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Abstract

lon chemistry schemes involving three different reagent ions are described for measuring nitric aci, (hpd@chloric acid (HCI),
and chlorine nitrate (CIONg) in the upper troposphere and lower stratosphere using chemical ionization mass spectrometry (CIMS). These
schemes were evaluated in the laboratory for sensitivity and selectivity of the neutral species. The use of one scheme, based on the SF
reagent ion, is described for airborne measurements. Initial atmospheric measurements show thetGiN@d CIONQ can be measured
using Sk~ with high precision and accuracy.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction actions. Measurement of the production is then used to quan-
tify the abundance of the trace gas in the atmosphere. Reac-
Chemical ionization mass spectrometry (CIMS) has been tions of many reagentions with HNOHCI, and CIONG, as
used as a sensitive measure of nitric acid (HN&hd a num- well as other atmospheric trace gases, have been studied inthe
ber of other trace species in the atmospligrd 6]. Quantifi- laboratory for the expressed purpose of using the reactions for
cation of many of these species in the atmosphere is of inter-atmospheric CIMS measuremefits-4,19-23] In addition,
estfor our understanding of homogeneous and heterogeneouseveral of these reactions have been used to make measure-
chemical and physical processes. Measurement of some tracenents of these three species in the atmosphere. For example,
species such as hydrochloric acid (HCI) and chlorine nitrate CIMS instruments have been used to measure atmospheric
(CIONGOy) are also of interest because these molecules canHNO3 using Sils™~ as the reagent ion and HNGiFs~ as
be useful as tracers of stratospheric air masses and stratothe product ion2,5-9] The yield of HNG.-SiFs™ is pro-
spheric ozone that have penetrated into the upper troposphergortional to the amount of HN§in the sample and is cali-
[1]. More detailed knowledge of HCI and CION@oncen- brated by adding a known amount of HN® the instrument
trations in the lower stratosphere will also lead to a better from a permeation tube sourfg. HNOs has also been mea-
understanding of the stratospheric chlorine budget becausesured in the atmosphere using,Clor CO;~ reagent ions
both are principal reservoirs of inorganic chlorji&,18] [10-13] HCl can be detected by CIMS using the reagentions
The CIMS technique ideally employs reagent ions that re- NO3~-H2O, CRO~, and Sk~ [1,3,14,24] A fluoride trans-
act selectively with the trace species of interest to produce afer from CRO™ or Sk~ to HCI produces the product ion
unique product ion, with minimal interference from otherre- HFCI~. CRO~ has also been shown to react with CIONO
by fluoride transfef21]. In the present study, we have inves-
* Corresponding author. Tel.: +1 303 497 7873; fax: +1 303 497 5373.  tigated three reagent ions (S§F CRO~, and CHSiF,™)
E-mail addressTimothy.P.Marcy@noaa.gov (T.P. Marcy). in the laboratory and evaluated their suitability for use in the
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measurement of HN§)HCI, and CIONQ inthe atmosphere.  219Po radioactive source (NRD Incorporated, Grand Island,
We show that, in addition to previously demonstrated reac- NY) [5,6] where the reagentions are produced. This source is
tions, the reagention G4$iF,~ reacts viafluoride transferto  a 20 mCi alpha emitter that produces secondary electrons in
HCland that SE~ transfers fluoride to CION® Onthe basis  the primarily nitrogen flow, which then attaches to the reagent
of the laboratory work, the SF reagention was determined ion precursor molecules to give the reagentions. The reagent
to be the best candidate for use in atmospheric measure4ion flow enters on the opposite side of the flow tube entrance
ments of HCI and HN@), and is suitable for measurement of from the “sample” flow. In the laboratory, the sample is a
CIONO,, which is a secondary objective of the airborne stud- flow of 2slm dry N rather than an inlet flow from the at-
ies. The SE~ ion was used in flight in the NOAA airborne  mosphere as used in the flight instrument. Known amounts
CIMS instrument during the NASA Cirrus Regional Study of of HCI from a standard bottle or HNXrom a permeation
Tropical Anvils and Cirrus Layers—Florida Area Cirrus Ex- tube can be added to the laboratory sample line to determine
periment (CRYSTAL-FACE) mission in July 2002. During sensitivities and detection limits for each of the reagent ions.
this mission, HN@, HCI, and CIONQ were measuredinthe  The laboratory flow tube is operated at room temperature and
upper troposphere and lower stratosphere (UT/LS). maintained at a pressure of 22 hPa by a scroll pump when the
total flow is 4 slm. The size of the flow tube and the pressure,
temperature, and rate of gas flow result in a residence or reac-
2. Laboratory studies tion time in the flow tube of 0.18 s. At the downstream end of
the flow tube, ions pass into a quadrupole mass spectrometer
The primary objective of the laboratory tests was to estab- through a 0.5 mm diameter aperture. The quadrupole cham-
lish whether any of the reagent ions was suitable for use in ber is pumped to 0.01 Pa by two turbo-molecular pumps. The
airborne CIMS measurements of HCI or Hjli@ the UT/LS. spectrometer can either be scanned through arange of masses,
The criteria for suitability includes (i) no significant detection or set to monitor a single mass for a given period of time. The
interference for the product ion from contaminant ions of the ions that are transmitted through the quadrupole are detected
same, or nearly the same mass, (ii) a well defined relationshipby a Channeltron-type electron multiplier (Detector Technol-
between the measured product ion count rates and the conogy, Palmer, MA) in a chamber pumped to3dPa by a third
centrations of the species measured, and (iii) no significantturbo-molecular pump.
reactive interference from the presence of other atmospheric

