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We describe an instrument using cavity ring-down spectros@@RPS), an ultrasensitive detection
method, to detect N and NOs (via thermal dissociation to NQat 80°Q. We use
continuous-waveécw) 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 J®; mixing ratios in ambient air. Dinitrogen pentoxide was
measured because low ambient temperatures shift the equilibrium betwegrN®g and N,Os
strongly towards BOs. Therefore, only NOs is present in significant quantities in the Fairbanks,

AK, during winter. From these data, we identify times where th®MNmixing ratio must be zero

(due to the absence of ozone indicating presence of d use these time periods to measure the
system’s operational detection limit. Ther 2letection limit for NOg is 2.4 parts per trillion by
volume(pptv) in a 25 s average. Prediction of thg®§ 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,©f. N © 2003
American Institute of Physic§DOI: 10.1063/1.1578705

I. INTRODUCTION cess that requires UV to produce OH. The nitrate radical

absorbs visible light and is photolyzed by light with wave-

. Our understanding of the _chemlstry of the atmOSIOher‘fengths shorter than about 640 Arfiherefore, the chemistry
relies upon accurate observations of trace gas abundance?NO and NO. is onlv active during niaht. Polar reqions
Measurements of reactive trace gases are particularly impo(r)— 3 NOs y g might. 9

tant because these gases often control the lifetime of mor%urlng winter experience long nights, dim days, and low

stable gases and modify particulate matter in the atmospher@mperatures’ all of which are conditions that activate;NO

The nitrate radical, NQ and its related reservoir compound, 21d NOs chemistry. Therefore, we have built an instrument
dinitrogen pentoxide, DOs, are important intermediates in © quantify these compounds in the ambient atmosphere.
atmospheric nitrogen chemistry. The nitrate radical is pri- The nitrate radical has been routinely measured in the
marily formed by oxidation of NQ (NO+NO,) by ozone. ~atmosphere by long-path spectrosc8py, while the N.Os

Subsequently, nitrate radical can react with N@ form  has only been recently detect€d*Long-path spectroscopy
N,Os reversibly measures the average concentration okbN@er a path that

is typically more than 5 km, therefore short-distariemd

NO;+NO, + M=N,0s+ M. (1) short-time scaleconcentration fluctuations are not observ-
At typical temperatures and concentrations of Ni@ the  able. For this reason, w@nd others set out to use cavity
lower troposphere, the relaxation time of this equilibrium isring-down spectroscop§CRDS to detect NQ. Cavity ring-
on the order of seconds to hours. Reactitthis also very down spectroscopy, described below, uses high-reflectivity
strongly temperature dependent, with@4 being the domi-  mirrors to achieve long effective path lengths in a short base
nant species at temperatures below freezing. Both BI@  path, allowingin situ detection of NQ. Additionally, by
N,Os are reactive in the atmosphere. The nitrate radical caneating the sampled air, we can thermally dissociag®N
initiate oxidation of organics as well as add across doubleynd measure the sum of N®N,Os. In 2000, our group
bonds of unsaturated organicd Dinitrogen pentoxide can demonstrated that CRDS could detect Ngy adding NOs
react heterogeneously with water to give two molecules oo room air'® Brown, Ravishankara, and co-workers solved
nitric acid®* Either of these pathways presents a loss mechamany of the difficult sample-handling issues and detected
nism for N, that does not require UV light. These N@ss O, and N,Os via pulsed CRDS2-*Ball et al. constructed
mechanisms are in contrast to OH oxidation of N@ pro- 3 ynique variant of CRDS using broadband laser light to

detect a full spectrum on each laser stot.
dElectronic mail: wrs@ozone.gi.alaska.edu Cavity ring-down spectroscopy is a fairly mature tech-
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nigue that has been reviewed extensively; therefore we only  mem M/Fc APD /Eimmcs ot —__ Tiant
briefly mention its development. An interested reader can o g2 .

read one of the recent reviews on the subjéct? Cavity =~ ™™ i —=
ring-down spectroscopy, as used for spectroscopy, was firs aom - ; e
described by O’Keefe and Deacon in 198glthough pre- e \ ‘
vious measurements using optical cavites had beer a7 \. umbilal con bt
investigated* Cavity ring-down spectroscopy has two major

variants, depending upon whether the laser source i§IG. 1. Schematic layout of this instrument. The system has two major
Ised?-20 . 17,1822-25p sed | parts, the electronics box, and the sampling cell, coupled by an 11 m um-
puise or continuous wavecw). ulsed laser pjjicql, Fiber-optic connections in the umbilical are labeled with solid lines,

CRDS systems have the advantage of being simpler to opevinile gas tubing is shown with dotted lines.
ate, although they can suffer increased noise due to excita-

tion of multiple cavity modes. Additionally, pulsed laser sys- tping, wiring, and fiber-optic cables. With this design, the
tems are typically larger and more complex than cw diod&|ectronics box can be located in a temperature-controlled
laser sources. Continuous-wave CRDS systems have the aghyironment, while the sampling cell is located in the ambi-
vantage of being smaller and more power efficient, with allant environment.

solid-state components. However, they have a disadvantage A diode laser(ECDL in Fig. 1, EOSI model 2010pro-

due to the need to match the diode laser’s output to a singlgyces narrow-ban@~300 kHz bandwidth in 50 msradia-
mode of the cavity. Imperfect mode matching can lead iqjon near 662 nm. A Faraday isolat@l in Fig. 1) prevents
increased noise and decreased data rates for a cw CROgck-reflected light from entering the diode laser. Light from
system. In this article, we describe a system for the detectiofhe diode laser is circularized with an anamorphic prism
of NO; and N,Os based upon cw CRDS. We pay special heam expandefAP in Fig. 1) then directed into an acousto-
attention to the mode matching aspects of the cw CRD$ptic modulator(AOM in Fig. 1, Isomet Corporationthat
method, as they present difficulties in building a field- acts as a fast switch. The light is then coupled into a single-
portable instrument. We present data of ambieg®NmMix-  mode polarization maintaining fiber-optic catffeL in Fig.

ing ratios from subarctic wintertime ambient air. 1, Optics for Researghor transmission to the sampling cell.
The diode laser and these optical components are located on
a small optical breadboard5 cmx40 cm) that is vibration
isolated from the electronics enclosure.

