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Routine observations of atmospheric NO2 at concentrations ranging from 0.1 to 100 parts per billion are
needed for air quality monitoring and for the evaluation of photochemical models. We have designed,
constructed, and field tested a relatively inexpensive and specific NO2 sensor using laser-induced fluo-
rescence. The instrument combines a commercial cw external-cavity tunable diode laser �640 nm� and
a continuous supersonic expansion. The total package is completely automated, has a modest size of 0.5
m3 and 118 kg, and could be manufactured at competitive prices with the current generation of instru-
ments. The sensitivity of the instrument is 145 parts per trillion by volume min�1 �signal-to-noise ratio
of 2�, which is more than adequate for monitoring purposes. © 2002 Optical Society of America

OCIS codes: 010.1120, 010.1280, 300.2530, 300.6260.
1. Introduction

Accurate, sensitive, and routine measurements of
NO2 are essential to advancing our understanding of
the chemistry of air pollution, ozone depletion, and
climate change. The U.S. Environmental Protection
Agency also explicitly regulates NO2 mixing ratios,
and the states are required to develop plans for mon-
itoring and compliance. Despite numerous calls for
true NO2 measurements,1 most NO2 measurements
obtained for air monitoring purposes are typically
measurements of NO � NO2 in addition to an un-
quantifiable fraction of the HNO3, alkyl nitrates, per-
oxy nitrates, and aerosol nitrate present in the
atmosphere.2 Most instruments also lack the sensi-
tivity or knowledge of a zero offset required to accu-
rately monitor daytime concentrations during the
summer. Concentrations as low as 1 part per billion
by volume �ppbv� are not unusual; measurements to
10% precision at this concentration with a time re-
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sponse of faster than 1 min are necessary for quan-
titative evaluation of photochemical models.3
Measurements of NO2 for scientific applications,
where frequent attention by highly trained personnel
is possible, are usually made by photolysis followed
by chemiluminescence.4,5 Extensive measurements
in the remote atmosphere have demonstrated the vi-
ability of a two-photon laser induced fluorescence
�LIF� approach.6 There has also been a renewed in-
terest in tunable diode laser absorption spectroscopy
technology, for example, Jimenez et al. have used a
fast-response sensor for cross-road emission mea-
surements.7

Recently, several variants of a one-photon LIF ap-
proach have been developed.8–12 Table 1 shows a
comparison of current LIF instruments. These sys-
tems, except for that developed by Matsumoto et al.,10

all rely on complex laser systems. Fong and Brune
used a copper vapor laser-pumped dye laser produc-
ing 250 mW at 565 nm to achieve a sensitivity of 460
parts per trillion by volume �pptv� �a signal-to-noise
ratio of 2� with 1-min averaging.8 Thornton et al.11

and Perkins et al.12 used a pulsed YAG-pumped dye
laser giving 100–400 mW at 585 nm for excitation.
The key factors to achieve high sensitivity with LIF
are to produce a near-zero background and maintain
high-fluorescence collection efficiency. The Perkins
et al.12 experiment was optimized for operation in the
lower stratosphere and has a detection limit of ap-
proximately 20 pptv min�1. Thornton et al.11

worked at lower pressure in the detection cell, from 2



to 4 Torr �1 Torr � 0.1333 kPa� and used a time-
delayed gated detection strategy to reduce noise and
achieve a sensitivity of 5 pptv min�1. Matsumi et
al.9 used a 100-mW optical parametric oscillator laser
at 440 nm to achieve a detection limit of 12 pptv
min�1. Giving up the ability to test for interfer-
ences, but using a simpler laser system, Matsumoto
et al.10 used a Nd:YLF laser harmonic at 523.5 nm to
achieve a detection limit of 125 pptv min�1.

NO2 has a continuum absorption that is of compa-
rable intensity to the structured features in its spec-
trum. The wavelengths chosen by Fong and Brune,
Thornton et al., Perkins et al., and Matsumi et al.
were selected to optimize the product of laser power
and the NO2 cross section, while maintaining the
ability to discriminate against interferences by step-
ping on and off of a spectral feature in the NO2 spec-
trum, as demonstrated by the contrast ratio in Table
1. These off-resonance measurements are not used as
a measure of the noise, but rather as confirmation
that the observed differential fluorescence matches
that of the pure molecule, thus indicating that there
is no other molecule contributing to the observed flu-
orescence.

