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Abstract. We constructed a new chemical ionization time- 1 Introduction
of-flight mass spectrometer (CI-TOFMS) that measures at-

mospheric trace gases in real time with high sensitivity. WeThe atmospheric measurement of reactive trace gases pose
apply the technique to the measurement of formic acid viaynique instrumental challenges that differ significantly from
negative-ion proton transfer, using acetate as the reagent iofgse found in the laboratory (Farmer and Jimenez, 2010).
A novel high pressure interface, incorporating two RF-only selective detection at trace levels necessitates high sensi-
quadrupoles is used to efficiently focus ions through fourtjyity with response factors that are robust against dramatic
stages of differential pumping before analysis with acompacichanges in sampling conditions (e.g. temperature, relative
TOFMS. The high ion-duty cyclex20 %) of the TOFMS [, mjdity, and trace gas and aerosol loadings). Further, in-
combined with the efficient production and transmission of gtryment physical size and power consumption must be min-
ions in the high pressure interface results in a highly sensijmized for deployment aboard research platforms with lim-
tive (>300ions s* pptv—* formic acid) instrument capable jted space and power. In recent years, chemical ionization
of measuring and saving complete mass spectra at rates fastgzsg spectrometry (CI-MS) has been successfully applied to
than 10 Hz. We demonstrate the efficient transfer and detecne sensitive, selective, and accurate detection of a large suite
tion of both bare ions and ion-molecule clusters, and charyf trace gases from a variety of sampling platforms (Huey,
acterize the instrument during field measurements aboar§007)_ CI-MS detection techniques permit the simultane-
the R/V Atlantisas part of the CalNex campaign during the oys observation of a variety of compounds determined by
spring of 2010. The in-field short-term precision is better {he choice of reagent ion, where the specificity of the ion-
than 5% at 1pptv (pL/L), for 1-s averages. The detectionjzation process is dependent on the ion-molecule reaction
limit (3, 1-s averages) of the current version of the Cl- mechanism. For example, Shas been routinely used as a
TOFMS, as applied to the in situ detection of formic acid, i generic reagent ion, where analyte ions are formed following
limited by the magnitude and variability in the background gjther charge transfer or fluorine adduct formation (Huey et
determination and was determined to be 4 pptv. Applica-g|. 1995). In addition to the suite of general reagent ions that
tion of the CI-TOFMS to the detection of other inorganic zre ysed extensively in the laboratory, there is great interest
and organic acids, as well as the use of different reagen, the atmospheric community in the development of selec-
ion molecules (e.g.1, CRO™, CO;) is promising, as we e chemical ionization methods that target specific classes

have demonstrated efficient transmission and detection off molecules (Morrison and Howard, 2001; Slusher et al.,
both bare ions and their associated ion-molecule clusters. 2001: veres et al., 2008).

