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Continuous wave cavity ring-down spectroscopy applied
to in situ detection of dinitrogen pentoxide „N2O5…
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We describe an instrument using cavity ring-down spectroscopy~CRDS!, an ultrasensitive detection
method, to detect NO3 and N2O5 ~via thermal dissociation to NO3 at 80 °C!. We use
continuous-wave~cw! cavity ring-down spectroscopy, allowing a highly reliable diode laser to act
as the light source. This instrument uses all solid-state laser and optical components, and it is
compact, portable, and power efficient. Advantages and disadvantages of cw CRDS compared to
pulsed CRDS are discussed. Inlet losses and possible interferences were extensively investigated.
We show field observations of N2O5 mixing ratios in ambient air. Dinitrogen pentoxide was
measured because low ambient temperatures shift the equilibrium between NO3, NO2, and N2O5

strongly towards N2O5. Therefore, only N2O5 is present in significant quantities in the Fairbanks,
AK, during winter. From these data, we identify times where the N2O5 mixing ratio must be zero
~due to the absence of ozone indicating presence of NO! and use these time periods to measure the
system’s operational detection limit. The 2s detection limit for N2O5 is 2.4 parts per trillion by
volume~pptv! in a 25 s average. Prediction of the N2O5 detection limit from estimates of ring-down
signal noise indicates a detection limit of 1.6 pptv, in the same averaging period. The observed
detection limit is about 50% larger than the predicted detection limit, indicating that other noise
sources affect the true detection limit. A similar instrument using pulsed CRDS was described in the
last year, and we compare our instrument to this instrument for detection of N2O5. © 2003
American Institute of Physics.@DOI: 10.1063/1.1578705#
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I. INTRODUCTION

Our understanding of the chemistry of the atmosph
relies upon accurate observations of trace gas abunda
Measurements of reactive trace gases are particularly im
tant because these gases often control the lifetime of m
stable gases and modify particulate matter in the atmosph
The nitrate radical, NO3, and its related reservoir compoun
dinitrogen pentoxide, N2O5, are important intermediates i
atmospheric nitrogen chemistry.1,2 The nitrate radical is pri-
marily formed by oxidation of NOx ~NO1NO2) by ozone.
Subsequently, nitrate radical can react with NO2 to form
N2O5 reversibly

NO31NO21M�N2O51M. ~1!

At typical temperatures and concentrations of NO2 in the
lower troposphere, the relaxation time of this equilibrium
on the order of seconds to hours. Reaction~1! is also very
strongly temperature dependent, with N2O5 being the domi-
nant species at temperatures below freezing. Both NO3 and
N2O5 are reactive in the atmosphere. The nitrate radical
initiate oxidation of organics as well as add across dou
bonds of unsaturated organics.1,3 Dinitrogen pentoxide can
react heterogeneously with water to give two molecules
nitric acid.2,4 Either of these pathways presents a loss mec
nism for NOx that does not require UV light. These NOx loss
mechanisms are in contrast to OH oxidation of NO2, a pro-
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cess that requires UV to produce OH. The nitrate radi
absorbs visible light and is photolyzed by light with wav
lengths shorter than about 640 nm.5 Therefore, the chemistry
of NO3 and N2O5 is only active during night. Polar region
during winter experience long nights, dim days, and lo
temperatures, all of which are conditions that activate N3

and N2O5 chemistry. Therefore, we have built an instrume
to quantify these compounds in the ambient atmosphere

The nitrate radical has been routinely measured in
atmosphere by long-path spectroscopy,6–11 while the N2O5

has only been recently detected.12–14Long-path spectroscopy
measures the average concentration of NO3 over a path that
is typically more than 5 km, therefore short-distance~and
short-time scale! concentration fluctuations are not obser
able. For this reason, we~and others! set out to use cavity
ring-down spectroscopy~CRDS! to detect NO3. Cavity ring-
down spectroscopy, described below, uses high-reflecti
mirrors to achieve long effective path lengths in a short b
path, allowing in situ detection of NO3. Additionally, by
heating the sampled air, we can thermally dissociate N2O5

and measure the sum of NO31N2O5. In 2000, our group
demonstrated that CRDS could detect NO3 by adding N2O5

to room air.15 Brown, Ravishankara, and co-workers solv
many of the difficult sample-handling issues and detec
NO3 and N2O5 via pulsed CRDS.12–14Ball et al.constructed
a unique variant of CRDS using broadband laser light
detect a full spectrum on each laser shot.16

Cavity ring-down spectroscopy is a fairly mature tec
© 2003 American Institute of Physics



n
a

fi

ee
or

p
ci
s-
d

e
a
ta
ng

t
R
tio
ia
D
d-

e
e
e
e
by

n
ec
tic
y
io
f
m
g
en

a
er

u
th
ro
om
ab

a

he
lled
bi-

m
sm
-

le-

l.
d on

u-

ed
ble
the
is
to

ft.
nd
m

r

k
he

is

gi-

re.
er,
en-
ery
ery

ajor
um-
s,

2 Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 William R. Simpson
nique that has been reviewed extensively; therefore we o
briefly mention its development. An interested reader c
read one of the recent reviews on the subject.17–19 Cavity
ring-down spectroscopy, as used for spectroscopy, was
described by O’Keefe and Deacon in 1988,20 although pre-
vious measurements using optical cavities had b
investigated.21 Cavity ring-down spectroscopy has two maj
variants, depending upon whether the laser source
pulsed17–20 or continuous wave~cw!.17,18,22–25Pulsed laser
CRDS systems have the advantage of being simpler to o
ate, although they can suffer increased noise due to ex
tion of multiple cavity modes. Additionally, pulsed laser sy
tems are typically larger and more complex than cw dio
laser sources. Continuous-wave CRDS systems have th
vantage of being smaller and more power efficient, with
solid-state components. However, they have a disadvan
due to the need to match the diode laser’s output to a si
mode of the cavity. Imperfect mode matching can lead
increased noise and decreased data rates for a cw C
system. In this article, we describe a system for the detec
of NO3 and N2O5 based upon cw CRDS. We pay spec
attention to the mode matching aspects of the cw CR
method, as they present difficulties in building a fiel
portable instrument. We present data of ambient N2O5 mix-
ing ratios from subarctic wintertime ambient air.