Cavity ring-down spectroscopy measures the loss rate of The laser light propagates through the fiber-optic cou-
light within an optical cavity. Numerous articles have de-pling to the sampling cell enclosur@0 cmx30 cmx122
scribed the methotf~*°therefore we assume that the readercm). Within the sampling cell, the CRDS optics are mounted
is familiar with the technique. The loss of light within the on a set of two 1/2-in-diam steel rods that form a stable
cavity is first order, thus the circulating intensity is given by optical base. This rail system can be moved to align the
the equatior (t) =1, exp(—t/7), wherel , is the initial inten- CRDS axis onto the flow axis of the cell. This rail system is
sity in the cavity, andris the ring-down time. The ring-down mounted to the cell enclosure, which is typically heated to
time is the fundamental measurement in CRDS and quanti25 °C to minimize thermally induced optical alignment drift.
fies the sum of all optical losses within the cavity. To detectThe laser light emitted from the fiber optic is collimated and
NO;, we need a method to separate the absorption opticdhen directed onto a two-mirror linear cavity that is 67 cm
loss due to N@ from other optical losses within the cavity long. The cavity mirrorsResearch Electro Optic$ave a
(e.g., imperfect mirror reflection, scattering and absorptiorreflection loss of approximately 20 pprR€ 99.998%), and
by other gases and/or particle¥Ve use the fast reaction of a transmission of 10 ppm (18). The mirrors are O-ring
NO with NO; to prepare a chemically zeroed sample of am-sealed to a purge chambigiescribed in a following section
bient air with NQ, removed. The change between the ring-Commercial 2 in. optical mirror mount3horlabg allow for
down time for ambient air and chemically zeroed air thencavity alignment. Light emitted from the cavity back mirror
quantifies the concentration of N@vithin the cavity. In this  is focused with a 50 mm focal length lens into a 200 core
section, we describe our instrument for measuring;M@d  silica/silica multimode fiber optic that brings the light back
N,Os, data analysis considerations, the zeroing method, anfom the umbilical to the detector, which is housed in the
the effect of mode matching of the cavity with the laser,electronics enclosure.
which is specifically required for cw CRDS. The laser light returning from the cavity enclosure is
measured with a silicon avalanche photodi¢d®D in Fig.

1) in a detector moduldHamamatsu C5460 The signal

Figure 1 shows a schematic illustration of our instru-from the detector is recorded with a 12 bit 1.25 MSa/s digi-
ment. The system is divided into two parts, the first being theizer card (National Instruments PCI-MIO-16E}Imounted
electronics box, housing all electronics and gas flow controlin a rack-mount computer within the electronics enclosure.
and the second being the sampling cell. The electronics conFhis same card logs all other signals from flow, laser power,
ponents and computer are housed in a rugged field-portablumidity, and temperature sensors within the electronics en-
rack mount housingHardigg cases The size of this box is closure. The ring-down data are analyzed and logged every
approximately 60 crr68 cmx76 cm. The two parts are ring-down transient with housekeeping data recorded every
coupled with an 11-m-long umbilical connector housing gass0 transientgtypically 2—-3 3.

Il. EXPERIMENT

A. Instrumental construction



Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 cw cavity ring-down spectroscopy 3

The air being sampled enters the inlet either directly 1 L ( 1 1)
(2

from the atmospherévhen the sampling cell is placed out- [NOs]= co L
sidg), or throudn a 2 mlength of 1/2 in. 0.d. 3/8 in. i.d. PFA @

Teflon inlet extender tube. The main analysis flow cell isIn this equationg is the speed of lightg is the absorption
made of Halocarbon wax coated cylindrical glass tukidy ~ cross section for N@ andL is the total cavity length, anid,

mm i.d) with a design very similar to that of Brown is the length of the cavity that contains N@.e., is not

et al*?* For the purpose of zero concentration determinaWithin the purge volumesThe ratioL/L, was confirmed by
tion, we use a titration reaction of NQwvith NO to chemi-  using CRDS to detect ozone’s Chappius band absorption at
cally remove NQ from the ambient aildiscussed follow- 662.4 nm. The absolute concentration of ozone used in this
ing). Titrant gas(NO, 30.3 ppmv, Scott Specialty Gages  €xperiment was measured using a commercial UV absorp-
added periodically, at a flow of 15 sccm to the inlet air tion instrument(Dasibi model 1008

through a 1/8 in. 0.d. Teflon tube in the center of the flow cell  In the field data shown here, we detectefON by heat-
tube. The flow of titrant is regulated with a mass flow con-ing the measurement cell to 80 °C, which convertONto
troller (MFC in Fig. 1, Tylan Inc.. Once diluted into the NOs. Because the ambient temperature was low, the equilib-
main flow, this addition leads te-50 ppbv NO added. The rium between N@and N,Os in the atmosphere was shifted
titrant gas is modulated by a three-way solenoid valve placef€avily towards NOs (as discussed more fully belgw
close to the inlet addition point to minimize dead volumesTherefore, we often refer to our atmospheric measurements
and bleeding of NO into the inlet. When the system is in@s N.Os, While they would be the sum of NGand N,Os in
measurement mode, the titrant gas is brought back througtiie case that the ambient temperature was higher. The ab-
the umbilical and dumped into the common system exhausg0rption cross section for NQused in this study is at 662.4
After the NO addition point, the air is filtered with a Teflon "M and is adjusted for the elevated temperature of the analy-
filter (Pall Inc., Teflo 2 micron filter The air then enters the Sis cell(80 °0); o=1.70< 10" *' cn¥ molecule *. This value
heated section of tubing and is heated to 80 °C and alignet$ based upon the temperature correction in Waghal,*
along the CRDS axis by two successive 45° bends. The las#fhich is an average of data available at the tfitié’ Tem-

