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Abstract. We present the results of laboratory measurementem~—3 s~!, covering the typical range of ionization through-
of the ion-ion recombination coefficient at different tempe out the troposphere. The temperature ranged from -55 to
atures, relative humidities and concentrations of ozorntk:an 20°C, the relative humidity from 0 to 70%, the $©oncen-
sulfur dioxide. The experiments were carried out using thetration from 0 to 40 ppb, and the ozone concentration from
Cosmics Leaving OUtdoor Droplets (CLOUD) chamber at 200 to 700 ppb. The best agreement of the retrieved ion-ion
CERN, the walls of which are made of conductive material, recombination coefficient with the commonly used literatur
making it possible to measure small ions. We produced ions/alue of 1.6<107% cm?s~! was found at a temperature of 5
in the chamber using a 3.5 GeV t beam of positively- °C and a RH of 40 % (1.5- 0.6) x10~% cm’s~!. At 20°C
charged pions#™) generated by the CERN Proton Syn- and 40 % RH, the retrieved ion-ion recombination coefficient
chrotron (PS). When the PS was switched off, galactic coswas instead (2.3- 0.7) x10~% cm®s~!. We observed no de-
mic rays were the only ionization source in the chamber.pendency of the ion-ion recombination coefficient on ozone
The range of the ion production rate varied from 2 to 100 concentration and a weak variation with sulfur dioxide con-
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centration. However, we observed a more than fourfold in- When ionizing radiation hits an air molecule, an ion-
crease in the ion-ion recombination coefficient with desrea electron pair is formed. The primary positive ion can be a
ing temperature. We compared our results with three differ-molecular ion (e.g., §, OF), but it can also be N or O*,

ent models and found an overall agreement for temperatureas the ionizing radiation is very energetic (Smith and Shane
above @ C, but a disagreement at lower temperatures. We:0b1995;| Volland, 1995; Leblanc etlal., 2008). After the inter-
served a strong increase in the recombination coefficient foaction between an air molecule and ionizing radiation, the
decreasing relative humidities, which has not been regorte newly formed positive ion stays in Brownian motion around
previously. its initial position. Its diffusion coefficient is similaotthe

one of the surrounding molecules and its change in momen-

e tum is negligible.
The electron, however, gains a finite momentum in the in-
teraction. If the energy gained is sufficiently high, thecele
1 Introduction tron starts to interact with atmospheric molecules, exgiti
and ionizing them, until its energy decreases to thermal lev
Air ions are fundamental to atmospheric electricity and/pla els and it binds to an electronegative molecule (for example
a central role in the proposed connection between solaracti an electron and an Omolecule, combining to form D).
ity, Galactic Cosmic Rays (GCRs) and climate (Israél, 1970 This process takes place in a few nanoseconds.
Carslaw et al!, 2002; Usoskin and Kovaltsov, Z008). lons are Once molecular ions of opposite polarity are created, they
known to enhance nucleation rates in atmospherically relecan interact with molecules that have higher electroneigati
vant vapor mixtures (Kirkby et al., 2011). In particulamics or proton affinity (e.g., HO) and transfer their charge. Alter-
ion recombination has been proposed and studied as theatevly, they can establish hydrogen or other chemical §ond
driving force behind atmospheric nucleation (Yu and Turco, with other molecules and cluster (Smith and Spanel, 11995).
2008; Yu, 2010; Nagato and Nakauchi, 2014). However, thePositive ions are transformed into hydronium-water chsste
overall effect of ions on atmospheric new particle formatio and ammonium-water clusters, reaching their equilibrium
(NPF), and subsequent production of cloud condensatiomnueoncentrations after about 143 (Luts and Salm, 1994; Luts,
clei, has remained a controversial issue (Gagnélet alg;200/1998). After 1 s, less abundant trace gases (such as pyridine
Kazil et al., | 2010;. Manninen etial., 2010; Yu et al., 2010; and dimethylamine) start to be part of the clusters.
Hirsikko et al.) 2011|; Kontkanen etlal., 2013; Kulmala et al. =~ Negative primary ions (mainly D) cluster with water
2013). Air ions accumulating near cloud edges may affectmolecules in 0.Jus and reach their equilibrium around 0.1 s
cloud microphysics and ultimately climate via several megh after the interaction between air and ionizing radiationc®
anisms that are currently poorly quantified (Tinsley, 2000; at equilibrium reactions with NO, N£and G, start to create
Harrison and Ambaum, 2008). nitric acid-water clusters. If present, iodine is known liase
Atmospheric ions are usually classified in three groups deter at longer time scales (several seconds) (Luts and Salm,
pending on their diameter (here, all diameters are repaded 1994, Luts et all, 2011).
Millikan-Fuchs equivalent mobility diameters, Makel&ad 110 The number concentration of ions depends on the balance
1996): small ions €£1.9 nm), intermediate ions (1.9 - 7.7 between ion sources and sinks. The production rate is propor
nm) and large ionsX7.7 nm). In terms of mobility, they tional to the amount of ionizing radiation present, whereas
are classified as: small ions0.57 cn¥ V! s71), interme-  the loss mechanisms depend on the attachment rate of ions
diate ions (4.%10°2 — 0.57 cnf V~! s!) and large ions  onto aerosol or macroscopic surfaces and on the ion-ion re-
(<4.3x1072 cm? V~1) (Horrak et al., 2000). Small ions combination rate (Tammet et/al., 2006). The ion-ion recom-
have a high mobility, therefore they are the main respoasibl bination rate is the rate at which one ion collides with aroth
for the transfer of charge in the atmosphere (Chalmers,;19490n of opposite charge and get neutralized. It depends on the
Ogawa/ 1985) and play a role in NPF and in aerosol chargmobility of ions and possibly on their chemical composition
ing processes (Adachi and Kousaka, 1985; Manninen et al.and ambient conditions.
2011). This work focuses on small ions, from here on simply lon-ion recombination becomes dominant in extremely
referred to as “ions” unless specified otherwise. clean environments, where the integral of the aerosol seirfa
Air ions are continuously produced in the atmospheredistribution is negligible with respect to the ion-ion reco
from GCRs and terrestrial sources, such as radon decay arunation rate, and the probability for ion-aerosol attaehin
gamma radiation from the soil (Laakso et al., 2004). Within is low (Volland, 1995). The attachment coefficient for an ion
the planetary boundary layer, terrestrial sources playrard attaching to a neutral aerosol particle ranges from 0.100 2.
portant role in ionization processes, whereas at altitudes< 1076 cm?® s~1, for an ion of 1.1 nm and an aerosol parti-
greater than 2 km, GCRs are the dominant source of iongle ranging from 10 to 100 nm mobility equivalent diameter
(Fig[Ad |Harrison and Carslaw, 2003; Kazil and Lovejoy, (Tammet and Kulmala, 2005).
2004; Usoskin et al., 2004; Arnold, 2008; Zhang et al., 2011; Recombination is also important at high ionization rates,
Williams et al.| 2011); Harrison et al., 2014). 130 when the production of ion pairs is so high that the proba-
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bility of colliding with an aerosol particle is minimal with [A.4). The mobility range of the ions considered in this study
respect to the probability of colliding with an ion of oppiesi  was from 3.2 to 0.57 cAV s~ !, that correspons to a size
charge. s range of 0.8- 1.9 nm in mobility equivalent diametef)).

