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Sequential two-photon-laser-induced fluorescence: a new
method for detecting atmospheric trace levels of NO

J. Bradshaw and D. D. Davis

School of Geophysical Sciences, Georgia Institute of Technology, Atlanta, Georgia 30332

Received January 13, 1982

Sequential two-photon-laser-induced fluorescence (TP-LIF) in NO has been achieved by using 226-nm radiation
to excite the X2I1 — A2Y transition followed by excitation of the A2Y — D23 transition using the fundamental
output of a Nd:YAG laser at 1064 nm. The resulting fluorescence was monitored at wavelengths as low as 187 nm
(D23 — X211 transition), thus permitting major discrimination against conventional noise sources as encountered
in single-photon-laser-induced fluorescence (SP-LIF) systems. Also, since the 226-nm radiation used in the TP-
LIF method is generated in the same manner as in the SP-LIF technique (i.e., the sum-frequency mixing of 288-
with 1064-nm radiation), the two-photon sequential-pumping scheme requires no major extra optical hardware.
Although the final optimization of the TP-LIF NO method has not yet been completed, extrapolations based on
currently measured signal and noise levels suggest a detection sensitivity level of 3 parts in 103 (0.3 pptv) under
atmospheric conditions. This would represent approximately a 25-fold increase in sensitivity over the SP-LIF NO

technique.

Earlier laser efforts at detecting NO under atmo-
spheric conditions of composition and pressure have
involved single-photon excitation of NO with the
monitoring of fluorescence at wavelengths that are red
shifted relative to the excitation wavelength.! The
sequential two-photon-laser-induced fluorescence
(TP-LIF) technique being reported on here has po-
tentially far greater sensitivity than the single-photon
method because the resulting fluorescence is blue
shifted relative to the shortest laser wavelength used to
pump NO optically.

The relevant energy levels employed in the two-
photon excitation of NO are shown in Fig. 1. (Dataon
the natural radiative lifetime of NO and the appropriate
quenching rates for different electronic states are given
in Table 1.) For this system, it can be seen that a sig-
nificant fraction of the fluorescence, monitored-at A,
occurs at a lower wavelength than both the A; and A,
laser excitation wavelengths. Asisshown in Fig. 2, this
scheme thus permits discrimination against all Ray-
leigh- and Stokes-shifted Raman noise sources and
white fluorescence from aerosols and chamber walls as
well as fluorescence from other trace gases, such as that
from SO2. The dominant noise sources in the TP-LIF
method now appear to be anti-Stokes Raman scatter,
resulting from N and Og, and weak multiphoton-ab-
sorption processes by unidentified gas-phase impurities.
Evaluation of the magnitude of this real photon noise
(relative to the signal) is easily achieved by simply
tuning the dye laser (in actual fact the 226-frequency-
mixed wavelength) ~0.02 nm off the NO absorption
line.2 Although noise tests have not yet been completed
on the NO system by using fast-collection optics, based
on other two-photon systems in our laboratory also in-
volving blue-shifted fluorescence,* the real photon noise
from the TP-LIF NO system is predicted to be 10° to 106
times lower than that observed in the single-photon-
laser-induced fluorescence (SP-LIF) NO system—both
being normalized to the same input energy at 226 nm

and for the same transmission in collection optics.
Thus, unlike SP-LIF systems, all of which tend to be
signal-to-noise limited under realistic atmospheric
sampling conditions, the TP-LIF system is expected to
be ‘a signal-limited system under typical sampling
conditions.

The TP-LIF signal strength D), (e.g., detected signal
photons per laser shot) can be expressed in terms of
several convenient efficiency terms, namely,

D =E\, XE\,XE; XEg XE, X VX [NO]. (1)

Each of these terms can be assigned physical signifi-
cance as follows:

optical pumping
E,, =| efficiency

= [1 — exp — (P_;‘llﬂl)
at Al M

Xfi X8y, (2)

TP-LIF:
A3 187 nm
fo 220 nm

2y 226 nm
Y(0,0), Py,

U Y¥T x°n
v”l-o v7e0
Fig. 1. NO energy-level diagram showing those transitions

involved in the sequential two-photon-laser-induced fluo-
rescence detection scheme.
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Table 1. Spontaneous Emission and Quenching Frequency Factors in One

Atmosphere of Air®
Upper State A2Z C2Z (sec™)) D2Z (sec™))
ks to X211 5 X 106 sec™1® 5 X 107% 4x107®
kito A2Z - 3.5 x 107° 9.5 X 108°
kg (¥ <1) No predissociation 1.7 X 109 <8 X 108
for v’ < 4%
ko [M] 1 X 10° sec—1¢ 4 X 10100 ~2 X 10°4

@ The composition has been taken to be 590-Torr Ny, 150-Torr O3, and 10-Torr Hz0.

b Taken from Ref. 5.

¢ Taken from an average of data in Refs. 6 and 7.

4 Taken from Ref. 8.
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Fig. 2. Qualitative presentation of the two-photon-laser-
induced detection scheme showing the spectral location of the
laser pumping lines, the monitored fluorescence, white-noise
fluorescence, and the cutoff characteristics of a future long-

wavelength cutoff filter. It is not intended that absolute

photon fluxes be estimated from this graph.

optical pumping

E), =| efficiency = [1 — exp — (sza,\z]]

at Az N
XX R XS, (3)
ax,
fluorescence ks
E:= = s 4
! (efficiency ) ky + kg + ko [M] )
optical
Eg =| detection | = Y X Y3 X Zng X g (5)
efficiency
E = Zle:t r:mc _ PMT signal pulses counted ©)
e={ @ _ef: ton PMT signal pulses emitted
efficiency
volume of
V =| sampling |=a,, X[ fora), <ay, )]
region