light within the cavity enters the flow cell through a glass Perature correction by the measurement of Yokelspal *°
sidearm tube blown on the 45° elbow. This sidearm tube igesults in a similar cross section value. This cross section is
connected to the mirror purge chamber with a polyethylend 9% smaller than the Wayreg al* recommended cross sec-
bellows (Gagne, |n©_ The mirror purge chamber is swept tion at 662.0 nm, 298 K, and 24% smaller than at standard
clean by addition of 200 sccrftotal to both mirrors of ~ temperature and pressui@TP (0 °C). After calculating the
breathing-quality air. For clarity, the purge system is notNOs concentration in the cell, the NOabundance is con-
shown in Fig. 1. The length of the cell that is filled with Verted to a mixing ratio by dividing by the air concentration
ambient air is 50 cm long. Purging of mirrors in this way in the analysis cellat 80 °Q. Unfortunately, all these fac-
maintains high reflectivity for many weeks of continual op- tors: path length, temperature dependence of the absorption
eration. After the air has been analyzed by CRDS, it is carCross section, and decreased air density within the cell ad-
ried to the electronics enclosure in a 1/2 in. o.d. polyethylen&/€rsely affect the analytical detection limit. The correction
tube. In the electronics enclosure, the air temperature, reldor pathlength is 1.34, that due to the absorption cross sec-
tive humidity and total flow maséWFM in Fig. 1) are mea- tion compared to STP is 1.32, and that due to the decrease in
sured. The typical total flow is 8 slpm. Separate mass flovflensity compared to STP is 1.29, overall leading to a factor
controllers in the electronics enclosure control the NO titranf 2.2 degradation in sensitivity compared to analysis in a
flow and purge gas flow. In this configuration, the plug-flow filled cavity at STP.

residence time from the inlet to the beginning of the detec-

tion region is 2 s. The time to the middle of the detectionC- Zero determination

region is 3 s, and the analysis is complete in 4 s. We use the reaction of NO with NOperiodically to

The system total power consumption is 100-350 W, deremove NQ chemically from the inlet air and quantify the
pending on heater loads and excluding the computer cathodgyse Jine ring-down time#,). The reaction is fast; at an
ray tube monitor. The system operates unattended for daygqdition of 50 ppbv NO, the psuedo-first order lifetime of
only requiring user intervention for filter changes. NO; is 0.04 s at 80°C, 1 atif, ensuring complete zeroing
before any NO even reaches the analysis region of the flow
cell (2 9. The reaction rate is not strongly temperature
dependent? therefore NO is an effective titrant for NCat
50 ppbv at all reasonable temperatures.

The addition of NO is very effective in modulating the

The system detects NOby measuring the change in NO; concentration; however a number of other compounds
ring-down time between ambient aifr{) and chemically react with NO and should be considered as possible interfer-
zeroed ambient airr,) . The fast reaction of NO with NQis  ences. In order to be an interferer, the molecule must react
used to chemically zero the inlet air. This reaction is highlywith NO on the time scale of the residence within the analy-
specific to NQ, as discussed subsequently. Equati@  sis cell(3 9) and must absorb light at 662.4 nm. In addition to
converts between these two ring-down time measurementsO3, ozone, NQ, and water vapor absorb, and particulate
and the observed NQroncentration within the analysis cell matter scatters and absorbs at 662.4 nm. Particulate matter is

Tm  To

B. System operation and data analysis
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removed on the inlet filter, and thus is not considered. Water 110
does not react with NO; therefore is not modulafegcept
via dilution), leaving ozone and NQas possible problems.
Ozone reacts with NO moderately rapidly. The psuedo-
first order rate coefficient for ozone destruction at 50 ppbv
NO is ~22 s(at 80°Q. Therefore, within the measurement
time of 3 s(the time for a plug flow to reach the middle of
the analysis region approximately 13% of ambient ozone is
destroyed. The absorption cross section of ozone in this band
is quite weak ¢=2.0x10 2! cn? molecule ), ~10* of
that of NG;. This cross section is from Burkholder and Ta-
lukdar (19943 which agrees with the peak cross sections of ] , , , ,
Anderson and Mauersbergét992.32 Thus, the overall in- 0 5 10 15 20 25 30
terference of ozone is 1210 ° less sensitive than NO time / minutes

Therefore, 80 ppbv of ozone appear as 1 pptv of;N@his .2 Detection of Mo | bient Fairbanks air usi o rinaud
were the only effect of 0zone; however, when NO reacts with 'S: 2 Detection of bOs in ambient Fairbanks air using cavity ring-down
spectroscopy demonstrating chemical zeroing with NgDNs detected by

0zone, _NQ iS. formed. NQ has a variable cross section in conyersion to NQ in a heated detection celB0 °C) followed by CRDS
this region, with a value ofd¢~2x 10 2! cn? molecule * at  measurement of N The solid line show 5 s aerages of the ring-down
662.4 mﬁ3)’ approximately equal to that of ozone. This crosstime measured at 662.4 nm as a function of time. During the times with

section depends on wavelenath. so we estimate an unceﬂiw_aded background, the cavity’s background is measured by adding NO to
P gth, e inlet, removing all N@ During the times with a white background,