In the past, Bates and Flannery (1969), defined the equaln this analysis the signal of the NAIS in ion mode was inte-
tions to describe ion-ion recombination as a sink for aisjon grated over all the channels correspondingXp< 1.9 nm.
continuing the theoretical work initiated by Thomson (1924 The rest of the ion nhumber size distribution was not consid-
and continued by Natansan (1960). Hoppel and Frick (1986)red, as it was negligible. From this dataset, we retrielred t
studied the theory of ion-aerosol attachment, and its Jiaait ion-ion recombination coefficient under different conatits.
ing case, ion—ion recombination, with the aim to enable the
use of differential mobility analysis to measure the aelroso
population.. McGowan| (1965) studied ion-ion recombina-
tion in laboratory air to improve dosimetry techniques for 2 1  The CLOUD Chamber
ion chambers._Gringel etial. (1978) measured vertical pro-
files of air conductivity and showed good agreement up to
20 km altitude, using a theoretical recombination coeffitie
of small ions based on a three-body recombination processThe Cosmics Leaving OUtdoor Droplets (CLOUD) chamber
Lee and Johnsen (1989) investigated ion-ion recombinatior{Kirkby et al.,|2011) is a cylindrical vessel with a diameter
in helium and argon at atmospheric densities and found thatpf 3 m and a volume of 26.1 fnimade of electro-polished
in their setup, along with three-body recombination, stabi 316L stainless steel (Figute_A.2.c). Its walls are conduc-
lization by mutual neutralization played an important role tive, which makes it possible to measure small ions that, in
Heptner et al/(2012) conducted experiments to study velati a traditional aerosol chamber made of polytetrafluoroethy-
changes in ion-ion recombination in dry filtered air at atmo- lene (PTFE), would be removed in less than one second by
spheric pressure. In most of these cases, the ions were stuthe parasitic electric fields created by the dielectric mialte
ied under conditions that were either far from those founé in(McMurry and Rader, 1985). In the interior of the chamber,
the atmosphere, or allowed little control over trace gas con all plastic components are avoided using copper o-rings and
centrations and ion production rates. In this work, we prtese metallic coating on electrically insulating componenthéfi
the results of laboratory experiments performed at caoriti it is necessary to work in an ion-free environment, two circu
close to those found in the Earth’s atmosphere, providingar grids, one located at the top and one at the bottom of the
quantitative results about the ion-ion recombination ftogf chamber, are provided with a potential difference of up to 60
cient at varying temperature, relative humidity and trage g kV, generating an axial electric field able to remove the $mal
concentrations. ions in less than 0.2 s. When the two circular grids are not

in use, they are grounded to avoid ground loops or parasitic

electric fields.
2 Experimental methods 210 The total in-flow to the chamber varies between 100 and