II. EXPERIMENT

Cavity ring-down spectroscopy measures the loss rat
light within an optical cavity. Numerous articles have d
scribed the method;17–19 therefore we assume that the read
is familiar with the technique. The loss of light within th
cavity is first order, thus the circulating intensity is given
the equationI (t)5I 0 exp(2t/t), whereI 0 is the initial inten-
sity in the cavity, andt is the ring-down time. The ring-down
time is the fundamental measurement in CRDS and qua
fies the sum of all optical losses within the cavity. To det
NO3, we need a method to separate the absorption op
loss due to NO3 from other optical losses within the cavit
~e.g., imperfect mirror reflection, scattering and absorpt
by other gases and/or particles!. We use the fast reaction o
NO with NO3 to prepare a chemically zeroed sample of a
bient air with NO3 removed. The change between the rin
down time for ambient air and chemically zeroed air th
quantifies the concentration of NO3 within the cavity. In this
section, we describe our instrument for measuring NO3 and
N2O5, data analysis considerations, the zeroing method,
the effect of mode matching of the cavity with the las
which is specifically required for cw CRDS.

A. Instrumental construction

Figure 1 shows a schematic illustration of our instr
ment. The system is divided into two parts, the first being
electronics box, housing all electronics and gas flow cont
and the second being the sampling cell. The electronics c
ponents and computer are housed in a rugged field-port
rack mount housing~Hardigg cases!. The size of this box is
approximately 60 cm368 cm376 cm. The two parts are
coupled with an 11-m-long umbilical connector housing g
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tubing, wiring, and fiber-optic cables. With this design, t
electronics box can be located in a temperature-contro
environment, while the sampling cell is located in the am
ent environment.

A diode laser~ECDL in Fig. 1, EOSI model 2010! pro-
duces narrow-band~;300 kHz bandwidth in 50 ms! radia-
tion near 662 nm. A Faraday isolator~FI in Fig. 1! prevents
back-reflected light from entering the diode laser. Light fro
the diode laser is circularized with an anamorphic pri
beam expander~AP in Fig. 1! then directed into an acousto
optic modulator~AOM in Fig. 1, Isomet Corporation! that
acts as a fast switch. The light is then coupled into a sing
mode polarization maintaining fiber-optic cable~FL in Fig.
1, Optics for Research! for transmission to the sampling cel
The diode laser and these optical components are locate
a small optical breadboard~15 cm340 cm! that is vibration
isolated from the electronics enclosure.

The laser light propagates through the fiber-optic co
pling to the sampling cell enclosure~20 cm330 cm3122
cm!. Within the sampling cell, the CRDS optics are mount
on a set of two 1/2-in-diam steel rods that form a sta
optical base. This rail system can be moved to align
CRDS axis onto the flow axis of the cell. This rail system
mounted to the cell enclosure, which is typically heated
25 °C to minimize thermally induced optical alignment dri
The laser light emitted from the fiber optic is collimated a
then directed onto a two-mirror linear cavity that is 67 c
long. The cavity mirrors~Research Electro Optics! have a
reflection loss of approximately 20 ppm (R599.998%), and
a transmission of 10 ppm (1025). The mirrors are O-ring
sealed to a purge chamber~described in a following section!.
Commercial 2 in. optical mirror mounts~Thorlabs! allow for
cavity alignment. Light emitted from the cavity back mirro
is focused with a 50 mm focal length lens into a 200mm core
silica/silica multimode fiber optic that brings the light bac
from the umbilical to the detector, which is housed in t
electronics enclosure.

The laser light returning from the cavity enclosure
measured with a silicon avalanche photodiode~APD in Fig.
1! in a detector module~Hamamatsu C5460!. The signal
from the detector is recorded with a 12 bit 1.25 MSa/s di
tizer card~National Instruments PCI-MIO-16E-1! mounted
in a rack-mount computer within the electronics enclosu
This same card logs all other signals from flow, laser pow
humidity, and temperature sensors within the electronics
closure. The ring-down data are analyzed and logged ev
ring-down transient with housekeeping data recorded ev
50 transients~typically 2–3 s!.

FIG. 1. Schematic layout of this instrument. The system has two m
parts, the electronics box, and the sampling cell, coupled by an 11 m
bilical. Fiber-optic connections in the umbilical are labeled with solid line
while gas tubing is shown with dotted lines.
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The air being sampled enters the inlet either direc
from the atmosphere~when the sampling cell is placed ou
side!, or through a 2 mlength of 1/2 in. o.d. 3/8 in. i.d. PFA
Teflon inlet extender tube. The main analysis flow cell
made of Halocarbon wax coated cylindrical glass tubing~31
mm i.d.! with a design very similar to that of Brown
et al.12,13 For the purpose of zero concentration determi
tion, we use a titration reaction of NO3 with NO to chemi-
cally remove NO3 from the ambient air~discussed follow-
ing!. Titrant gas~NO, 30.3 ppmv, Scott Specialty Gases! is
added periodically, at a flow of 15 sccm to the inlet a
through a 1/8 in. o.d. Teflon tube in the center of the flow c
tube. The flow of titrant is regulated with a mass flow co
troller ~MFC in Fig. 1, Tylan Inc.!. Once diluted into the
main flow, this addition leads to;50 ppbv NO added. The
titrant gas is modulated by a three-way solenoid valve pla
close to the inlet addition point to minimize dead volum
and bleeding of NO into the inlet. When the system is
measurement mode, the titrant gas is brought back thro
the umbilical and dumped into the common system exha
After the NO addition point, the air is filtered with a Teflo
filter ~Pall Inc., Teflo 2 micron filter!. The air then enters the
heated section of tubing and is heated to 80 °C and alig
along the CRDS axis by two successive 45° bends. The l
light within the cavity enters the flow cell through a gla
sidearm tube blown on the 45° elbow. This sidearm tube
connected to the mirror purge chamber with a polyethyle
bellows ~Gagne, Inc.!. The mirror purge chamber is swep
clean by addition of 200 sccm~total to both mirrors! of
breathing-quality air. For clarity, the purge system is n
shown in Fig. 1. The length of the cell that is filled wit
ambient air is 50 cm long. Purging of mirrors in this wa
maintains high reflectivity for many weeks of continual o
eration. After the air has been analyzed by CRDS, it is c
ried to the electronics enclosure in a 1/2 in. o.d. polyethyle
tube. In the electronics enclosure, the air temperature, r
tive humidity and total flow mass~MFM in Fig. 1! are mea-
sured. The typical total flow is 8 slpm. Separate mass fl
controllers in the electronics enclosure control the NO titr
flow and purge gas flow. In this configuration, the plug-flo
residence time from the inlet to the beginning of the det
tion region is 2 s. The time to the middle of the detecti
region is 3 s, and the analysis is complete in 4 s.

