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Abstract. New patrticle formation is a frequent phenomenon 1  Introduction
in the atmosphere and of major significance for the Earth’s

climate and human health. To date the mechanisms leading

to the nucleation of particles as well as to aerosol growth are

not completely understood. A lack of appropriate measure_Aerosol particles are of significant relevance for the Earth’s

ment equipment for online analysis of the chemical com-rgd'l?_t'on kt)alfln(;%O(IS:.orSStt_eL ett aII., 22%%72) al?d hurrrlaE health
position of freshly nucleated particles is one major limita- (h elfino ef 1" ' |er et aH )- hls weh nor\]/vn
tion. We have developed a Chemical Analyzer for Chargedt at part of the aerosol forms in the atmosphere through nu-

Ultrafine Particles (CAChUP) capable of analyzing particlescleat|on of gas-phase precursor moleculles. The formation of
with diameters below 30 nm. A bulk of size-separated palrti_these so-called secondary aerosol particles can be observed

cles is collected electrostatically on a metal filament, resis-" the planetary boundgry layer at a multitude of Iocatlon_s
round the world both in natural backgrounds as well as in

tively desorbed and subsequently analyzed for its moleculaf : _ .
composition in a time of flight mass spectrometer. We reportpo::Uted |n<j|ustr|a: areas eg. Kg'm.a"".‘ ethal., 2094)' hTypl-
on technical details as well as characterization experimentga y, particle nucleation events begin in the morning hours

performed with the CAChUP. Our instrument was tested inand the nucleate.d particles grow fqr several _hour_s to a fevy
the laboratory for its detection performance as well as for itsdays by coagulation and condensation, reaching diameters in

collection and desorption capabilities. The manual applica-the order of 100nm. Typical aerosol growth and nucleation

tion of defined masses of camphenad; ) to the desorp- rates are in the range of 1-20 nm'tend 0.01—10_cr_n_3 s, .
tion filament resulted in a detection limit between 0.5 and respectively (Kulmalla et al._, 2004). Once the initial nucle|
5ng, and showed a linear response of the mass spectromet@\r.e fF’rmed the particles W|II.grow d_ue to condensation of
Flow tube experiments of 25 nm diameter secondary organi(.cert‘f’"n trace gases. The main cqntrlb.utors.to t.he growth of
aerosol from ozonolysis of alpha-pinene also showed a IineaPamClefS are thqught to be sulfuric acid, OX|dat|_on products
relation between collection time and the mass spectrome'fer’gf volatile organic compounds_ (.VOCS)' ammonia salts such
signal intensity. The resulting mass spectra from the collec2S ammonium ;ulfate .and aminium salts, as h"."s been shown
tion experiments are in good agreement with published worlpy several Stl.Jd'eS using direct as well as indirect methods
on particles generated by the ozonolysis of alpha-pinene. A(e.g. Barsanp .et al, 2009; Held et gl., 2004; Laaksonen et
sensitivity study shows that the current setup of CAChUP isal" 2008; Riipinen et al., 2009; Smith et al., 2010). Even

ready for laboratory measurements and for the observation oﬁhOPth;hefe 'St;‘ gfefnerz;ll |dealab;)u(;[ thet_n?echalnlfrr;s gov-
new particle formation events in the field. eming the growth otireshly nucleated particles a 1ot of pro-

cesses remain unrevealed. This is due to the challenging task
of performing online chemical analysis of sub-30 nm parti-
cles. The small mass of these ultrafine particles is a limiting
factor. For example, a particle of 10 nm diameter has a mass
of a few attograms (10'8g). The preferred method to per-
form such measurements is the mass spectrometric approach,
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2340 S. G. Gonser and A. Held: A chemical analyzer for charged ultrafine particles
as the achieved detection limits are low enough to analyze

chemical components of ultrafine particles. Aerosol
To date there are two instruments available which are ca- w -

pable of performing online measurements of the chemical °

composition of sub-30 nm aerosol particles in the field: (1)

NAMS — the Nano Aerosol Mass Spectrometer (Wang et al.,

2006) and (II) TDCIMS — the Thermal Desorption Chemical TOF.MS/ Fi. curent supply

lonization Mass Spectrometer (Voisin et al., 2003). NAMS is

capable of measuring the quantitative atomic composition of (\\E‘m

individual particles down to diameters of 7 nm (Wang et al., [orzsion —

2006). Its principle of operation is the laser-induced ablation CPC Q

of single particles captured in an ion trap, and the subsequent

elemental analysis with a time of flight mass spectrometer

(TOF-MS). Due to the high energetic laser pulse the parti-

cles break up into ionized atomic elements. Thus, molecula¥ig. 1. Sketch of the instrument setup, with particle charging unit,

information about the sampled aerosol is not available. Theadial differential mobility analyzer (rDMA), collection and desorp-

TDCIMS, in contrast, analyzes the molecular composition oftion unit and electron ionization time of flight mass spectrometer

a particle bulk of one size range, down to diameters of 6 nm(TOF-MS).