species, such as ozone or water. 2.1. Reagention options
The laboratory studies were conducted with a CIMS in-
strument that is functionally equivalent to the flight instru- The reagent ion SF is produced from trifluoromethyl

ment, which has been described in detail elsewf®rerhe sulfur pentafluoride (SGgr Apollo Scientific, UK). Electron
laboratory instrument is arranged in a configuration that al- attachment to SGFin the21%Po source in the CIMS instru-
lows relative ease of operation and modification. As dia- ment primarily produces SF [25,26] (SCF has been de-
grammed irFig. 1, the instrument has a 35 cm long and 5cm  tected in the atmosphere at concentrations of 0.12 parts per
diameter flow tube. A 2 standard liter per minute (slm) flow of trillion by volume (pptv)[27]. It is thought to be produced in

N> carries the reagention precursor gas through a commercialSFs-gas-insulated high voltage equipment that contains flu-

reagent ion
Turbo pumps precursor gas
Dry N2 (0.25-4 sccm)
2sm) | | <*—
lon source
Detector Quadrupole
:
————— Flow wbe (Femdin) | oy v,
1 (0-10 sccm)
< BJem_____ |
Dry N2
(2 slm)

Fig. 1. Schematic of the laboratory CIMS instrument. Flow tube pressure =22 hPa and residence time =0.18 s. Reagent precursor gas flow ranges from 0.25
4.0 sccm depending on the gas being used.
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orinated polymers. It is chemically inert, and is only broken

During the laboratory studies, HCl and HNY@ere added

downinthe atmosphere by electron attachment reactions, giv-to the sample gas to verify the products of reactigdns(3),

ing it an atmospheric lifetime of about 1000 yef25-28])

(5), (6), and(8)—(10) At a later date, CION@was added to

Flow through the ion source is a mixture of 600 parts per mil- the sample inlet of the flight instrument to confirm reaction

lion by volume (ppmv) SCEin N2 added to a 2 sim pflow.

A flow of 4 standard cubic centimeter per minute (sccm) of

the 600 ppmv SCgin N2> mixture produces the maximum
quantity of S5~ ions.

Known reactions of S& with HNO3, HCI, and CIONGQ
include:

SR~ +HNO3 — SFy+HFNO;™ 1)
SR~ +HCI — SF;+HFCI™ )
SR~ +HCl — HF + SECI ©)
SFs~ + CIONO, — SF4 + CIONO;F~ @)

Reactionq1), (2), and(4) are all fluoride transfers, and re-
action(3) is a fluoride—chloride exchange. Reactighs-(3)
have been observed in quadrupole ion trap experini2dis

and all four product ions are observed with the CIMS instru-

ment. The relative yields of reactiofi) and(3) have been
determined to be 25 and 75%, respectijel§]. These yields

