jun 2011 to 171.66.91.53. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



2568 P. J. Brucat and R. N. Zare: NO. collisional relaxation 

100 

2 
c 
...J 
W 

>= 
::; 50 
::> 
Iz 
< 
5 

(a) 

°0~~~~~~~~~3~~~4~~~5~~~6--~ 
15r----------------__ ---, 

(b) 

o 2 3 4 5 6 
He DENSITY (Xl0" particles· em3) 

FIG. 7. Quantum yield for total emission relative to zero pressure as a func
tion of helium density. (a) total quantum yield. Crosses: experimental data; 
Solid curve: total quantum yield calculated from Eq. (11) for d I = 1; Dashed 
curve: partial quantum yield from No calculated from Eq. (12a). (b) Partial 
quantum yield for cascaded emission. Crosses: experimental total quantum 
yield minus calculated partial quantum yield from No; Dashed curve: par
tial quantum yield ofN 1 calculated from Eq. (12b) for d I = 1. All calculated 
curves are obtained from the unadjusted He rate constants of Table I. 

ity in radiative lifetime, emission wavelengths, and other 
properties. There have been extensive studies of the excited 
state kinetics ofN02, and we call the reader's attention to the 
thorough investigation of Donnelly and Kaufman.8.9.18.19 
They determined fluorescence lifetimes and quenching rates 
for a number of features in the N02 visible spectrum. Using a 
pulsed dye laser or the fixed frequency-doubled lines of a 
Nd:Y AG laser, they observed the N02 fluorescence in dif
ferent bulb geometries with time and wavelength resolution 
as a function of pressure of various gases. Their observations 
represent an average over different excited state levels 
weighted by their absorption line strength. These studies are 
useful in characterizing the behavior of optically excited 
N02 over a narrow bandwidth but in no sense represent the 
behavior of a single well characterized level. In contrast, this 
study concerns one level, the FI spin component of the 303 
level at a term energy of 16 854.50 cm- I above the lowest 
level of the ground state. This level is far from typical, being 
the upper level of one of the strongest lines in the so-called 
593.3 nm band (No. 99). Consequently, it is difficult to make 
a direct comparison between the results of the present study 
on a single level and those of previous work on distributions 
oflevels. Moreover, the present study provides new informa
tion on the collisional behavior of excited N02, namely, the 
collisional destruction of alignment. Nevertheless, where 

comparisons are possible, it appears that the present work is 
in accord with previous measurements, as will be discussed 
below. 

For example, let us compare the radiative lifetime (11 
ko) and the quenching rate (k3 + k4 ) of the excited state level 
that we prepare with that prepared in the experiments of 
Donnelly and Kaufman. In the same excitation wavelength 
region, Donnelly and Kaufman8 observe biexponential de
cays at their lowest pressures, the short component of which 
(45 : ~ I f..LS at 593.45 ± 0.05 nm) can be compared to our mea
sured low-pressure single-exponential lifetime of 52:ci8 f..LS. 
Similarly, at the same wavelength the collisional rate con
stant for removal of population from the state responsible for 
the short-lived emission for N02 self-quenching in Donnelly 
and Kaufman's work8 is 5.9 ± 0.5 X 10- 10 cm3/particle s, 
which can be compared with our value of 
(k3 + k4 ) = 5.9 ± 0.5X 10- 10 cm3/particle s. Donnelly and 
Kaufman 18 have studied quenching with other gases using 
excitation at 532 nm with a 1 cm -I bandwidth. They find the 
quenching rate constant of the "banded" fluorescence fea
tures, which they associate with the short-lived emission 
component, in units of 10- 10 cm3/particle s to be 
3.29 ± 0.17 for He, 3.98 ± 0.14 for Ar, 4.58 ± 0.31 for N 2, 

and 5.93 ± 0.18 for N02 • Our values of (k3 + k4) for corre
sponding gases are 3.0 ± 0.2 for He, 3.8 ± 0.7 for Ar, 
4.6 ± 0.3 for N2, and 5.9 ± 0.5 for N02• Thus the agreement 
between the observed properties of No and the observed 
properties of the banded fluorescence features of Donnelly 
and Kaufman 18 appear better than we expected. 