150 L min~!. Most of the flow is taken by the instruments
The typical experiment carried out consisted of measuringconnected to the chamber and a portion of it is purged
the ion concentrations at several beam intensities, eawh ti through a valve that controls the pressure inside the cham-
for long enough (about 30 min) to reach steady state condiber. The chamber is kept at 5 mbar above the atmospheric
tions while all the other variables were kept constant (Fégs pressure to avoid contamination from the outside. The cham-
[A3). The ion concentrations were averaged over the last 10ber is equipped with an ultraviolet fiber-optic system tlsat i
15 minutes, before changing the beam intensity. The averagnstalled at the top plate of the chamber, allowing OH pro-
ing time allowed us to compensate for occasional fluctuation duction (Kupc et al., 2011) without heating up the chamber.
in the ion concentrations that were caused by beam pulses, drhe temperature is controlled by air circulating between th
by convective transport due to the two fans stirring therairdi  chamber and the insulation surrounding it. The temperature
side the chamber. The beam intensity was varied from 0 taanges from -80 to 108C with a stability inside the chamber
1.5x10° pions s!, corresponding to an ion production rate of 4 0.1°C for each experiment. The chamber is filled with
ranging from about 2 to 100 ion pairs c¥s~!. The concen-  ultra-pure synthetic air, consisting of,Nind G, obtained
tration of aerosol particles was constantly monitored waith from the evaporation of liquid samples. The air is humidi-
CPC (TSI 3776) and it remained below 30 Tthin all ex-2s fied with a Nafion system, using water purified by recircu-
periments. The concentration of ions with, > 1.9 nmwas lation through Millipore Super-Q filters and irradiated hwit
negligible as the experiments were carried out in an aerosolUV radiation. Ozone is produced by illuminating a portion
free chamber. Usually, the beam intensity was increased corof the incoming dry air with UV light. The other trace gases,
secutively, generating a series of steps of ion productiteir such as S@ and NH;, are added from gas cylinder reser-
Each time, at the end of the last step, the beam shuttersvagoirs. These measures aim for the cleanest possible labora-
closed, and we observed the ion concentration decay (Figurtory conditions|(Schnitzhofer etlal., 2014).
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2.2 The particle beam crossed, we can independently retrieve the beam intensity
25 (Hz) and its horizontal and vertical profile. This allows us
The particle beam is produced at the CERN Proton Syn+o discriminate between high energy particles coming from
chrotron. The CLOUD chamber can be exposed to athe beam, which travel almost horizontally, and the GCRs.
3.5GeV ¢! positively-charged piom(t) beam produced by
a secondary target of aluminium or copper (Duplissy &t al.,2.4 Neutral cluster and Air lon Spectrometer (NAIS)
2010). The intensity of the particle beam can be varied to
cover the full range of ionization in the troposphere, from The Neutral cluster and Air lon Spectrometer (NAIS,
an ion production rate of about 2 crh s~!, equivalento Gagné etal,, 2011; Mirme and Mirime, 2013, SER NAIS12)
to boundary layer levels, to 80 cm s !, equivalent to is manufactured by Airel Ltd in Estonia and measures at-
the levels in the free troposphere (Kazil and Lovejoy, 2004; mospheric ions in the range [0.8 - 42] nm and total aerosol
Zhang et al., 2011). The beam consists of pions and muonparticle population in the range [2.5 — 42] nm. It consists
that have approximately the same energy of about 3.5 Ge\wf two cylindrical Differential Mobility Analysers (DMAs)
and come in spills. Each spill lasts for a few microsecendsworking in parallel, classifying negative and positive scat
and delivers 1®pions at a time, at intervals of 20 s. the same time (Manninen et al., 2009). The ions are simulta-
We varied the beam intensity, and thus the ion productionneously classified according to their mobility and detetied
rate in the chamber, by varying the aperture of the beam cola stack of 21 electrometer rings for each analyser. The devic
limator, which consists of two mechanical jaws made of con-is equipped with a unipolar charging unit for each analyser
crete that can slide vertically and horizontally. At fulleapo that can be switched on and off.
ture (60 mmx 60 mm) we have the maximum flux of pi- During the CLOUD experiments, the instrument operated
ons through the chamber. When the collimator was partiallyin three modes: particle, ion and offset. In particle mode th
closed we reduced the flux of pions and we illuminated amain charging unitis turned on. In ion mode the main charg-
smaller part of the chamber. When the collimator was closeding unit is turned off. In offset mode the main charger unit
almost no pion could reach the chamber. In this case,senlystays off and a filter unit is turned on to make a zero mea-
GCRs, which are passing through the chamber vertically, angurement. This zero measurement is used to determine the
some residual pions that pass the blocker, hitting the chamnet signal due to ions and particles. To maximize the flow
ber horizontally, were responsible for the ionization. tis in the tube and reduce the diffusion losses, the NAIS and a
reason, the ion production rate in the chamber at GCR condimass spectrometer shared part of the 2.54 cm outer diameter
tions was about 30% higher than it would be if the accelesatorsampling line. Outside the chamber, the flow was split (20 L
had been shut down completely. min~! to the NAIS, 10 L mirr! to the APi-TOF) usinga Y
The pion beam is deliberately defocused to maximize theunion (Figuré A.2.b).
area where the ionization takes place (Fidurd A.2 .c, shaded The NAIS operates at a 54 L min total inlet flow. The
area). About 70% of the volume of the chamber is directly high intake of the NAIS is a challenge in aerosol chamber ex-
ionized and the two mixing fans produce a uniform distsi- periments, where it is required to minimize the amount of air
bution of ions inside the chamber, the mixing time inside withdrawn. For this reason, the NAIS was operated with a re-
the chamber is estimated to be between 1.7 and 3.6 migirculation system, which diluted the inlet flow with filtele

