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 A new corona discharge ion source was developed for the Aerodyne HRToF-CIMS.
 The CD ion source was non-radioactive and non-corrosive.
 Both gaseous H2SO4 and aerosol sulfate can be detected by the CD-HRToF-CIMS.
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A new corona discharge (CD) based ion source was developed for a commercial high-resolution time-ofﬂight chemical ionization mass spectrometer (HRToF-CIMS) (Aerodyne Research Inc.) to measure both
gaseous sulfuric acid (H2SO4) and aerosol sulfate after thermal desorption. Nitrate core ions (NO
3 ) were
used as reagent ions and were generated by a negative discharge in zero air followed by addition of
excess nitrogen dioxide (NO2) to convert primary ions and hydroxyl radicals (OH) into NO
3 ions and
nitric acid (HNO3). The CD-HRToF-CIMS showed no detectable interference from hundreds parts per
billion by volume (ppbv) of sulfur dioxide (SO2). Unlike the atmospheric pressure ionization (API) ToFCIMS, the CD ion source was integrated onto the ionemolecule reaction (IMR) chamber and which
made it possible to measure aerosol sulfate by coupling to a ﬁlter inlet for gases and aerosols (FIGAERO).
Moreover, compared with a quadrupole-based mass spectrometer, the desired HSO
4 signal was detected
by its exact mass of m/z 96.960, which was well resolved from the potential interferences of

HCO
3 ,(H2O)2 (m/z 97.014) and O ,H2O,HNO3 (m/z 97.002). In this work, using laboratory-generated
standards the CD-HRToF-CIMS was demonstrated to be able to detect as low as 3.1  105 molecules
cm3 gaseous H2SO4 and 0.5 mg m3 ammonium sulfate based on 10-s integration time and two times of
the baseline noise. The CD ion source had the advantages of low cost and a simple but robust structure.
Since the system was non-radioactive and did not require corrosive HNO3 gas, it can be readily ﬁeld
deployed. The CD-HRToF-CIMS can be a powerful tool for both ﬁeld and laboratory studies of aerosol
formation mechanism and the chemical processes that were critical to understand the evolution of
aerosols in the atmosphere.
© 2015 Elsevier Ltd. All rights reserved.
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Gas-phase sulfuric acid (H2SO4) is one of the most critical parameters to fully understand the mechanisms governing the new
particle formation process and thus the total aerosol number concentration in the atmosphere (Kulmala et al., 2013, 2014; Sipila
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et al., 2010; Zhang, 2010; Zhang et al., 2012). It is well established
that H2SO4 is formed from sulfur dioxide (SO2) through oxidation
processes initiated by hydroxyl radicals (OH) (R1 to R3) (FinlaysonPitts and Pitts, 1999; Seinfeld and Pandis, 1998).
SO2 þ OH þ M / HSO3

(R1)

HSO3 þ O2 / SO3 þ HO2

(R2)

SO3 þ H2O / H2SO4

(R3)

Recent ﬁeld and laboratory studies (Mauldin et al., 2012) have
suggested that stabilized Criegee intermediates (SCIs) and their
derivatives can contribute signiﬁcantly to H2SO4 formation in the
atmosphere. Regardless the origins, sulfate is often found to be one
of the dominant aerosol components around the world (Jimenez
et al., 2009) and thus can signiﬁcantly affect aerosols ability to
interact with solar/terrestrial radiations and to participate in cloud
formation (IPCC, 2007).
Measurement of H2SO4 is difﬁcult due to its low ambient concentration (typically much less than 107 molecules cm3) and being
prone to wall losses. So far, chemical ionization mass spectrometry
(CIMS) is the only available technique that is capable of detecting
H2SO4 in the atmosphere (Berresheim et al., 2000; Eisele and
Tanner, 1993; Kukui et al., 2008; Mauldin et al., 2003; Zheng
et al., 2010, 2011). In general, nitrate core ions (NO
3 ,[HNO3]n,
where n ¼ 0, 1, or 2) are the most widely used reagent ions for
H2SO4 measurements (R4) because of their high selectivity with no
humidity dependence (Viggiano et al., 1997).