At present, the majority of field-deployable CI-MS instru-
ments are designed around a quadrupole mass spectrometer
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Detection thresholds of less than two ppqv (5-min averages) This paper characterizes a high-pressure chemical ioniza-
have been achieved with atmospheric pressure/chemical iortion time-of-flight mass spectrometer (CI-TOFMS), which
ization mass spectrometers (Berresheim et al., 2000). Typicalvas built by adapting a well-known flow-tube CI source
sampling routines consist of tuning the quadrupole mass fil{Kercher et al., 2009) with a commercial atmospheric-
ter sequentially through a series of selected mass-to-chargeressure interface compact TOFMS (API-CTOF, Tofwerk
ratios (n/Q), where the dwell time at eaan/Qvalue is of  AG, Thun, Switzerland) (Junninen et al., 2010). We demon-
order 0.1s. This routine is often punctuated by intermit- strate that the newly developed CI-TOFMS has the sensi-
tent scans over the full range of mass-to-charge ratios activity, accuracy, and precision required for atmospheric ob-
cessible by the QMS configuration. As the number of mon-servations from a wide array of measurement platforms.
itored values increases, the sampling duty cycle for each inin the following manuscript we assess the performance of
dividual component decreases, resulting in a correspondinghe CI-TOFMS configured as a negative-ion proton-transfer
increase in the limit of detection. The scanning proceduremass spectrometer, using acetate ion chemistry (Veres et
impacts data coverage and causes a misalignment in botal., 2008), however a number of different negative (e7g. |
time and space for data corresponding to differai® val- CRO~, SK;) or positive (e.g. HO*, NO) reagent ions
ues obtained from instruments on mobile platforms. When(Hearn and Smith, 2004) could easily be employed using
sampling from mobile platforms or when attempting quasi- similar hardware.
continuous measurements used in analyses such as eddy co-
variance, researchers often monitor only a single or very
small number of compounds, in order to maintain spatial2 Experimental section
and/or temporal continuity in data. Beyond this, typical CI-
QMS instruments used for atmospheric measurements ar2.1 Instrument description
unable to resolve ions having the same nominal mass, mak-
ing analysis of complex mass spectra challenging. To ad-The CI-TOFMS consists of five differentially pumped stages
dress these issues, recent instrumental development has beas shown in Fig. 1. Here, ambient air is sampled through a
focused on the coupling of high-pressure chemical ioniza-critical orifice at 1.5Imir® into the ion-molecule reaction
tion sources with time-of-flight (TOF) (Blake et al., 2004, (IMR) chamber. The first section of the stainless steel reac-
2006; Ennis et al., 2005; Graus et al., 2010; Jordan et al.fion chamber is 2.5cm long and has an inner diameter (ID)
2009; Tanimoto et al., 2007; Wyche et al., 2007) and ionof 3.5cm. The second section of the IMR chamber is 5 cm
trap (Mielke et al., 2008; Niller et al., 2009; Prazeller et inlength, and is linearly tapered to reduce the ID to 0.6 cm at
al., 2003; Steeghs et al., 2007; Warneke et al., 2005) masthe exit. The IMR chamber is pumped by a 1001 mirdry
spectrometers. The higher resolving power and improvedscroll pump (Varian SH-110), that is typically throttled down
sample coverage (i.e. complete mass spectra at kHz sante achieve a sampling pressure of 85 mbar, however diagnos-
pling rates) achieved with TOF mass spectrometers makdic experiments have been run in the pressure range of 20—
TOF-based CI-MS instruments particularly well suited for 130 mbar. Reagentions are introduced into the IMR chamber
atmospheric measurements of trace gases. To a first approrsthogonal to the sample flow at a flow rate of 2.01min
imation, the relative sensitivity of QMS and TOFMS based approximately 2cm from the entrance orifice. In this ap-
instruments using the same ion source and interface opticplication, acetate ions (J€(0)O~) are formed by passing
is the ratio of their respective duty cycles (DeCarlo et al.,trace acetic anhydride in ultra high purity (UHP) nitrogen
2006; Guilhaus et al., 2000). Where-as the sampling duty(N2, 99.9995 %) through a commercPo alpha emitter
cycle of a QMS is inversely proportional to the number of (NRD, P-2021 EOL lonizer), following the initial work of
m/Q values monitored, the duty cycle of an orthogonal ex- Veres et al. (2008). Under typical sampling conditions, the
traction (OE) TOFMS (as used in this work) is inversely pro- ion-molecule reaction time is of order 0.1 s in the IMR cham-
portional to the extraction frequency (or the square root ofber. The entire IMR chamber, including the ionizer, is elec-
the maximumm/Q value monitored). Typical OETOFMS trically isolated and biased te 100V to facilitate efficient
sampling duty cycles are in the range of 10 to 50 %, and, fortransport of ions to the entrance aperture of the second pump-
fixed conditions, the value increases as the square root of thiig stage.
mass-to-charge ratio. For experiments aiming to measure the The IMR is subsampled through a second critical orifice
concentration andn/Q values of a large number of differ- (500 um) into the collisional dissociation chamber (CDC),
ent substances, the TOFMS has clear advantages in terms wfich contains a short, segmented RF-only quadrupole
both data continuity and sampling duty cycle. Additionally, having tunable frequency and amplitude. The segmented
the use of reagent ions capable of ionizing a specific class ofjuadrupole, consisting of six resistively coupled segments,
compounds, such as acids (Veres et al., 2008), enables the giermits creation of an electric field within the CDC for effec-
multaneous detection of a broad range of compounds, furthetive collisional dissociation of weakly bound ion-molecule
exploiting this advantage. clusters, while simultaneously focusing and cooling the ex-
pansive beam entering from the IMR. The CDC entrance
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Fig. 1. Schematic of the chemical ionization source and four stage (S1-S4) differentially pumped interface coupled to the time-of-flight
mass spectrometer (TOFMSx5L0~7 mbar). The high pressure interface consists of: (i) ion-molecule reaction (IMR) chamber (S1,