The system total power consumption is 100–350 W,
pending on heater loads and excluding the computer cath
ray tube monitor. The system operates unattended for d
only requiring user intervention for filter changes.

B. System operation and data analysis

The system detects NO3 by measuring the change i
ring-down time between ambient air (tm) and chemically
zeroed ambient air (tb). The fast reaction of NO with NO3 is
used to chemically zero the inlet air. This reaction is high
specific to NO3, as discussed subsequently. Equation~2!
converts between these two ring-down time measurem
and the observed NO3 concentration within the analysis ce
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D . ~2!

In this equation,c is the speed of light,s is the absorption
cross section for NO3, andL is the total cavity length, andLa

is the length of the cavity that contains NO3 ~i.e., is not
within the purge volumes!. The ratioL/La was confirmed by
using CRDS to detect ozone’s Chappius band absorptio
662.4 nm. The absolute concentration of ozone used in
experiment was measured using a commercial UV abs
tion instrument~Dasibi model 1008!.

In the field data shown here, we detected N2O5 by heat-
ing the measurement cell to 80 °C, which converts N2O5 to
NO3. Because the ambient temperature was low, the equ
rium between NO3 and N2O5 in the atmosphere was shifte
heavily towards N2O5 ~as discussed more fully below!.
Therefore, we often refer to our atmospheric measurem
as N2O5, while they would be the sum of NO3 and N2O5 in
the case that the ambient temperature was higher. The
sorption cross section for NO3 used in this study is at 662.4
nm and is adjusted for the elevated temperature of the an
sis cell~80 °C!; s51.70310217 cm2 molecule21. This value
is based upon the temperature correction in Wayneet al.,1

which is an average of data available at the time.26–28 Tem-
perature correction by the measurement of Yokelsonet al.29

results in a similar cross section value. This cross sectio
19% smaller than the Wayneet al.1 recommended cross sec
tion at 662.0 nm, 298 K, and 24% smaller than at stand
temperature and pressure~STP! ~0 °C!. After calculating the
NO3 concentration in the cell, the NO3 abundance is con
verted to a mixing ratio by dividing by the air concentratio
in the analysis cell~at 80 °C!. Unfortunately, all these fac
tors: path length, temperature dependence of the absorp
cross section, and decreased air density within the cell
versely affect the analytical detection limit. The correcti
for pathlength is 1.34, that due to the absorption cross s
tion compared to STP is 1.32, and that due to the decreas
density compared to STP is 1.29, overall leading to a fac
of 2.2 degradation in sensitivity compared to analysis in
filled cavity at STP.

C. Zero determination

We use the reaction of NO with NO3 periodically to
remove NO3 chemically from the inlet air and quantify th
base line ring-down time (tb). The reaction is fast; at an
addition of 50 ppbv NO, the psuedo-first order lifetime
NO3 is 0.04 s at 80 °C, 1 atm,30 ensuring complete zeroing
before any NO even reaches the analysis region of the fl
cell ~2 s!. The reaction rate is not strongly temperatu
dependent;30 therefore NO is an effective titrant for NO3 at
50 ppbv at all reasonable temperatures.

The addition of NO is very effective in modulating th
NO3 concentration; however a number of other compoun
react with NO and should be considered as possible inter
ences. In order to be an interferer, the molecule must re
with NO on the time scale of the residence within the ana
sis cell~3 s! and must absorb light at 662.4 nm. In addition
NO3, ozone, NO2, and water vapor absorb, and particula
matter scatters and absorbs at 662.4 nm. Particulate mat
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removed on the inlet filter, and thus is not considered. Wa
does not react with NO; therefore is not modulated~except
via dilution!, leaving ozone and NO2 as possible problems.

Ozone reacts with NO moderately rapidly. The psue
first order rate coefficient for ozone destruction at 50 pp
NO is ;22 s ~at 80 °C!. Therefore, within the measureme
time of 3 s~the time for a plug flow to reach the middle o
the analysis region!, approximately 13% of ambient ozone
destroyed. The absorption cross section of ozone in this b
is quite weak (s52.0310221 cm2 molecule21), ;1024 of
that of NO3. This cross section is from Burkholder and T
lukdar ~1994!,31 which agrees with the peak cross sections
Anderson and Mauersberger~1992!.32 Thus, the overall in-
terference of ozone is 1.231025 less sensitive than NO3.
Therefore, 80 ppbv of ozone appear as 1 pptv of NO3 if this
were the only effect of ozone; however, when NO reacts w
ozone, NO2 is formed. NO2 has a variable cross section
this region, with a value of (s;2310221 cm2 molecule21 at
662.4 nm33!, approximately equal to that of ozone. This cro
section depends on wavelength, so we estimate an un
tainty in the cross section of60.8310221 cm2 molecule21

arising from wavelength uncertainty. Because of the n
equality of the NO2 and ozone cross sections, the absorpt
caused by ozone is replaced by absorption of NO2 formed by
the NO1O3 reaction. The complete ozone interference s
sitivity is given by the difference of the ozone cross sect
minus that of NO2. Therefore, the NO2 absorption compen
sates for the loss of ozone absorption through productio
NO2, and the interference is,6531026 of that of NO3.
Therefore,;200 ppbv of ozone would be needed to app
as61 pptv of NO3. Because ambient ozone is typically le
than 200 ppbv in the troposphere, there is little ozone in
ference. Additionally, because ozone is often measured
ing a field campaign, one can correct for this small effe
Alternatively, lower addition levels of NO may be used.