H2 SO4 þ NO
3 ðHNO3 /HSO4 þ ðn þ 1ÞHNO3

(R4)

NO
3

Typically,
core ions are generated by a radioactive ion
source, i.e., bombarding gaseous HNO3 with a-particles (Am-241 or
Po-210) followed by chemical ionization at atmospheric pressure,
which is often referred as API-NO
3 -CIMS. Evidently, Ionization at
atmospheric pressure has the advantages of higher chemical ionization efﬁciency and easier sample handling (Andrade et al., 2008)
over the traditional negative ion CIMS (Huey, 2007). Therefore, the
5
3
API-NO
3 -CIMS is capable of detecting less than 10 molecules cm
H2SO4 for 10-min integration time or less (Berresheim et al., 2000;
Eisele and Tanner, 1993; Zheng et al., 2010). However, because of
the ever-increasing safety concerns on radioactive materials, strict
administrative regulations make shipping and ﬁeld deploying CIMS
instruments with a radioactive ion source difﬁcult. Consequently,
non-radioactive corona discharge (CD) ion sources have been
developed for measurements of H2SO4 (Kurten et al., 2011) and HOx
free radicals (Kukui et al., 2008).
Corona discharge is essentially a type of electrical discharge
formed between two electrodes when the air in-between is ionized
by a potential of a few kilovolts or higher. The initial primary ions
formed from a CD in air are dominated by O and O
2 (R5 and R6),




O2 þ e / O þ O

(R5)

O2 þ e /O
2

(R6)

which can further evolve into
OH ,
NO
2,
core ions, and their clusters (Nagato et al., 2006; Sekimoto
and Takayama, 2007; Skalny et al., 2008) in the presence of
trace amounts of water (H2O) and carbon dioxide (CO2). The
detailed reaction mechanisms to form these primary ions are well
studied and it is believed that NO
3 core ions will become the
dominant negative ions within a few milliseconds. In addition,
substantial amounts of neutral species, such as ozone (O3) and
nitrogen oxides (NOx ¼ NO þ NO2) are also formed (Franzblau,
NO
3

O
3,

CO
3,

CO
4,



HCO
3,

1991) (R7 to R11).
O þ O2 þ M / O3

(R7)

N2 þ e / N þ N

(R8)

N þ O þ M / NO

(R9)

N þ O2 4 NO þ O

(R10)

O3 þ NO / NO2 þ O2

(R11)

Moreover, hydroxyl radical (OH) can also be generated (R12) and
its production rate is believed to be enhanced by water concentration (Nagato et al., 2006). Some OH will react with NO2 to produce HNO3 (R13), however signiﬁcant amounts of OH can remain
intact and lead to H2SO4 production when SO2 is present (R1 to R3).
O þ H2O / OH þ OH

(R12)

OH þ NO2 þ M / HNO3

(R13)

Therefore, a CD ion source may potentially interfere with H2SO4
measurement when used with an API-NO
3 -CIMS (Tanner et al.,
1997). Using HNO3 as reagent gas, Kurten et al. (2011) have
demonstrated that a CD ion source can be used in an API-NO
3 -CIMS
setup showing a small cross-sensitivity to 1 parts per million by
volume (ppmv) SO2, equivalent to ~3  104 molecules cm3 H2SO4.
To eliminate this potential interference completely, Kukui et al.
(2008) have added a port at the outlet of the CD ion source to
provide a small counter ﬂow of pure air, preventing the neutral
species from entering the ionemolecule reaction chamber.
Although CD is relative safe to operate, HNO3 is a highly corrosive
chemical and excessive exposure to HNO3 due to accidental release
or long-term usage may cause damages to the spectrometer hardware. Incidences have been reported that use of HNO3 has caused
leakage of radioactive materials into the exhaust systems of several
API-NO
3 -CIMS units. Therefore a non-radioactive and noncorrosive ion source is desirable for the safe operation of CIMS,
especially for H2SO4 detection.
In this work, we developed a new CD ion source to couple with a
commercial HRToF-CIMS (Aerodyne Research Inc.) (Zheng et al.,
2015). NO
3 ions were produced in two steps, using both zero air
and NO2 as the reagent gases. The performance of the CD-HRToFCIMS was evaluated with laboratory-generated gaseous H2SO4
and particulate sulfate samples.
2. Experimental methods
2.1. CD ion source and ion chemistry
Fig. 1 is the schematic diagram of the CD ion source and the IMR
portion of the HRToF-CIMS. The CD ion source mainly consisted of a
30-mm long stainless steel needle, one 6.4-mm tube OD Swagelok
PFA tee and one 6.4-mm tube OD Swagelok stainless steel tee. They
were inter-connected with two pieces of 25-mm long, 6.4-mm OD
stainless steel tubing. The needle was insulated from the tube by
Torr-Seal (Varian Vacuum Inc.) and the gap between the needle tip
and the tube was about 1.5 mm. The CD was initiated by applying
about 1700 V to the needle and the metal tube was grounded
through a 1.0 MU resister. The CD current was maintained at
～ 1.6 mA to achieve a stable reagent ion concentration. About 0.62
standard liters per minute (SLPM) of zero air was fed into the CD to
serve as both carrier gas and reagent gas. Immediately downstream
of the CD tube, about 0.48 SLPM of 200 ppmv NO2 (Nanjing Special
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Fig. 1. Schematic diagram of the corona discharge ion source and the IMR chamber.