(4).
2.2. Sensitivities and detection limits

Known quantities of HCI, HN@, and CIONQ were
added to determine the sensitivity (ion counts per second
(cps) per pptv of analyte entering the sample inlet) and de-
tection limit (sample inlet pptv,d, 1s) for each of the trace
species with each proposed reagent ion. A comparison of
these numbers, presentedlable 1, was used as a first step
in determining which reagent ion is most suitable for air-
borne studies. HN®results are listed both with and with-
out 4 sccm ammonia (NgJ added to the reagent flow. When
HNOj3 is measured in the atmosphere, Nid added to the
reagent flow to reduce the background signal by preventing
HNOg that absorbs on the walls of the system from later des-
orbing [5,6]. Some HN@ may also be produced in the ion
source. The results show that sensitivity to HN@th Sk~
is 2.6 cps/pptv, which is greater than what has been achieved

cannot be directly determined with the present CIMS instru- with SiFs~ in the pas{5,8,29] The sensitivities using the
ment due to an unknown degree of mass discrimination in the other two reagent ions are also lower than withs SFThe

quadrupole mass spectrometer.

The reagent ion GFO~ is produced by adding a 3sccm
flow of 1200 ppmv CEOOCK; (Prof. Darryl DesMarteau,
Clemson University, Clemson, SC) ipNo the 2 slm flow
passing through th&'%Po source. C§O~ reacts as follows:

CF30™ +HNO3 — CF0 + HFNO3™ (5)
CFz0™ +HCl — CR0 + HFCI (6)
CF30™ + CIONO, — CF0 + CIONOF~ @)

where the products of reactiorfS) and (6) have been ob-
served in the CIMS instrument. The reaction of CIONGth
CRO~ was not evaluated in our tests, but react{@hhas
been observed previoud®1]. All of these reactions are flu-
oride transfers analogous to reacti¢hy (2), and(4).

The reagent ion CgBiF4~ is produced from a flow of

0.25 sccm of a mixture of 1200 ppmv methyl trifluorosilane

(CH3SiFs, Apollo Scientific, UK) and 370 ppmv $HScott

HNOg detection limits using S&, CR0~, and CHSiF4~
all representimprovements over those previously found using
the Siks~ reagent ion.

The S~ chemistry has the highest sensitivity to HCI, an
order of magnitude better than with g5~. The detection
limitfor HClusing S5~ isabout 5 pptv (1s,d), whichis also
much better than that found using €5iF,~. Preliminary
laboratory tests of CION®detection using S§& show an
approximate sensitivity of 2 cps/pptv. The background for
the CIONQF~ product ion is nearly zero, so the detection
limit for CIONOz, is less than 3 pptv (1s,6). The range of
HCl abundance in the region of the atmosphere, in which the
airborne instrument is operated, is from nominally zero to
about 3500 pptv, so the ideal detection method for HCI should
give good coverage within this range. The above detection
limit and sensitivity with SE™ indicate that we will be able
to measure HCl values from 0.2% of the maximum expected
to well above the 3500 pptv maximum.

Specialty Gases, Plumsteadville, PA) added to the 2 sim flow ~ Based on the results presentedable 1 SFs™ appears to
through thé1%0 source. Reactions with the trace gases anal- b€ the best choice for airborne HCland Hi@easurements,

ogous to reactiongl)—(4)are:

CH3SiF4~ + HNO3 — CH3SiF3 + HFNO3™ (8)
CH3SiF4~ +HCI — CH3SiFs + HFCI™ 9)
CH3SiF4,~ +HCI — HF + CH3SIiRCI™ (10)
CH3SiFs~ + CIONO,

— CH3SiF3 4+ CIONO;F~ (proposed) (1D

Reaction(11) may occur, but has not been confirmed.

and will be suitable for our secondary objective of measuring
CIONO:. It is, therefore, the focus of the following more
detailed studies.

2.3. Sk~ product ions

The first criterion for an ion chemistry scheme to be suit-
able for airborne measurements is that it produces a suffi-
ciently clean mass spectrum without interference of contam-
inantions with the desired productions. Allthree reagentions
considered here are satisfactory in this respect. Representa-
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Table 1
Sensitivities and detection limits of reagent ions tested
Reagention Molecule Product ion Background (cps) Sensitivity (cps/pptv) Detection ¢infis)(pptv)
Sk~ (laboratory) HNQ HFNO3z~ 3400 54 11
200 w/NH; 2.6 8
HCI HFCI~ 400 37 5
SKCI- 40 04 15
CIONO;, CIONOF~ 30 2 3
CRO~ (laboratory) HNQ HFNO3~ 3300 38 15
500 w/NH; 1.8 10
HCI HFCI~ 1000 023 140
CIONO, CIONOF~ <10
CH3SiF4~ (laboratory) HNG HFNO;~ 1400 3 13
150 w/NHg
HCI HFCI~ 400 12 13
CH3SiRCI~ 30 006 90
CIONO, CIONOF~ <10
SiFs~ (flight) HNO3 HNO3-SiFs~ 300 w/NHs 0.73 24
500 11 24
1100 11 3¢

a Referencg5].
b Referencd8].
¢ Referencg29].