Rapid advances in detector and laser technology
are simplifying the optical systems required in these
experiments, making LIF extremely promising for
routine NO2 monitoring. Here we describe design
and field tests of an LIF instrument for NO2 detection
that uses a simpler, less expensive, commercially
available external-cavity tunable diode laser �640
nm�. We make up for some of the sensitivity loss
that is due to low laser power �16 mW� and small
absorption cross section �� � 1.3 � 10�20 cm2�mole-
cule�, relative to the instruments described above, by
using a continuous supersonic expansion to increase
the population in the rotational level excited by the
laser. The instrument is smaller and less expensive
than any of the LIF instruments that have been pre-
viously reported. It is completely automated, ex-
tremely reliable, and simple to maintain, making it
promising for use by untrained personnel in routine
monitoring applications.

2. Optical System

Thornton et al.11 describe design criteria for an LIF
instrument aimed at detection of ambient NO2 in
detail. The experiment is challenging because of the

small absorption cross section of NO2, the rapid
quenching of NO2 fluorescence, and the low concen-
trations of NO2 found in the atmosphere. In the
instrument described herein, we tried to optimize the
sensitivity subject to the design constraint that we
utilize a commercially available tunable diode laser.
Of the devices on the market at the start of this
research, the optimum laser available was deter-
mined to be a narrow-linewidth ��1-MHz�, single-
mode external-cavity tunable diode laser �Tui Optics
DL-100� at 640.4 nm �tunable at 	4.5 nm�, with
16-mW output power. This wavelength range has
good overlap with the �080� vibronic band in the X2B2
state of NO2.14 At room temperature, strong rota-
tional features in this band have an absorption cross
section of approximately 1.3 � 10�20 cm2�molecule.

The laser is focused into a multipass Herriott cell15

�54 passes�, and the fluorescence signal is imaged
onto a photomultiplier tube �PMT� �Hamamatsu
H7421-50 Select� mounted at 90 deg to the laser
beam. The detection cell �Fig. 1� is a vacuum cham-
ber that includes mounts for spherical Herriott cell
mirrors at a separation slightly less than twice their
radius of curvature �11.6 cm�. The laser beam en-
ters the cell through a slit in one mirror, makes 54
passes, and then exits through the same slit. We
use mirrors with extremely high reflectivity �Re-
search Electro-Optics, reflectance of 99.998%� be-
cause most of the noise in the experiment is due to
stray light that results from red-shifted scattering of
light that is neither transmitted nor specularly re-
flected by the mirrors. Also, the polarization of the
laser is oriented perpendicular to the detection plane
to minimize Rayleigh, Raman, and other scattered
laser light. In addition to the high-reflectivity op-
tics, scattered photons that have their source at �or
prior to� the mirrors are minimized by a series of
baffles that truncate the solid angle of the mirrors as
viewed from the center of the cell. The baffles are
arranged as a set of concentric rings and disks form-
ing a conical surface in space through which the Her-
riott beams pass. The disks are mounted directly to
the Herriott cell mirrors by a hole drilled in the center
of each mirror. The rings are mounted in standard
2-in �5.08-cm� optical tubes �Thorlabs�. The baffles
are coated with nonfluorescent flat black spray paint
�IIT Research Institute formula MH2200�.

Fluorescence is collected from the center of the cell

Table 1. Operating Conditions and Detection Limits of Contemporary LIF Experiments

Reference to LIF
Variant Reference



�nm�

Laser Power
�mW�

�
�10�19 cm2 molecule�1�

Contrast Ratio
�on:off�

LODa

�pptv min�1�

Fong and Brune �1997� 8 565 250 0.6 2.6:1 460
Perkins et al. �2001� 12 585 100–400 1 3:1 20
Thornton et al. �2000� 11 585 100–400 1 3:1 5
Matsumi et al. �2001� 9 440 100 7 1.8:1 12
Matsumoto et al. �2001� 10 523.5 360 1.4 Not applicable 125
This paper 640.2 16 3.9b 50:1 145