Gases, >99.99%) was added to act as a scavenger of OH radicals and
other less stable primary ions (Nagato et al., 2006). The CD ion
source was attached to the IMR chamber through a 3.2-mm tube
OD stainless steel pipeﬁtting. The IMR chamber was the original
part from the manufacturer. A custom-made Teﬂon pinhole was
installed at the front of the IMR to control the sampling ﬂow rate at
2.94 SLPM. The typical operation pressure of the IMR was about
~200 mbar, which corresponded to an ion-molecule reaction time
of ~0.14 s.
At the initial stage of negative corona discharging in air, the
primary ions should be dominated by O and O
2 (R5 and R6),
which will react with O2, CO2, and H2O to form O
3 (R14), CO3 (R15)
and OH (R12) ions within a few milliseconds (Nagato et al., 2006).

calibration. The reagent ion NO
3 (m/z 61.988) was the dominant
ion, accounting for more than 95% of the total ion signal intensity.

NO
3 ,HNO3 (m/z 124.984) and NO2 (m/z 45.993) were the second
and third most abundant ions but their intensities were respectively less than 4% and 1% of the intensity of NO
3 . H2SO4 was
detected by signal at m/z 96.960. Trace amounts of O (m/z 15.995),



O
2 (m/z 31.990), O3 (m/z 47.985), OH (m/z 17.003), OH,H2O (m/z

35.014), HCO
(m/z
60.993),
and
HCO
H
O
(m/z
79.004)
were
3
3
2
also detected in the spectrum, which is consistent with the proposed NO
3 production mechanism (Nagato et al., 2006; Viggiano
et al., 1997). Due to the excess NO2, HCO3,(H2O)-2 (m/z 97.014)
and O,H2O,HNO3 (m/z 97.002) were barely detected and hence
will not interfere with the sulfuric acid signal at m/z 96.960.

O þ O2 þ M/O
3

(R14)

2.2. Gaseous H2SO4 calibration

O þ CO2 /CO
3

(R15)

Gaseous H2SO4 calibrations were performed using in-situ
generated H2SO4 standards, which were quantitatively converted
from OH radicals generated by photolysis of water vapor (R20) at
the presence of excess SO2 (R1 to R3).

Although NOx was also produced by the discharge (R9 to R11),
excessive NO2 (0.38 SLPM ~200 ppmv) were added into the
downstream of the CD tube to completely convert other primary
ions into more stable NO
3 ions (R16 to R19).

O
2 þ NO2 /NO2 þ O2

(R16)


NO
2 þ O3 /NO3 þ O2

(R17)


O
3 þ NO2 /NO3 þ O2

(R18)


CO
3 þ NO2 /NO3 þ CO2

(R19)

More importantly, NO2 can serve as OH scavenger (R13) to
prevent SO2 oxidation in the IMR region.
Fig. 2 is a typical mass spectrum obtained during a laboratory

Fig. 2. A typical mass spectrum obtained in a calibration.

170

J. Zheng et al. / Atmospheric Environment 119 (2015) 167e173

H2O þ hn (l ¼ 184.9 nm) / OH þ H

(R20)

(R21)

HO2 þ NO / NO2 þ OH

(R22)

To demonstrate that ~3000 ppmv C3H8 was sufﬁcient to prevent
HO2 from regenerating OH, at ~980 s C3H8 was switched to the front
injector (indicated by the vertical dark arrow in Fig. S1) before the

a

2
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20x10

H2SO4 (CPS)

H þ O2 / HO2

3

-3

H2O (molecules cm )