tive mass spectra using SFions with and without HCland  depletion of the reagent ion and production of the product

HNO;3 added are shown ikig. 2 The HFCI and HFNQ ™ ion are expected to follow the rate law for a simple, direct
productions clearly dominate the spectrum, apart frogTSF  reaction of the trace gas with the reagention. The trace gas is
when the calibration gases are added. in excess over the reagent ion, so the reaction is pseudo-first-

The second criterion is that there is a well-defined, mono- order. The results of these studies are showFigs. 3 and 4
tonic relationship between the measured product ion countfor the Sk~ reaction with HNQ and HCI, respectively. The
rates and the concentrations of the species measured. To in-
vestigate this, different known amounts of HCl or Hp\@ere N
added to the flow in the laboratory instrument and the reagent } 1
ion loss and product ion yields were observed. The relation- o {
ships between the amount of trace gas added and both the ’

SF< (cps)
e

...... SFs only o 2x10°F F{" 1
— with HCl and HNO, SF; @ +
501 .
HFNO, ™ ]
- HFC1™ & 5 I S
@ 10° b =
5 40} i i E B
= H N .
= H 2 4 -
2 s0f - 4l i ]l
e =} 2 1
g » HNO,eNO,” E
o o ) i 3
HCleNO3 \ 10 H i 1
= -I( ) 1 | I I 1 .
10 SF_iCI = [ & AT FETE P FETEE FEUTE FRTEE ETNL PETTN R
‘ 0 2 4 6 8 10
ob Mo J . JJ i, § [HNO;] (10°pptv)
Ton Mass

Fig. 3. S5~ +HNOs kinetics. (a) Reagent ion as a function of HNO
Fig. 2. Typical mass spectra produced from the SEhemistry scheme added to the sample flow. The fit is consistent with pseudo-first-order ki-
with (solid line) and without (dotted line) 10,000 pptv of HCl and 7200 pptv  netics with kno, =2.1x 102 cm® moleculet s71. (b) HFNG;~ prod-
HNO3 added to the sample flow. The HFChnd HFNQ~ product ion uct ion as a function of HN@ can be fit by an equation of the form:
peaks dominate the spectrum when HCl and Hid€ added. Several minor HFNO;™ =C(1— [SK7]), suggesting that it is a primary product of the
products also appear. Sk~ + HNO;3 reaction.
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** R S T in good agreement with the value of (200.4) x
f% " 10~9 cm—3 molecule * s~1 from Lovejoy and Wilsor{24].
Tho The fit to the reagent ion depletion iRig. 4a yields a
10° - E s b rate constant of (1.8 0.2) x 10~2 cm—3 moleculet s~ for
1 the reaction with HCI, which agrees within the uncertain-
% ties with the previously reported value of (H2.2)x
10~2cm 3 molecule1s~1[24].
e R Y The plots of product ions with addition of HCI
e ] or HNOs are fit with equations of the form: product
ion=C(1—[SF~]), whereC is a factor that depends on the
mass discrimination of the quadrupole for each product ion
in addition to the rate constant for the reaction. The good
: fits of the product ions HFN®" (Fig. 3b), HFCI™ (Fig. 4b),
1785 (b) E and SKRCI~ (Fig. 4c) demonstrate that the product ions that
T IR o SN S will be used to measure HCI and HNG@re primary prod-
ol el ] ucts that are not created or depleted by other reactions to any
gl @ | significant degree. These products are, therefore, suitable for
§ E measuring HCI and HN& The plot of HCh~ (Fig. 4d) is
provided for comparison to show a product ion that cannot
be produced directly from the HCI + §F reaction and ac-
cordingly shows an HCI dependence that cannot be fit by the
10° i i = above equation.

3

SF5 (cps)

o e v SN ) 00D
—
)
—
.i.{.u L

HFCI (cps)
=1
Lo
il
!