Reaction of NO with NO3 leads to formation of two
NO2 molecules; therefore zeroing NO3 with NO produces
twice as much NO2 as there was NO3 present during the
measurement. This effect leads to a decrease in the effe
cross section for NO3 because it adds an absorption duri
the ‘‘zero’’ measurement. The magnitude of the effect
twice the ratio of the absorption cross section of NO2/NO3,
or approximately a 231024 fractional reduction in the NO3
absorption cross section, and is therefore negligibly sma

The addition of titrant to the inlet air causes a dilution
the inlet air. In the case where the inlet air contains co
pounds that have significant absorbances at the dete
wavelength, a small modulation of the signal results. In
system, the ratio of titrant flow to total flow is 15 sccm
8000 sccm50.0019. Therefore, the signal is modulated
approximately 0.2% of the absorbance. To have a modula
appearing as 1 pptv NO3, we need 5 ppmv O3, an unreason-
ably high level, or 5 ppmv NO2, which is also not likely. If
the laser were tuned accidentally to a strong water ab
bance in the region, it is possible that there would be
modulation effect; therefore, it is important to tune aw
from water absorbances. For a mixing ratio of 0.02 m
H2O/mol air, the water absorbance cross section would h
to be approximately 5310225 cm2 molecule21 to cause a
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dilution-induced modulation that appears as 1 pptv NO3.
This cross section is near the peaks of the water lines in
spectral region. If the laser were tuned to a water absorp
feature of this strength, the base line ring-down time wo
clearly be affected; therefore this effect is fairly eas
avoided.

Another possible interference due to zeroing involv
pressure or temperature variations. Cavity ring-down sp
troscopy measures the total optical extinction in the cav
and thus Rayleigh scattering affects the ring-down tim
Rayleigh scattering depends on the density and index of
fraction of the medium in the cavity. At 662.4 nm, 1 atm, 2
K, the scattering coefficient by pure dry air isbsg55.3
31028 cm21,34 indicating that 17% of our base line ring
down time is caused by Rayleigh scattering. Therefore,
density variation of approximately 0.5% would appear a
pptv of NO3. This level of density change is caused by a
Torr of pressure variation, or a 2 K temperature variation
Because the zeroing addition is kept to 0.2% of the to
flow, the zeroing-induced pressure and temperature va
tions are much smaller than these levels. To our knowled
these molecules and effects are the only interferences; th
fore the NO titration method should be free of uncorrecta
interference at the 1 pptv NO3 level.

We operate the instrument on a 2 min modulation pattern
consisting of 30 s of zero measurement~NO added! followed
by 90 s of ambient air measurement. The first 5 s of thezero
measurement are discarded to allow NO to fill the cell; th
25 s of data are averaged. Because flushing of the NO
quires more time, the first 15 s of the measurement cycle
discarded then three successive 25 s measurements of3

are recorded.
Figure 2 demonstrates the zero determination meth

As discussed below, these data are field observations

FIG. 2. Detection of N2O5 in ambient Fairbanks air using cavity ring-dow
spectroscopy demonstrating chemical zeroing with NO. N2O5 is detected by
conversion to NO3 in a heated detection cell~80 °C! followed by CRDS
measurement of NO3. The solid line shows 5 s averages of the ring-down
time measured at 662.4 nm as a function of time. During the times w
shaded background, the cavity’s background is measured by adding N
the inlet, removing all NO3. During the times with a white background
ambient air is sampled, and the NO3’s optical absorption at this wavelengt
increases the cavity loss, decreasing the ring-down time. The crosses a
s measurements of the base line ring-down time, while open circles are
measurements of the ambient air ring-down time.
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N2O5 in ambient Fairbanks air, where the N2O5 has been
converted to NO3 by heating to 80 °C. In this figure, 5
averages of the ring-down time are shown versus real tim
2 min modulation pattern is shown by the times with shad
background representing sampling with addition of NO a
nonshaded backgrounds representing ambient air samp
In periods where NO is added to the inlet, the base l
ring-down time is measured. We quantify this base line va
by averaging the 25 s of valid background data. These ba
ground ring-down times are shown as crosses. During
measurement periods, the ring-down time is reduced by
additional optical loss of NO3’ s absorption. After waiting for
titrant to flush from the cavity, we use 25 s averages to qu
tify the measurement ring-down time, as represented by
three open circles per modulation period in the figure. T
change in ring-down time between measurement and b
line is used to quantify the NO3 ~and N2O5) concentration in
the analysis cell via Eq.~2!. Figure 3 shows the N2O5 mixing
ratio derived from these measurements.

D. Mode matching

The cw CRDS system operates differently from a puls
CRDS system in that energy must be built up within t
cavity in order to achieve a measurable ring-down sign
Because the cavity is a very high-finesse etalon, buildup
only occur when the laser is matched in frequency to one
the modes of the cavity. For a perfectly aligned cavity,
laser would be coupled to only one transverse mode of
cavity. This alignment is desirable because other transv
modes have different mirror losses~and thus a different bas
line ring-down time!. We are mostly able to suppress oth
transverse modes of the cavity through alignment, but th
mal drift ~and possibly thermal gradients within the air in t
cavity! eventually degrades the alignment. Therefore, we
two methods to suppress the influence of other transv
modes. First, we lock the laser frequency to one cavity mo
and second, we apply an outlier rejection algorithm to
move data recorded on other modes.

We achieve mode matching by tuning the laser f
quency using a voltage-controlled piezoelectric transdu
~PZT! within the diode laser. This sinusoidal modulation~at

FIG. 3. Measurements of N2O5 in ambient Fairbanks air derived from th
data of Fig. 2.
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50 Hz! scans the laser frequency across one of the ca
modes. A locking circuit measures the PZT voltage where
last buildup event occurred and feeds this voltage back as
center voltage for the sinusoidal modulation. Typically, t
system achieves ring-down events at.20 Hz. Because the
circuit sometimes loses this locked state, the system acti
seeks a new lock if no buildup events are found within t
last second. Because the depth of modulation of the sca
only 20% of a free spectral range, other transverse modes
selected against, improving the performance of the syste

The ring-down time of each individual event is record
for later analysis. In this later analysis, 25 s of data are c
sidered as a data set. The mean of this data set is calcul
then all data outside a band of6 2.5% of the original mean
are discarded as possible excitation of other modes. The t
cal standard deviation of the ring-down time is 1% (1s)
when the system is operating on one single transverse m
at 80 °C. Therefore, a range of62.5 s should encompass
.95% of the valid data. After this data trimming, the me
of the remaining data is recorded as the mean ring-do
time for the 25 s period. For our system operating contin
ously over an 11-day period,.93% of the data were within
the valid data type. If the 25 s period had,50% valid data,
no data were reported for this measurement interval. T
secondary trimming removed,1% of the measurement
over the same 11-day period.