(Voigtlander et al., 2012). air coming from the exhaust of the instrument. The filtered
air formed an annulus around the sample flow (Figuré A.2.a).
2.3 The hodoscope and the B1.2 counter a0 The use of the dilution system allowed us to reduce the with-

drawn flow from the chamber from 54 to 20-30 L miih In
The hodoscope is an array of scintillation detectors. It-mea this study, we only present the data recorded in ion mode, in
sures the pion flux through the chamber and gives accuratparticular the data from of the first 9 electrometers that col
positional information on the particle beam. It consist®of lect ions with mobility diameter smaller than 1.9 nm (small
plastic scintillator slabs adjacent to one another in aicaets ions). The detailed setup used for this work is presented in
orientation and 9 plastic scintillator slabs oriented honi- FigurelA.2.
tally (Mizin et al,[2011). The vertical and horizontal stab
form a grid orthogonal to the particle beam, covering an area
of about 2 mx 2 m. An ionizing particle, hitting a pointon 3 Theoretical methods
this grid, is located by measuring the coincidence of the sig
nal of two detectors (one vertical and one horizontal). The3.1 Calculation of the ion-ion recombination rate
B1.2 counter consists of two scintillation detectors pthce
right in front of the beam aperture. It also measures the-coin Using the balance equation at steady state, the ion-iomreco
cidence of the signal of two detectors in order to count enlybination rate and a linear loss term were determined using th
the pions from the beam. From the number of particles meameasured ion concentration and the ion production rate. We
sured per unit time and from the location of the scintillator can describe the ionization processes inside the chamber us
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ing the following balance equation: 103 s~!, was calculated based on the dataset with the best
statistics (T = 20C, RH = 38 %). We assumed that the value

dns =q—anyn_ — Bens — kes(N, Dp)na, 1) of 8 did not change in other cases. To check our assumption,
dt w0 We performed a sensitivity analysis of the ion-ion recombi-

nation coefficienty, shown in Fig. 5. The variation ix for
wheren is the absolute concentration of positive or neg- different assumed values 6fis linear and small compared
ative small ions (cm?), ¢ is the ion production rate (IPR, with the obseverd variation ef due to changing conditions
cm~3 s71), « is the recombination coefficient (¢hs1), in the chamber.
B is a first order loss term () that describes the ion-wal Equation 8 was used to check the valuesyadnd 3 re-
interactions in the aerosol chamber, and other loss mecharieved at steady state by comparing the resultifig to the
nisms of the first ordefics is the coagulation sink, i.e., the ion decay data (Figufde_A.4). The ion production rate from
rate at which ions are lost by diffusion onto aerosol pagticl the beam ¢;,) was calculated using the following equation
(s7Y)(Kulmala et al., 2001; Leppa etlal., 2011). At a constant(Duplissy et al., 2010):
q, the steady state that is eventually reached depends on the
values of, 8 andkcs. w0 gy = NpIL/V, (4)