In principle, the calibration device was similar to that used in
previous works (Berresheim et al., 2000; Kurten et al., 2012; Tanner
and Eisele, 1995; Zheng et al., 2010) and the detailed description
was provided in the supplementary section (see Fig. S1). The intensity of the 184.9 nm emissions from the Hg lamp was both
monitored by an R5764 phototube and precisely measured with
nitrous oxide (N2O) actinometry (Edwards et al., 2003). The
detailed operation procedure was provided in the supplementary
section.
Fig. 3a is the time series of a typical calibration experiment. At
the beginning, 4.4 SLPM (Thermo Scientiﬁc, Model 111) dry air was
supplied into the inlet and the RH was decreased to 11.9%. At 48 s,
90 SCCM (Thermo Scientiﬁc 146i Dynamic Gas Calibrator) SO2
(Nanjing Special Gases Inc., >99.9%) was injected into the sample
inlet (18 cm from the CIMS inlet) and the ﬁnal SO2 mixing ratio was
about 5.6 ppmv. The background signal increased by ~46 CPS,
corresponding to 0.8 CPS per 100 ppbv SO2. The reasons that can
cause this SO2 background signals are either that the molecular
mean free path becomes much longer under vacuum conditions,
and thus some SO2 molecules may diffuse from IMR into the CD
tube or that the CD may emit some UV light, which may produce

trace amounts of OH in the IMR. Evidently, ambient level of SO2
(typically on the order of 10 ppbv) will not cause signiﬁcantly
interference with H2SO4 measurement. The UV lamp was turned on
at around 100 s. H2SO4 signal immediately started increasing as the
lamp was warming up. By decreasing the dry air ﬂow rate, more
relatively humid room air was pulled into the inlet and the RH was
accordingly increased step by step (upper panel of Fig. 3a) until
reach ambient level of 27.1%. During the calibration, air temperature inside the inlet was about 23.0 ± 0.2  C and the UV intensity
was maintained steady as indicated by the phototube current
measurement (2.4 ± 0.2 nA). About 30 SCCM propane (C3H8)
(Nanjing Special Gases Inc., >99.99%) was injected into the sample
inlet (~5 cm to the left of the UV window) as an OH scavenger
throughout the calibration to prevent the potential interference
from HOx cycling due to reaction R21 and R22.
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Fig. 3. a) Time series of a typical H2SO4 calibration experiment. Arrows i, ii, iii, and iv respectively indicate the time points when SO2 was injected into the calibration tube, Hg lamp
was turned on, C3H8 was injected at the front end of the sample inlet, and both Hg lamp and SO2 ﬂow were turned off. b) The calibration curve retrieved from the above time series.
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SO2 injection port. HSO
4 signal immediately dropped to the same
level as the background level when UV was off, indicating that all
OH radicals generated from the photolysis were completely scavenged by C3H8. Both UV light and SO2 injection were turned off at
about 1080 s and the signal returned to the initial background level.
The H2SO4 standards concentrations at each level of humidity were
calculated according to the actinometry measurement (see supplementary section). It is worth noting that in order to maintain
laminar ﬂow inside the inlet and to increase NOx production during
the N2O actinometry measurement, relatively low ﬂow rate
(Hanson and Eisele, 2000) and small ID inlet (see Fig. S1) were used
in H2SO4 calibration, which led to the relatively high H2SO4 concentration (2.5  109e5.9  109 molecules cm3). In the future
work, a CIMS based NOx measurement technique will be used to
achieve pptv-level of NOx detection, which makes it possible to
utilize bigger ID sample inlet and faster sample ﬂow rate.
Fig. 3b is the calibration curve derived from the above calibration time series. The sensitivity of the CD-HRToF-CIMS was evaluated to be 2.59  105 molecules cm3 per CPS normalized HSO
4
signal.
2.3. Aerosol sulfate calibration
The CD-HRToF-CIMS can also be used to detect aerosol sulfate by
incorporating with a ﬁlter inlet for gas and aerosol measurements
(FIGAERO). The detailed description of FIGAERO has been given by
Lopez-Hilﬁker et al. (2014). Brieﬂy, it has two independent inlet
ports for simultaneous aerosol collection and gas-phase sampling.
Aerosol samples are collected onto a 0.5 mm pore size 24 mm PTFE
ﬁlter (PALL Corporation), which is mounted on a movable tray. After
collection, the ﬁlter is automatically switched to a thermo
desorption port (the middle pinhole as shown in Fig. S2), where 2.5
SLPM heated pure N2 is blown onto the ﬁlter to thermally desorb
aerosol samples into the gas phase for analysis. The sample
collection time and the temperature of the N2 carrier gas can be
programmed with the Eyeon control software (Aerodyne Research
Inc.). The ﬁlter collection efﬁciency for PM2.5 is more than 99%
(Lopez-Hilﬁker et al., 2014). The performance of the FIGAERO with
CD-HRToF-CIMS has been tested by laboratory generated aerosol
samples and the detailed operation procedure is provided in the