Here P), and P, represent the number of laser photons
per laser shot at A; and Xy, respectively; o), and o), are
the effective absorption cross sections for NO at A; and
As2; fi is the fraction of the total NO population in
quantum states that can be pumped at 226 nm with a
laser linewidth AX; &; is the reciprocal of the natural
lifetime; k4 is the first-order rate constant for disso-
ciation; k4 is the biomolecular electronic-quenching-
rate constant; [M] is the concentration of the quenching
species; 7, is the fraction of total fluorescence falling

‘'within the optical-transmission window; Y3, is the op-

tical-collection efficiency; Z,, is the optical-filter
transmission factor; ¢, is the quantum efficiency of the
photomultiplier tube (PMT) at Ag; and ay, and a), are
the cross-sectional areas of the A; and A5 laser beams,
S), and S,, are saturation parameters, which can be
taken to be unity under low laser-energy-density con-
ditions and/or with small cross sections for the ab-
sorbing species. Bradshaw et al.! have demonstrated
this to be the case for S), for 226-nm laser energies up
to 1 mJ involving a 5-mm-diameter beam. S,, has not
been quantitatively assessed, but it appears that the
cross section for the A2Z — D2Z transition, when
1064-nm radiation is used, is quite small; thus the value
of S), is likely to be close to unity. This assumption,
however, will need to be verified. The quantity R in the
expression for E), defines the fraction of NO molecules
that have been pumped into the A2Z state that survives
quenching by Ns and O, and therefore is excited into the
D22 gtate. This quantity cannot be evaluated directly
at this time because of the absence of a known cross
section for 1064-nm absorption from the A2Z state.
Thus the term E,, has here been evaluated by experi-
mentally determining the quantities Dy, V, [NO], Eg4,
and E. and using calculated values for E», and E;.

The TP-IF system used in this study is shown in Fig.
3. In this system, the Nd:YAG laser type was an ILS
NT-572, whereas the pulsed dye laser was designed and
built by Quanta Ray. The latter dye-laser unit was
operated in an oscillator-end-pumped-amplifier con-
figuration and was flied with R610 dye.

An evaluation of each of the efficiency terms in Eq.
(1), for the experimental system shown in Fig. 1, gave
E,, =0.013, E», = 0.0052, Ef = 0.020, Eg =3 X 10, E,
=0.9, V=10.04 cm3. The signal strength D), for an NO
concentration of 2.5 X 1012 molecules cm~3 (100 ppbv)
is calculated to be

D), = 220 photons/6000 laser shots.
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Fig. 3. Sequential two-photon-laser-induced fluorescence
experimental setup: BP, bandpass filter; DBS, dichroic beam
splitter; EMD, energy-monitor diode; L, lens; PMT, photo-
multiplier tube; PS, 60° prism separator; SFM, sum-fre-
quency-mixing crystal; SHG, second-harmonic-generating
.erystal; TD, trigger diode; TP, turning prism; JY, Jobin-Yvon
double monochromator.

§

Egm_

3
10° o' 10® io®
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Fig. 4. Two photon-laser-induced fluorescence calibration
curve for NO: A; = 650 ud (226 nm), A; = 75 mdJ (1064 nm).
Signals are reported for a 1-atm-pressure air mixture.

An experimental calibration curve showing the linearity
of the TP-LIF NO system over 2 orders of magnitude
in NO concentration is shown in Fig. 4. These data
were recorded under atmospheric conditions of pressure
and composition. The signal-limited nature inherent
in the TP-LIF technique permits linear gains in de-
tection sensitivity with increases in the efficiency of the
collection optics, laser energy, etc., compared with the
square-root gain in detection sensitivity inherent in
signal-to-noise-limited methods. By a judicious choice
of hardware, namely, a fast far-UV solar-blind PMT,
high-transmission chemical-solution filters, high-
speed-collection optics, and a somewhat higher laser
energy at 226 nm (i.e., 1.2 versus 0.65 mdJ), we expect to
achieve the following values for each of the above effi-
ciency terms: E,, = 0.024, E,, = 0.0052, E = 0.020, E4
=1.3X 1075 E, = 0.9, V = 0.25 cm3, where the change
in the value of V reflects the improvement in the frac-

tion of the laser beam (length and width) from which
fluorescence is to be sampled rather than a change in the
laser-beam diameter. The increase in the value of Eg4,
on the other hand, reflects the calculated improvement
in the efficiency with which fluorescence from a given
volume/element in the laser beam will be sampled using
f:1 collection optics in conjunction with chemical filters
rather than the J-Y double-monochromator system. In
the above improved experimental system (currently
under development in our laboratory), we would cal-
culate a signal strength for an NO concentration of 100
ppbv of

D,, = 1.1 X 105 photons/6000 laser shots.

This represents an improvement of ~500-fold over the
system used here initially to assess the TP-LIF tech-
nique. In addition, if six PMT"s are utilized rather than
one (for purposes of airborne field sampling), the im-
provement in sensitivity would be ~3000-fold, again
assuming that we are operating in a signal-limited
NO-concentration range. Thus we now estimate that
the detection limit for NO by the sequential TP-LIF
method (utilizing technology currently available or
under development in our laboratory) will be ~0.3 pptv
for an integration time of 20 min.