(Smith et al., 2004). The particles are charged in a unipo-

lar charger, size selected in a differential mobility analyzer

(DMA), collected on a filament and subsequently evaporatedcharge or by a radioactive neutralizer. The radial differential

The resulting gas is chemically ionized and analyzed formobility analyzer (rDMA) selects particles with a defined

its molecular composition in a triple-quadrupole mass specmobility diameter, which then are collected on a high volt-

trometer, anion trap mass spectrometer (Held et al., 2009), oage biased filament in the collection unit. After the collection

a high-resolution time of flight mass spectrometer (Winkler period, the sample is evaporated by resistive heating of the

et al., 2012). Both instruments are custom-built. Consider-filament. The resultant gas phase is transferred via a heated,

ing the scarcity of available instrumentation to measure thefused silica capillary to the TOF-MS and ionized by electron

molecular composition of sub-30nm particles, we presenimpact before mass spectrometric analysis. Following the

the design and first measurement results of an additionatollection unit, the aerosol flow is measured for its particle

aerosol mass spectrometer for this size range. In principlegoncentration with a condensation particle counter (CPC),

our instrument is similar to the TDCIMS, with a few major allowing to determine the collection efficiency as well as to

differences: firstly, for charging the particles we optionally estimate the collected particle mass. The individual parts of

use a non-radioactive source, thus facilitating the transporthe instrument are described in more detail below.

of the instrument to field sites in consideration of the trans-

port restrictions regarding radioactive material. Secondly, we2.1  Aerosol charging

use a compact TOF-MS, minimizing the overall size of our

instrument while accepting a lower mass resolution. Thirdly, For size separation in an rDMA and electrostatic precipita-

we use electron ionization instead of chemical ionization, re-tion, aerosol particles have to be electrically charged. Effi-

sulting in well-known fragmentation of many molecules. cient charging of the aerosol is crucial for the overall perfor-

For characterization of the instrument we analyzed par-mance of the mass spectrometer. Due to the small mass of

ticles generated in the laboratory using a 1§daminar  individual nucleation mode particles it is necessary to charge

flow tube. Secondary organic aerosol (SOA) was producedis many particles as possible, in order to collect a sample

by dark ozonolysis of alpha-pinene, resulting in an aerosolmass sufficiently large for reliable analysis in the TOF-MS.

size distribution with a mean diameter of 31 nm. This depends both on the charging efficiency of the aerosol
charger as well as the collection efficiency of the collection
filament. Two charging methods have been used with our in-

2 Chemical analyzer for charged ultrafine particles strument, i.e. corona discharge-based diffusion charging and
bipolar diffusion charging with a radioactive source (Kr-85).

The general setup for aerosol collection and desorption A corona discharge ionizes the molecules of the carrier gas

of our Chemical Analyzer for Charged Ultrafine Particles (ambient air in our case), and these ions pass their charges to

(CAChUP) is similar to the TDCIMS. A size-segregated par- the aerosol particles by collision. Corona discharge is gener-

ticle sample is collected by electrostatic precipitation andated by applying a high voltage to a conductor with a highly

subsequently desorbed for mass spectrometric analysis. Figurved surface (e.g. a thin wire or the tip of a needle). The

ure 1 shows a sketch of the complete setup: in the chargeintensity of the corona depends solely on the strength of

ambient aerosol particles are charged either by corona dishe resulting electric field in the immediate vicinity of the

DC HV supply
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conductor, which is controlled by the curvature of the con- N B AR AR MR A
ductor as well as by the applied voltage.

A corona discharge may also create a considerable amount
of ozone, depending on the diameter of the conductor, as well T ddlog Db
as on the voltage applied to the conductor (Chen and David<_ 10°{ —=—Kr 85 (Wiedensohler, 1988)
son, 2002; Han et al., 2008). To avoid the chemical alter- S
ation of the aerosol sample through oxidation, the produc—m‘l
tion of ozone, OH and other oxidizing gas phase species haé:
to be prevented or kept as low as possible. The design of oug
charger is based on the development by Han et al. (2008).
In order to produce an efficient corona with a negligible pro-
duction of oxidizing species, the charger is equipped with
two carbon fiber bundles, with about 100 fibers per bundle 0 20 30 40 50 60 70
and a fiber diameter of about 25 um, instead of a corona nee- Dp [nm]
dle. The thin fiber diameter and the large number of fibers
comprised in the bundle allows the production of sufficient Fig. 2. S!ze-dependent extrinsic charging effi_ciency of Fhe unjp_olar
ions for charging aerosol particles in environmentally rele- carbon flber corona charg.e.r, gnd the.theoretlcal charging eﬁlglency
vant concentrations, while still applying relatively low volt- °f 1€ bipolar charge equilibrium (Wiedensohler, 1988) for singly
ages of 2 KV, thus minimizing the production of 0zone and posmve charged patrticles. Addltlona_lly, _the_number-5|ze distribu-