alimit of detection given for a signal-to-noise ratio of 2 in 1 min.
bCalculated from the Burrows et al.13 room-temperature value of 1.3 � 10�20 cm2 molecule�1 � 30 �enhancement from cooling�.
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where the Herriott cell pattern converges to a diam-
eter of 0.6 cm. A 5.08-cm-diameter, 6.5-cm focal-
length plano–convex lens mounted 6.5 cm above the
center of the cell collects the fluorescence and pro-
duces a nearly collimated beam. An aluminum-
coated concave mirror �Rolyn Optics� with a 4-cm
radius of curvature is mounted 4 cm below the Her-
riott cell focus �roughly doubling the photon flux
aimed at the PMT�. The photons then pass through
a 740-nm long-pass filter �Omega EFLP740, at least
10�4 attenuation at 680 nm�, which blocks all the
Rayleigh scatter, some of the Raman scatter, and
most of the red-shifted laser scatter. This primary
filter was built without absorbing components �i.e.,
colored glass substrates�, as these invariably fluo-
resce, adding noise to what is otherwise a nearly zero
background experiment. The 740-nm filter was pur-
chased for the instrument described by Thornton et
al.11 In the prototype described here, we follow this
filter with a standard commercial 750-nm long-pass
filter �CVI�. The two filters block the O2 Raman
scattering at 712 nm and most of the N2 Raman
scattering at 754 nm. A fraction of the N2 scattering
leaks through this filter. A filter with a shortwave
cutoff of 765 nm, completely eliminating the N2 Ra-
man, would reduce the noise and lower the detection
limit of the instrument. Light that passes through
the filters is focused onto the 5-mm-diameter photo-

cathode of the PMT by a 5.08-cm-diameter, 6.5-cm
focal-length lens.

The resulting optical system has an approximate
geometric collection efficiency of 10% while maintain-
ing a background count rate of 3600 counts min�1.
Of these, 1560 counts min�1 are due to the thermal
background in the PMT, 550 counts min�1 are due to
Raman scattering of 115 counts �Torr�mW��min
�0.300 Torr; 16 mW�, and 1490 counts min�1 are due
to laser scatter.

The laser is kept at constant frequency by use of a
peak-finding algorithm and the NO2 absorption in a
reference cell. The 15-cm path-length cell is filled
with 30 Torr of pure NO2. An uncoated window is
used as a beam splitter to pick off 2% of the laser
beam. One beam is focused directly on a photodiode,
and the less intense beam is directed through the
reference cell and then onto a photodiode. The laser
diode head is equipped with a piezoactuator con-
trolled externally by an amplified voltage from the
computer, which provides fine tuning of the laser
frequency. The piezoactuator is used to step the la-
ser on and off the rotational feature of interest every
10 s. Alternate cycles on the peak of the rotational
line are shifted by a small fraction ��0.5%� of the
peak width. The peak-finding algorithm compares
the two signals to identify which is more near the
peak of the line and sets the on-line position to match.

Fig. 1. Detection cell and optics. The laser beam enters through a slit in one of the spherical Herriott cell mirrors �depicted from the
front below the cell�. It then makes 54 passes, exiting through the same slit. Laser scatter is reduced by two different sets of baffles:
�a� solid-disk baffles mounted in the middle of the spherical mirrors and �b� annulus baffles mounted to the walls of the cell. The inlet
1�8-in. �0.32-cm� nozzle with the 350-�m-diameter pinhole is held in the cell, close to the edge of the laser beam pattern. The collection
optics for the fluorescent photons are shown on the inset to the right, giving a view of the cell perpendicular to the view on the left. A
spherical mirror redirects fluorescent photons toward the detector. The photons pass through a collimating lens, a 740-nm long-pass filter
�L.P.�, a 750-nm long-pass filter, and a focusing lens before striking the PMT.
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This algorithm is capable of keeping up with most
laser drifts that do not involve a mode hop or unusu-
ally rapid changes in line position.

3. Supersonic Expansion

Supersonic expansions are commonly used in the lab-
oratory to produce cold gas phase samples. At low
temperatures the population and consequently the
absorption cross section of low J rotational levels in-
crease. Jets are produced when gas is expanded at
high pressure into vacuum through a small orifice of
either circular or linear geometry. Random motion
is converted to forward motion during the
expansion—the molecules are moving at high speed
in the laboratory frame of reference but at low speeds
relative to one another �and consequently low tem-
peratures�. The cold region extends to a Mach disk
where collisions between the supersonic gas and the
background gas in the vacuum chamber produce a
shock that rapidly warms the gas to the chamber
temperature. The jet temperature that can be
achieved is a strong function of the binary collision
rate in the nozzle and the expansion ratio, which
depend on the backing pressure and nozzle pinhole
diameter. The size of the cold region is also a func-
tion of these same parameters, where the distance
from the nozzle tip to the Mach disk, xm, is empiri-
cally related to the nozzle pressure P0, cell pressure
P, and pinhole diameter d by the following approxi-
mate expression:16

xm � d*0.67�P0�P�1�2. (1)

The diameter of the Mach disk is roughly 0.5xm.
The rate of two-body collisions slows significantly af-
ter the gas has moved a few nozzle diameters from
the nozzle.