In this studya does not include the effect of initial re- ] ) o )
combination [(Gryzinski et all, 2007). Initial recombirati  Where N, is the number of pions per unit time that hit
would mainly affect primary ions, which are not considered the chamber.N;, can vary between 0 and =30° s
in our study that focuses on cluster ion-ion recombination,/ = 61 i.p. cnT! is the mean ionization per cm for a

as the NAIS measures cluster ions with electrical mobility 3-5 GeV/cr* in air at s.t.p.(Smirnov, 2005), = 284 cm
smaller than 3.2 104 m? V—' s~! (larger than 0.8 nm i#= IS the path length of a beam particle in the chamber, and V

mobility equivalent diameter). =26.1x10° cm? is the chamber volume. The ion production
We can make some assumptions to simplify(Eq.1. By asfate was scaled for different air density at different terape

suming that:_ ~ n., and that the ion loss by coagulation is tU'es.

negligible compared with the other sink terms, we get: We used a value of 1.84 cmis™" for the intensity of the
w0 GCRs. The total ion production rateis given by the sum

of the GCR contributiorny, and the beam contributiog,,
dn _ q—an®— fBn, (2) 4= 4o+ . The ion concentration was corrected for sample
dt dilution, due to the dilution system described in seclich 2.

These assumptions were well posed in our case, since the agnd shown in FiglL Al2. The dilution system was tested in
erage difference between the number concentration of gFosithe laboratory and, for the flow range that was used in the
tive and negative ions was 10 %. Théand 79" percentile ~ €xperiments (20 - 25 LPM), it agreed within 28 % with the
are 5 % and 14 %, respectively (see Fig.JA.3). This varia-ideal system used for our calculations.

tion in the concentration of positive and negative polesiti

is compatible with the ratio of the square root of the mean

ion electrical mobilities £), which is propoZrtlonaI to the loss The temperature dependency of the calculated ion-ion re-
pos

rate of ions to the walls of the chamb94Z: =0.9. Dur-;, combination coefficient was compared to the values com-

neg

ing our experimentécs was constantly belows310~7s~!, puted using three different model approaches. The first
due to negligible aerosol concentration in the chamber. Thenodel derived by J. J. Thomson (Gardner, 1938; | oeb,
solution of Eq[2 can be found analytically (Isragl, 1970): 1955;| Thomson and Thomsan, 2013) considers recombina-
tion governed mainly by Brownian motion of ions and
as  molecules and computes the recombination coefficient as:

3.2 Modelled ion-ion recombination coefficient

n1(no —ng) —na(no —n1) exp(—t\/B2 +4aq)
(no —n2) — (ng —n1) exp(—ty/B? +4aq)

n(t) = o =2rd?Ce. (5)
3) WhereC = /3k,T'/m is the root mean square thermal ve-
: / T, i .

where ny is the concentration of fons at=0, m = etlor R SR T een the two jons of op

_ 24 4¢ —B— 2 4o

W andng = W- 420 posite polarity is equal to their thermal kinetic energyd an
If we consider steady state condition%, =0, Eq[2. be- ¢ is the probability of the two ions to recombine once they

comes a second order polynomial. The recombination coeffiare at distancel. As derived by Thomsorg = 2w — w?,

cienta, and the linear loss term, can be retrieved by fitting  w =1 — 2[1 — exp(—z)(z + 1)]/22, x = 2d/L and L is the

a second order polynomial function to the data, treatingithe mean free path of the ions. The equationddhen becomes:

as free parameters. The ion concentration was set to zgro at ,

equal to zero. The linear loss terfpequal to (8.3 1.6) x «s  a(cm®s™1) =1.90 x 107°(273/T)23/2+/1/Me, (6)