; . ; tion of the aerosol used for characterization is shown.
other oxidants. Only the production of ozone was monitored
in the laboratory due to a lack of measuring capabilities for

OH radicals. Ozone mixing ratios were below 1 ppb, which |ar charger, preventing particles with diameters above 50 nm
is the detection limit of the used ozone monitor (Model 49i, to enter the charger. Otani et al. (2007) report of a metal fiber
Thermo Scientific, Franklin, MA, USA). Based on these re- fiiter having a high penetration efficiency in the size range
Su|tS, the pI’OdUCtion of other OXidiZing SpeCieS like OH Can-between 5nm and 50 nm, exh|b|t|ng On'y a small pressure
not be excluded but is considered to be small. drop of 130hPa. Alternatively, a radioactive bipolar diffu-
A positive DC voltage of 2kV is applied to the carbon sjon charger (Kr-85) can be used to minimize multiple charg-
fiber bundles reSUlting in the prOdUCtion of pOSitive air ions. |ng of aerosol partides_ According to Wiedensohler (1988),
The aerosol sample is introduced into the charging volumeparticles smaller than 30 nm in diameter exhibit less than
with a flow rate of 1SLM (standard liter per minute), and 0.1 9% positive double charges in the bipolar charge equi-
the air ions transfer their charges to the particles by collision jiprium state. However, the radioactive charging results in
The charging efficiency depends strongly on aerosol particlenuch lower charging efficiencies than our unipolar design
concentration, ion concentration and residence time of thqcf_ Fig. 2). For characterization experiments in the labo-
aerosol sample in the charging region. For particle concenratory, the radioactive bipolar charger was used with suffi-
trations of about 1Bcm~2 and below, and a residence time ciently high particle concentrations produced in the flow tube
of 4s, our corona charger showed an extrinsic charging effiand minimized production of doubly charged particles.
ciency of 20 to 30 % for 10 and 20 nm particles, respectively
(cf. Fig. 2). The extrinsic charging efficiency is defined as 2.2  Aerosol size separation
the number of charged particles exiting the charger divided
by the total number of particles entering the charger. SinceSize separation of the aerosol particles was performed with
no sheath flow is used in our charger, the extrinsic charginga custom-built radial differential mobility analyzer (rDMA).
efficiency is the same as the overall charging efficiency. The rDMA design is adapted from Zhang et al. (1995) and
A known problem for unipolar charging is the occurrence Zhang and Flagan (1996) and optimized to separate parti-
of multiply charged particles. A doubly charged particle ex- cles in the size range 1-100 nm. In principle, the layout of an
hibits a larger diameter than the singly charged particle ofrDMA is similar to a plate capacitor composed of two sepa-
the same electrical mobility. Hence, both sizes will be se-rated circular electrodes with central outlets. A voltage is ap-
lected in the rDMA, and the collected aerosol sample will be plied to one electrode while the other electrode is grounded,
contaminated by the larger, doubly charged particles. In factresulting in the formation of a uniform electric field. The
under certain experimental conditions we observed considereharged aerosol particles enter the space between the elec-
able double charging of sub-30 nm particles with the unipolartrodes from an annular gap at the outer edges with the flow
corona charger. This observation is consistent with the sizedirected radially towards the center, where the sample is ex-
dependent charge distribution of a unipolar charger (Chertracted at the outlet of the grounded electrode. When an elec-
and Pui, 1999) shown in McMurry et al. (2009) (Fig. 2). tric field is applied between the electrodes, the charged par-
The perturbing influence of doubly charged particles couldticles follow distinct trajectories, depending on their electri-
be minimized by applying a pre-separator prior to the unipo-cal mobility and the field strength. Thus, the application of
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Fig. 3. Comparison of the performance of the rDMA coupled to an
SMPS systenga) with theoretical transfer function). A sheath . . . . . -
flow of 4 SLM and voltages of 116, 504, 1003 and 2000V resulted F'9: 4: Schematic of the radial collection and desorption unit with

§I|Cr filament in collection position: (1) collection region, (2) des-

in geometric mean diameters measured by an SMPS system of 11.0,rption region, (3) collection tube, (4) PEEK piston, (5) collection

22.0, 31.7 and 46.4 nm, respectively. The theoretical transfer func;. . : o
tions peak at 10.7, 22.7. 32.4 and 46.7 nm, respectivell. filament, (6) aerosol inlet, (7) collection flushing inlet, (8) desorp

tion flushing inlet, (9) exhaust and (10) screw connection for trans-
fer capillary. Positions of O-rings are shown in black.

a specific electric field strength will result in the selection of 2.3 Aerosol collection and desorption
particles with a distinct mobility diameter.