However, the radiative and quenching properties of the 
set of levels we call Nt, and the states associated with the 
"continuum" emission in Donnelly and Kaufman's work 
are in rather poor agreement. First, let us consider the radia
tive properties of Nt. We find that the average radiative life
time (lIktl is approximately that of the optically prepared 
level (lIko). Donnelly and Kaufman's8 analysis shows that 
this behavior does not occur for the collectin of levels they 
excite near 593 nm (1" c = 260 ± 35 f..LS for the continuum 
emission; r B = 70 ± 10 f..LS for the banded emission) but 1" B 

~1"c for the collection oflevels they excite near 532 nm. 19 

We find that excitation between assigned strong features in 
the 593.3 nm band produces emission with an apparent de
cay rate so long as not to be reliably quantified (r > 200 f..Ls) in 
our experiment. Consequently, we are unsure as to the valid
ity of the comparison of zero pressure intercepts between the 
two studies for this band. Moreover, we can offer no certain 
explanation why collisions preferentially populate levels 
whose radiative behavior is similar to No. Clearly our experi
ment is biased toward the preferential observation of shorter 
lived rather than longer-lived emission, but we believe this 
cannot account fully for this difference. Possibly, the long
lived emission we see produced by excitation between sharp 
absorption features arises from high J' levels, whereas one or 
a few thermal collisions with the F 1303 level may preferen
tially produce low J' levels, which could exhibit shorter
lived emission. 

Finally, the apparent quenching rate constants of the 
levels we call Nt do not mimic the findings of Donnelly and 
Kaufman for quenching of the continuum emission. As men-
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tioned before, our rate constants ks should be regarded as 
phenomenological fitting parameters, which contain the un
characterized pressure dependence of the temporal detec
tion bias fD (t ). Consequently, we make no further effort to 
refine this comparison. 

Let us consider more deeply the kinetic scheme [Eq. (8)] 
which we have postulated to interpret our data. For this 
purpose, it is necessary to examine the role of multiple colli
sions. If each time an electronically excited A • molecule col
lides with B complete removal of the excess electronic energy 
of A • occurs, then the fluorescence rate and quantum yield 
depend only on the fraction of A • that suffer at least one 
collision before emitting. This is a strong collision limit and 
can be treated by simple Stem-Volmer kinetics.24 If, how
ever, we study the effect of a "soft" collision, i.e., one in 
which the consequences of successive collisions are cumula
tive, the number of collisions the A • suffers before emitting is 
relevant. Collisions causing partial disalignment or vibra
tional cascade without electronic quenching are examples of 
this kind of soft collision. The modeling of the consequences 
of multiple collision phenomena is the basis for all cascade 
kinetic schemes for this type of fluorescence quenching 
study. We may estimate the significance ofthe multiple colli
sions with regard to the overall fluorescence by the applica
tion of Poisson statistics.2s This assumes that the collision 
events are uncorrelated, as is expected in our thermal ensem
ble. For a soft collision rate constant of ks, a collisional po
pulation removal rate constant of k p , and a spontaneous 
emission rate of kE' the probability of A • undergoing nand 
only n collisions before radiating is given by 

PIn) ={3n/(l +{3r+ I, (13) 

where 

(14) 

Here {3 is the ratio of the soft collision rate to the total rate of 
removal of A·. Since this model assumes that an excited mol
ecule can be removed by either emission or by direct quench
ing and that this can happen only once, {3 also represents the 
average number of soft collisions before emission, at a gas 
density of [M]. Figure 8 shows the form of PIn) vs {3 for 
various collision numbers n. As {3 increases, the number of 
molecules undergoing two or more collisions, given by {3 2/ 
(1 + {3 )2, rapidly becomes appreciable. However, the dissec
tion of the multiple collision processes into their constituent 
n-collision-event contributions cannot be carried out with
out some additional knowledge about the effect of sequential 
collisions, i.e., the study of collisional cascade as a function 
of density does not contain in itself a means of determining 
the microscopic effects of n-collision events but, instead, the 
average over such events. 

Our measurement of the alignment of the initially excit
ed fine structure level through the use of magnetic-field-in
duced quantum beats is not affected by alignment cascade or 
the transfer of alignment to other emitting levels. This is 
because the beat signal depends on the frequency of preces
sion of the emitting state in the applied field and is thus state 
specific. In addition, any emitting levels that do retain align
ment upon an inelastic collision do not give rise to a "satel-
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FIG. 8. A plot of the probability of an excited molecule undergoing n and 
only n soft collisions before radiating vs p, the average number of soft colli
sions before emission. See Eqs. (13), (14), and the accompanying text. 

lite" quantum beat because the collision and laser pulse are 
uncorrelated in time, causing the ensemble average of the 
coherence transfered to the level to vanish. Since we monitor 
the alignment loss in an ensemble-averaged sense, we are 
unable to distinguish the successive partial removal of align
ment from individual molecules from that of total disalign
ment upon each and every collision. Thus, the loss of align
ment can be modeled in analogy to simple Stem-Volmer 
electronic quenching. 