In our application we seek to produce a jet that is
both cold enough to significantly increase the NO2
signal and long enough to extend through the 6-mm-
diameter laser beam pattern, so we take full advan-
tage of the increased signal. Also, the jet must be
long enough that the nozzle can be situated far
enough away from the laser beam so as to not cause
a dramatic increase in laser scatter. Taken to-
gether, these criteria indicate that we target an ex-
pansion that is approximately 2 cm long at a
rotational temperature below 50 K. We are also
subject to the constraint that we are sampling from
ambient pressure. We assume that any effort to
compress a sample to higher pressure will alter the
trace gas composition. A final design criterion is
that the expansion should be accomplished by use of
pumps that are inexpensive and portable.

Calculations indicate that the achievement of these
goals requires a chamber pressure in the neighbor-
hood of 0.2 Torr and gas throughput of the order of 10
Torr l s�1 such that the aperture diameter is much
greater than the mean free path of the ambient gas.
For the airborne deployment of our dye-laser-based
NO2 LIF system,17 we assembled a lightweight ��45-
kg�, high-capacity ��30-l s�1� pumping system con-

sisting of a small Roots blower �a commercial
automotive supercharger, Eaton Model M-62, 1 l�rev-
olution� backed by a 5.5-l s�1 Varian SD-450 mechan-
ical pump, both driven by brushless dc motors ��750
W combined�. With these pumps, a continuous ex-
pansion of the sample gas through a 350-�m-
diameter aperture resulted in a background cell
pressure of �0.2 Torr.

Use of the constraints in Eq. �1� predicts a �10-
mm-diameter supersonic expansion that extends to a
Mach disk approximately 14 mm downstream of the
pinhole. The expected rotational cooling is between
25 and 50 K. Observations of the signal as a func-
tion of distance of the nozzle from the laser beam and
examination of the relative fluorescence cross sec-
tions of several transitions confirm these calculations
to be roughly correct.

It would be interesting to produce an even smaller
experimental apparatus by a reducion of the pump-
ing requirements. A pulsed supersonic expansion
might be effective; however, the decreased duty cycle
would result in a lower signal-to-noise ratio unless it
was matched to a pulsed laser source. The added
complexity would likely increase the need for routine
maintenance.

Previous studies18,19 that used expansions in he-
lium �rather than in air� have found two intense vi-
bronic bands centered at 15,594 and 15,615 cm�1 in
jets of a rotational temperature of 4 K. The assign-
ment of these lines is nontrivial and is described in
detail by Delon et al.19 Using these experiments as
a guide for a search in the warmer jet produced in our
experiment, we identified the most intensely fluoresc-
ing peak in this spectral region and observed a signal
of 840 counts min�1 ppbv�1 NO2 �Fig. 2�. We deter-
mined the wavelength to be 640.17 nm 	 0.2 nm
�15,620 	 5 cm�1� with a 0.5-m monochrometer, in-
dicating that we are pumping a line in the vibronic
band centered at 15,615 cm�1 identified by Delon et
al. Use of the supersonic jet increases the NO2 flu-

Fig. 2. Fluorescence of 82 ppb of NO2 in zero air and correspond-
ing reference cell transmission spectrum of NO2 in the region of
excitation of 15,620 cm�1. The frequencies used for on-line and
off-line measurements are indicated with arrows. A diode laser
cavity mode hop is also indicated with an arrow.
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orescence signal by roughly a factor of 30 over the
strongest room-temperature rotational feature avail-
able. In addition to the signal increase, the jet re-
duces the contribution of the nonresonant
fluorescence to the background to a negligible quan-
tity, greatly simplifying the process of assessing
whether or not there are interferences.

The detection limit of the instrument can be as-
sessed by use of the following signal-to-noise ratio
expression, where S is the signal rate that is due to
NO2, B is the background, and t is the collection time.
This analysis assumes a shot-noise-limited measure-
ment and that the background is slowly varying and
known to arbitrary precision:

S
N

�
St

�St � Bt�1/ 2 . (2)

Using a signal rate of 840 counts min�1, ppb�1 �parts
per billion�, and a background of 3600 counts min�1,
we calculate a detection limit �signal-to-noise ratio of
2� of 145 pptv min�1.