The combination of this mode locking and data trimmi
allows us to determine the ring-down time over 25 s perio
with enhanced noise rejection. Chemical modulation then
lows determination of nitrate radical concentrations throu
Eq. ~2!. The resulting absolute concentration of NO3 is de-
termined inside the CRDS cavity; therefore possible in
losses need to be considered to determine ambient mi
ratios.

III. LABORATORY TESTING

The system described here has been extensively test
quantify inlet losses for the system. All inlet losses are,5%
in the configuration shown here; therefore the concentrati
calculated from Eq.~2! represent ambient mixing ratios fo
Fairbanks air. These results are in agreement with thos
Brown et al.,12–14which is not surprising, as our flow system
is similar to their design. However, these tests were car
out to confirm quantitative performance of this instrumen

A. NO3 surface loss in main flow tube

We used a movable injector system to investigate w
losses of NO3 on the halocarbon-wax coated sampling ce
In these experiments, NO3 was generated by flash heating
previously synthesized N2O5. The N2O5 was delivered from
a trap submerged in an acetone slush bath (Tf5296 °C, 177
K! by passing a flow of ultrahigh purity~UHP! N2, at 0.05–
0.12 slpm, over the solid N2O5. The solid N2O5 was synthe-
sized by the method of Canosa-Maset al.,35 which is a modi-
fication of Davidsonet al.36 This flow was then heated to
80 °C in a PFA Teflon tube to dissociate N2O5 and then di-
luted with UHP N2 to a total flow rate of 5.6 slpm. At low
concentrations of NO2, calculation indicates that the recom



d
m
1
g

ria

-
ve
io

n
ar

e-
he
m

t

s

io

c

e

tly

te

uil

or
re
n of

cle
on
on

ctor
of

y

so
re,
ich
ns
lute

-

ra-
-
the
he

e.
he
me
g

ctual

b-
rela-
e,
ars

re
r-

6 Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 William R. Simpson
bination reaction of NO21NO3 is sufficiently slow to have a
stable sample of NO3 for tens of seconds. We then injecte
this NO3 into a halocarbon-wax coated flow tube of the sa
size as the main analysis tube of our instrument using a
in. o.d. Pyrex glass tube. The tube was moved over a len
of 50 cm, corresponding to a plug-flow residence time va
tion of ;3 s. Because the source of NO3 is not very stable,
we repetitively measured the NO3 concentration at the short
est residence time and measured all concentrations relati
this shortest residence time level. The actual concentrat
of NO3 varied between 1.53109 and 3.73109 molecule
cm23. Figure 4 shows the result of the NO3 movable injector
study. The analyzed first order rate coefficient for NO3 loss
on the walls is 0.006 s21 60.004 s21 ~61s!. Therefore, in
the time for NO3 to flow to the middle of the analysis regio
~3 s!, the transmission is 98%. Even for a worst-case scen
~mean12s! ,5% is lost.

B. Conversion of N 2O5 to NO3

To detect N2O5, we heated the inlet and detection r
gions of the flow cell to 80 °C. At this temperature, both t
rate of dissociation is sufficiently rapid and the equilibriu
constant is sufficiently favorable for dissociated NO3 to not
recombine with NO2. To verify complete dissociation a
80 °C, we measured the relative amount of NO3 detected
from a N2O5 source as a function of cell temperature. The
data are shown in Fig. 5, where the error bars represent61s.
The relative NO3 mixing ratios are relative to the mixing
ratio at 80 °C, and are corrected for the air density variat
with temperature and the temperature dependence of the
sorption cross section, both discussed previously. One
clearly see a plateau in the amount of NO3 detected at tem-
peratures above 70 °C; therefore, for this sample, a temp
ture of 70 °C would be sufficient to detect all N2O51NO3 as
NO3. However, this source produces equimolar NO3 and
NO2, while the ambient atmosphere typically is significan
more NO2 than NO3. The presence of excess NO2 decreases
the degree of decomposition of N2O5, diminishing the
amount of NO3 formed and detected. Therefore, we eleva
the temperature to 80 °C to ensure that all N2O5 is detected.
Calculations based upon the temperature dependent eq

FIG. 4. Movable injector investigation of NO3 surface losses on
halocarbon-wax coated tubing. The time axis represents the plug-flow
dence time within 31 mm i.d. coated Pyrex tubing.
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rium constant from DeMoreet al.30 for reaction~1! indicate
that up to a mixing ratio of 20 ppbv of NO2, .95% of
N2O5 is dissociated to NO3 at 80 °C. For detection of N2O5

in a more polluted environment, one could heat higher
measure NO2 and correct for its effect. Because we a
clearly in the plateau region, we assume 100% conversio
N2O5 to NO3.

C. N2O5 loss on Teflon inlet extender tube

The field data used to test the instrument in this arti
were recorded using a 1/2 in. o.d., 3/8 in. i.d. PFA Tefl
tube inlet extender. To investigate for possible inlet losses
this tube’s surface, we undertook a second movable inje
study. In this case, we are not concerned with the loss
NO3, but the loss of N2O5 because the inlet air is sufficientl
cold to have almost all NO31N2O5 present as N2O5. Be-
cause N2O5 is known to hydrolyze on surfaces, we were al
concerned with the humidity of the sampled air. Therefo
we performed this test using ambient laboratory air, wh
contained 0.005 bars of water vapor. All field observatio
reported in this publication had less than this testing abso
humidity ~typically much less because of low ambient tem
peratures!.

A vapor pressure of N2O5 is generated by flowing UHP
N2 over solid N2O5 held in a trap at acetone slush tempe
ture ~296 °C!. This N2O5 source is delivered to the instru
ment in a 1/8 in. o.d. PFA Teflon tube that is inserted into
1/2 in. o.d. sampling inlet extender tube. Upon exiting t
1/8 in. o.d. inner tube, the N2O5 flow is diluted into;8 slpm
of ambient room air flowing in the 1/2 in. o.d. sampling tub
By varying the length of insertion of the smaller tube into t
larger sampling inlet extender, we can vary the contact ti
of N2O5 with the walls of the inlet extender tube. Durin
these measurements, we periodically repeated the N2O5 mea-
surement at shortest contact time as a reference value. A
mixing ratios of N2O5 varied between 40 and 300 pptv~in
separate experiments!. No concentration dependence was o
served. Figure 6 shows the result of these studies. The
tive amount of N2O5, compared to the shortest contact tim
is plotted against the plug-flow contact time. The error b

si-FIG. 5. The relative amount of NO3 ~compared to 80 °C! detected from
thermal dissociation of N2O5 as a function of dissociation temperature. E
ror bars are61s.
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on the plot are61s. Some of the variability of the data
points probably arises from the fact that ambient air m
have compounds that react with N2O5 ~or NO3 once the air is
heated!. To guard partially against reactive species in t
inlet air, we also operated a commercial ozone analyzer~Da-
sibi Model 1008-RS! and performed the experiment in th
dark. When this analyzer showed nonzero ozone concen
tions, we were ensured that ozone was present to react
NO that may be in the laboratory air, and the dark condit
prevented photolysis of NO2 to NO. With these precautions
all but the freshest pollution will have little NO.