¥
L

SF,CI" (cps)

L 2.4. Atmospheric interferences

HCl,™ (cps)
=)
T
|
|

x The third criterion is that species present in the atmo-
@ sphere, but not in the initial lab tests, do not interfere with
: N IR W B T ) the proposed measurements using thg Sfeagent ion. An

; . interference would occur if another neutral species in the at-
[HCI] (10° pptv) mosphere were to significantly deplete the reagent ion, or
produce or react with one of the product ions of interest. Two
is consistent with pseudo-first-order kinetics withc)=1.0x 10° cm® of the.mOSt a.bundant and reactive (with negative ions) atmo-
molecule L sL: (b) HECI- and (c) SECI- can be fit by equations of the ~ SPheTriC species are ozone and water. To ensure that ¢e SF
form: product ion =C(1 — [SFs~]), suggesting that these are primary prod- Chemistry would not be Compromised inthe real atmosphere,
ucts of the SE~ +HCl reaction; (d) HG4~, cannot be a primary productof ~ 0zone and water were added to the sample flow in amounts of
SFs~ +HCl and cannot be fit t&(1 — [SFs™]). 4 and 100 ppmv, respectively, comparable to expected maxi-
mum values in the UT/LS, and the effects on the sensitivities
and detection limits were observelable 2summarizes the

Fig. 4. S5~ +HCI kinetics. (a) The exponential fit of §F vs. [HCI]

exponential loss of S with increasing HN@ or HCI con- results of these tests. The $SFreagent ion count rate does
centration confirms the expected pseudo-first-order kinetics not change significantly with the addition of either water or
for both reactions. ozone. Within the uncertainty of the measurements, up to

The loss of the S§ reagent ion with addi- 4 ppmv of ozone does not affect either HFNOor HFCI™
tion of HNOs (Fig. 3a) can be fit to the equation: production count rates and 100 ppmv of®idoes not af-
[SF57](cps) =49,000 exp{105[HNG;s] (ppmv)). The pre- fectthe HN@Q measurement. Adding 100 ppmv of water does
exponential factor is the reagent ion count rate produced cause the HFCI product ion to decrease by a small but sig-
in the absence of HN® This results in an overall rate nificant amount. This effect results in a £5% decrease in

constantkpno,, of (2.140.3) x 102 cm—3 molecule ! s72 HCI sensitivity under 100 ppmv #D conditions. It is most
Table 2
Sk~ atmospheric interference tests

7200 pptv HNQ added 10,000 pptv HCI added

HFNO; 2 HFCI-2 SR,Cl-2
Zero N, + HCl or HNO; 0.509+ 0.018 0.362+ 0.015 0.034+ 0.002
100 ppm HO added 0.485 0.015 0.317+ 0.010 0.026+ 0.001
4ppm G added 0.48t 0.08 0.32+ 0.04 0.033+ 0.005

2 Normalized to SE~, which remains constant within the uncertainties.
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likely due to the anion clustering with4®. With 100 ppmv controlled valve. This is the pressure at 14 km altitude. A
water addition, there is a small increase in the signal from portable refrigeration unit was used to insure uniform flow

H>O-HFCI~. tube temperatures that matched flight conditions. HCl from a
standard bottle (GASCO, Sarasota, FL) was added to the dry
2.5. Laboratory conclusions nitrogen flow in the sample inlet. The flow of HCI was set to