In contrast to the original design by Zhang et al. (1995) Exiting the rDMA, the size-segregated charged particles are
the spacing of the two electrodes is 9 mm, while the ra-introduced into the collection and desorption unit. Particles
dius between the annular aerosol inlet and the central outare collected on a high voltage (3-5kV) biased NiCr fil-
let is 30 mm, shifting the design’s operation range towardsament. The circular design (see Fig. 4 for details) can be
smaller particles. Flows in the rDMA were set to a sheathdivided into two distinct regions, i.e. (1) the collection re-
flow of 4 SLM and an aerosol flow of 1 SLM. Figure 3 gion and (2) the desorption region. The collection region
shows the performance of the rDMA in laboratory experi- is composed of a collection tube (3) containing a movable
ments, by coupling the rDMA to a reference scanning mobil-PEEK (polyetheretherketone) piston (4) with the collection
ity particle sizer (SMPS, TROPOS Leipzig). Charged am-filament attached to its top (5). The collection tube is en-
bient aerosol was introduced into the rDMA while apply- closed in a cylindrical housing. The sample flow with the
ing a constant electric field. The size-segregated aerosol washarged particles is introduced between the collection tube
then introduced into the SMPS, recharged and scanned in and the housing via an annular gap (6) and extracted above
size range from 10 to 800 nm. Additionally, the theoretical (9). Due to the electric field originating from the collection
transfer functions including particle diffusion (Stolzenburg filament, charged particles are directed towards the filament.
and McMurry (2008); Zhang and Flagan (1996)) for the se-For protection of the collected sample from contamination
quential setup of the rDMA and the cylindrical DMA as de- with gaseous constituents of the sample flow, the collection
scribed above are shown. The maxima of the calculated trandube is permanently flushed with molecular nitrogen (7). A
fer functions lie within a maximum deviation of 0.7 nm of second nitrogen flow is introduced through an annular gap
the geometric mean diameter calculated from the size distriabove (8), protecting the desorption region from contamina-
butions of the tandem DMA measurements. Differences betion. The sample flow rate is set to 1 SLM while the collec-
tween the measured distributions (Fig. 3a) and the theoretition region flushing flow rate (7) is set to 1.3 SLM, assuring
cal transfer functions (Fig. 3b) are thought to be due to ad-that both flows have the same velocity at the upper edge of
ditional broadening in the real flow path through the rDMA the collection tube. Both nitrogen flows and the sample flow
and the SMPS's cylindrical DMA. As a result, the custom- are extracted through another annular gap (9) located above
built rDMA is capable of separating quasi-monodispersethe collection tube.
aerosol samples with a geometric standard deviation of about During collection the filament is positioned below the up-
1.09 in the relevant diameter range from 10-50 nm fromper edge of the collection tube. The collection efficiency
ambient aerosol samples. for 25nm particles is greater than 95 % for 5kV applied
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to the filament and the mentioned flow rates. After collec-the desorption filament by means of a 5 L syringe. After ap-
tion, the PEEK piston is moved by means of a linear actua-plication, the flament was moved to the heated desorption
tor towards the desorption region (2). The desorption cham+egion (80°C) to desorb the sample for analysis in the TOF-
ber is a conical cavity made of aluminum with a volume of MS. Being a monoterpene, camphengdies) represents
0.4 cn?®. The angles of the desorption chamber walls are cho-one of the major compound groups with oxidation products
sen to fit the angles of the PEEK piston, providing that thecontributing to the growth of secondary particles. Its suitabil-
chamber is sealed once the PEEK piston is pushed into thiy for the dilution series is given by its solubility in ethanol
desorption position. Resistive heating of the collection fila- and its solid state up to temperatures of abotttlhence
ment allows temperature-controlled evaporation of the samallowing its application to the filament without a significant
ple. The wire temperature is estimated based on the Stefanless of material prior to the desorption. The sum of the inte-
Boltzmann law corrected with an optical temperature esti-grated peak areas of the major electron ionization fragments
mation through the wire’s annealing color. The correction (m/z 93, 121 and 136) of camphene were used to obtain a
is necessary since the Stefan—Boltzmann law overestimata®bust signal from the mass spectrometer.

the temperature, only accounting for radiative heat transport. For further test and characterization purposes, laboratory-
However, a considerable part of the heat is transported frongenerated secondary organic aerosol (SOA) was collected,
the wire towards the connecting sockets as well as by condesorbed and analyzed with CAChUP. SOA was produced
vection to the surrounding gas phase. with a laminar flow reactor (Reynolds numbge = 125)