In contrast, the total population of emitting states de
rived from the incoherent fluorescence decay envelope 
shows marked signs of multiple collision effects. The success 
of our truncated (two-level) cascade scheme (8) in modeling 
low density fluorescence decays suggests that further conse
quences of multiple collisions will surface at higher densities. 
Without regard to the identity of the No and N1 levels, but 
merely using the lower limit (d I = 1) to the rate constant k3 
as an indicator of the cascade process, we may estimate the 
fraction ofN 1 levels undergoing further cascade before emit
ting as 

LP(n) 
s= n>2 ={3/(1 +{3) = k3 [M] . (15) r PIn) kl + (k3 + ksHMJ 

n>1 

Here we have used the results ofEqs. (13) and (14) and identi
fied the soft collision rate constant ks with k3' the collisional 
population removal rate constant k p with ks, and the radia
tive decay rate kE with kl (which approximately equals ko). 
Table II shows the quantity S evaluated at various helium 
buffer gas pressures using the constants kl' k3' and ks from 
Table I. The fairly large estimated fraction of levels labeled 
as N1 that undergo further (cascading) collisions before radi
ating indicates that the average nature and properties of N 1 
change with pressure. This is exemplified by the failure of 
our truncated cascade scheme to describe both the fluores
cence rate and quantum yield with a single set of rate con
stants for Nt" Figure 7(b) shows that the rate constants de
rived from the decay ofN1 emission vs density overestimate 
the quantum yield for emission of these levels. This is consis
tent with a picture of consecutive collisions modifying N l' 
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TABLE II. Fraction S of NI levels undergoing collisions with He before 
emission at various pressures, calculated from Eq. (15). 

Pressure (mTorr) fJ" S 

0 0.00 0.00 
I 0.08 0.07 
2 0.15 0.13 
3 0.23 0.18 
4 0.30 0.23 
5 0.37 0.27 
6 0.44 0.30 
7 0.50 0.33 
8 0.57 0.36 
9 0.63 0.39 

10 0.69 0.41 
11 0.75 0.43 
12 0.81 0.45 
I3 0.87 0.47 
14 0.93 0.48 
15 0.98 0.50 
25 1.48 0.60 
50 2.37 0.70 

100 3.40 0.77 
00 6.00 0.86 

• See Eq. (14). 

The most probable interpretation is that the effect of subse
quent collisions is to red shift the fluorescence wavelength of 
the Nl emission, decreasing the overlap with the detector's 
wavelength response (Fig. 1) and thus reducing the detection 
efficiency of the N 1 levels as the pressure is increased. A 
collisionally induced red shift in fluorescence has been ob
served directly in the wavelength resolved emission from op
tically excited N02 •5,12,16,18 This would naturally lead to a 
reduction in observed quantum yield with respect to fluores
cence decay rate. 

The fate of a single optically excited molecule suffering 
a collision with a selected set of collision partners is illustrat
ed in Fig. 6. In all cases the most probable event (largest rate 
constant process) is direct quenching, i.e., collisional conver
sion of the initial state into nonemitting or undetectable lev
els. This rate even dominates the pure disalignment rate, 
important to the interpretation oflevel crossing29

,30 and dou
ble resonance31 linewidths. This study estimates the pure 
disalignment rate constant (k2) for the first time. Collisional 
production of states with detectable emission (probably vi
brationally relaxedA' 2 B2 levels18

) makes up about 15% of all 
inelastic processes starting from the optically prepared level. 
The remaining 85% of the optically excited levels that un
dergo an inelastic collision exhibit no apparent emission, as 
recorded by our detector. These N02 "dark" levels are 
thought by us to be high-lying vibrational levels of the 
ground state, perhaps within kT of the initially prepared 
level, whose red-shifted fluorescence and lengthened radia
tive lifetime are caused by mixing to various extents between 
the N02 A 2B2 and the X 2A 1 states. Subsequent collisions 
continue to modify the set of emitting and dark levels, but 

these processes are poorly characterized by the experimental 
methods used in this study. 
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