6

-

60

5x10
4

HSO4 Signal (CPS)

3

-

HSO4 (CPS)

80x10

40

3

6

Y = 7.06*10 X - 1.69*10

5

2

R = 0.998

2
1
0
0.0

0.2
0.4
0.6
(NH4)2SO4 on Filter (ug)

0.8

20

0
40

60

80

100
120
N2 Temp (°C)

140

160

180

200

Fig. 4. A thermogram obtained from FIGAERO/CD-HRToF-CIMS calibrations. The insert
is a calibration curve with different ﬁlter collection time, i.e., different aerosol sample
mass. The error bars of the HSO
4 signal are estimated from the product of the standard
deviation of the thermogram baseline and the time period covered by the peak area
with a value of ~1400 CPS, which is less than 0.2% of the lowest HSO
4 signal value. The
error bars of the (NH4)2SO4 sample masses are evaluated from the standard deviation
of the SMPS scans within the sample collection time.
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supplementary section.
Fig. 4 displays the thermogram of one cycle of ammonium sulfate calibration. The desorption temperature was set to increase
from 25  C up to 200  C over 10 min and then maintained at 200  C
for another 5 min for complete desorption. HSO
4 signal became
detectable when temperature reached ~92  C and reached peak a
value at about 155  C. The decomposition temperature of
(NH4)2SO4 (Ts) was regarded as the temperature at which the HSO
4
signal was increasing at the highest rate. Using sigmoidal function
to ﬁt the rising portion of the thermogram, we obtained a value of
150  C for Ts, which agreed fairly well with literature values (Qiu
and Zhang, 2012). By varying collection times from 2 min to
16 min with a constant sampling ﬂow rate of 0.64 SLPM, the mass of
(NH4)2SO4 collected on the ﬁlter ranged from about 0.14 mg to
0.81 mg. Both HSO
4 peak height and peak area showed linear correlation with the sulfate mass concentration and peak areas were
used in this work to obtain the calibration curve (insert of Fig. 4).
The mass detection limit for (NH4)2SO4 was less than 4 ng (on the
ﬁlter) based on two times of the baseline noise. Given 10-min
collection time and 1 SLPM collection ﬂow rate, the corresponding ambient level of (NH4)2SO4 was less than 0.5 mg m3. Moreover,
the linear correlation coefﬁcient of 0.998 indicated excellent
collection and desorption performance of the FIGAERO/CD-HRToFCIMS system.
3. Results and discussion
Theoretically, the sensitivity of the CD-HRToF-CIMS in H2SO4
measurements can be quantiﬁed according to ionemolecule reaction R4 (when n ¼ 0) as

½H2 SO4  ¼ a½HSO
4 =ððk4 $Dt½NO3 Þ;

(E1)

where k4 is the ion-molecule reaction rate coefﬁcient of the reaction R4, Dt is the ion-molecule reaction time inside the IMR, [HSO-4]
and [NO-3] are the ion signal intensities (denoted by counts per
second, CPS) directly measured by the CD-HRToF-CIMS. To account
for the variations of reagent ion signal, in this work all processed