In order to avoid condensational losses of the evapofor dark ozonolysis of alpha-pinene similar to Tolocka et
rated particles to the desorption chamber, the walls caral. (2006). The flow reactor consists of a glass tube with a
be heated up to 20@. Finally, a heated, deactivated, length of 9cm and a diameter of 1.2 cm. The total volume
fused silica capillary is connected to the upper part of theof the reactor is 10 cfa The volume flow rate through the

desorption region (10). flow reactor was set to 1.1 SLM, resulting in a residence
time of about 0.5s. Alpha-pinene was introduced into the
2.4 Time-of-flight mass spectrometer tube by passing a filtered zero air flow of 0.045 SLM over

liquid alpha-pinene in a 100 mL flask. Ozone was generated
The fused silica capillary with an inner diameter of 25 pm by exposing a particle-free-airflow of 0.85 SLM to UV radia-
transfers the desorbed gas sample to the TOF-MS. The capion produced by a Pen-Ray lamp. The ozone was introduced
illary fulfills the tasks of transferring the sample directly to together with filtered air at a flow rate of 0.2 SLM. The alpha-
the ionization region in the TOF-MS, as well as ensuring thepinene flow was introduced separately via a glass tubing in
necessary pressure drop from the desorption region to the Me center axis of the flow tube. The concentration of alpha-
operating at a pressure of less thar 10-® mbar. The mass pinene in the tube was about 250 ppm, assuming saturation
spectrometer is a compact time-of-flight mass spectromein the alpha-pinene flow at room temperature{€%and ac-
ter (CTOF, Tofwerk AG, Thun, Switzerland). The compact, counting for the dilution with the other two flows. This value
field-portable design yields a nominal mass resolving powercan be seen as an upper concentration limit since saturation
of 800 Th and a mass accuracy of better than 100 ppm. Starwas most likely not achieved. The ozone mixing ratio was
dard 70eV electron ionization is applied resulting in frag- 13 ppm in the absence of alpha-pinene in the reactor mea-
mentation of the analytes. The fragmentation patterns aresured using an ozone monitor (Model 49i, Thermo Scien-
well known for many molecules, hence allowing a chemical tific, Franklin, MA, USA). Despite the high concentration of
interpretation of the mass spectra to a certain degree (Allan edzone in the flow tube only a fraction of the gas-phase alpha-
al., 2004). Thus, the ionization method is a trade-off betweerpinene was transformed to the particle phase. The aerosol
high ionization efficiency and accurate compound identifica-flow still contained a considerable amount of gas-phase or-
tion. To enhance the potential for molecular identification, ganics, as could be seen by turning off the two nitrogen purge
this CTOF is ready to be equipped with a soft photo ion- flows, hence sampling with the mass spectrometer directly
ization method in future studies. The mass spectrometer hasom the gas phase in the sample flow. About 90 % of these
a time resolution of 20kHz, and typically one-second av- gas-phase organics were removed by an activated charcoal
erages are written to hierarchical data format files (HDF5).denuder, installed between the flow tube and our instrument.
Data analysis is performed with the Matlab-based toolboxThe flow reactor setup resulted in a narrow particle-size dis-
tofTools, developed by H. Junninen (University of Helsinki). tribution with a mean diameter of 31 nm and a geometric

standard deviation of 1.33.
2.5 Experimental characterization

To infer the detection performance of the mass spectrome3 Results and discussion

ter, a dilution series of an individual organic compound was

measured. For this purpose, 1 puL of camphene-ethanol diluThe instrument’'s detection performance for monoterpenes
tions of different concentrations were applied manually towas deduced from a series of camphene-ethanol solutions of

www.atmos-meas-tech.net/6/2339/2013/ Atmos. Meas. Tech., 6, 22348 2013



2344 S. G. Gonser and A. Held: A chemical analyzer for charged ultrafine particles

T T T o Background experiment Collection experiment
1000 = &, 1000 Piston T coolg e T coomng,
E E © @ background phase “ iston collection phase “ piston
5 Okvonfilament = n Skvonfiament | [ ocode, jown
& 100 e tSE, . ]
> 8_ desorption desorption
B _ _ g = min,_12min_{15 min >=30 min mif_12min min
% 100 é E & 10 = 30 minut 0.5 12 15 30 5 12 15
i 1000 > 12
E AAAAAAAAAAAAAAAAAAAA
c A Filament temperature
o 410
@ 103 3
- 3
2 18 2
= 2
£ ) / 2
E 1__ - o ‘Q OOOOOOOO‘OOOOOOOOOOOO€6 E
Pz E © as® L] Desorption chamber temperature -~
§ 100poococass® é
© 4 5
[ o
Q (5]
0.1 T AR | T T T T T T g 12 %
1 10 100 1000 10000 = IS
Camphene mass [ng] Mo 2
Fig. 5. Detection performance of the aerosol mass spectrometer for 12
different camphene masses applied to the desorption filament. Nor- S U
malized signal intensity equals the sum of the integrated peak areas Time [s]