One possible concern associated with use of a su-
personic jet for quantitative measurements of NO2 is
the formation of N2O4 at low temperatures. At 25 K,
at equilibrium, essentially all NO2 would be in the
form of N2O4. We see no evidence for significant
N2O4 formation in the jet and have demonstrated a
linear response to NO2 at concentrations as high as
100 ppb.

4. Instrument Integration

The optical system along with electronics used to
control the laser, vacuum pumps, computer, and all
other calibration equipment are mounted within a
standard 19-in. �48-cm� instrument rack 150 cm high
and 55 cm deep. The lightweight honeycomb-core
plate, on which all optics, detection cell, and laser
diode are mounted, is placed on 1-in. �2.54-cm� thick
rubber pads to dampen vibrations from the pumping
system. The instrument weighs 118 kg. The vac-
uum pumps, which weigh 45 kg, and the optical sys-
tem, which weighs 23 kg, are the two largest
components. The remaining 50 kg are the laser con-
troller, miscellaneous electronics, and the rack itself.
The weight and the volume could be trimmed sub-
stantially by modest engineering efforts. The power
consumption of the instrument is approximately 1.5
kW, half of which is used by the vacuum system. All
instrument operations, including sampling, calibra-
tions, and diagnostic tests operate autonomously un-
der the control of software written in LabVIEW
�National Instruments�.

Long-term stability of the instrument depends on
one maintaining a constant temperature at the diode
head because changes in the thermal environment of
the diode cavity cause mode hops. The thermal sys-
tem provided by the manufacturer was adequate for
experiments in a laboratory setting, where room-
temperature fluctuations are slow and minimal.
During the course of the field experiments described
below, the need for increased thermal stability be-

came clear. The laser worked well within an ambi-
ent temperature range in the field station of 	2 °C in
the room, which corresponded to 	0.7 °C at the diode
head. This was the range observed during the
course of the normal diurnal cycling in the field sta-
tion. The normal fluctuations are slower than
0.5 °C h�1. However, fluctuations outside of that
range caused the laser to mode hop. These fluctua-
tions were caused by extended periods of an open
trailer door for loading and unloading supplies and by
nighttime temperatures that fell well below the air
conditioner setpoint, putting the diode housing tem-
perature outside of an acceptable range. To ther-
mally stabilize the laser, a 9.8-W thin-film heater, 6.5
cm2 in area, was used to preload the laser tempera-
ture controller. The diode head was wrapped with
5-cm-thick small-cell polystyrene foam as primary
insulation, and an aluminum cover over the entire
optical system served as a secondary thermal bound-
ary and made the system eye safe.

5. Field Evaluation

To evaluate performance of this instrument under
realistic operating conditions, a field test and inter-
comparison with the 585-nm dye-laser system11 was
conducted at Granite Bay, California, from 18 July to
5 September 2001. Granite Bay, California, is situ-
ated midway between Sacramento and the foothills of
the Sierra Nevada Mountains. It is in a direct path
of the Sacramento plume as it is blown east into the
mountains. Example 1-min observations of NO2
concentrations on 3 September are shown in Fig. 3.
The open circles show observations from the diode
laser instrument; the solid diamonds are from the
dye-laser instrument. The dye-laser instrument
was used to observe NO2 for 20-min intervals every
150 min. The rest of the time, the dye-laser instru-
ment was devoted to measurements of HNO3, alkyl
nitrates, and peroxy nitrates by thermal dissociation
coupled to LIF.20 The pattern of high and low con-

Fig. 3. One-minute averaged NO2 measurements made on 3 Sep-
tember 2001 in Granite Bay, California. The open circles repre-
sent data from the diode laser LIF instrument, and the solid
diamonds represent data taken with the dye-laser LIF instrument.
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centrations shown in Fig. 3 is typical of the observa-
tions over the course of the campaign and reflects
both the contribution of rush hour traffic and the
dynamics of the planetary boundary layer, which is
highest during the day and lowest at night.