HSO
4 signals were normalized against one million CPS NO3 (Zheng
et al., 2008, 2011, 2013, 2015), which was the typical reagent ion
intensity. The factor a in E1 is a calibration factor and its value
should be 1 if the ionemolecule reaction is well deﬁned, i.e., k4, Dt,
ion detection efﬁciency, and wall losses were precisely known,
which was often not the case (Zheng et al., 2011). The collisionlimited value of k4 (1.89  109 cm3 molecule1 s1) (Zheng
et al., 2008) was used here. The reaction time, Dt, was estimated
to be ~0.14 s based on plug-ﬂow assumption. Ideally (a ¼ 1), one
4
3
CPS HSO
H2SO4
4 signal corresponded to 2.6  10 molecules cm
under ambient conditions, which differed from the value of
2.59  105 molecules cm3 (determined by H2SO4 calibration) by a
factor of 10, i.e., a ¼ 10 in eq. (E1). This large calibration factor was
signiﬁcantly different from that in our previous work (Zheng et al.,
2010). The likely cause was that the IMR pressure was measured by
a thermocouple type vacuum gauge, which was usually not used as
a high-precision pressure transducer.
The uncertainties of CD-HRToF-CIMS measurements mostly
originated from calibration procedures, ﬂow controls, pressure and
RH measurements. Due to the strong absorption of 184.9 nm
emission by O2, it was difﬁcult to accurately map the spacial distribution of 184.9 nm emission intensities inside the inlet. Therefore, one of the most critical procedures of the H2SO4 calibration
was to determine the actinic ﬂux of the Hg lamp and the irradiation
time or the product of I184.9,t in eq. SE1 (Edwards et al., 2003). In
this work, I184.9,t was determined by N2O actinometry. The
advantage of the N2O actinometry method was that N2O was
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photolyzed under the same conditions as H2SO4 calibrations were
conducted so that all the geometric factors of the inlet were taken
into account. However, the NOx generated from N2O photolysis was
analyzed by a commercial NH3-NOx analyzer (Thermo Scientiﬁc,
Model 17i) (NH3 converter was bypassed in this work), the detection limit of which was about 0.5 ppbv NOx. Evidently, higher N2O
concentration can lead to higher NOx production and thus more
accurate N2O actinometry measurement. However, higher N2O
concentration can cause substantial change in O2 mixing ratio and
thus alter the 184.9 nm emission intensities within the inlet.
Consequently, 6.5% of N2O was used in this work and the uncertainty associated with the I184.9,t measurement was about 25%,
mainly propagated from the NOx detection. The RH sensor was
estimated to contribute ~3% to the measurement uncertainty. All
ﬂow controls were achieved with critical oriﬁces and Swagelok
stainless steel needle valves, which were all calibrated with a Gillibrator with a measurement uncertainty of <1% each. We found
the pressure reading was reproducible within 2% of averaged value
during calibrations. Therefore the overall measurement uncertainty
of the CD-HRToF-CIMS was about 34%.
The detection limit (DL) was found to be 3.1  105 molecules
3
cm for 10-s average time and two times of the baseline noise. This
DL was several times higher than our previous work using API-IDCIMS (Zheng et al., 2010) and that was mainly due to the much
lower IMR pressure in this work that caused signiﬁcant expansion
dilution of the H2SO4 sample. However, the sensitivity of the CDHRToF-CIMS was still reasonably high enough for the measurement of ambient level of H2SO4, which was typically on the order of
106 molecules cm3 or higher (Zheng et al., 2011).
4. Conclusion
A new corona discharge (CD) based ion source was successfully
developed for the HRToF-CIMS to conduct both gas-phase sulfuric
acid and aerosol-phase sulfate measurements (by incorporating
with a FIGAERO interface). The detection principle was based on the
well-established NO
3 ion chemistry. The unique character of the CD
ion source was such that NO
3 was generated in a two-step scheme
using pure air and NO2 (200 ppmv) as the reagent gases. Primary
ions and OH radicals generated in the CD can be converted into
more stable NO
3 ions and HNO3 by reaction with excess NO2. The
CD-HRToF-CIMS showed no detectable interference from hundreds
ppbv of SO2, well above the typical ambient level. Since neither
radioactive material nor highly corrosive chemicals were used, the
CD-HRToF-CIMS can be readily ﬁeld deployed. The CD ion source
had the advantages of low cost and a simple but robust structure.
Unlike the atmospheric pressure ionization scheme, the CD ion
source was integrated onto the IMR chamber, which made it
possible to measure aerosol sulfate by coupling to a FIGAERO
interface. Moreover, unlike a quadrupole-based mass spectrometer,
the desired HSO
4 signal was detected by its exact mass of m/z
96.960, which was well resolved from the potential interferences of

HCO
3 ,(H2O)2 (m/z 97.014) and O ,H2O,HNO3 (m/z 97.002). In this
work, using laboratory-generated standards the CD-HRToF-CIMS
was demonstrated to be able to detect as low as 3.1  105 molecules cm3 gaseous H2SO4 and 0.5 mg m3 ammonium sulfate based
on 10-s integration time and 2s of the baseline noise. Although the
sensitivity of the CD-HRToF-CIMS was signiﬁcantly less than that of
an API-NO
3 -CIMS in term of H2SO4 detection, its detection limit
was substantially lower than the threshold H2SO4 concentration
during nucleation events (Kulmala et al., 2013, 2014; Zheng et al.,
2011). The CD ion source can highly expand the capability of the
HRToF-CIMS in both ﬁeld measurements and laboratory studies,
including chamber simulations and ﬂow tube experiments (Young
et al., 2008). The CD-HRToF-CIMS was demonstrated to be a

promising tool for studies of aerosol formation mechanism and the
chemical processes that are critical to understand the evolution of
aerosols in the atmosphere.
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