of m/z 93, 121 and 136 normalized with/z 207. Open cycles de- )

note the mean signal intensity and the error bars show the standar@9- 6- (&) Sketch of the procedure for the background and collec-
deviation. A linear fit curve is shown to indicate the linearity of the 0N experiments, with temperature courses of the desorption cham-
signal. ber (white circles) and the NiCr filament (black triangl€b). Time

evolution of the averaged signal from major organic peaksz(
43, 53, 65, 67, 77 and 91) during the desorption of oxidized alpha-

different concentrations, as described above. From Fig. 5, ginene particles. The PEEK piston was in desorption position at
Second 60. Temperatures of the desorption chamber and the filament

linear reIaU_on be_tween_ th_e ap_plled mass ar_1d the mass _spegfe also shown. The hatched area denotes the one-minute averaging
trometers signal intensity is evident. Shown is the normalized,eriog used for the mass spectrum shown in Fig. 7b.

signal intensity of the sum of three electron ionization frag-
ments of camphenen(/z 93, 121 and 136). Evaporation of a
1 uL droplet in the desorption chamber resulted in a consid-
erable pressure increase in the mass spectrometer. This effewith nitrogen, minimizing the collection of gas phase com-
resulted in a sudden increase of the overall mass spectrom@ounds and interactions of the collected sample with oxidants
ter's signal intensity. Therefore, a normalization of the datalike ozone. Following the collection, the nitrogen flow is in-
was performed by dividing the unit mass resolution sticks bycreased in order to flush the entire collection unit, prevent-
the peak area ofi/z 207. Mass 207, being a typical con- ing contamination during the travel period of the piston to-
tamination signal from silicone, was always visible in the wards the desorption chamber. Once the piston reached its fi-
measured mass spectra, showing variations only due to theal position, the desorption chamber was heated from 100 to
mass spectrometer’s operating conditions, like ionization ef-16(°C. Only then was the NiCr filament heated gradually to
ficiency and pressure changes. This mass is suitable for noits final temperature of about 80C (see Fig. 6b for details).
malization because its signal strength is independent of th&he wire temperature was not directly measured, but esti-
evaporation of the collected sample. Also shown in Fig. 5 aremated from the Stefan-Boltzmann law and by visual inspec-
the standard deviations of the MS signal intensities. Duringtion of its annealing color. In Fig. 6b the desorption process
the experiment pure ethanol as well as camphene masses fadr the one-hour collection experiment is shown. Heating of
0.5, 5, 50, 500 and 5000 ng were applied to the filament. Boththe desorption chamber was initialized 60 s after the PEEK
pure ethanol and the solution with 0.5 ng camphene resultegiston was moved to the desorption position. After 300 s the
in no clear signal from the TOF-MS. Figure 5 shows that afinal desorption chamber temperature of 1&@s reached
sample of 5ng of camphene yields a clear and quantitativend the filament was heated from300 to 800°C during the
signal. Thus, the detection limit for camphene is taken to benext two minutes. Also shown in Fig. 6b is the time evolution
between 0.5 and 5 ng with the present setup. of the signal from averaged major peaks from the evaporated
Figure 6a shows the procedure of the particle collectionparticles. The signal from the TOF-MS is clearly increasing
and blank experiments. Aerosol particles with a diameterdue to the heating of the desorption chamber and reaching its
of 25nm were collected for time periods of 30 min, 1 and maximum well before the filament reached its final tempera-
2h, and desorbed from the NiCr filament. During collec- ture. Once the maximum was reached a steep decrease in the
tion, the desorption chamber was continuously kept aP@O0 signal was observed, despite the persistent heating of the fil-
and flushed with nitrogen. Also the filament was flushedament. It is remarkable that the signal seems less dependent
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2401 ; ; ; ; ; ; 3 variations only due to the mass spectrometer’s operating con-
2 % ditions, thus being independent of the desorbed sample.
& 10 Figure 7 shows mass spectra of three collection cycles with
= s | I | i67 | i ] flow-tube-generated particles with a diameter of 25 nm. Dur-
5 8 I L. | [, ...|I I|II. azan ||||| P AT T— ing all three experiments, the basic conditions in the flow
2 ol ‘ " bl  tube, the rDMA and the collection unit were kept constant.
I Only the collection time was varied between 0.5, 1 and 2
E 9 hours. For all three measurements, corresponding blank mea-
2 % | ||||| ol | |" | i | ] surements were carried out. The presented mass spectra are