3.9 sccmto give 10,008 1000 pptv of HCl in the 2.0 sim in-
Overall, S~ provides the best sensitivity and detection let flow using the 5 0.5 ppmv bottle concentration certified
limit for both HCland HNQ@, has a mass spectrumthatisrea- by the manufacturer. The HNOpermeation tube, as cali-
sonably free of interferences, and results in product ions thatbrated in our laboratory and by the manufacturer, produced
have well defined relationships with the analytes. The poten- 7200 pptv of HNQ in the sample flow.
tial of atmospheric interferences fromy@nd HO are small The instrument was operated for 1 h for the CIMS system
in the cloud-free UT/LS. However, the HCI measurements to equilibrate before calibration measurements were made.
may be compromised if sufficiently humid ambient condi- The calibration sequence cycled through the product and
tions are encountered, such as in clouds and in the lowerreagentions HFCl, HFNO;~, SKCI—, and Sk~ for 1 min
troposphere. Taken together, these results suggest that theach to insure that the signal from each ion was stabilized.
SK5~ chemistry will be the best of the three reagent ions for This sequence was repeated with dry dhly entering the
measurement and detection of HR®ICI, and CIONQ in inlet and with known amounts of either HNOr HCI added
the UT/LS. to the flow in order to establish a relationship between the
production of HFCt and HFNQ™. The average ratio of
HFNOs;~ to HFCI- from a series of calibration runs was
3. Airborne studies 1.384+0.14.
A similar calibration of CIONQ was also performed in
The Sk~ reagent ion was chosen for measurements with the laboratory. CION@ was added to the sample flow by
the flight CIMS instrument based on the detection limit and passing 5sccm of Nover a sample of liquid CION®In
interference tests. The CIMS instrument was flown during a glass trap in a dry ice/ethanol bath (193 K) with a trap
the NASA CRYSTAL-FACE mission in July 2002, from pressure of 920 hPa. The vapor pressure of CIQIETthis
Key West, FL to measure HCI, HNDand CIONG. Most temperature is approximately 1.3 hBQ]. The CIONG/N,
of the flights during the mission used the §iFchem- mixture is diluted to a mixing ratio of about 0.02 ppmv in the
istry to measure only HN®[29]. S5~ was used as the CIMS sample flow by addition of Nin a manner similar to
reagent ion on the last three flights of the mission (July that used for previous studig&l]. The resulting CIONGQF~
28, 29, and 31)1]. Changing reagent ions required chang- signal gave a sensitivity of 2 pptv/cp$able 1), which was
ing the source gases passing through?®o source from used in conjunction with the in-flight HN§calibration to
the SiR/Sks mixture to SClg and retuning the quadrupole produce ambient CION®mixing ratios, as with the HCI
mass spectrometer to detect the product ions from reactionameasurements.

(1)-(4)

3.1. Calibration

3.2. Data reduction method

Sufficiently high concentrations of HNOor HCI

Throughout the mission, the HN@neasurementwas cal-  can significantly deplete the concentration of thes SF
ibrated in flight by addition to the flow of a known amountof = reagent ion, which affects the sensitivity to both species.
HNO;z from a permeation tube (Kintek Inc., Galveston, TX) Fig. 3a and Fig. 4ahow the depletion of SF with increas-
to account for any drift in sensitivity through the flight. The  jng HNO; and HCI, respectively. Based &ig. 3a, 2000 pptv
ratio of the sensitivities to HCl and HN{Js assumed to be  of HNO3, a value commonly encountered by the flight in-
constant throughout a flight. The measurements are zeroedsyryment, causes a 20% drop insSEIn the data reduction
during flight by periodically adding dry nitrogen in place of process, we must account for this change in sensitivity. The
ambient air to the sample line. HCl and CIOjWere not cal- production of HFCI and HFNG~ (the amount of SFCI~
ibrated in flight. After the mission HCI was cross-calibrated produced is small enough to neglect) are governed by the re-
with HNOg in order to establish a relationship between the |ationships for two competing pseudo-first-order reactions of
production of HFN@~ and HFCI- from HNOs and HCI, the form: A+B— C+D, and A+ E-> F+G. When B and E
respectively, in the flight CIMS instrument. This allowed the  gre in sufficient excess over A, then
HCI mixing ratio to be calculated using the in-flight H§O
calibrations. M = ka[A],[Blo

The flight CIMS instrument was operated in the laboratory ~ df ’
after the mission, under conditions as close to those encoun-
tered in flight as possible. The sample inlet pressure was set@ = ko[ ALLE]
to 130 hPa using an external mechanical pump and servo- dr LAl Eo
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and
[A]; = [Alo{1 — exp(~k1t[ B]O — kat[ E]o)},

wherek; andk, are the rate constants for the two reactions
above, respectively, an&]Jo and [X]; are the concentrations
of specieXinitially and at timet, respectively. In the present
case, it follows that each of the product ions is related to
ambient values of each of the trace gases, Baad HCI, by
the following equations:

ak1[HCl]o[SFs o
- x {1 — exp(=k1[HCl]g — k2t[HNO3]o)} ;
HFCI™ = (a) Time (10° sec)
k1[HCI] g + k2[HNO3]o

(12) CIONO, (pptv)