tainty in the cross section of 0.8x 10" e molecule *  aybient air is sampled, and the N©optical absorption at this wavelength
arising from wavelength uncertainty. Because of the neainhcreases the cavity loss, decreasing the ring-down time. The crosses are 25
equality of the NQ and ozone cross sections, the absorptiorp measurements of the bage Iing rihg-down time, while open circles are 25 s
caused by ozone is replaced by absorption of, Kt®med by measurements of the ambient air ring-down time.
the NO+O5 reaction. The complete ozone interference sen-
sitivity is given by the difference of the ozone cross sectiondilution-induced modulation that appears as 1 pptvsNO
minus that of NQ. Therefore, the N@absorption compen- This cross section is near the peaks of the water lines in this
sates for the loss of ozone absorption through production adpectral region. If the laser were tuned to a water absorption
NO,, and the interference is.+5x 10 ° of that of NO;. feature of this strength, the base line ring-down time would
Therefore,~200 ppbv of ozone would be needed to appearclearly be affected; therefore this effect is fairly easily
as*1 pptv of NG;. Because ambient ozone is typically less avoided.
than 200 ppbv in the troposphere, there is little ozone inter-  Another possible interference due to zeroing involves
ference. Additionally, because ozone is often measured dupressure or temperature variations. Cavity ring-down spec-
ing a field campaign, one can correct for this small effecttroscopy measures the total optical extinction in the cavity,
Alternatively, lower addition levels of NO may be used. and thus Rayleigh scattering affects the ring-down time.
Reaction of NO with NQ leads to formation of two Rayleigh scattering depends on the density and index of re-
NO, molecules; therefore zeroing NQvith NO produces fraction of the medium in the cavity. At 662.4 nm, 1 atm, 298
twice as much N@ as there was NQpresent during the K, the scattering coefficient by pure dry air k&;=5.3
measurement. This effect leads to a decrease in the effective 108 cm™*,* indicating that 17% of our base line ring-
cross section for N@because it adds an absorption duringdown time is caused by Rayleigh scattering. Therefore, air
the “zero” measurement. The magnitude of the effect isdensity variation of approximately 0.5% would appear as 1
twice the ratio of the absorption cross section of JNTD;, pptv of NO,. This level of density change is caused by a 4
or approximately a X 10™* fractional reduction in the NQ  Torr of pressure variation,roa 2 K temperature variation.
absorption cross section, and is therefore negligibly small. Because the zeroing addition is kept to 0.2% of the total
The addition of titrant to the inlet air causes a dilution of flow, the zeroing-induced pressure and temperature varia-
the inlet air. In the case where the inlet air contains com+tions are much smaller than these levels. To our knowledge,
pounds that have significant absorbances at the detectidhese molecules and effects are the only interferences; there-
wavelength, a small modulation of the signal results. In ourfore the NO titration method should be free of uncorrectable
system, the ratio of titrant flow to total flow is 15 sccm to interference at the 1 pptv NQevel.
8000 sccn+0.0019. Therefore, the signal is modulated by  We operate the instrumenh@ 2 min modulation pattern
approximately 0.2% of the absorbance. To have a modulationonsisting of 30 s of zero measurem@dO added followed
appearing as 1 pptv NQwe need 5 ppmv § an unreason- by 90 s of ambient air measurement. Thetfis of thezero
ably high level, or 5 ppmv NQ which is also not likely. If measurement are discarded to allow NO to fill the cell; then
the laser were tuned accidentally to a strong water abso5 s of data are averaged. Because flushing of the NO re-
bance in the region, it is possible that there would be auires more time, the first 15 s of the measurement cycle are
modulation effect; therefore, it is important to tune awaydiscarded then three successive 25 s measurements §f NO
from water absorbances. For a mixing ratio of 0.02 molare recorded.
H,O/mol air, the water absorbance cross section would have Figure 2 demonstrates the zero determination method.
to be approximately %10 2% cn? molecule * to cause a As discussed below, these data are field observations of
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50 H2 scans the laser frequency across one of the cavity
modes. A locking circuit measures the PZT voltage where the
last buildup event occurred and feeds this voltage back as the
center voltage for the sinusoidal modulation. Typically, the
system achieves ring-down events>a20 Hz. Because the
circuit sometimes loses this locked state, the system actively
seeks a new lock if no buildup events are found within the
last second. Because the depth of modulation of the scan is
only 20% of a free spectral range, other transverse modes are
selected against, improving the performance of the system.
The ring-down time of each individual event is recorded
| | | | | for later analysis. In this later analysis, 25 s of data are con-
0 5 10 15 20 25 30 sidered as a data set. The mean of this data set is calculated,
time / minutes then all data outside a band af 2.5% of the original mean
are discarded as possible excitation of other modes. The typi-
FIG. 3. Measurements of J05 in ambient Fairbanks air derived from the 5| standard deviation of the ring-down time is 1%o{1
data of Fig. 2. when the system is operating on one single transverse mode
) . . ) at 80°C. Therefore, a range af2.5 o should encompass
N2Os in ambient Fairbanks air, where the,® has been  ~g50 of the valid data. After this data trimming, the mean
converted to N@ by heating to 80°C. In this figure, 5 s of the remaining data is recorded as the mean ring-down
averages of the ring-down time are shown versus real time. fme for the 25 s period. For our system operating continu-
2 min modulation pattern is shown by the times with shadeq)us|y over an 11-day period;93% of the data were within
background representing sampling with addition of NO andpe valid data type. If the 25 s period hatb0% valid data,
nonshaded backgrounds representing ambient air samplinge gata were reported for this measurement interval. This

In periods where NO is added to the inlet, the base lingecondary trimming removeec1% of the measurements
ring-down time is measured. We quantify this base line valugyer the same 11-day period.

by averaging the 25 s of valid background data. These back- The combination of this mode locking and data trimming

ground ring-down times are shown as crosses. During thgjiows us to determine the ring-down time over 25 s periods
measurement periods, the ring-down time is reduced by thgjith enhanced noise rejection. Chemical modulation then al-
additional optical loss of N@s absorption. After waiting for  |o\s determination of nitrate radical concentrations through
titrant to flush from the cavity, we use 25 s averages to quaneq, (2). The resulting absolute concentration of N® de-

tify the measurement ring-down time, as represented by thgyymined inside the CRDS cavity; therefore possible inlet

three open circles per modulation period in the figure. Thqpsses need to be considered to determine ambient mixing
change in ring-down time between measurement and basgtios.

line is used to quantify the NQ@and N,Os) concentration in
the analysis cell via Eq2). Figure 3 shows the D5 mixing
ratio derived from these measurements. Ill. LABORATORY TESTING

N,Og mixing ratio / pptv

The system described here has been extensively tested to
quantify inlet losses for the system. All inlet losses &1%%