Both LIF instruments were situated in a
temperature-controlled trailer. Inlets for the in-
struments were mounted adjacent to one another 6 m
above the ground on a tower located on the roof of the
trailer. The inlets for both instruments drew air
from a larger 2-cm-diameter, 10-cm-long tube with a
small fan at the back end. Drawing the sampled air
in the reverse direction from the normal flow in that
tube prevented insects from clogging the inlet. The
two instruments were calibrated with the same stan-
dard �19.2 parts per million NO2 in air, Scott Spe-
cialty Gases, Acculife treated cylinder�. An
automated calibration routine was executed every
hour. A typical calibration of the diode laser instru-
ment is shown in Fig. 4. The calibration standard
diluted with zero air was added at the inlet on the
tower and was drawn through all sampling tubing
before entering the cell. Four different mixing ra-
tios were sampled. The calibration constant is de-
termined by a linear fit to these observations of
counts versus mixing ratio. Over the course of the

campaign, the average calibration constant de-
creased from 17 counts s�1 ppb�1 to 14 counts s�1

ppb�1 �1020–840 counts min�1 ppb�1�. This
change is attributable to a decrease in laser power
from the aging of the diode laser. Consecutive cali-
brations varied by 	5% as a result of alignment and
power variations caused by temperature fluctuations
at the field station. The noise in Fig. 4�b� is consis-
tent with the shot noise of photon counting. At the
time of the Granite Bay experiments, the instrument
had a relatively high background count rate �12,000
counts min�1� because of excessive laser scatter off of
the nozzle. We achieved lower background levels
�3600 counts min�1� after the campaign by reblack-
ening the nozzle tip.

Comparison of the NO2 measurements made with
these two instruments are shown in Fig. 5. The
slope of the linear fit �640-nm diode laser NO2 � m �
585-nm dye-laser NO2� m is 0.975 with R2 � 0.927.
The data shown include all measurements from 18
July to 4 September 2001 with the exception of data
that were not collected within 2 h of a calibration, or
that represent plumes where the NO2 concentration
was varying faster than 1 ppb min�1. Both instru-
ments are capable of responding on these rapid time
scales, but we did not make the effort to precisely
synchronize the instrument clocks, making the com-
parison difficult. In addition, the data from the di-
ode laser instrument were filtered of spurious data
generated during times of laser frequency instability.
These instabilities were thermally driven and were
recognized by the changes in the absorbance through
the NO2 reference cell. The relative absorption �I�
I0� at the on-line position was an indication of the
correct laser frequency. Improvements to laser
thermal stability lead to an increase in the amount of
reliable data. By the end of the field campaign, a
thermal design capable of preventing laser mode
hops through most routine events was achieved.

Fig. 4. �a� Calibration on 2 September 2001. Five different mix-
ing ratios of NO2 �65.5, 32.5, 15.8, 7.6, and 0 ppb� in zero air are
drawn through the sampling tubing. The lack of a slope in the
off-line data demonstrates the absence of a NO2 continuum fluo-
rescence signal above the noise in the cold NO2 spectrum. �b�
Data from �a� plotted versus NO2 concentration excluding points
where the concentration is being changed rapidly to the next step.
The slope is 13.91 counts s�1 ppb�1 �834.6 counts min�1 ppb�1�.
The noise in the figure is consistent with the shot noise of photon
counting.

Fig. 5. Intercomparison of 1-min averaged NO2 data from Gran-
ite Bay with the tunable diode laser instrument at 640 nm and the
dye-laser instrument at 585 nm. Slope is 0.975, R2 � 0.927 with
3735 data points. Omitted are data with plumes on time scales of
less than 1 min, because instrument clocks were not synchronized
precisely enough to ensure averaging over the same time interval.
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6. Conclusion

We have described a LIF instrument utilizing a
640-nm tunable diode laser in conjunction with a
supersonic jet for detection of NO2 in situ with a
sensitivity of 145 pptv min�1. The instrument is
lightweight �118 kg�, compact �0.5 m3�, and has op-
erated autonomously for up to 15 days. Comparison
with our more established 585-nm dye-laser LIF in-
strument shows that the instruments agree to within
the precision of the measurements and calibration
system.

The sensitivity of this instrument is already ade-
quate for many monitoring applications, and higher
sensitivity can be gained by use of lasers with higher
power or at wavelengths with larger NO2 absorption
cross sections �particularly in the 400–450-nm re-
gion� when robust versions become available. Bet-
ter stray-light baffling in the fluorescence cell and
fluorescence filters that cut out all Raman-scattered
wavelengths will also lower the detection limits.
Also, higher pumping capacity would result in higher
signal rates �through colder jet temperatures� and
would enable reductions in the background scatter-
ing �the jet would be longer in extent, so the nozzle tip
could be pulled further back from the laser pattern�,
but at the expense of increased power consumption
and weight.

This research was supported by the NASA Instru-
ment Incubator Program under contract NAS1-
99053, the National Science Foundation Atmospheric
Chemistry Program under grant ATM-0138669, and
the U.S. Department of Energy under contract DE-
AC03-76SF0009.
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