In conclusion, it now appears that the sequential
TP-LIF technique has the potential for detecting at-
mospheric NO levels as much as a factor of 25 times
lower than that possible by using the SP-LIF detection
method. In addition, this new technique’s inherent
ability to overcome conventional noise sources, e.g.,
Rayleigh and Stokes—Raman scatter and white-back-
ground fluorescence, suggests that it may be applicable
to environments heretofore inaccessible to the SP-LIF
technique as well as to other nonlaser techniques. This
might involve using the TP-LIF system to measure NO
in high aerosol environments, such as in clouds.
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Single photon laser-induced fluorescence detection of NO and
SO0, for atmospheric conditions of composition and pressure

J. D. Bradshaw, M. O. Rodgers, and D. D. Davis

Reported here are laboratory results from a laser-induced fluorescence (LIF) study of the molecules NO and
80 in which both the selectivity and sensitivity of the LIF method are examined. The laser excitation of
these molecules occurred at 226 and 222 nm, respectively. The laser system employed consisted of a Nd:
YAG-driven Quanta-Ray PDL dye laser, the fundamental of which was frequency doubled, and this output,
in turn, was then frequency mixed with the Nd:YAG fundamental at 1064 nm. Two different dyes were re-
quired for generating the 226- and 222-nm wavelengths. To make these results as relevant as possible to the
ultimate development of an atmospheric airborne field sampling system all experiments were carried out
in atmospheric conditions of pressure and composition. In addition to the experimental data provided there
has also been presented a theoretical assessment of the signal strength for both the NO and SO; LIF systems,
and these results have been compared with the experimentally measured values. Current state-of-the-art
technology would suggest that both NO and SO; can be measured by the LIF technique in atmospheric con-

ditions at concentration levels of a few pptv.

I. Introduction

Of principal interest in this paper will be the pre-
gentation of new laboratory results involving the po-
tential extension of the laser-induced fluorescence
method to the detection of atmospheric NO and SQO..
Both molecules have recently been receiving increasing
‘scrutiny from government agencies due to their role in
the growing environmental problem now labeled acid
rain. This phenomenon, first identified as a serious
environmental threat by European scientists during the:
middle 1950s (Barnett and Brodin!) and by U.S. sci-
entists in the early 1970s (Likens?2), is now believed to
be the end product of the atmospheric chemical con-
version of NO to HNO3 and SO, to HoSO,.  In addition,
however, to the precursor role that NO plays in the acid
rain question, this molecule is also a pivotal species in
several fast photochemical atmospheric cycles involving
such species as O3 and OH. The hydroxyl radical, in
particular, is now thought to control the atmospheric
lifetime of numerous trace gases, i.e., CO, NOg, SOq,
HsS, (CH3)2S, CF.HCI, CCl3CH3, CHy, and other higher
molecular-weight hydrocarbons.

The authors are with Georgia Institute of Technology, School of
Geophysical Sciences, Atlanta, Georgia 30332.

Received 29 January 1982.

0003-6935/82/142493-08$01.00/0.

© 1982 Optical Society of America.

Recognizing the atmospheric importance of the gases
NO and SO, not surprisingly several real-time sampling
techniques have been developed for detecting these

“trace gases. Most of these techniques, however, have
been configured for measurements involving concen-
tration levels in the ppbv-ppmv range. For measuring
subppbv NO concentration levels, Ridley and Howlett,
Schiff et al.,* and McFarland et al.,> have developed
higher sensitivity chemiluminescence detectors which
again, however, are based on the chemiluminescence
produced when NO reacts with added excess Os.
Concerning subppbv levels of SO,, the most successful
effort to date for real-time measurements has been that
by Maroulis et al.87 These investigators have used gas
chromatographic separation to isolate various possible
sulfur compounds present in an incoming gas stream
and then inject the output from the GC column into a
flame photometric detector where the emission from S,
is monitored. To maximize the detection sensitivity
of this method preconcentration of the sulfur compound
of interest is carried out by flowing the sampled air-
stream through a U trap immersed in liquid argon.
After a few minutes collection time the contents are
rapidly warmed and injected onto the GC column for
separation.

Presented in this paper are laboratory results con-
cerned with the detection of NO and SO, using the
single-photon laser-induced fluorescence technique.
Previous efforts involving the use of LIF to monitor
these two molecules have typically involved low pres-
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sures of diluent gases and/or very high concentrations
of the primary species NO and SO, (Zacharias et al.,?
Eckbreth et al.,? and Bode et al.19)., This study is in-
tended to demonstrate the feasibility of using this
methodology in the detection of NO and SO; at con-
centration levels and conditions present in the lower
atmosphere. Since this technique is based on a direct
spectroscopic detection method, it necessarily suggests
very high selectivity. As will be seen later in the text,
the method also turns out to be highly sensitive for de-
tecting both NO and SO,

Eqg =7y X Yaa X 25y X g (2)

The first term in Eq. (1), P),, is more complex and can
be further defined as

P, = (total number of A; photons absorbed, N,)
X (fluorescence efficiency of AB* E),

or
PM - NM X E[. (3)

The number of A; photons absorbed, N),, may be ex-
pressed as

N, = (total number of AB molecules within the sampling volume, C)
X (fraction of molecules in quantum state i, absorbing photons, E»,). (4)

. Theoretical Treatment of Single-Photon LIF Signal
Strength

Taking the generalized case of a single-photon (SP)
LIF system to be represented by

AB + hyy —~ ABe,
AB* —~ AB + hvs,
AB* + M — AB + M*,
the basic mathematical relationship that defines the
signal strength for such a system is given by
D),(detected A2 photons) =
(total no. of Az photons emitted, P,,) *
X (optical detection efficiency for A2 photons, E4)
X (electronic detection efficiency, E, ),

or in abbreviated form
Dsy= Pay X Eg X E.. 60}

The simplest term in Eq. (1), E,, represents the
fraction of the total photomultiplier tube (PMT) signal
detected by the processing electronics. In typical op-
erating conditions, where the noise in an LIF system is
greater than one photon/laser shot (see, for example, the
discussion by Davis et al.11), the value of E, is close to
unity. However, in the event that photon-counting
methods are used, the voltage threshold on the
counter/discriminator network may be set to optimize
the number of signal photons counted relative to low-
level electrical noise. Thus the latter operation will
usually result in a small but measurable rejection of
signal photons, and E, will take on a value somewhat
less than unity.