The cw CRDS system operates differently from a pulsedn the configuration shown here; therefore the concentrations
CRDS system in that energy must be built up within thecalculated from Eq(2) represent ambient mixing ratios for
cavity in order to achieve a measurable ring-down signalFairbanks air. These results are in agreement with those of
Because the cavity is a very high-finesse etalon, buildup caBrown et al,*?>~**which is not surprising, as our flow system
only occur when the laser is matched in frequency to one ofs similar to their design. However, these tests were carried
the modes of the cavity. For a perfectly aligned cavity, theout to confirm quantitative performance of this instrument.
laser would be coupled to only one transverse mode of th
cavity. This alignment is desirable because other transver
modes have different mirror lossénd thus a different base We used a movable injector system to investigate wall
line ring-down timg. We are mostly able to suppress otherlosses of NQ on the halocarbon-wax coated sampling cell.
transverse modes of the cavity through alignment, but therin these experiments, NQvas generated by flash heating of
mal drift (and possibly thermal gradients within the air in the previously synthesized JDs. The N,Os was delivered from
cavity) eventually degrades the alignment. Therefore, we use trap submerged in an acetone slush bath=(—96 °C, 177
two methods to suppress the influence of other transvers€) by passing a flow of ultrahigh puritfy HP) N,, at 0.05—
modes. First, we lock the laser frequency to one cavity mode).12 slpm, over the solid J}Ogs. The solid NOg was synthe-
and second, we apply an outlier rejection algorithm to resized by the method of Canosa-Meisal, which is a modi-
move data recorded on other modes. fication of Davidsonet al®® This flow was then heated to

We achieve mode matching by tuning the laser fre-80°C in a PFA Teflon tube to dissociate® and then di-
guency using a voltage-controlled piezoelectric transduceluted with UHP N to a total flow rate of 5.6 slpm. At low
(PZT) within the diode laser. This sinusoidal modulati@  concentrations of N§ calculation indicates that the recom-

D. Mode matching

. NO; surface loss in main flow tube
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FIG. 4. Movable injector investigation of NO surface losses on

halocarbon-wax coated tubing. The time axis represents the plug-flow resFIG. 5. The relative amount of NO(compared to 80 °Cdetected from
dence time within 31 mm i.d. coated Pyrex tubing. thermal dissociation of pDs as a function of dissociation temperature. Er-
ror bars aret1o.

bination reaction of N©+NOs is sufficiently slow to have a
stable sample of N@for tens of seconds. We then injected rium constant from DeMoret al2° for reaction(1) indicate
this NO; into a halocarbon-wax coated flow tube of the samethat up to a mixing ratio of 20 ppbv of NO >95% of
size as the main analysis tube of our instrument using a 1/A20s is dissociated to N@at 80 °C. For detection of }Os
in. 0.d. Pyrex glass tube. The tube was moved over a lengttt @ more polluted environment, one could heat higher or
of 50 cm, corresponding to a plug-flow residence time variameasure N@ and correct for its effect. Because we are
tion of ~3 s. Because the source of N@ not very stable, ~clearly in the plateau region, we assume 100% conversion of
we repetitively measured the N@oncentration at the short- N20s t0 NOs.
est residence time and measured all concentrations relative to
this shortest residence time level. The actual concentrationé N.O. loss on Teflon inlet extender tube
of NO; varied between 1810° and 3.7 10° molecule s
cm 3. Figure 4 shows the result of the y@ovable injector The field data used to test the instrument in this article
study. The analyzed first order rate coefficient for]N@ss  were recorded using a 1/2 in. o.d., 3/8 in. i.d. PFA Teflon
on the walls is 0.006 s +0.004 s! (+10). Therefore, in  tube inlet extender. To investigate for possible inlet losses on
the time for NQ to flow to the middle of the analysis region this tube’s surface, we undertook a second movable injector
(3 9), the transmission is 98%. Even for a worst-case scenaristudy. In this case, we are not concerned with the loss of
(meant-20) <5% is lost. NOs, but the loss of BOs because the inlet air is sufficiently
cold to have almost all NO+N,Os present as pOs. Be-
cause NOs is known to hydrolyze on surfaces, we were also
concerned with the humidity of the sampled air. Therefore,
To detect NOg, we heated the inlet and detection re- we performed this test using ambient laboratory air, which
gions of the flow cell to 80 °C. At this temperature, both thecontained 0.005 bars of water vapor. All field observations
rate of dissociation is sufficiently rapid and the equilibrium reported in this publication had less than this testing absolute
constant is sufficiently favorable for dissociated O not  humidity (typically much less because of low ambient tem-
recombine with NQ. To verify complete dissociation at peratures
80°C, we measured the relative amount of N@etected A vapor pressure of pDs is generated by flowing UHP
from a N,Og source as a function of cell temperature. TheseN, over solid NOg held in a trap at acetone slush tempera-
data are shown in Fig. 5, where the error bars represént  ture (—96 °C). This N,Os source is delivered to the instru-
The relative NQ mixing ratios are relative to the mixing mentin a 1/8 in. 0.d. PFA Teflon tube that is inserted into the
ratio at 80 °C, and are corrected for the air density variatioril/2 in. 0.d. sampling inlet extender tube. Upon exiting the
with temperature and the temperature dependence of the ab/8 in. 0.d. inner tube, the JD5 flow is diluted into~8 slpm
sorption cross section, both discussed previously. One caof ambient room air flowing in the 1/2 in. 0.d. sampling tube.
clearly see a plateau in the amount of N@etected at tem- By varying the length of insertion of the smaller tube into the
peratures above 70 °C; therefore, for this sample, a temper#arger sampling inlet extender, we can vary the contact time
ture of 70 °C would be sufficient to detect alb®+NO; as  of N,Os with the walls of the inlet extender tube. During
NO;. However, this source produces equimolar ;N&nhd these measurements, we periodically repeated §@ Mea-
NO,, while the ambient atmosphere typically is significantly surement at shortest contact time as a reference value. Actual
more NG than NQ,. The presence of excess Bl@ecreases mixing ratios of NOs varied between 40 and 300 ppfn
the degree of decomposition of ,85, diminishing the separate experimentdNo concentration dependence was ob-
amount of NQ formed and detected. Therefore, we elevatedserved. Figure 6 shows the result of these studies. The rela-
the temperature to 80 °C to ensure that al0y is detected. tive amount of NOg, compared to the shortest contact time,
Calculations based upon the temperature dependent equiliis plotted against the plug-flow contact time. The error bars