85 mbar), (ii) collisional dissociation chamber (CDC) (S2, 2 mbar), (iii) stage 3 that houses a second RF-only segmented quadrupole (S3,
1.5x 1072 mbar), and (iv) stage 4 that houses a series of DC optics that focus and accelerate the primary beam into the TOFMS (S4,
3.5x 10~2mbar). DC voltages applied to the focusing electrodes under two different declustering conditions, are shown in the inset figure,
as a function of the distance from the entrance aperture.

aperture is electrically biased te40V and followed by a  extraction frequencies in this work were on the order of
weak electric field along the axis of the CDC quadrupole. 15 s (66 kHz), corresponding to a recorded range of
The CDC electric field can be tuned to either transmit or0-200 thomson (Th, 1 Th=1u#é). In its current configu-
dissociate weakly bound clusters with less than 10% im-ration, the CI-TOFMS, excluding the two scroll pumps and
pact on the total ion throughput, as discussed below. Theower supplies, is contained within a 50 0 cmx 40 cm
CDC pressure is controlled to 2 mbar by a 250 | rirdry frame, permitting it to be deployed to a wide range of sam-
scroll pump (Varian TriScroll 300) that also serves as a back-pling platforms.
ing pump for the split-flow turbo pump used in the down-
stream, low-pressure stages. The focused ion beam exits t22 Data acquisition and signal quantification
CDC through a 1 mm, electrically biased aperture into a sec-
ond RF-only quadrupole, housed at ¥802mbar. The TOFMS timing, data acquisition, and data storage are con-
ion beam is then directed into the fourth stage of differentialtrolled by the Tofwerk TofDaq software package running on
pumping, held at 3.5 10-> mbar, which houses a series of a dual-core PC (Dell Precision R5400 Rack Workstation,
DC optics that focus and accelerate the primary beam into th& GB RAM, RAIDO disk). The output of the microchan-
orthogonal extraction, reflectron TOFMS (500~ mbar). nel plate (MCP) detector of the TOFMS is passed to an 8-bit
The interface stages tailor the spatial and energetic profild®Cl analog-digital converter (ADC, Acqiris AP240, Agilent,
of the primary ion beam to match the requirements of theGeneva, Switzerland), which digitizes and records data on
OETOFMS. This work uses a compact TOFMS to achievetwo channels at 1 GS$. Signals recorded on the first chan-
high sensitivity; the same ion source and interface is alsonel are amplified by a factor of 11 upstream of the ADC;
suitable for higher resolution TOFMS platforms (Junninen the second channel records the un-amplified MCP output.
et al., 2010). The second quadrupole chamber, the DC opThe offsets of the two channels are adjusted so that the sec-
tics chamber, and the TOFMS are pumped by three isolate@nd channel records only those portions of the signal that
stages of a split flow turbo pump (Pfeiffer), with speeds of 20,exceed the full scale of the first. The TofDaq acquisition
155, and 20013!, respectively. The compact TOFMS has software sums the signal waveforms from the two channels,
an effective ion path length of approximately 0.5m, and iswith normalization for the difference in amplification. This
configured for analysis of positive or negative ions. Typical two-channel procedure extends the dynamic range of the
8-bit ADC, and is necessary to quantify the large reagent
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ion signals observed in this system without compensating

the system’s ability to accurately record low intensity sig- oo et
nals. Accurate recording of small signals is further enhanced (CHyC(0)O)+(CHsC(O)OH) : 2.6 x 10°
by the noise-suppression-accumulation functionality of the . T (CH,C(0)0)-(CHC(0)OH), 4.3 x 10°

AP240 ADC, which discards digitized samples having inten-
sity below a user-defined threshold, prior to averaging of data
in the ADC memory.