The second term in Eq. (1), the optical detection ef-
ficiency, may be expanded as follows:

E4 = (fraction of total fluorescence within the optical sampling
window, 7))
X (collection optics efficiency factor at Az, Y),)
X (filter transmission factor at A2,Z»,)
X (qiuintum efficiency of the PMT, ¢»,),

or
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The first term in Eq. (4) can be expressed in terms of the
concentration of AB and the sampled volume element
V,ie.,

C=(AB)Xx YV, (6)

where V is defined by the product of the laser beam
cross-sectional area a), and the effective laser path
length [ over which fluorescence is sampled. The sec-
ond term, the fluorescence pumping efficiency E), is
given by

E\= ’l —exp — (f-ﬂg—g—')l X fi X Sx,. (6)
M

Here P), is the number of A; laser photons per laser
shot, o), is the effective absorption cross section for the .
molecule AB in the i quantum state, and a), is the
cross-sectional area of the A, laser beam. Taking f; as
the fraction of the total AB population that is in the ith
quantum state, it is frequently possible to pump more

. than a single quantum state via a narrow line laser, thus

increasing the magnitude of the f; term accordingly.
The value of o), may or may not be altered by there
being multiple quantum states that can be pumped. S),
is an optical saturation parameter which typically can
be taken to be unity unless very high spectral irra-
diances (high pumping power) are employed and/or the
absorption process has a very large cross section (see
detailed discussion later in the text for the specific.
molecules NO and SO5). :

Returning to the second term in Eq. (3), Ey, this
quantity can be expanded according to Eq. (7), i.e.,

E = (fraction of excited AB molecules
4 producing fluorescence
R
"y + kg + ZheM)]

where k; is the reciprocal of the natural radiative life-
time 7 of AB*, k4 is the first-order rate constant for
dissociation, &, is the bimolecular electronic quenching
rate constant, and (M) is the concentration of each
quenching species.

Thus based on the detailed expressions given in Eqs.
(5)—(7), Eq. (3) may be rewritten in the form

Py, =(AB) X E)\, X E; X V. ®)

Substitution of Eq. (8) into Eq. (1) then gives the final
form of the signal-strength expression (e.g., detected

1))




* signal photons per laser shot) for the single-photon LIF
method, ie.,
‘Day=(AB) X E), X Ey X Eqg XE, X V. 9)

Equation (8) represents a very useful form of the
signal equation since each term can readily be assigned
. some physical significance. For example,

E), = (optical pumping efficiency at A1)

RSN
1
k

N/ S
[y + ka + Zko(M)] '
. Eq4 = (optical detection efficiency)

=Yg X YMXZ),X¢”,

E, = (electronic detection efficiency)
 PMT signal pulses counted ,
PMT signal pulses emitted
V = (effective volume of sampling region) = a,, X .

Hl. Analysis of the SP-LIF NO System

The basic approach in the LIF technique is illustrated
in Figs. 1 and 2 for the case of the NO molecule. In this
system it can be seen that NO is initially excited into the
v’ = 0 manifold of the A2Z+ electronic state [v(0,0)
transition] by absorption of a laser photon centered at
~226 nm. Although a very large fraction of these ex-
cited NO molecules are electronically quenched via
collisions with O, intense fluorescence can still be ob-
served at both the pumping wavelength as well as at
several other wavelengths corresponding to transitions
tothev” =0, 1, 2, and 3 levels of the X2II ground state.
However, since the Franck-Condon factors for all four
transitions are within a factor of 2.5 of each other, the
selection of the transition to be monitored must take
into consideration the possible noise sources in the
system. If the ¥(0,0) transition were to be monitored
in fluorescence, a serious noise problem could result
from Rayleigh scattering of the 226-nm pump beam.

Concerning long-wavelength shifted fluorescence
(involving transitions to the v” = 1, 2, 3, and 4 levels),
Fig. 2 shows that, with the aid of narrow bandpass and
low-wavelength cutoff filters, the Rayleigh scatter from
the 226-nm pump beam can be reduced to insignificant
levels. Thus, if this were the only noise source in the
system, it would suggest that for transitions having
nearly equal Franck-Condon factors the longest wave-
length possible from the A2Z+ state of NO would be the
best one to monitor. In fact, a quite different noise
source is frequently found to be the dominant one in this
system, i.e., white fluorescence. The latter type of
fluorescence can typically be represented as a contin-
uum fluorescence spectrally shifted toward the long-
wavelength side of the laser-pumping wavelength. This
fluorescence may arise from a variety of sources, in-
cluding the interaction of the laser-pumping radiation
with the input and output windows as well as the walls
of the sampling chamber. In real-world sampling
conditions a significant white-fluorescence noise can
also result from the interaction of the pumping radia-

E; = (fluorescence efficiencjr) =

V=0

(0,0

A, (2260m)

o e = = o - - -

b o = = - - - -
e o e o o e = =

XETT

-

v'=0

Fig. 1. Schemastic energy diagram showing electronic transitions
employed in the single-photon laser-induced fluorescence detection
of NO.
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Fig. 2. Schematic diagram showing the spectral location of the ex-
citation laser, sampled NO fluorescence, and the white-fluorescence

noise. Also shown are the optical attenuating characteristics of the

a

narrow bandpase and low-wavelength cutoff filters. (This figure is
not intended to give quantitative estimates of intensities.)