B. Conversion of N ,05 to NO4
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FIG. 6. Relative NOs (compared to zero residence tijres a function of - 120x10° —
plug-flow residence time in the 3/8 in. i.d. PFA Teflon inlet extender tube. ‘E b
The error bars are-10, and are large because this test was carried out using z 100 —
laboratory air with an absolute humidity of 0.005 bars. 3
°
e 80 —
on the plot arex1o. Some of the variability of the data 5 60 —
points probably arises from the fact that ambient air may ®
have compounds that react with® (or NO; once the air is g 40
heated. To guard partially against reactive species in the g
inlet air, we also operated a commercial 0zone analy2er & 20
sibi Model 1008-R$% and performed the experiment in the = 0
dark. When this analyzer showed nonzero ozone concentra- o :5 1'0 1'5 2'0

tions, we were ensured that ozone was present to react with

NO that may be in the laboratory air, and the dark condition

prevented photolysis of NOto NO. With these precautions, FIG. 7. Filter transmission of )0 through clear(a) and loadedb) Teflon

all but the freshest poIIution will have little NO. filters. E_ach measurement begi_ns and ends wi?h a zero determinatipn, and

The analyzed loss rate forz'@s on this Teflon tube is shaded times represen; passing through the filter while unshaded times

1 1 . . . represent BOs; added after the filtefno loss referenge Transient up and

0.008 s °+0.016 s (10). Using the mean inlet loss in the down spikes immediately following switching,NDs addition location are

1.1 s residence time of the inlet indicates 99% transmissioartifacts and should be ignored. The filter transmission of the clean ilter

for N205- The maximum loss rate of ZKDS on the inlet is >99%, and the transmission of the 46 h loaded fi{t®ris >97%.

(mean plus &) is 0.04 s, corresponding to a maximum

inlet loss of 5% in the 1.1 s residence time in the inlet tube

extender. Therefore, the inlet loss 0@k is <5% for this =96 °C). We then added this source to the main flow of 8

configuration. We have not tested for Bi@®ss on this inlet  SIPm UHP nitrogen either before the filter or at a secondary

tube, but expect that it would be unacceptable; therefore, thaddition point immediately after the filter.

inlet tube extender should only be used when the instrument When adding NO; after the filter, NQ signal variability

is operated in BOs mode, and the humidity is:0.005 bars ~Was observed. The cause of this variability is poor mixing of
of water vapor. the small NOs flow into the main flow, which is reestablish-

ing laminar flow after passing through the filter. We elimi-
nated this variability by adding a 1/2-in.-diam orificmade
of Teflon) downstream of the secondary addition point and
adding 12 in. length of coated flow tube. The orifice caused
A filter was used to eliminate particulate matter in the airturbulence to mix the air stream, and the secondary flow tube
stream to be analyzed. This filter can possibly be a source @llowed reestablishment of laminar flow. The system was
error in measurement of JOs; or NO; in the case where the tested by measuring the difference betweei©Ndetected
filter or particulate matter accumulated on the filter is reacwith sample addition in the pre- and postfilter ports but with
tive to the molecule being detected. Brownal>~“tested  a filter missing. There was no difference in this configura-
the transmission of these filters and found that some; NOtion, indicating that mixing was sufficient.
(~20%) is lost on the inlet filter, while>98% of N,Os Figure 7 panela) shows the result of a test of the filter
passes the filter. Because we are detecting these compourtdansmission through a new filter. The times shown as shaded
in cold air, the equilibrium between NOand NOs lies  have the NOs; added before the filter, and thus are passing
heavily towards NOg, and we are concerned with the trans- the N,Og through the filter. Unshaded times represent peri-
mission of NOs through the filter. We tested this transmis- ods where the PO is added after the filter. The transmission
sion by generating a source ob@®5 in UHP nitrogen. The of the clean filter is>99%. Because the particulate matter
source had a flow rate 6£0.06 slpm and picked up a vapor collected on the filter may be reactive to,®, we also
pressure of MOg from a trap immersed in acetone slush ( tested highly loaded filters. In Fig. 7 pan@), we show a

time / minutes

D. Filter transmission of N ,0g4
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1.04 F. Summary of laboratory-derived correction factors

Our detection calibration relies on the absolute calibra-
102 - tion of the absorption sensitivity in CRDS in addition to
quantification of inlet losses and physical effe@tsy., path
length reduction We have confirmed quantitative operation
of our cw CRDS method using the known water vapor ab-
sorbance in this spectral regiéhBy far, the majority of our
correction factors arise from physical effects. Using our
purge geometry requires a correction for path length reduc-
tion (1.34). This effect would be the same for either \NOr

096 .| : | | | | N2Os detection. For detection of #Ds, we heat the inlet,

0.0 o1 02 03 04 05 leading to the temperature-dependent absorption cross sec-
tion reduction compared to STR.32), and the density re-
duction compared to STR.29. In addition to these physical
F_|G. 8. Test for optical saturation of the I\?J@bsorption. The relative NO effects, inlet losses Compromise a small loss fQOE\l The
S|gnal(com_pared to that at 0.2 V threshpld plotted a_galnst th_e threshold “transmission of NQ@on the halocarbon-wax coated surfaces
voltage. Higher threshold voltages correspond to higher optical powers in . . -
the cavity. 98%. The conversion of )05 to NO; is 100%. The inlet

tube extendefif used transmits 99% of BOs. And the filter

transmits 99% of BNOs, possibly down to 97% with large
transmission test on a filter that was loaded for 46ah8  aerosol loadings. The zeroing efficiency is assumed to be
slpm, a total loading volume of 22 n This filter was 100%. Overall, the inlet loss correction factor is 1.04 for
clearly brown in appearance, indicating significant loading ofN,Os using fresh filters and with the inlet extender. There-
particles. In the panel, we can see that som®JNs lost on  fore, the overall correction factor for s is 2.4 compared
the filter, but the transmission is stitt97%. Because par- to a filled cavity at STP. To estimate sensitivity to N@&t
ticulate matter concentrations are very variable, we change8TP, we consider the path length correction in addition to the
filters on a more frequent schedule; typically a filter wasloss for NG, transmission and assume 80% filter
used for 6—12 h. In the future, we hope to analyze the partransmissiort®> Thus the estimated overall correction factor
ticulate matter trapped on the filter to gain understanding ofor NO3 at STP compared to a loss-free filled cell at STP is
the role of particulates in catalyzing destruction ofQy in 1.7.
the ambient atmosphere.