Areas of ion peaks in digitized mass spectra are converted
to units of ionss! by normalization, using a value repre-
senting the TOFMS response to single-ion detection events g T (CCFECC%‘(’))‘(CH co0m 554
To measure this value, data are recorded with the TOFMS3 + (CHLG(0)0 1(CHLO(0)0H): 0.83
extraction electrodes held at 0 V. Under these conditions, thegr i
MCP detector detects randomly scattered ions at a low rate.
lon events are distinguished from electronic noise based on \ 1
a user-adjusted threshold. An average single-ion detectior U 'ISUS W W VI ll —— ﬂ B
peak shape is established based on a collection of recorde: 40 60 80 100 120 140 160 180 200
events (typically thousands), and the area of this “single ion -m/Q (Th)
signal” is used for calibrating the intensity of MS data. Data
are saved as Hierarchical Data Format Version 5 (HDF5) filed19- 2. Sample mass spectrum taken at 2 Hz on ambient air using
(HDF Group, Champaign, Ilyww.hdfgroup.org. For each the two declustering schemes shown in Fig. 1b. In a strong CDC

averaged MS written to disk, two data structures are stored(.ale.C tric field, acetate jons are prlmarlly observed as bare 'ons (tqp),
while in a weak CDC electric field acetate can be observed in sig-

a time-of-flight spectrum having units of accumulated agnalnmcamt quantities in both the (GI€(0)0") - (CHaC(O)OH) clus-

intensity versus ion time-of-flight and a list of summed areas;q, (~119.034Th) and the (C¥€(0)O") x (CH3C(O)OH), clus-
for user-defined regions of the mass spectrum, called “peaker (—179.055 Th) (bottom). The ratio of the cluster ion count rate
data”. The TOF spectrum can be calibrated in post processto the bare ion count rate is shown in the figure legend.

ing and used for exact mass analysis and/or peak integration,
whereas the peak data contains the result of the peak inte-

LI L L L L L B
T

nsity (arbitrary units)

Weak CDC electric field

gration, based on the mass calibration established at the timé&Hz; C(O)O~ + HX — CH3 C(O)OH + X~ (R1)
the data were recorded. In this work, peak data summation
regions were centered on integefQvalues, with width suf- CH3z C(O)O~™ + HX — CHz C(O)O~ (HX) (R2)

ficient to capture all ions of equal nominal mass. For the

remainder of this manuscript we report ion count rates asThe branching ratio between these two product chan-

“unit mass resolution” (UMR) peak areas. Fitting peaks innels is likely dependent on the pressure and reaction

the mass-calibrated TOF spectrum allows determination otime in the IMR region, however we note that under

exactm/Q whereas integration to UMR peaks (as illustrated the sampling conditions used her@gr =20-100 mbar,

in Fig. 3) enables quantification, assuming no interferences. Pcpc =2 mbar) the reaction proceeds predominately through
Reaction (R2). At high average CDC electric field strengths

2.3 lon chemistry (—80V cm ) collisional dissociation of the acetate-analyte

o clusters (CHC(O)O7)-HX) results in the formation of
Here, we report the application of the CI-TOFMS toward e geprotonated acid (§. At low average electric field

the selective dgtection of formic acid via n.egative—ion Pro-sirength {15V cnd), clusters are efficiently transferred
ton transfer, using acetate as the reagent ion. We note thaf, o ,gh the CDC, before extraction into the TOFMS. It is
acetat'e ion chemlstry has'been shown to be effefltlve 'n_th‘?nost likely that the majority of the declustering occurs be-
selective detection of a wide array of both organic and in-yeen the exit of the CDC quadrupole and the entrance aper-
organic acids (Roberts et al., 2010), and while not specifi-yre 15 the second quadrupole chamber, where the local elec-

cally addressed here, it is expected that the CI-TOFMS deyic field divided by the gas number densiB/K) was greater
scribed here has the capability to measure other acids a$,514 400 Townsend (Td = 167V cm~2) under high declus-

well. Acetate ions have been shown to react selectively Withering conditions. Figure 1 depicts two different electric
ac!ds having a gas-phas? acidity larger than that of aceli¢a|ds used in the CI-TOFMS for either efficient collisional
acid (AG =341.5kcalmot”) (Veres et al., 2008). As dis- gisgociation (strong electric field) or cluster transmission
cussed in Graul et al. (1990) the ion-molecule reaction proyyyeak electric field). The resulting mass spectra, recorded
ceeds through either proton transfer from the target acid tQ;; » 4, while sampling ambient air, for the two conditions
the reagent ion (Reaction R1) or adduct formation (Reace shown in Fig. 2. Under strong electric field strength,

tion R2). the vast majority of the detected reagent ions are observed
as (CHC(0)O) (—59.013 Th), with minimal contribution
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Fig. 3. Negative ion CI-TOFMS mass spectrum, acquired at 2 Hz using acetatgQ(CHO~) reagent ions. The spectrum was taken

on ambient air measured aboard R/ Atlantisduring the CalNex Campaign in May 2010. Inset figure Formic and nitrous acid peaks,
observed at-44.99 Th and-45.99 Th, respectively. The yellow shaded region represents the UMR peak integration window, and the grey
shaded region the background determination window. The resolving po#er}/) at —44.99 Th is 900 Th Th1.