tion with atmospheric aerosols. However, as can be
seen from Fig. 2, the maximum in the white-fluores-
cence noise is always spectrally shifted toward the red
with respect to the pump wavelength; thus the optimum
NO optical transition to sample, from the point of view
of minimizing the noise, is one which is spectrally
shifted away from the pump wavelength but to the
short-wavelength side of the maximum in the white-
fluorescence noise. In the case of NO this has been
determined to be the (0,3) band centered at ~259 nm.
In spite of this optimum spectral location, however,
white fluorescence continues to be transmitted over the
spectral window of the bandpass filter (e.g., ~4 nm) to
the same extent as the NO fluorescence signal. This
long-wavelength white-fluorescence noise is more often
than not the limiting noise in single-photon LIF atmo-
spheric-detection systems. In a few cases, however, two
additional noise sources must also be dealt with. They
are Stokes-Raman scatter and solar photon noise. The
latter source turns out only to be a problem when sam-
pling at wavelengths beyond 310 nm. Stokes-Raman
scatter, on the other hand, is discrete in nature and,
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Fig. 3. Schematic diagram showing the basic laser hardware em-
ployed in the single-photon laser-induced fluorescence detection of
NO and SO,.

therefore, can usually be reduced to insignificant levels
by judiciously selecting the central wavelength and
blocking characteristics on the detection system’s
bandpass filter. In the NO system white fluorescence
has been determined to be the dominant noise
source.

For purposes of illustrating several of the more im-
portant experimental characteristics of the SP-LIF
method the authors have chosen to examine the NO
detection system in some detail, noting that the SO,
system is, in terms of hardware, virtually identical with
the NO scheme. The basic optical hardware used in thé
NO LIF system is shown in schematic form in Fig. 3.
The key elements here are: (1) a frequency-doubled
Nd:YAG laser (ILS-NT572); (2) a 532-nm driven dye
laser (Quanta-Ray PDL-1); (3) a frequency-doubling
crystal; (4) a frequency-mixing crystal; and (5) a prism
separator. In the specific case of NO, Fig. 3 shows that
a frequency-doubling crystal is used -to upconvert
577-nm radiation to 388 nm, followed by a frequency-
mixing operation (using the Nd:YAG fundamental at
1064 nm) which upconverts 288-nm radiation to the
desired wavelength at 226 nm. The latter approach is
one also used by the Quanta-Ray Co. in their PDL
Nd:YAG system.

The charge-integrating electronics employed to
process the NO fluorescence signal from an EMR 541Q
PMT have been previously discussed by Davis et al.1}
and will not be further expanded on here. The collec-
tion optics in the NO system consisted of two f/1.4
quartz lenses between which were sandwiched a 4-nm
bandpass filter (centered at 259 nm) and low- and
long-wavelength solution cutoff filters made up of ethyl
bromides and 2,7-dimethyl; 3,6-diazocyclohepta; and
2,6-dieneperchlorate, respectively.

To establish known concentrations of NO, a dual-
dynamic flow system was set up in which primary and
secondary NO standards of 50 and 0.75 ppmv were
connected into the flow system through Tel-Dyne
Hastings precision-linear mass-flowmeters. This all-
glass and passivated stainless steel system is shown in
schematic form in Fig. 4. It will be noticed that in this
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Fig. 4. Schematic diagram showing the double-dilution flow-cali-

bration network used to establish the sensitivity limits for detecting

NO and SO, via LIF. The critical parts of this system were fabricated
from glass and passivated stainless steel.
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Fig. 5. Calibration curve for the detection of NO via LIF, signal

(photons/10 min integration time/PMT) va NO concentration (pptv).

Dotted calibration curve is for air with 20 Torr of added water vapor.

Concentration range covered 18 pptv-1 ppmv: Energy, 1 mJ at 226
nm.

system provision has also been made to add known
quantities of H20 to the gas stream to simulate a highly
variable tropospheric environment. In the case of NO
a variation in the water level from 0 to 20 Torr resulted
in a calibration curve [i.e., (NO) vs fluorescence signal]
which differed from dry air by a factor of 1.6 (see Fig.
5). This small but reproducible effect has been shown
to be due to the strong electronic quenching of NO* by
H20 and indicates that the electronic quenching-rate
constant for the A2Z NO state by H,0 is faster than gas
kinetics. Qur measurements give a value of 7.4 £ 1.4 X
10~10 cm3 molecule™! sec™! based on a k, (Og) value of
1.5 X 10~19 cm3 molecule~! sec™! (average of McDermid
and Laudenslager,!? and Melton and Klemperer!3).
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The k, (H20) estimated here is thus seen to be in a very
good agreement with that recently measured by
McDermid and Laudenslager!? of 7.6 + 0.7 X 10710 cm?
molecule~1 sec™1, )

It can also be seen from Fig. 5 that the measured
fluorescence signal is linear with NO concentration over
~5 orders of magnitude. In fact there is no funda-
mental limitation which would preclude this linearity
from extending over 6 or more orders of magnitude
provided that known optical attenuators were to be
. inserted in the collection optics or, alternatively, the
gain on the PMT were to be systematically reduced,
both being quite feasible.

The evaluation of the efficiency terms in Eq. (9) and
the subsequent comparison of the calculated value of
D), with that given experimentally in Fig. 5 can cur-
rently be carried out at the semiquantitative level. In
the case of the SP-LIF NO system this is due primarily
to the uncertainty in evaluating the collection optics
efficiency factor Y), (in combination with defining the
effective sampling volume V) and to some uncertainty
yet remaining in evaluating the effective-absorption
cross section for NO based on our specific laser system.
In spite of these shortcomings the values of E,, E¢, and
E, can be calculated as given below:

E), = (optical pumping efficiency at 226 nm) = 1.4 X 10~2,

Ey = (fluorescence efficiency) = 6.1 X 1073,
E, = {electronic detection efficiency) = 1.0.
In the above calculation of E), a value of 7% was esti-
mated for f; in sampling conditions where the laser was
spectrally tuned to the P;; NO bandhead. The value
of S),, on the other hand, was experimentally assessed
to be 1.0 £ 0.15 by systematically measuring the fluo-
rescence signal as a function of the input laser energy,
the latter being varied over the range of 0.2-1.0 mJ.
The pressure-broadened effective-absorption cross
section was experimentally measured as o), X f;. Its
value was determined to be 1.3 X 10718 cm? based on a
laser linewidth profile which partially and/or fully ov-
erlapped the rotational states J = 7%, 81, 9%, and 10%.
Thus using our estimated value of 7% for f; gives 1.9 X
10~17 cm? for the value of 0,,. In the evaluation of E;
the natural radiative lifetime was taken to be 210 nsec
(average of McDermid and Laudenslager!? and Brzo-
zowski et al.1%); k,(02) = 1.5 X 1019 ¢m3 molecule~!
sec™! (average of thermid and Laudenslager'? and
Melton and Klemperer!3); and k, (N;) = 8.3 X 10~14 ¢m?3
molecule™! sec™! (avérage of chDermid and Lauden-
slager!2 and Callear and Pilling!%). Determining the
magnitude of Eq required an estimation of Y),, which
for our system was experimentally estimated to be 0.008.
Based on available Franck-Condon factors, ), was
given a value of 0.12, whereas Z), and ¢,, were provided
by the EMR company. Using the above values for the
quantities ¥, Y, Z, and ¢ results in a final calculated
value of Eg of 1.7 X 10~5, Finally, in assessing the value
of V, a measured 0.10-cm? laser aperture was used
which, on combining with an experimentally estimated
value of | of 1.8 cm, resulted in a numerical value for V
of 0.18 cm3.

Taking the above values for E),, Ef, E,, Eg, and V,
the value of D), is calculated to be D), = 2.6 X 1010
(NO), where (NO) is in units of molecules/cm3. Atan
NO concentration of 1 ppbv this results in a calculated
value of D), of ~7 photons/laser shot/PMT. The above
theoretical estimate can be compared with the experi-
mentally measured value of D), taken from Fig. 5 for
1-ppbv NO, which is also ~7 photons/laser shot/PMT.
This surprisingly good agreement may, in fact, be
somewhat fortuitous considering the combined uncer-
tainty in our evaluation of Y, and V, and also in esti-
mating the effective NO absorption cross section for our
given laser conditions. This combined uncertainty
could possibly range as high as £2.0. Further refine-
ment in some of our measuring techniques should
hopefully reduce the uncertainty in the theoretical es-
timates to more like a factor of £1.5 in the near fu-
ture.

In future airborne field experiments involving the
LIF NO detection system, the same collection optics
package will be employed as used in the laboratory tests;
thus all efficiency term values given above should have
the same values in the field system. The one major
change to be made in the field system will be the addi-
tion of five PMTs to the sampling chamber. Since the
SP-LIF NO system is a signal-to-noise limited tech-
nique, this increase in PMTs can be expected to result
in a further enhancement in the sensitivity for detecting
NO of a factor of ~2.5. For this configuration the limit
of detection for the field-sampling NO system is esti-
mated at 8 pptv for an integration time of 20 min. (Still
further improvements in the collection optics of the
SP-LIF NO system and a further increase in the laser
‘rep-rate could lead to yet another factor of 2 improve-
ment in detection sensitivity.) A summary of the ex-
pected signal-to-noise ratios over a range of NO con-
centrations and for two different altitudes has been
provided in Table I. From this it can be seen that a
factor of 2 enhancement occurs in the NO detection
sensitivity at high altitudes (e.g., 6 km), this being due
to the reduction in the quenching of NO by O.. Al-
though well-established concentration values for natural
tropospheric NO levels continue to elude the scientific
community, it now appears that concentrations in the
range of 3-300 pptv are the most probable (McFarland

Table I. SP-LIF NO Detection Sensitivity *—Based on Laboratory
Calibration Curve but with Six PMTs Rather than One

Elevation: ground

Elevation: free troposphere,

level 6 km (est)
(NO) SNR SNR (NO) SNR SNR
pptv 20 min 1 min pptv 16 min 1 min
1200 360/1 80/1 1200 700/1 160/1
420 120/1 211 420 240/1 53/1
140 40/1 9/1 140 80/1 18/1
28 (/i 1.8/1 28 16/1 3.5/1
8 2/1% 7 4/1%
3.5 2/1b
€ 226-nm laser energy, 1 md/pulse; rep-rate 10 psec.
b Extrapolated sensitivity.
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et al. .5 Kley et al.,'8 Kelly et al.,1” Helas and Warneck,18
and Schiff et al.4). If true, the SP-LIF methodology
would seem to be well-suited to making significant
contributions to the global data base.

Concerning the potential problem of chemical in-
terferences, in field sampling conditions the two most
likely interference candidates would now appear to be
NO; and HNOj3; however, some consideration also needs
to be given to HONO and PAN (peroxy-acetyl-nitrate).
Both NO; and HNO; are known to be present in the
daytime atmosphere at concentration levels well in
excess of that for NO [i.e., NO; o 2(NO) and HNO3 =
50(NO)]. In each case, however, a two-photon ab-
sorption process is required for the mterference to be
detected:

" (8) NOg + hoy =22 ™) NO(W” = 0) +0,

(b) HNOs + hin =22 "™ NO(w” = 0) + HOs,

(\ = 228 nm)

(c) NO (v* = 0) + hyy —NO*,

(d) NO* — NO + hra(A2 = 259 nm).

Thus far only NO; has been tested to determine the
efficiency of the above two-photon process. The results
from these experiments have shown that the NO fluo-
rescence signal from NO; is ~100 times weaker than
that from NO for the same concentration. This
strongly suggests that in tropospheric conditions, the
interference from NO; should be of negligible impoz-
tance. Further experiments on the HNO; system as
well as HONO and PAN are now being planned to es-
tablish an accurate upper interference limit for these
species.