430

435

440

445

450

455

460

465

470

6 A. Franchin et al.: Experimental investigation

whenT is the temperature in Kelvin and M is the mass ofithe ing in the chamber influences the ion concentrations, creat-
ion in Da. ing a higher linear loss rate. Finally, it is possible thdtigic
The second model taken into consideration andacid is notlostto the walls with unit efficiency.
compared with our experimental data is described
by [Lbpez-Yglesias and Flagan | (2013). Based on4.1 Temperature and relative humidity dependency of
Hoppel and Frick [(1986), this model was developed for the recombination rate
ion-aerosol attachment, but it can be used to compute the re-
combination coefficient, if we use an aerosol that is as saallThe strongest effect we observed was an increase in the
as the ion and with opposite charge. The model accounts folon-ion recombination coefficient with decreasing temper-
Brownian motion, Coulombic interaction, image charging, ature (FigCAb). The ion-ion recombination coefficient in-
polarization of the molecules and three-body trapping. creased by approximately a factor of 4 (from 2.3 to 9.9
The third model, byl Brasseur and Chatel (1983), is x10-6 cm?® s~!) as temperature decreased from 293 to 218
a parametrization used for describing the ions in.¢heK. This behavior seems not to be predicted by two of the
stratosphere based on earlier work [by Bates (1982) andhree models and only partially by the third model, as shown
Smith and Adams (1982) that has the expression in Figure[A.1. Interestingly, all the models agree with each
other and with the experimental results over a range of tem-
alem®s 1) = 6x1078,/300/T+6x 1020 M,;,|(300/T)4, ~ Peratures from 273 to 298 K, but there are big discrepan-
(7)490 cies in the absolute values as well as in the functional form
of the temperature dependency at temperatures below 273
K. The model that seems to agree best with our data is the
one by Brasseur and Chatel (1983), linked more directly to
atmospheric data. The model by Lopez-Yglesias and Flagan
4 Results and discussion a5 (2013) that accounts accurately for all the possible playsic
processes does not agree with our data. Another option could
The ion-ion recombination was measured in the CLOUD be related to the evaporation of ions in the line. If the num-
chamber at different temperatures, relative humiditied an ber of ions reaching the instrument was lower because of the
concentrations of ozone and sulfur dioxide. We obtained dosses for evaporation, the resulting recombination wbeld
value of 2.3+ 0.7 x10~%cm?s~!, at 298 K and RH = 40%q overestimated. The effect of the mixing fan and the chemical
higher than the constant value of ¥.605cm®s~! usually =~ composition of the ions could vary with temperature, which
reported in the literature (Laakso et al., 2004). Intenggy, would affect the recombination coefficient.
we found thate depends on both temperature and relative We observed a strong dependency of the recombination
humidity (Table[A2 and_Al). Figure_Al5 shows the results coefficient on relative humidity (RH). The ion-ion recom-
of four sets of experiments, where the ion concentrationaadination coefficient decreases with decreasing RH from 9.4
measured as a function gf For each set of experiments, we x107% to 2.0 x10~% cm? s~! as RH drops from 70% to
kept all the parameters constant except the one under inve$%, at a constant temperature of 298 K (Figlure] A.8). The
tigation: the concentration of ozone (260700 ppb), sulfur  decrease of the ion-ion recombination coefficient at ingrea
dioxide (0— 50 ppb), temperature (218, 248, 278 and 293ing RH values could be related to an increase in size of the
K) and relative humidity (0, 7, 40 and 70%). The measuredsmall ions: higher values of RH would form larger hydrated
recombination rate showed a strong dependency (about a fagens that would be less mobile, thus decreasing the recom-
tor of 5 change) on temperature and relative humidity and, tdbination rate. The change in ion mobility is plausible, as we
some extent (a factor of 2), on the concentration of sulfurknow that aerosol particles with a diameter larger than 10 nm
dioxide. The variability in the ozone concentration appéar tend to be hygroscopic, changing their diameter accoraing t
to have little influence, if any, on the measured recombama#i the RH (Onasch et al., 1999; Keskinen etlal., 2013). We also
rate. know, from quantum chemistry calculations, that ions form
The retrieved loss rate for ions (&30~ 3s™ !, Fig.[A.8), clusters with water and that the amount of water attached
differs markedly from the linear loss rate retrieved forshé is dependent on RH (Kurtén et/al., 2007; Husar et al., 2012;
furic acid neutral monomer (1:710~3s7!, |Almeida etal., |Henschel et al., 2014; Olenius et al., 2014). This explanati
2013). This difference between the loss rates might besparmatches the observed data qualitatively. In fact, accgrttin
tially explained by the image charge effect of the ions with quantum calculations shown lin Kurtén et al. (2007) for sul-
the chamber walls, even though this remains a controversiduric acid ions at 20% RH there are mostly 1 or 2 molecules
topic (McMurry and Rader, 198%; Mayya and Sapra, 2002;o0f water in the cluster, whereas at 80% RH there are 3 or
Vauge, 2002; Chang etlal., 2012). Losses might be due t@. We get the equation below if we assume that the ions in
some non-ideal behavior, e.g., retention of surface chafge the chamber: 1) are mainly sulfuric acid molecules, or be-
some insulator in the clearing field cage region or in proxim- have the same way as sulfuric acid molecules, 2) are perfect
ity to the mixing fans. Yet another possibility is that thexni  spheres, and 3) that their mass is the sum of the masses of the

where[M,;,] is the concentration of air molecules in ch
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molecules that compose the ions. with a decrease in pressure as well. In the CLOUD cham-
ber it is not possible to lower the pressure below typical sea
D - io,/6 - (Muy50, + Mp,0 - M)
=

L 0.3nm ®) level values, as t_he chamber is not d.esigned to withs_tand
P ss0 Under-pressure with respect to the outside pressure. Ssit w
not possible to experimentally measure the variation of the
ion-ion recombination rate at pressures lower than 900 hPa.
p = plnw) = Mu,504 - PH2504 + MH,0 - PH,0 - 9) It has been shown, however, that the ion-to-particle coeffi-
Mu,50, + 1w - Mm,s0, cients are considerably different in ambient condition2@t
km altitude than at ground level, with the recombination co-
defficient being an order of magnitude lower at 20 km alti-
of a water molecule, respectively,, is the number of wa- tude than a_t ground level Lopez-Yglesias and_FIagan (2013)
ter molecules in a cluster and 0.3 nm is the difference be-When moving from ground Ie\_/e_l to 20 km altitude, the de-
tween mobility diameter and mass diamefer (Makelalet al crease in recombination coefficient due to decrease in pres-