from higher order acetate-acetic acid clusters. In contrastfield (—80Vcm1). A representative ambient mass spec-
at weak electric field strength, reagent ions are observedrum is shown in Fig. 3, where signal associated with hy-
primarily as (CHC(0O)O) - (CH3C(O)OH) (—119.034Th),  drochloric, formic, nitrous, nitric, as well as a host of or-
with substantial contributions from both the bare acetate ionganic acids are readily apparent. Acquisition of the com-
and higher order clusters. It is important to note that theplete spectrum is advantageous for atmospheric observations,
total ion count rate for reagent species (8.00” ionss1) as it permits simultaneous measurement of many molecules,
in this experiment was conserved (to within 10 %) betweenincluding those with unrecognized importance at the time
the two choices of CDC electric field, demonstrating the ef-of measurement. The acetate reagent ion count rate during
ficient transfer, extraction, and detection of weakly boundCalNex, determined as UMR pealks9 Th, was on average

ion-molecule clusters. 3.0x 10’ ionss 1. Detrimental ringing is not observed fol-
lowing the large reagent ion peak-ab9 Th. While the sig-
2.4 Field operation nal from this peak does have a measurable falling edge tail

(scattered ions), it does not prevent us from observing ions
The CI-TOFMS, operated as a negative ion proton transfeat —60 Th. The baseline count rate a60 Th, calculated
system, was deployed aboard the Research VeR$d) At- from the tail of the reagent ion peak-ab9 Th, was less than
lantis as part of the CalNex field campaign in the spring 1000ions s?, indicating that electronic or chemical noise as-
of 2010. Data were collected for 25 days off the coast ofsociated with high reagent count rates has little impact on
California. In the following sections we describe the perfor- detection at adjacent masses.
mance of the CI-TOFMS under operating conditions charac-
teristic of atmospheric sampling, concentrating specifically2.5 Mass resolving power and mass accuracy
on instrumental response to formic acid (HC(O)OH). We as-
sess the CI-TOFMS performance using formic acid, due toThe mass resolving power of the compact CI-TOFMS, de-
the availability of an accurate and stable calibration sourcefined asM/AM, where M is the peak center amilM is
Ambient observations of the complete suite of detectablethe full-width half-maximum of the fitted Gaussian peak,
acids and a detailed discussion of inlet sampling conditionsvas greater than 900 Th Th for the m/Q range consid-
will be described in a second, separate manuscript that igred (10—-200 Th). In the laboratory, a mass resolving power
in preparation. For the duration of the field campaign, MSof 1100 ThTh'! at —200Th is routinely achieved, a re-
data were acquired for the negatim®@Q range 10-200Th  sult of continuous and more effective tuning. This slight
and saved at a rate of 2Hz. The system was operated at thimmprovement over the identical compact TOFMS operated
pressures depicted in Fig. 1 and with a strong CDC electriowith an electron impact (El) ionization source (DeCarlo et

www.atmos-meas-tech.net/4/1471/2011/ Atmos. Meas. Tech., 4, 14732011
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al., 2006), is attributed to the less energetic beam gener- 1ot E

ated by the high-pressure chemical ionization source and in- 12

terface. As an example of what this resolving power en- 10k

ables, at-45Th, this instrument can resolve ions differ- =, , sl | o 25T nomaized
ing by more 0.04Th (45Th/1100). It cannot, for instance, -45Th

resolve the deprotonated carbon-13 isotopologue of formic
acid (—46.001 Th) and nitrous acid-45.993 Th), which dif-

fer by only 0.008 Th. As discussed earlier, this work chose
the compact TOF platform for its speed and sensitivity. The
same design can easily be adapted for use with the Tofwerk
HTOF platform, which has higher resolution but lower sensi-
tivity. The mass accuracy was determined as the deviation in
the observed peak center from the expected exact mass for
series of peaks not used in the mass calibration. The relative
mass accuracy for data obtained during CalNex was less tha]g_
0.1mTh T (<100 ppm). 9. 4.