0 10 20 30 40 50 60
18 T T sal -&ggaod
bk2[HNOz]o[SFs™]o e s gi}?:s;.ﬁ?;e o e i
1 — exp(—k1t[HCl] g — k2t[HNO AT EIRT . Lad
x { p(—k11[HCl]o — k21[HNO3]o)} O g e |

k1[HCl] g + k2[HNO3]g ofw W oo A

o Pa et T, :
&

HCI (pptv)
(mdd) ToNOID

HFNO;™ =
13)

Altitude (km)

where the constanesandb account for the combination of
the mass discrimination of the quadrupole and the conver-
sion from concentration units in the flow tube to measured
counts per second for the product ions. [HGhd [HNGs]o . | | E _
are the ambient concentrations of HCI and Hi\@espec- X 100; 200 300 4000 800
tively. [SFs~]o is the concentration of the reagent ion inthe (b HCI (pptv)

absence of HCl or HN§) and the reaction time, is the res-
idence time in the flow tube, which is 0.18 s. From the lab-

Fig. 5. (a) Mixing ratio measurements of HCl and CION&3 a function of
universal time during a flight from Key West, FL, to Houston, TX, on July

oratory results aboveg =1.0x 10 9cm 3 molecule* st 31, 2002. (b) Altitude profiles of the measurements.

and ko =2.1x 10~2cm3 moleculels~1. The values ofa

andb are derived from the observed HFChnd HFNG ™ 3.3. Flight data

ion signals that arise when a known amount of HCI or

HNO3 is added during calibration. An additional compli- HCI and CIONG mixing ratios from flight data obtained

cation could occur due to the ligand switching reaction: g, July 31, 200Z1] are shown irFig. 5as time series and
HFCI™ + HNO; «<» HFNO;™ + HCI. However, this reaction  as aititude profiles. These data provide an example of the
is not significant in this case, because when both HCI and ranges of HCI and CION®values encountered in a region
HNOg3 are added simultaneously, the results can still be de- of the atmosphere where the instrument is typically flown.
scribed by Eqs(12) and (13) within experimental uncer-  The vertical gradient in both species is expected since both
tainty. _ _ are produced in the stratosphere. The overall uncertainties in
In order to derive values of [HGffrom the flight data, the  the measurements a#€5% for HCl and=50% for CIONG
value of HFCI" during calibration, which was not measured  que primarily to uncertainties in the calibrations performed
in flight, must be known. The ratio of HFClto HENGs™  on the ground. The near zero HCI data have a standard devi-
produced during post flight calibration will be used to esti- ation of less than 5 pptv, which is consistent with the 3 pptv
mate the amount of HFClthat would have been produced by getection limit derived from the calibrations. The variance
HClI calibrations coincident with HNgxcalibrations in flight. of the CIONG data when the value is near zero is less than
The average ratio of HFN§' to HFCI™ from the cali- 3 ppty. Flights at the maximum altitude for the WB-57F or

bration runs of 1.380.14 is used along with the in flight  higher latitudes would encounter higher values of HCI and
HNO; calibration to calibrate the HCI flight data. Given this  cjoNQ,.

ratio, Eqs(12) and (13xan be solved numerically using the

flight data to find [HCI} and [HNGs]o. The calibrations also

give a sensitivity to HCI of 1@ 3 cps/pptv and a detection 4. Summary

limit of 3 + 1 pptv. These numbers are better than those from

the laboratory instrumeniTéble ) because the reagent ion We have evaluated the three reagent iong, SERO™,
count is higher in the flight CIMS. and CH;SiF,—, for their potential to be used for airborne
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CIMS measurements of HCIl, HNQand CIONG. Based on
the three criteria for suitability listed above, all three could

be used successfully in atmospheric measurements. Howeve

the new SE~ ion chemistry has proved to be the preferred
scheme for measuring HCI, HNOand CIONG with high

precision and accuracy in the upper troposphere and lower

stratosphere. The laboratory studies show that overaft SF

is superior to the other two reagent ions tested and that it ’ .
| [12] T.M. Miller, J.O. Ballenthin, R.F. Meads, D.E. Hunton, W.F. Thorn,

is insensitive to interference from ozone and water typica
in most situations that a flight instrument will encounter in
the UT/LS. The product ions provide well-characterized re-
lationships to HCI, HN@, and CIONG that allow reliable

measurements to be made. Successful measurements of HC

HNOg3, and CIONQ were made in the upper troposphere
and lower stratosphere during the NASA CRYSTAL-FACE
mission in July 2002.
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