1.00 — ©

ey

relative NO;

0.98 —

detector threshold / V

IV. FIELD OBSERVATIONS

We used this system to measurgy mixing ratios over
an 11-day period in late December 2002—January 2003. The
measurements were made by sampling ambient air with a 1/2

High optical fluences can cause saturation, altering thén. o.d. PFA Teflon inlet extender fed through a gas-sampling
relationship between concentration and absorption. In theort in the wall of the International Arctic Research Center
case of NQ detection using CRDS, a simple calculation of (IARC) building on the University of Alaska Fairbanks
the number of photons absorbed by each;Niblecule in-  (UAF) campus. This location is on the northwestern edge of
dicates that there probably is not a problem with optical satuthe city of Fairbanks. The gas-sampling port is on the third
ration. However, we can perform an experimental test foifloor of this four-story building, facing north, away from the
saturation by varying the threshold energy where we initiatecity of Fairbanks. The sampling tube protruded approxi-
the CRDS transient. This threshold energyg st the start of mately 75 cm from the building surface, which is primarily
the ring-down transient. For our system, the transmission oflass. Temperatures were always below freezihg highest
a single mirror is approximately 18, and the detector sen- daily average temperature wasl0°C), therefore equilib-
sitivity is 10° VV / W. Therefore, the threshold running power rium between N@, NO; and N,Os (reaction ) always
within the cavity is 01 W / V. Typically, we use a threshold highly favored NOs. This equilibrium also responds to the
voltage to trigger the ring-down transient of 0.3 V, corre-concentration of N@, and for very low concentrations of
sponding to 30 mW running power in the cavity at the startNO,, it is possible that BOs would be driven to thermally
of the ring-down transient. dissociate. At a mixing ratio of 200 pptv NOand for a

To test for possible saturation, we recorded the relativéemperature of-10 °C at 1 atm, more than 95% of the sum
NO; signal as a function of threshold voltage. The result ofof N,Os+NO; is present as pDs. Because the temperature
this study is shown in Fig. 8. The N@oncentration relative was typically below—10°C, and the air masses detected
to the NG, concentration detected at 0.2 V threshold is plot-were nearly certainly more polluted than 200 pptv N@e
ted against the threshold voltage. If saturation were occurfeel the assumption that nearly all of our signal arises from
ring, higher relative N@ levels would be detected at lower N,Og in the ambient atmosphere, with very low levels of
thresholds, which is not the case. Therefore, optical saturdNO;. The reason we pick this minimum NG@bundance is
tion is not a problem for N@in our system with threshold that Beineet al. measured NQmixing ratios at Poker Flat
running powers up to at least 50 mw. (~50 km NE of FairbanKsand observed a mean mixing

E. Optical saturation test
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l EERERRERRREE spikes in ozone and JOs at day of year 363.94 and 363.98.
ﬂwﬂ ATE ,j\’u 2o Finally, the large influx of polluted air at day of year 364.14

destroys nearly all pDg signal. We can use the fact that
. i SERRRN ST system’s performance, as described in the next section.

N,Os must be zero when NO is present to measure the actual

20 - B. Calculated and actual system performance

NOg / pptv

System performance can be estimated by a calculation
derived from the variability of the ring-down time or by
actual measurements during times when atmospheric NO is
present, guaranteeing that no Nor N,Os is present. The

former method underestimates the actual noise on the system
1ALLE LhuL because zero drift is not included in the calculation.
A RREEERanEY Using the former method, the shot-to-shot noise of our
363.80 364.00 364.20 364.40 system when operating on a single mode is 1% at 80 °C,
day of year (2002, local) therefore, 400 ring-down time$ypical for 25 9 give a noise
FIG. 9. Ambient ozone and J®s mixing ratios from near midnight on of 0.05%, around a base line ring-down time Of.l/l@.
29-30 Dec. 2002. Ozone mixing ratios read on the right hand axis, in ppbv-,rhereforea the & noise of our 25 s measurement is calcu-
and NOs mixing ratios read on the left axis, in pptv. The two signals are lated to be 1.5 10 ° cm™!. Because we use zeroing, one
offset vertically for clarity. would predict a noise on the difference of two successive
measurements to b2 times larger. Conversion to a detec-
ratio of ~290 pptv:"-38 therefore, levels below 200 pptv tion limit for NO5 at STP, including path length reduction
NO, are unlikely near Fairbank&he dominant pollution and surface losses, gives a 2alculated noise of 1.2 pptv in
source for Poker FlatFor these reasons, the instrument wasthe 25 s averag@using the 1% system noise characteristic of
only run in the NOs detection modéi.e., with heated inlet 80 °C). Actual ring-down noise at ambient temperature is
and cel), and the observed data are reported a®J\ smaller, possibly indicating thermally induced mode fluctua-
tions are present in the heated cell. Detection gdNhas a
higher detection limit, because analysis is carried out at