Count rate (ions s

o]
N
o

0 2 4

6
HC(O)OH (ppbv)

Normalized calibration to formic acid (detected as
HC(O)O™ at —45Th). Both the measured (gray circles) and nor-
malized (black squares) count rate-a45 Th and the reagent ion
count rate at-59 Th (gray triangles) are shown as a function of the
3 Results and discussion formic acid concentration.

3.1 Sensitivity and absolute accuracy

following section, we assess the detection limit during rou-
The sensitivity of the CI-TOFMS to formic acid was as- tine atmospheric sampling for the field deployable system as
sessed by direct calibration of the instrument response t@pPerated aboard the/V Atlantisduring CalNex. The ClI-
known concentrations of formic acid carried in UHP zero TOFMS response at45Th, while sampling UHP zero air,
air. Atmospherically relevant concentrations of formic acid Was routinely 3x 10*ionss* (100 pptv). The high back-
(0-10ppbv) were produced by mixing UHP zero air with ground concentration is attributed to a steady flux of formic
10 Crn?’ min_l N> that was passed over a gravimetrica”y cal- acid from the inlet manifold, and can be reduced to less than
ibrated permeation tube (Kin-Tek, SRT-2, 21.6ngmlimt 3 x 10°ionss™* (10 pptv) in laboratory measurements. The
50° C). The permeation tube, housed in a PFA Teflon tube background count rate for peaks not associated with trace
was contained in an insulated aluminum block, temperaturedCids is routinely observed to be less than 10 iors mdi-
controlled to 50+ 0.1°C by a PID temperature controller cating that the formic acid background is not related to elec-
(Omega, model CNi16). The absolute accuracy of the CI-tronic noise in the TOFMS.
TOFMS technique is driven primarily by uncertainty in the ~ Assuming that random uncertainty in the observed counts
emission rate of the permeation tube standard. We estimatdollows Poisson statistics, the uncertainty in the signal and
conservatively, that this is 20 %, based on ion chromatograbackground count rate should be equivalent to the square root
phy ana|ysis_ Instrument response to formic acid was meaOf the count rate, and thus the Signal—to-noise ratio can be
sured as the UMR peak at45Th, and was observed to expressed as:

be a linear function of the delivered formic acid concentra- ¢ Ci[X] ¢
. . . . S 1
tion up to approximately 1 ppbv, where titration of the ac GIX|{ £ 2B: (1)

etate reagent ions led to decreased sensitivity. The observe

count rate at—45Th was normalized by the ratio of the whereB is the background count raté€; is the calibration

reagent ion count rate in the absence of formic acid to thafactor, [X] is the mixing ratio, and is the integration time.

observed at each calibration stdjne normalized sensitivity ~ Using the measured calibration factor of 338 ionsgptv—1,

of the CI-TOFMS towards formic acid, as shown in Fig. 4, and a background count rate 0k3L0% ions s, we calculate

was observed to be 338ions'gptv-l. Similar to Veres  a detection limit of 3 pptv, for 1-s averaging, for a signal-to-

et al. (2008) we do not observe a humidity dependence imoise ratio of 3.

the sensitivity. In Fig. 4, both the measured and normalized However, routine measurements of the background count

count rate at-45 Th and the reagent ion count rate-&9 Th rate during CalNex indicate that uncertainty in the back-

are shown as a function of the formic acid concentration.  ground is not solely a function of Poisson statistics, as the
background count rate at45 Th drifts in time. To assess

3.2 Limit of detection the impact of time dependent fluctuations in the background
count rate, we can calculate the detection limit as theu8-

The detection limit of the CI-TOFMS is a strong function of certainty of the zero determinations. As an upper limit to the

the magnitude and variability in the instrument zero. In the variability in the background determination, and ultimately
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Fig. 5. Frequency distributions of ion count rate-ad5 Th of 1 Hz data taken from 5 min sampling periods while sampling zero air, clean
marine air, and polluted air aboard tRéV Atlantis

the calculated detection limit, we report the 3incertainty
of 23 pptv for the collection of all background determina- 100 -
tions made over the course of a 24 h sampling period. In
most cases, uncertainty in the background count rate varies 80 -
slowly in time and an accurate representation of the uncer-
tainty can be taken as thes3uncertainty of successive zero
determinations. To illustrate this point, we sample UHP zero
air for 5min and calculate theduncertainty in the zero de-
termination, from a Gaussian fit to the observations. At the
background count rate measured here B ions s™%), the
variability in the background can be assessed using Gaus 20 —
sian statistics, as there is little difference between Gaussiar
and Poisson statistics at high count rates. For measurement 0 I I I l
made during CalNex, we calculate @ 3and 10> value of -0.04 -0.02 0.00 0.02 0.04
4 pptv and 13 pptv, respectively (for 1-s averages). The 3 Normalized Adjacent Difference
value of 4 pptv is representative of our measurements dur-