M CERRL 111 TRUPPR | T PPN P ERPRPI . consistent with published studies on laboratory-generated
> Gggf 4 °§= particles from o_zpnolysis of alpha-pinene (e.g._ Chh_abra
2 e 1 et al., .201(_); Sh|II|ng et al., 2009). In both studies high-
g 20 | ‘ | ] resolution time of flight aerosol mass spectrometers (HR-
3, | ||| ML - -|II||||I i L“. . _. e TOF-AMS) with electron ionization were used. As CAChUP
2 m/z 90 100 110 is also equipped with electron ionization, the general frag-
3 iég ‘ q] mentation patterns are expected to be comparable. For the
£ a0l ] three different collection periods, the signal intensities in-
§ 60+ ] crease with longer collection times, while the ratios of the
z ‘Z‘g . o ] relative peak areas of the major peaks remain constant over

ol . ;s the experiments. The major peaks in Fig. 7 are thought to

be fragments of oxidized organics likeld3O*for m/z 43,
COj for m/z 44 and GH30*/C4H7 for m/z 55 (Chhabra et
Fig. 7. Mass spectra of organic particles with a diameter of 25nmal., 2010; Shilling et al., 2009). Further prominent peaks are
from dark ozonolysis of alpha-pineng), (b) and(c) are spectra  thought to be the non-oxidized ionization fragmentﬂ-lgl
after collection times of 0.5, 1 and 2 h, respectively. The lower paneIC6H+ C6H+ and C_,H+ for m/z 65, 77, 79, and 91, respec-
(d) shows the sum of the signal intensities of four major peai/s ( tlvely (based on Fig. 2 of Chhabra et al., 2010). The relation
55, 65, 77 and 91) in relation to the collection time. between the signal intensity and the collection time shown
in Fig. 7d indicates higher signal intensities with longer col-
lection times, and thus, more collected aerosol mass. The in-
from filament heating than from the desorption chamber'screase in signal with collection time is near to linearity, de-
temperature. The grey hatched area in Fig. 6b indicates theiations could arise from slight variations in collection effi-
averaging period from which the mass spectrum in Fig. 7bciency and particle numbers produced in the flow tube. Over-
was obtained. The one-minute averaging period was choseall, the collection experiments show good performance of our
for all experiments, always starting when the desorption curinstrument in flow tube experiments. The collection times
rent was applied to the NiCr filament. can be extended to multi-hour periods and the use of a ra-
Despite the activated charcoal denuder and the nitrogewlioactive neutralizer is reasonable despite its poor charging
purge flows, peaks of gas-phase organics were observed igfficiency, minimizing the contribution of multiply charged
the mass spectra. To prevent misinterpretation of the signabarticles in the sample. In principle, CAChUP is ready for
a correction for potential gas-phase contamination is necesase in smog chamber experiments on the formation of SOA,
sary. For this purpose, a blank measurement was performeaither triggered by dark ozonolysis or photochemical reac-
sampling the air without a high voltage applied to the col- tions. Crucial for such experiments is the ability to produce
lection filament, hence not collecting any particles. This cor-particle formation events with similar growth rates that can
rection is only possible if the adsorption of the gas-phase ishe observed in the atmosphere. If the growth rates are too
similar during collection and blank measurement. This as-high, particles of a distinct diameter will not be present for
sumption is considered valid if the flow rates, temperaturesa time period sufficient for collecting the necessary aerosol
and the duration of collection and desorption are kept conmass. Therefore, the concentration of gas phase precursors
stant for the regular and the blank measurement. A seconflas to be chosen close to ambient concentrations yielding
reason for performing blank measurements is the condenparticles with a chemical composition comparable to atmo-
sation of evaporated particle compounds from the filamentspheric particles.
onto the desorption chamber walls. Even when the desorp- As described above, the detection limit of CAChUP for
tion region is heated to 20@, condensation of low volatile the dilution series of camphene is between 0.5ng and 5 ng.
species cannot be ruled out when the filament is heated uphe detection performance of CAChUP during the flow tube
to 800°C. To account for temporal variations of the pressureexperiments can only be determined roughly because the
in the mass spectrometer, the mass spectra were normalizegbllected particle mass has to be estimated from particle
For normalization, the peak at/z 207 was used, showing