The analyzed loss rate for N2O5 on this Teflon tube is
0.008 s2160.016 s21 ~1s!. Using the mean inlet loss in th
1.1 s residence time of the inlet indicates 99% transmiss
for N2O5. The maximum loss rate of N2O5 on the inlet
~mean plus 2s! is 0.04 s21, corresponding to a maximum
inlet loss of 5% in the 1.1 s residence time in the inlet tu
extender. Therefore, the inlet loss of N2O5 is ,5% for this
configuration. We have not tested for NO3 loss on this inlet
tube, but expect that it would be unacceptable; therefore,
inlet tube extender should only be used when the instrum
is operated in N2O5 mode, and the humidity is,0.005 bars
of water vapor.

D. Filter transmission of N 2O5

A filter was used to eliminate particulate matter in the
stream to be analyzed. This filter can possibly be a sourc
error in measurement of N2O5 or NO3 in the case where the
filter or particulate matter accumulated on the filter is re
tive to the molecule being detected. Brownet al.12–14 tested
the transmission of these filters and found that some N3

~;20%! is lost on the inlet filter, while.98% of N2O5

passes the filter. Because we are detecting these compo
in cold air, the equilibrium between NO3 and N2O5 lies
heavily towards N2O5, and we are concerned with the tran
mission of N2O5 through the filter. We tested this transmi
sion by generating a source of N2O5 in UHP nitrogen. The
source had a flow rate of;0.06 slpm and picked up a vapo
pressure of N2O5 from a trap immersed in acetone slushT

FIG. 6. Relative N2O5 ~compared to zero residence time! as a function of
plug-flow residence time in the 3/8 in. i.d. PFA Teflon inlet extender tu
The error bars are61s, and are large because this test was carried out u
laboratory air with an absolute humidity of 0.005 bars.
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5296 °C!. We then added this source to the main flow o
slpm UHP nitrogen either before the filter or at a second
addition point immediately after the filter.

When adding N2O5 after the filter, NO3 signal variability
was observed. The cause of this variability is poor mixing
the small N2O5 flow into the main flow, which is reestablish
ing laminar flow after passing through the filter. We elim
nated this variability by adding a 1/2-in.-diam orifice~made
of Teflon! downstream of the secondary addition point a
adding 12 in. length of coated flow tube. The orifice caus
turbulence to mix the air stream, and the secondary flow t
allowed reestablishment of laminar flow. The system w
tested by measuring the difference between N2O5 detected
with sample addition in the pre- and postfilter ports but w
a filter missing. There was no difference in this configu
tion, indicating that mixing was sufficient.

Figure 7 panel~a! shows the result of a test of the filte
transmission through a new filter. The times shown as sha
have the N2O5 added before the filter, and thus are pass
the N2O5 through the filter. Unshaded times represent pe
ods where the N2O5 is added after the filter. The transmissio
of the clean filter is.99%. Because the particulate matt
collected on the filter may be reactive to N2O5, we also
tested highly loaded filters. In Fig. 7 panel~b!, we show a

.
g

FIG. 7. Filter transmission of N2O5 through clean~a! and loaded~b! Teflon
filters. Each measurement begins and ends with a zero determination
shaded times represent N2O5 passing through the filter while unshaded tim
represent N2O5 added after the filter~no loss reference!. Transient up and
down spikes immediately following switching N2 O5 addition location are
artifacts and should be ignored. The filter transmission of the clean filte~a!
is .99%, and the transmission of the 46 h loaded filter~b! is .97%.
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8 Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 William R. Simpson
transmission test on a filter that was loaded for 46 h~at 8
slpm, a total loading volume of 22 m3). This filter was
clearly brown in appearance, indicating significant loading
particles. In the panel, we can see that some N2O5 is lost on
the filter, but the transmission is still.97%. Because par
ticulate matter concentrations are very variable, we chan
filters on a more frequent schedule; typically a filter w
used for 6–12 h. In the future, we hope to analyze the p
ticulate matter trapped on the filter to gain understanding
the role of particulates in catalyzing destruction of N2O5 in
the ambient atmosphere.

E. Optical saturation test

High optical fluences can cause saturation, altering
relationship between concentration and absorption. In
case of NO3 detection using CRDS, a simple calculation
the number of photons absorbed by each NO3 molecule in-
dicates that there probably is not a problem with optical sa
ration. However, we can perform an experimental test
saturation by varying the threshold energy where we initi
the CRDS transient. This threshold energy isI 0 at the start of
the ring-down transient. For our system, the transmission
a single mirror is approximately 1025, and the detector sen
sitivity is 106 V / W. Therefore, the threshold running pow
within the cavity is 0.1 W / V. Typically, we use a threshold
voltage to trigger the ring-down transient of 0.3 V, corr
sponding to 30 mW running power in the cavity at the st
of the ring-down transient.

To test for possible saturation, we recorded the rela
NO3 signal as a function of threshold voltage. The result
this study is shown in Fig. 8. The NO3 concentration relative
to the NO3 concentration detected at 0.2 V threshold is pl
ted against the threshold voltage. If saturation were oc
ring, higher relative NO3 levels would be detected at lowe
thresholds, which is not the case. Therefore, optical sat
tion is not a problem for NO3 in our system with threshold
running powers up to at least 50 mW.