ing CalNex, and indicates that if we were to characterizerig 6. pistribution of normalized adjacent differences, as measured
the background at five-minute intervals during field obser-on a formic acid concentration of 2.3 ppbv at 1 Hz, yielding an upper
vations, a detection limit of 4 pptv (with 1-s averaging) can |imit to the instrument precision @) of 0.35 % at 2.3 ppbv.

be achieved. For comparison, the distribution of measured

count rates for five minutes of sampling in both remote and

polluted air masses are shown in Fig. 5, indicating that the3.3 Short and long term precision

detection limit is well below the atmospheric abundance of

formic acid even in pristine conditions. The concentrations To assess the short-term precision of the CI-TOFMS, we cal-
reported in Fig. 5, for clean marine air (50—100 pptv) and off- culate the normalized difference between adjacent points for
shore pollution (650-850 pptv) are within the range of val- 15min of measurement at 1Hz, at a constant formic acid
ues reported in the literature for measurement of formic acidconcentration via Eq. (2).

concentrations in urban areas (1-10 ppbv) and remote con-
tinental and marine areas:{ ppbv) (Grosjean et al., 1990; NAD = M
Keene et al., 1989; Paulot et al., 2011; Veres et al., 2008). VIXTn [X]na

At present, the formic acid detection limit is limited by the The standard deviation of the Gaussian fit to the normalized

magnitude and variability in the background. We are focus- . ~ 7 : . . .
ing our current efforts on reducing this and expect that futuredls"mbumn of the normalized adjacent differences (NAD) is

versions of the instrument will have significantly improved a @rect measure of the _|n§trument precision (F|g: 6)' From
detection limits as a result. this analysis, the upper limit to the short-term precisios )1

is 0.35% for a formic acid concentration of 2.3 ppbv. The
short-term precision, derived from the normalized adjacent
difference analysis, was calculated for a range of count rates

60 —

Frequency

@)
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lon Count Rate (lons s ) Fig. 8. Allan variance plot, calculated using the normalized count

) . » rate at—45Th, from 15min of continuous 1 Hz sampling on the
Fig. 7. Dependence of instrument short-term precision on the meas, i acid calibration standard. At low integration times, white

sured ion count rate. noise is the dominate source of drift.

(Fig. 7). As shown in Fig. 7, thed short-term precision in  getermination. The sensitivity, detection limit, and time re-
the CI-TOFMS is better than 5% for count rates associatedsmnSe reported here, suggests that the CI-TOFMS will likely
with formic acid concentrations of 1 pptv or higher. be capable of measuring trace gas fluxes of a host of com-
In theory, detection limits can be improved by signal aver- hounds simultaneously via eddy correlation techniques. Ap-
aging, where the signal-to-noise ratio increases as the squaggication of CI-TOFMS to the detection of other inorganic
root of the integration time (Eq. 1). However, instrumental g, organic acids, as well as the use of different reagent
drift, in background or calibration factors, can often becomejon molecules (e.g.1, CRO~, CO;) is promising, as we
significant on timescales shorter than the desired averagingaye demonstrated efficient transmission and detection of

time. The timescale for which averaging no longer improvespoth pare ions and their associated ion-molecule clusters.
signal-to-noise can be determined through calculation of the

Allan variance (Werle et al., 1993). The Allan variance was Acknowledgements/Ve thank J. L. Jimenez for sharing laboratory

calculated using the normalized count rate-a5 Th from  SPace during the testing of the initial CI-TOFMS prototype.
15min of continuous sampling on a constant formic acid Pevelopment efforts at ARI were supported by DOE and NOAA,
mixing ratio. Here, the count rate was normalized by the9"ants DE-SC0004577 and NAO9ARA4310125, respectively.

ratio of the reagent ion count rate in the absence of formic_ . )
- - e - . Edited by: E. C. Apel
acid to that observed at this specific formic acid concentra-
tion. This analysis shows that the optimal integration time
is 25 seconds, leading to a detection limit of 0.5 pptv within References
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