1996! Ku and de la Mora, 2009). This calculation gives,#* sure is only partly counterbalanced by the increase in re-
of 0.91 - 0.94 nm at 20% RH and of 0.94 - 1.01 nm at cOMbination coefficient due to decrease in temperature. Con

80% RH. Unfortunately, the effect of RH on the ion diam- sequently, the pressure effect on recc_)mbinatipn coefficien
eter could not be observed directly, because this change iHEEdS to be taken mto_account when '”terpf_e“”g data mea-
diameter is too small to be detected by the NAIS, given its§ured_at s_ubstantlallyd|fferentprgssure than in this wouk )
low size resolution (Mirme and Mirte, 2013). However, e INvestigating the pressure effect is beyond the scope sf thi

RH dependency of the recombination coefficient as a changétUdy'

in ion mobility is unclear, and cannot be predicted satisfac

torily by any of the models found in the literature. Only the

model described in_ Gardner (1938) predicts an increase ngg Conclusions
the recombination coefficient for smaller ions, althougit

derestimates the absolute values.

with

WhereD,, is the mobility diameter of the iond/, s0, and™®
Mp,o are the masses in Da of a sulfuric acid molecule an

We carried out an experimental determination of the ion-
4.2 Atmospheric implications ion recombination coefficient in the CLOUD chamber at
s CERN. The retrieved recombination coefficient at’0and
Itis important to account for the ion-ion recombinationwhe 40% RH agrees with the literature values and with the mod-
modelling ion concentrations. As described by equafidn (1) els. We see no clear dependency of the ion-ion recombina-
the term representing the ion-ion recombination is alwaystion rate coefficient for different ozone concentrationsl an
present and becomes dominant for large ion production ratesnly a weak variation at varying sulfur dioxide concentra-
and when coagulation sinks are small, e.g. in the free trepotions. Instead, we notice a strong dependency of the ion-ion
spherel(MVolland, 1995). recombination coefficient on temperature and relative hu-
The possibility of a strong dependency of the ion-ion re- midity that has not been reported in previous studies. The
combination rate on temperature must be taken into accouribn-ion recombination coefficient varied between»910D—6
when interpreting and modelling data of ion concentrationand 2.3<107% ¢cm® s~! over the temperature range 220
or ion production in environments or model domains with ato 293 K and between 9:310-% and 1.5¢<10°¢ cm?® s~}
large temperature variability. In fact, a change in tempera over the range of relative humidities from 0 % to 70 %.
ture from -54°C to 20°C, a typical temperature change from The temperature dependency is not well described by any
the free troposphere down to the boundary layer, can causef the models found in the literature, only the model by
a change in the recombination rate as high as one order dBrasseur and Chatel (1983) seems to give results following
magnitude. eis the temperature dependence of our experimental data within
The RH seems to influence the rate of recombination a$50% uncertainty. The RH dependency of the ion-ion recom-
well, by decreasing the mobility of ions. In this study, the bination coefficient is not well understood or describeathe
measurements at different RH were taken at constant temperetically, but can be interpreted as an effect of ion hydrati
ature and, therefore, changes in RH reflect those in the absadens clustering with water molecules decreases their mobil
lute water vapor concentration. The lower the RH, the fasteiity, and therefore they recombine at a lower rate. Only the
the ion loss via recombination was. This might be analogousnodel byl Gardner (1938) shows a functional dependency
to what happens at high altitudes, where water molecules arthat supports this explanation, but it fails in reproduding
scarce. absolute values. It is also important to note that our result
It should be noted that, in the present study, the pressuréor the RH dependence of the ion-ion recombination coeffi-
was kept constant at +5 mbar above the atmospheric levekient were studied for only one temperature 20 and that
during the experiments. In the atmosphere, however, a dethe extent of the dependency might be different at different
crease in temperature with increasing altitude is assgtiat temperatures.
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This was the first study to investigate experimentally theBates, D. R.: Recombination of small ions in the tropo-

ion-ion recombination in a highly controlled environment

at atmospheric relevant temperature, humidity and trase ga €ence,

sphere and lower stratosphere, Planetary and Space Sci-
30, 1275-1282, 00i:10.1016/0032-0633(82)90101-5,

concentrations. Our main finding was that the recombination http://www.sciencedirect.com/science/article/piB2063382901015,

coefficient depends strongly on temperature and relativ&hu

midity, quantities that have a large variability in the toep

sphere. This work can be considered as a starting point for
future studies in which pressure, chamber inhomogeneities Physics, 2

and ion chemical composition could be taken into accoygt.
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Appendix A

s (n—n1) _ (no—m) exp (_ B2+4aQt)
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Solution of the balance equation
from this we can solve(t):
Cfl—?z =Q—an®—fBn. (1A)
(no —n2)n1 —na(ng —n1)exp(—ty/ 5% + 4aQ)
(no —n2) — (no —n1)exp(—ty/f? + 4aQ)