FIG. 8. Test for optical saturation of the NO3 absorption. The relative NO3
signal~compared to that at 0.2 V threshold! is plotted against the threshol
voltage. Higher threshold voltages correspond to higher optical power
the cavity.
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F. Summary of laboratory-derived correction factors

Our detection calibration relies on the absolute calib
tion of the absorption sensitivity in CRDS in addition
quantification of inlet losses and physical effects~e.g., path
length reduction!. We have confirmed quantitative operatio
of our cw CRDS method using the known water vapor a
sorbance in this spectral region.22 By far, the majority of our
correction factors arise from physical effects. Using o
purge geometry requires a correction for path length red
tion ~1.34!. This effect would be the same for either NO3 or
N2O5 detection. For detection of N2O5, we heat the inlet,
leading to the temperature-dependent absorption cross
tion reduction compared to STP~1.32!, and the density re-
duction compared to STP~1.29!. In addition to these physica
effects, inlet losses compromise a small loss for N2O5. The
transmission of NO3 on the halocarbon-wax coated surfac
98%. The conversion of N2O5 to NO3 is 100%. The inlet
tube extender~if used! transmits 99% of N2O5. And the filter
transmits 99% of N2O5, possibly down to 97% with large
aerosol loadings. The zeroing efficiency is assumed to
100%. Overall, the inlet loss correction factor is 1.04 f
N2O5 using fresh filters and with the inlet extender. Ther
fore, the overall correction factor for N2O5 is 2.4 compared
to a filled cavity at STP. To estimate sensitivity to NO3 at
STP, we consider the path length correction in addition to
loss for NO3 transmission and assume 80% filt
transmission.13 Thus the estimated overall correction fact
for NO3 at STP compared to a loss-free filled cell at STP
1.7.

IV. FIELD OBSERVATIONS

We used this system to measure N2O5 mixing ratios over
an 11-day period in late December 2002–January 2003.
measurements were made by sampling ambient air with a
in. o.d. PFA Teflon inlet extender fed through a gas-sampl
port in the wall of the International Arctic Research Cen
~IARC! building on the University of Alaska Fairbank
~UAF! campus. This location is on the northwestern edge
the city of Fairbanks. The gas-sampling port is on the th
floor of this four-story building, facing north, away from th
city of Fairbanks. The sampling tube protruded appro
mately 75 cm from the building surface, which is primari
glass. Temperatures were always below freezing~the highest
daily average temperature was210 °C!, therefore equilib-
rium between NO2, NO3 and N2O5 ~reaction 1! always
highly favored N2O5. This equilibrium also responds to th
concentration of NO2, and for very low concentrations o
NO2, it is possible that N2O5 would be driven to thermally
dissociate. At a mixing ratio of 200 pptv NO2, and for a
temperature of210 °C at 1 atm, more than 95% of the su
of N2O51NO3 is present as N2O5. Because the temperatur
was typically below210 °C, and the air masses detect
were nearly certainly more polluted than 200 pptv NO2, we
feel the assumption that nearly all of our signal arises fr
N2O5 in the ambient atmosphere, with very low levels
NO3. The reason we pick this minimum NO2 abundance is
that Beineet al. measured NOx mixing ratios at Poker Flat
~;50 km NE of Fairbanks! and observed a mean mixin

in
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9Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 cw cavity ring-down spectroscopy
ratio of ;290 pptv;37,38 therefore, levels below 200 ppt
NO2 are unlikely near Fairbanks~the dominant pollution
source for Poker Flat!. For these reasons, the instrument w
only run in the N2O5 detection mode~i.e., with heated inlet
and cell!, and the observed data are reported as N2O5.

A. Behavior of N 2O5 with respect to ozone

A portion of the campaign’s data is shown in Fig. 9.
the bottom time series is that of N2O5, while the top is
ozone. Ozone and N2O5 are positively correlated during thi
time period. Part of the reason for this correlation is th
ozone is acting as an indicator of NO in the air bei
sampled. Ozone reacts with NO, forming NO2 and oxygen;
therefore, when ozone is present, it reacts rapidly with N
destroying the NO. If the photolysis rate of NO2 is low
enough, then the NO will decrease to near-zero levels. In
data shown in Fig. 9, the sun is always below the horiz
due to the short day length in Fairbanks winter. Therefo
presence of ozone indicates the absence of NO for th
nighttime data. However, if the ozone is depleted to zero,
can remain in the atmosphere. Therefore, the absenc
ozone is likely to indicate the presence of NO, and NO rea
rapidly with NO3, removing NO3 from the atmosphere. As
NO3 is removed, N2O5 thermally dissociates, and N2O5 soon
disappears. In fact, even if N2O5 were kinetically stable in
the ambient atmosphere in the presence of NO~which is the
case to some degree at low temperatures!, the detection
method we use would be unable to detect the metast
N2O5. The heating of the inlet air to dissociate N2O5 is the
cause of this artifact. Heating dissociates any N2O5 present
to NO3, which then reacts with the NO co-pollutant in th
sampled ambient air. Therefore, at any time where NO
present, our instrument is incapable of correctly quantify
any transiently stable N2O5. At very cold temperatures, thi
effect could be an issue because the thermal lifetime of N2O5

can be hours.
This NO effect is visible in the correlated negativ

FIG. 9. Ambient ozone and N2O5 mixing ratios from near midnight on
29–30 Dec. 2002. Ozone mixing ratios read on the right hand axis, in p
and N2O5 mixing ratios read on the left axis, in pptv. The two signals a
offset vertically for clarity.
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spikes in ozone and N2O5 at day of year 363.94 and 363.98
Finally, the large influx of polluted air at day of year 364.1
destroys nearly all N2O5 signal. We can use the fact tha
N2O5 must be zero when NO is present to measure the ac
system’s performance, as described in the next section.

B. Calculated and actual system performance

System performance can be estimated by a calcula
derived from the variability of the ring-down time or b
actual measurements during times when atmospheric N
present, guaranteeing that no NO3 or N2O5 is present. The
former method underestimates the actual noise on the sy
because zero drift is not included in the calculation.

Using the former method, the shot-to-shot noise of o
system when operating on a single mode is 1% at 80
therefore, 400 ring-down times~typical for 25 s! give a noise
of 0.05%, around a base line ring-down time of 110ms.
Therefore, the 1s noise of our 25 s measurement is calc
lated to be 1.5310210 cm21. Because we use zeroing, on
would predict a noise on the difference of two success
measurements to beA2 times larger. Conversion to a dete
tion limit for NO3 at STP, including path length reductio
and surface losses, gives a 2s calculated noise of 1.2 pptv in
the 25 s average~using the 1% system noise characteristic
80 °C!. Actual ring-down noise at ambient temperature
smaller, possibly indicating thermally induced mode fluctu
tions are present in the heated cell. Detection of N2O5 has a
higher detection limit, because analysis is carried out
higher temperature, where both the air density and abs
tion cross section are lower. The calculated detection li
for N2O5 ~2s! is 1.6 pptv in this 25 s interval.