A second type of interference in the NO system could
be that resulting from fluorescences from other atmo-
spheric trace gases that might absorb significantly at
226 nm. This problem is actually not much different
from that discussed earlier under the heading of
white-fluorescence noise. Based on our current un-

derstanding of the chemical composition of the atmo-
sphere, the most likely direct fluorescing species is ex-
pected to be SO;. Thus tests designed to measure the
level of SO; flourescence when excited at 226 nm, using
NO collection optics, have been carried out. These tests
have shown that for the same concentration levels the
signal from SO, is ~20 times lower than that from NO.
Hence, if all other factors were equal, one could operate
the NO system in conditions where the atmospheric SO,
level was 20 times larger than NO, with the final effect
being that the experimentally measured NO signal
would be a factor of 2 too high. This estimated inter-

‘ference level, however, does not take into consideration

the fact that the NO excitaiton laser is tuned on and off
the P;; NO bandhead, where a spectral change of 0.015
nm results in a decrease in the NO fluorescence signal
of 28. This same laser tuning results in a decrease in
the SO; fluorescence signal of only a factor of 1.12, the
signal from SO, being higher when the laser is tuned off
the P;; NO bandhead than on. Thus it now appears
that NO/SO; concentration differences of a factor of
~50 could be tolerated without SO, presenting itself as
a significant interference in the LIF measurement of
NO. In the latter context, later in the text the authors
discuss an LIF method of detecting SO; independent
of any influence from NO. Also we note that Bradshaw
and Davis!? have reported a two-photon LIF NO system
which results in blue-shifted NO fluorescence at 187 nm.
The latter system completely avoids the SO, interfer-
ence question and, in addition, appears to promise an
increase in sensitivity over the SP-LIF NO system by
a factor of ~14.

IV. Analysls of the SP-LIF SO, System

As noted earlier the laser hardware employed in the
SP-LIF detection of SO; system was basically the same
as that shown in Fig. 3. The only significant changes
made in this system involved the type of dye used in the
Quanta-Ray PDL, the removal of the 4-nm bandpass

0

Fig.6. Calibration curve for the detection of SO, via LIF, signal (photons/10 min integration time/PMT) vs SO: concentration (pptv). Asterisk
data pomt corresponds to a sample in which air plus 13 Torr of water vapor was added. All other data points have been recorded in one at-
mosphere of air only. Concentration range covered 15 pptv-2 ppbv: Energy, 1 mJ at 222 nm.
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filter, and the use of a cooled KD*P frequency-mixing
crystal rather the one operated at ambient temperature.
The overall sampling scheme for SO can be summa-
rized as

(M = 222 pm)

80X (*Ay) + hr, 80:C (1B)[a;(0,2)transition],

S0.0(1B) =200 W S0.X (1A)) + hos.

In this system SO, is excited into the C(1Bj) state,
rather than the first excited singlet manifold [i.e.,
B(1B,)], due to the much shorter lifetime of the C(1B2)
state, e.g., ~45 vs 50 usec for the first excited state (Hui
and Rice?). As aresult the value of E; for the 222-nm
pumping scheme is several orders of magnitude greater
than that for pumping into the lower singlet state.

In contrast to the NO system the fluorescence from
SOz occurs over a very broad spectral region, covering
nearly 100 nm. However, in maximizing the SNR in
this system it was found that the sampling bandwidth
needed to be held to ~15 nm, with the center of the
bandpass being spectrally located at ~260 nm. A sec-
ond difference in the SO; system involves the contrast
observed in the fluorescence signal when tuning the
pumping laser on and off the peak absorption corre-
sponding to the a2(0,2) transition. Inthe SO2system
this contrast ratio was a factor of ~6. The magnitude
of the contrast factor for SOs, in fact, turns out to be
actually higher than expected based on existing UV
absorption spectra for SO,—see, for example, Hui and
Rice.2® In our experiments rotational fine structure
could be resolved within the a3(0,2) band, permitting
a much higher contrast ratio than predicted. This ro-
tational fine structure has also resulted in a significant
increase in the effective SO, absorption cross section for
the a2(0,2) band; however, still larger values in the cross
section could perhaps be realized in the future if the
a2(0,3) SO; band were pumped. This band has not
been used in the present study since it is spectrally lo-
cated at ~220.7 nm, and this wavelength can only be
achieved with high efficiency using a frequency-mixing
crystal operated at greatly reduced temperatures.

_ The calibration of the LIF SO, system was performed
in the same fashion as discussed earlier for NO. Once
again the dual-dilution dynamic-flow calibration system
shown in Fig. 4 was employed in covering an SO; con-
centration range of 15 pptv-2 ppbv. However, to make
possible an SO; calibration curve covering levels as low

as 15 pptv, the diluent gas (i.e., either Scott or Linde air) .

had to be scrubbed in advance to mixing with the SO;
standard. In the latter operation a dry ice/methanol
slush bath was used in conjunction with a glass bead-
filled U trap to remove residual SOs.

The SOq calibration curve shown here in Fig. 6 was
found to be linear over the entire concentration range
of 15 pptv-2 ppmv. Once again there appears to be no
fundamental limitations to the range of linearity over
which this calibration curve could be taken provided
appropriate optical-signal attenuators were to be sys-
tematically used at high concentrations. At one specific
SO; concentration, namely, 450 ppbv, the quenching

effect of HoO was tested, with the results indicating,
that at a concentration level of 13 Torr, the electronic
quenching of SO; in the C('B) state is primarily con-
trolled by O; and No.