The right hand term of Eq.(1A) is a second degree equation?(t) -

therefore (5A)
dn
i —a(n—mn1)(n—n2), (2A)
T | ax107® | o.x107¢
where: (°C) | (em®s7!) | (emPs™Y)
20 2.3 0.7
= “B+ VB +4aQ 5 1.6 0.6
! 200 -25 76 1.0
-55 9.7 1.2
and Table Al. Values of recombination coefficient and its uncertainty at
different temperatures. The uncertainty reported is daled with
no — —B—+/B*+4aQ error propagation and includes the uncertainty in the fit.
2 2c
are the solutions. Using the method of separation of vagabl
(2A) becomes:
dn RH | ax107® | 04x107°
—_— = —qdt (3A) (%) | (cmPs™) | (cmPs™)
(n—n1)(n —n2) 70 2.0 0.7
. . 40 2.3 0.7
Integrating,[(3A) can be written as 7 8.1 28
. . 0 9.9 3.0
A B Table A2. Values of recombination coefficient and its uncertainty at
/ n_n n_n dn = /—Oédt (4A) different relative humidities. The uncertainty reportedalculated
no ! 2 0 with error propagation and includes the uncertainty in the fi

whereny is the ion concentration at= 0
andA(n—n2)+B(n—n1)=1. A(n—n2)+B(n—ny) =1
can be written ag (A + B) — (Anz + Bny) = 1 and its solu-
tion is:

j1 = ——13 = 1 = @

(n1—mn2)  /B2+4aQ
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Fig. 2. a) Neutral cluster and Air lon Spectrometer (NAIS) and its

dilution system used during the CLOUD experiments. The samp
air flow is withdrawn from the chamber at a flow rate that varies
between 20 and 30 L mirt sample air from the chamber is dilute
with a portion of the exhaust air of the instrument, whichliefed
with a High Efficiency Particulate Air (HEPA) filter and mixedth

Fig. 4. Typical ion decay experiment. The ion concentration (blue
line and circles), the solution to Ed.](1) (red line) and team
d counts (magenta line). The ion concentration is presensethe
average between the concentration of negative and posithse
When solving Eq.[{1), the recombination coefficient anddirless

the sample air. b) Configuration of the NAIS during the CLOUD term, retrieved independently by fitting the steady statarime

experiments. ¢) Sketch of the chamber and the beam. Thedlash
circle represents the area where the NAIS was located deufigim
the beam trajectory. The beam is deliberately defocusedatd-m
mize the volume in the chamber where ionization takes place.

eequatlon at the same condltlons (T =293 K, RH =0 %), were
9.3x10°° cm®s™! and 8.3e-3 5!, respectively, and the ion pro-
duction rate was 8.3 cnfs™!. The initial concentration of small
ions, no (t=01:03), was 810 cm® (average over time range from
00:24 to 01:03). The grey shaded area is the model uncertasat
suming uncertainty of- 30 % on n, o andg.
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Fig. 5. lon concentration as a function of ion production rate att\(a different ozone concentrations (at 200 ppb and at 700; ghb

other variables were kept constant (T =°Z0) RH = 40% and [Sg] = 20 ppb); (b) different S@ concentrations between 2 and 30 ppb,
temperature, RH and ozone concentration were kept con§ianl0°C, RH = 40% and [S&)] = 20 ppb); (c) different temperatures (20,
5, -25 and -55C); and (d) different relative humidities (0, 7, 40 and 70 %paonstant temperature of 2G.The ion concentration is

presented as the average between the concentration ofvecgad
the mean values at steady state.
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Fig. 6. Variability of the retrieved recombination rate as a fuoeti
of loss rate. The dataset used here includes experimeritsiped
at T = 20°C and RH = 40 %. The point at the center presents
larger confidence level interval as the loss term was keptess
parameter. The other points were obtained forcing the ks £
to values varying from £102 t0 0.18 s,

positive ions, the uncertainty is calculated as thedard deviation of

data from this study
— Brasseur & Chatel, 1983
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Lépez-Yglesias & Flagan, 2013
—Gardner, 1938
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Fig. 7. A comparison between the ion-ion recombination coeffi-
thecient, measured at different temperatures (points witbresars)
f and the recombination coefficient modelled using differantlels.
The shaded area represents 50% uncertainty.
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Fig. 8. The ion-ion recombination coefficient measured at differen
relative humidities, at a constant temperature of@0The dots are
measured points, the dashed line is an exponential fit toegihiel
eye.
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