Another method for detection limit determination us
the noise on observed data during periods where the ana
is absent to quantify system noise. This method takes
consideration zero drift and any other noise sources. We
lected approximately 12 h of data during periods whe
ozone was zero at our monitoring site, indicating that exc
NO was present in the polluted air mass, precluding de
tion of significant NO3 and N2O5. A histogram of the N2O5

data during this time is shown in Fig. 10. The data hav
standard deviation of 1.2 pptv, and a mean of20.13 pptv.
We used ax2 test to show that, at the 95% confidence lev
the data shown are statistically indistinguishable from
Gaussian distribution~shown as a solid curve in Fig. 10!.
The standard error~standard deviation divided by the squa
root of the number of observations! is 0.04 pptv, indicating
that the mean of the data is approximately three stand
errors different from zero. Therefore, it appears that ther
a small bias present in these selected data. We cannot ex
this apparent small bias. Considerations of known inter
ences, described previously, cannot explain this bias with
unreasonably large mixing ratios of possible interferers. P
sibly pressure or temperature variation during zeroing is
sponsible for this small bias. We do note that the bias is
order of magnitude smaller than the 1s error on a 25 s mea
surement.

From the data in Fig. 10, the 2s detection limit is 2.4
pptv for N2O5 in a 25 s average. A corresponding detecti

v,



ec
sti
g
ce
th
r

a
te
t

ac
n
a
o

ou

O
s,
.

t a

ab
s

s
th
ra
on
en
ec

lly
pa-
inlet

ser,
ser

po-
tly

bles
G-
n
rob-

ing
as-
n
vi-

nts
is

-

m-

n
ret-
he

the

e

and

its
e.

imit
d of
ate

it
.

of
a-
al

s, J.
nd

r

ys.

nt
e

10 Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 William R. Simpson
limit for NO3 at STP would be 1.7 pptv. These actual det
tion limits are approximately 50% larger than those e
mated from the variability of the ring-down time, indicatin
that zero drift, and possibly other instrumental noise sour
contribute to the actual instrumental noise. We consider
second, more conservative, method better and the prope
timate of system noise.

V. DISCUSSION

The instrument described in this article detects NO3 and
N2O5 at ambient atmospheric levels with calibration via
combination of absolute absorption spectroscopy and ex
sive testing and elimination of inlet losses. The instrumen
similar to that of Brownet al.,12–14 with a number of differ-
ences, described below. Our findings of no significant surf
losses for NO3/N2O5 are in agreement with those of Brow
et al. and confirm that the techniques described here are
plicable for detection of these compounds in ambient atm
spheres.

Because our testing was carried out in the winter,
system was operated in a heated mode to detect N2O5

1NO3. We have argued that most of the reservoir of N3
1N2O5 is in the form of N2O5 due to the cold temperature
and likely moderate to high NO2 present in the air sampled
Therefore, we focused on inlet losses of N2O5. We found
that Teflon filters were capable of transmitting.99% of
N2O5, and that the collection of aerosol on the filter is no
problem for fairly long periods of time~46 h!. However, as
aerosol mass loadings in the atmosphere are highly vari
in time and space, more frequent filter changes were u
and are recommended. The filter lifetimes of Brownet al. ~1
h!13 are significantly shorter. The fact that their filter mu
transmit NO3,which has a greater loss rate on the filter, is
most likely reason for our longer filter lifetime, and a gene
advantage when the system is operating in cold envir
ments. Additionally, aerosol mass loadings may be differ
in the environments observed in these studies. Better t

FIG. 10. A histogram of 1050 measurements of N2O5 during times where
ozone was absent in the atmosphere, indicating excess NO was prese
precluding significant levels of N2O5. This histogram represents the nois
on our measurement of N2O5, and leads to a 2s detection limit of 2.4 pptv
in a 25 s measurement period.
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niques for addressing filtering of the inlet air, and hopefu
the ability to remove inlet filters by use of an aerosol se
ration system, should decrease uncertainties due to
losses.

Our system is based upon a continuous wave diode la
which is smaller and more power efficient than the dye la
system used by Brownet al.12–14 The whole optical system
of our instrument is constructed using solid-state com
nents. The price of a cw-CRDS system is significan
cheaper than that of a yttrium–aluminum–garnet~YAG!-
pumped dye laser system, and there are no consuma
~e.g., dyes, solvents, and flashlamps needed for the YA
based system!. When using cw CRDS, mode matching is a
issue, and we have developed techniques to solve these p
lems. In the future, improvements in the mode match
methods should help in achieving higher data rates, incre
ing time resolution as well as lowering detection limits. O
the other hand, mode matching is adversely affected by
brations of the cavity and possibly by thermal gradie
within the cavity, therefore operating the cw CRDS system
probably going to be more difficult in vibration-rich environ
ments, such as airplanes.

The detection limit of the current system can be co
pared to that of Brownet al.12–14The method used by Brown
et al. is to estimate the detection limit from the variability i
the ring-down time, corrected for inlet losses and a theo
ical estimate of the zero differencing noise. If we use t
same method, we predict a 2s detection limit for NO3 at STP
of 1.2 pptv in a 25 s average. In the same averaging time,
predicted detection limit for N2O5 is 1.6 pptv ~2s!. These
detection limits are comparable to those of Brownet al., who
state 0.5 pptv~2s! detection limit for NO3 in 5 s using this
estimation method.13 Some of this difference arises from th
fact that Brownet al.’s base line ring-down time is 50%
longer than ours, leading to longer effective path lengths
lower absorption noise. By using times where the N2O5 sig-
nal is zero, we are able to determine actual detection lim
including the effect of zero drift and the zeroing differenc
Using this data based method, we find that the detection l
is about 50% worse than calculated. We prefer this metho
estimation of actual field detection limits. Therefore, we st
our detection limit for N2O5 ~2s! is 2.4 pptv in a 25 s aver-
aging time. Clearly from the data shown, this detection lim
is capable of detection of N2O5 in ambient air in Fairbanks
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