A portion of the campaign’s data is shown in Fig. 9. In higher temperature, where both the air density and absorp-
the bottom time series is that of,0s;, while the top is tion cross section are lower. The calculated detection limit
ozone. Ozone and JOs are positively correlated during this for N,Og (20) is 1.6 pptv in this 25 s interval.
time period. Part of the reason for this correlation is that ~ Another method for detection limit determination uses
ozone is acting as an indicator of NO in the air beingthe noise on observed data during periods where the analyte
sampled. Ozone reacts with NO, forming N@nd oxygen; is absent to quantify system noise. This method takes into
therefore, when ozone is present, it reacts rapidly with NOgconsideration zero drift and any other noise sources. We se-
destroying the NO. If the photolysis rate of NG low lected approximately 12 h of data during periods where
enough, then the NO will decrease to near-zero levels. In thezone was zero at our monitoring site, indicating that excess
data shown in Fig. 9, the sun is always below the horizorNO was present in the polluted air mass, precluding detec-
due to the short day length in Fairbanks winter. Thereforetion of significant NQ and N,Og. A histogram of the NO;
presence of ozone indicates the absence of NO for thes#ata during this time is shown in Fig. 10. The data have a
nighttime data. However, if the ozone is depleted to zero, NGstandard deviation of 1.2 pptv, and a mean-@.13 pptv.
can remain in the atmosphere. Therefore, the absence W¥e used gc? test to show that, at the 95% confidence level,
ozone is likely to indicate the presence of NO, and NO reactthe data shown are statistically indistinguishable from a
rapidly with NO;, removing NQ from the atmosphere. As Gaussian distributioishown as a solid curve in Fig. 10
NO; is removed, MO5 thermally dissociates, and,®s soon  The standard errdistandard deviation divided by the square
disappears. In fact, even if /s were kinetically stable in  root of the number of observations 0.04 pptv, indicating
the ambient atmosphere in the presence of M@ich is the that the mean of the data is approximately three standard
case to some degree at low temperatyréise detection errors different from zero. Therefore, it appears that there is
method we use would be unable to detect the metastabkesmall bias present in these selected data. We cannot explain
N,Os. The heating of the inlet air to dissociate®} is the  this apparent small bias. Considerations of known interfer-
cause of this artifact. Heating dissociates arpONpresent ences, described previously, cannot explain this bias without
to NO;, which then reacts with the NO co-pollutant in the unreasonably large mixing ratios of possible interferers. Pos-
sampled ambient air. Therefore, at any time where NO isibly pressure or temperature variation during zeroing is re-
present, our instrument is incapable of correctly quantifyingsponsible for this small bias. We do note that the bias is an
any transiently stable )Ds. At very cold temperatures, this order of magnitude smaller than the &rror on a 25 s mea-
effect could be an issue because the thermal lifetime,@sN  surement.
can be hours. From the data in Fig. 10, theo2detection limit is 2.4

This NO effect is visible in the correlated negative pptv for N,Og in a 25 s average. A corresponding detection

o
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A. Behavior of N ,O5 with respect to ozone
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niques for addressing filtering of the inlet air, and hopefully
N = 1050 points the ability to remove inlet filters by use of an aerosol sepa-
sigma = 1.16 pptv ration system, should decrease uncertainties due to inlet
mean = -0.13 pptv losses.

Our system is based upon a continuous wave diode laser,
which is smaller and more power efficient than the dye laser
system used by Browat al1>~*The whole optical system
of our instrument is constructed using solid-state compo-
nents. The price of a cw-CRDS system is significantly
cheaper than that of a yttrium—aluminum—garf¥aAG)-
pumped dye laser system, and there are no consumables
(e.g., dyes, solvents, and flashlamps needed for the YAG-

based systemWhen using cw CRDS, mode matching is an
) B 0 > ) issue, and we have developed techniques to solve these prob-
N,Os mixing ratio / pptv lems. In the future, improvements in the mode matching
methods should help in achieving higher data rates, increas-
FIG. 10. A histogram of 1050 measurements giO) during times where 'J}? time resolution as well as lowering detection limits. On

ozone was absent in the atmosphere, indicating excess NO was present . . .
precluding significant levels of JOs. This histogram represents the noise athe other hand, mode matchlng 1S adversely affected by vi-

on our measurement of s, and leads to a®detection limit of 2.4 pptv ~ Prations of the cavity and possibly by thermal gradients
in a 25 s measurement period. within the cavity, therefore operating the cw CRDS system is

probably going to be more difficult in vibration-rich environ-

limit for NO5 at STP would be 1.7 pptv. These actual detec-MeNts, such as airplanes.

tion limits are approximately 50% larger than those esti- 1he detection limit ofltzhi‘current system can be com-
mated from the variability of the ring-down time, indicating Pared to that of Browet al.=~**The method used by Brown
that zero drift, and possibly other instrumental noise sourcest aI._|s to estlm_ate the detection Ilmlt from the variability in
contribute to the actual instrumental noise. We consider thihe ring-down time, corrected for inlet losses and a theoret-

second, more conservative, method better and the proper &l estimate of the zero differencing noise. If we use the
timate of system noise. same method, we predict ar2letection limit for NQ at STP

of 1.2 pptv in a 25 s average. In the same averaging time, the
predicted detection limit for bDs is 1.6 pptv(20). These
V. DISCUSSION detection limits are comparable to those of Brostral., who
The instrument described in this article detectsyd@d ~ State 0.5 ppty20) detection limit for NQ in 5 s using this
N,Os at ambient atmospheric levels with calibration via a@stimation method® Some of this difference arises from the
combination of absolute absorption spectroscopy and exte@ct that Brownet al's base line ring-down time is 50%
sive testing and elimination of inlet losses. The instrument idonger than ours, leading to longer effective path lengths and
similar to that of Brownet al,’2"#with a number of differ- lower absorption noise. By using times where thgOhlsig-
ences, described below. Our findings of no significant surfac8al is zero, we are able to determine actual detection limits
losses for N@Q/N,Os are in agreement with those of Brown including the effect of zero drift and the zeroing difference.

et al. and confirm that the techniques described here are ap/sing this data based method, we find that the detection limit
p|icab|e for detection of these Compounds in ambient atmolS about 50% worse than calculated. We prefer this method of

spheres. estimation of actual field detection limits. Therefore, we state

Because our testing was carried out in the winter, ouiPUr detection limit for NOs (20) is 2.4 pptv in a 25 s aver-
system was operated in a heated mode to dete@;N 2ading time. Clearly from the data shown, this detection limit
+NO;. We have argued that most of the reservoir of NO is capable of detection of JD5 in ambient air in Fairbanks.
+N,0Os is in the form of NOs due to the cold temperatures,
and likely moderate to high NOpresent in the air sampled. AckNOWLEDGMENTS
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