As in the case of NO, a semiquantitative evaluation
of the signal strength can be made of the LIF SO, sys-
tem by evaluating the various efficiency terms in Eq. (9).
For the latter system we have calculated the values of
E,,, E;, and E, as follows:

E\, = (optical pumping efficiency at 222 nm) = 2,1 X 1072,

E; = (fluorescence efficiency) =14X10"2

E. =1.0.

The value of E,, was here based on a laser energy of 1.0
mJ and an experimentally measured effective-absorp-
tion cross section for SO; at 222 nm (using the previ-
ously described laser system) of 1.7 X 10~18 cm2, where
this value is being defined as the product of o), X f:.
Based on a laser-energy dependence study we also were
able to assign a value of unity to the quantity S,,. The
magnitude of the efficiency term E; was calculated using
available literature values for &y, kg, and kg air) as fol-
lows: ks = 1.8 X 107 sec~! (Hui and Rice?0); k; = 6.2 X
106 sec™! (Hui and Rice20); and kq(air) = 1.3 X 10° sec™1
(Okabe?!). In evaluating the remaining two terms in
Eq. (9), E; and V, some of the same basic input was
used as for the case of NO. For example, Y), was again
taken to be 0.008, and ), and | were given the values 0.1
cm? and 1.8 cm, respectively; Y»;, Z), and ¢y, on the
other hand, were uniquely different for the SO, system
having the values of 0.16, 0.33, and 0.12, respectively.
The value of ), was calculated based on a 15-nm pass-
band centered at 260 nm; whereas the value of Z,, was
experimentally measured using the combined short-
and long-wavelength cutoff solution filters. ¢,, was
taken directly from the EMR calibration curve for our
specific 541 @ PMT. Using the above values we cal-
culated the final numerical value for E; and V as

Eg4 = (optical collection efficiency) = 5.1 X 1075,

V = (effective sampling volume) = 0.18 cm3.

Thus based on the values of E,, E¢, E,, Eq, and V, the
magnitude of D), has been evaluated as D), = 2.7 X 10~9?
X (S0,), where (SO,) is in units of molecules/cm3. At
a given concentration of SO, of 1.0 ppbv the numerical
value of D, is calculated to be D), = 67 photons/laser
shot/PMT. This theoretically derived value of D), can
be compared with the experimentally measured value
taken from Fig. 6 for a concentration of 1.0 ppbv of
fifty-five photons/laser shot/PMT. Thus we again find
the agreement between our experimental and theoret-
ical results quite good, but the authors again acknowl-
edge that this might be fortuitous considering the still
significant uncertainty in the evaluation of Eq. (9).

A comparison of the values of the efficiency terms in
the SO, system with those calculated for the NO system
shows that major differences exist between these two
systems in three terms: E,, E;,and E;. E,, isseen to
be 1.4 times higher in the 862 system. Ej, on the other
hand, is seen to be 2.3 times greater in the SO, system,
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Table i. S0; Detection Sensitivity *—Based on Laboratory Calibration

Curve

Elevation (free troposphere,
6 km)

(80) SNR SNR
pptv 20 min 1 min

270 720/1 160/1
90 240/1 54/1
30 80/1 18/1

6 16/1% 3.6/1%
1.6 414
0.8 2/1%

¢ Laser energy = 1.0 mJ (222.2 nm); rep-rate 10 pps, 6 PMTs;

Elevation (ground level)
(S02) SNR SNR
pptv 20 min 1 min
270 360/1 80/1
90 120/1 27/1
30 40/1 9/1
6 8/1% 1.8/1%
1.6 2/1¢ -
a2(0,2) transition.
b Extrapolated sensitivity.

and E; is 3 times larger in the case of SO2. Thus it can

be seen that with regard to signal strength alone the SO,

SP-LIF system is ~9 times more sensitive than that for

NOQ. On folding a somewhat higher noise level for the

S0; system the limit of detection extrapolated from the

SO2 calibration curve is 4 pptv for an integration time

of 20 min, using one PMT and a 222.9-nm laser energy

of 1 mJ. Again this can be compared to a detection

limit of 18 pptv for NO for the same energy of 1.0 mJ.

Extrapolating the lab results shown in Fig. 6 to an air-

borne field sampling system, involving the same col-

lection optics but 6 PMTs, results in a final limit-of-

detection value of 1.6 pptv for a 20-min integration time.

Given in Table II are the SNRs calculated for several

different SO2 concentrations at two different altitudes

and for two different integration times. Comparing the

SO; results summarized in Table II with several global

SO, concentration values reported by Maroulis et al.®
(e.g., typical boundary layer concentration values were
50 pptv, and typical free tropospheric SO: levels were
90 pptv for remote areas) one can conclude that the
SP-LIF technique should have more than adequate
sensitivity to detect SO at virtually all geographical

locations and at all tropospheric altitudes. Finally it
should be noted that, at this time, the authors can
identify no chemical interferences in the SP-LIF de-
tection scheme for SQs9; however, a still more extensive
examination is needed of perhaps certain sulfur-con-
taining aromatic compounds. Okabe et al.22 have ex-
amined the possibility of chemical interferences in an
SO; fluorescence system, where the SO: excitation
source used was either a cw-operated Zn or Cd atomic
resonance lamp (213.8 and 228.8 nm, respectively). The
sampling window (50 nm) in this system has centered
at 350 nm. Compounds tested included CS;, NO, NO,,
CO0, COy, O3, HsS, CoHy, and CH,.  Of these, Okabe et
al. found undetectable levels of interference for Os,
NO,, CO,, CO, CH,, and H,S for concentrations of these
gases comparable with those found in a polluted atmo-
sphere. Inthe case of NO, CS,, and CoHy, the ratio of
the SO fluorescence signal to that from the above gases
for equal concentrations was found to be 500/1, 500/1,
and 4000/1, respectively. These data again suggest that
it is unlikely that a serious chemical interference will
be found in the SP-LIF detection scheme for SOs.
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