Collection time [h]
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concentration measurements with a CPC, attached downGermany, particle concentrations with up to 90000ém
stream of the exhaust of the collection unit. Concentrationswvere detected. During such events the concentration of par-
measured are to be regarded with care due to particle lossdiles with a diameter between 20 nm and 24 nm was found
at the collection unit's exhaust and dilution with the nitrogen to be up to 4000 crm®. Periods with elevated 20 nm particle
flows. The collection efficiency was estimated by calculating concentrations= 1000 cnt2) prevailed for about 3h. Con-
the concentration ratio between periods with a voltage apsidering the charging efficiency of our unipolar charger, par-
plied to the collection filament and periods with no voltage ticle losses in the rDMA and the collection unit as well as
applied. For particles with a diameter of 25 nm and 5kV ap-the collection efficiency onto the NiCr filament during nu-
plied to the filament, the collection efficiency was better thancleation events, collected masses for 20 nm particles are ex-
95 %. The particle transmission through the collection unitpected to be in the order of 1 ng to 7 ng, thus being within the
was estimated by measuring the particle concentration upestimated detection limit.
stream and downstream of the unit's sample inlet and outlet, The performance of CAChUP is promising both for lab-
respectively. Accounting for the dilution with the nitrogen oratory experiments and also for field measurements. Nev-
purge flows the transmission was estimated to be betweeertheless, several improvements will further enhance the per-
81 % and 100 %. Applying the corresponding collection andformance of the instrument. The unipolar charger is working,
transmission efficiencies together with an assumed particlgzet multiply charged particles still have to be avoided. With
density of 1.25gcm? (average estimate of the density val- the present setup, this requires the use of a pre-impactor with
ues by Bahreini et al, 2005 and Kostenidou et al., 2007) andx cut-off diameter at 50 nm or below. Multiple charges can
knowing the particle size and concentration as well as thealso be avoided by charging the particles in a bipolar envi-
aerosol volume flow through the collection unit, an estimateronment, although the charging efficiency will be small. In
of the collected mass was obtained. For the three performethe past few years major advances towards bipolar corona
experiments, rough estimates of the collected masses wemischarge chargers have been accomplished (e.g. Stommel
in the range of 2.1-2.6, 4.0-5.0 and 5.3-6.5 ng for the 0.5, Jand Riebel, 2004). Further enhancement of the charged par-
and 2 h experiments, respectively. Since collection times beticle fraction could be accomplished by parallel use of multi-
low 0.5 h did not result in quantitative signals from the massple bipolar chargers coupled to an electrostatic-focusing de-
spectrometer, the lower detection limit for the performed ex-vice, focusing one polarity of charged particles to its center
periments is estimated to be below 2.1-2.6 ng, being in thavhile extracting the excess air at its periphery. This way the
same range as determined by the dilution series experimentsoncentration of charged particles could be enhanced signif-
However, the detection limit will depend also on the compo- icantly while keeping the same flow rate and collection effi-
sition of the collected particles. For example, for compoundsciency in the collection unit. Finally, the flow regime inside
experiencing less fragmentation by the mass spectrometerthe collection and desorption unit should be improved. De-
electron ionization the detection could be substantially betterspite the permanent flushing of the NiCr filament and the
The necessity for a sample of a few nanograms limits ourdesorption region, contaminations during the flow tube ex-
present setup either to measurements of particles with diamperiments could not be avoided completely, making it nec-
eters> 20 nm but relatively short collection periods, or par- essary to perform a blank measurement for every measure-
ticles < 20 nm with collection periods of several hours. ment conducted. As laboratory-generated, secondary organic
particles will always be associated with a huge fraction of
precursor molecules in the gas phase, the necessity of pro-
4 Conclusions and outlook tecting the device from contaminations is crucial. To tackle
this issue the collection unit must be optimized towards a
We have developed an aerosol mass spectrometer for thitow regime with minimal turbulence, hence less penetration
chemical analysis of particles with diameters below 30 nm.of the gas phase onto the NiCr flament and into the desorp-
The instrument collects a charged and sized particle samtion region. Turbulence in the desorption region is assumed
ple on a metal filament. After collection the filament is re- to be of greater importance due to the opposing direction of
sistively heated and the resulting gas phase is analyzed fahe N, purge flow and the sample flow, as well as due to its
its molecular composition in an electron ionization time of enhanced surface compared to the filament. However, precur-
flight mass spectrometer. The functionality of the instrumentsor gas phase contaminations are expected to be significantly
has been validated in laboratory measurements by means afaller in the field than in our flow tube experiments.
secondary organic particles produced from dark ozonolysis CAChUP is now ready to be used both in laboratory and
of alpha-pinene in a laminar flow tube, and by the direct ap-field experiments, and the described improvements will be
plication of known masses of camphene to the NiCr filament.implemented step by step for enhanced performance in future
Considering the results of these experiments, an applicatiomeasurement campaigns.
of CAChUP in the field seems to be feasible. For example,
during nucleation events at the “Waldstein” ecosystem re-
search site in the Fichtelgebirge mountain range, NE Bavaria,
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