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Abstract. We present the results of laboratory measurements

of the ion–ion recombination coefficient at different tem-

peratures, relative humidities and concentrations of ozone

and sulfur dioxide. The experiments were carried out using

the Cosmics Leaving OUtdoor Droplets (CLOUD) chamber

at CERN, the walls of which are made of conductive ma-

terial, making it possible to measure small ions. We pro-

duced ions in the chamber using a 3.5 GeV c−1 beam of pos-

itively charged pions (π+) generated by the CERN Proton

Synchrotron (PS). When the PS was switched off, galactic

cosmic rays were the only ionization source in the cham-

ber. The range of the ion production rate varied from 2

to 100 cm−3 s−1, covering the typical range of ionization

throughout the troposphere. The temperature ranged from

−55 to 20 ◦C, the relative humidity (RH) from 0 to 70 %,

the SO2 concentration from 0 to 40 ppb, and the ozone con-

centration from 200 to 700 ppb. The best agreement of the

retrieved ion–ion recombination coefficient with the com-

monly used literature value of 1.6× 10−6 cm3 s−1 was found

at a temperature of 5 ◦C and a RH of 40 % (1.5± 0.6)
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× 10−6 cm3 s−1. At 20 ◦C and 40% RH, the retrieved

ion–ion recombination coefficient was instead (2.3± 0.7)

× 10−6 cm3 s−1. We observed no dependency of the ion–ion

recombination coefficient on ozone concentration and a weak

variation with sulfur dioxide concentration. However, we ob-

served a more than fourfold increase in the ion–ion recombi-

nation coefficient with decreasing temperature. We compared

our results with three different models and found an overall

agreement for temperatures above 0 ◦C, but a disagreement

at lower temperatures. We observed a strong increase in the

recombination coefficient for decreasing relative humidities,

which has not been reported previously.

1 Introduction

Air ions are fundamental to atmospheric electricity and play

a central role in the proposed connection between solar ac-

tivity, galactic cosmic rays (GCRs) and climate (Israël, 1970;

Carslaw et al., 2002; Usoskin and Kovaltsov, 2008). Ions

are known to enhance nucleation rates in atmospherically

relevant vapor mixtures (Kirkby et al., 2011). In particular,

ion–ion recombination has been proposed and studied as the

driving force behind atmospheric nucleation (Yu and Turco,

2008; Yu, 2010; Nagato and Nakauchi, 2014). However, the

overall effect of ions on atmospheric new particle formation

(NPF), and subsequent production of cloud condensation nu-

clei, has remained a controversial issue (Gagné et al., 2008;

Kazil et al., 2010; Manninen et al., 2010; Yu et al., 2010;

Hirsikko et al., 2011; Kontkanen et al., 2013; Kulmala et al.,

2013). Air ions accumulating near cloud edges may affect

cloud microphysics and ultimately climate via several mech-

anisms that are currently poorly quantified (Tinsley, 2000;

Harrison and Ambaum, 2008).

Atmospheric ions are usually classified into three groups

depending on their diameter (here, all diameters are reported

as Millikan–Fuchs equivalent mobility diameters, Mäkelä

et al., 1996): small ions (< 1.9 nm), intermediate ions (1.9–

7.7 nm) and large ions (> 7.7 nm). In terms of mobility,

they are classified as small ions (> 0.57 cm2 V−1 s−1), in-

termediate ions (4.3× 10−2
− 0.57 cm2 V−1 s−1) and large

ions (< 4.3× 10−2 cm2 V−1) (Hõrrak et al., 2000). Small

ions have a high mobility; therefore, they are the main ones

responsible for the transfer of charge in the atmosphere

(Chalmers, 1949; Ogawa, 1985) and play a role in NPF and

in aerosol charging processes (Adachi and Kousaka, 1985;

Manninen et al., 2011). This work focuses on small ions,

from here on simply referred to as “ions” unless specified

otherwise.

Air ions are continuously produced in the atmosphere

from GCRs and terrestrial sources, such as radon decay

and gamma radiation from the soil (Laakso et al., 2004).

Within the planetary boundary layer, terrestrial sources play

an important role in ionization processes, whereas at alti-
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Figure 1. A vertical profile of the ion production rate q based on

literature data. The contribution of radon decay at mid-latitudes is

shown in grey, accounting for seasonal variation. The minimum is

in summer and the maximum is in winter (Zhang et al., 2011). The

contribution of galactic cosmic rays at mid-latitudes, as presented

by Usoskin et al. (2004), is shown in cyan. Black crosses indicate

measurements by Harrison et al. (2014). The double arrow at the

top shows the range of q explored in this study.

tudes greater than 2 km, GCRs are the dominant source of

ions (Fig. 1; Harrison and Carslaw, 2003; Kazil and Love-

joy, 2004; Usoskin et al., 2004; Arnold, 2008; Zhang et al.,

2011; Williams et al., 2011; Harrison et al., 2014).

When ionizing radiation hits an air molecule, an ion–

electron pair is formed. The primary positive ion can be a

molecular ion (e.g., N+2 , O+2 ), but it can also be N+ or O+,

as the ionizing radiation is very energetic (Smith and Spanel,

1995; Volland, 1995; Leblanc et al., 2008). After the inter-

action between an air molecule and ionizing radiation, the

newly formed positive ion stays in Brownian motion around

its initial position. Its diffusion coefficient is similar to the

one of the surrounding molecules and its change in momen-

tum is negligible.

The electron, however, gains a finite momentum in the in-

teraction. If the energy gained is sufficiently high, the elec-

tron starts to interact with atmospheric molecules, exciting

and ionizing them, until its energy decreases to thermal levels

and it binds to an electronegative molecule (for example, an

electron and an O2 molecule, combining to form O−2 ). This

process takes place in a few nanoseconds.

Once molecular ions of opposite polarity are created, they

can interact with molecules that have higher electronegativity

or proton affinity (e.g., H2O) and transfer their charge. Alter-

natively, they can establish hydrogen or other chemical bonds

with other molecules and cluster (Smith and Spanel, 1995).

Positive ions are transformed into hydronium–water clusters

and ammonium–water clusters, reaching their equilibrium

concentrations after about 10 µs (Luts and Salm, 1994; Luts,
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Figure 2. (a) Neutral cluster and Air Ion Spectrometer (NAIS) and

its dilution system used during the CLOUD experiments. The sam-

ple air flow is withdrawn from the chamber at a flow rate that varies

between 20 and 30 L min−1; sample air from the chamber is diluted

with a portion of the exhaust air of the instrument, which is filtered

with a High Efficiency Particulate Air (HEPA) filter and mixed with

the sample air. (b) Configuration of the NAIS during the CLOUD

experiments. (c) Sketch of the chamber and the beam. The dashed

circle represents the area where the NAIS was located, outside of

the beam trajectory. The beam is deliberately defocused to maxi-

mize the volume in the chamber where ionization takes place.

1998). After 1 s, less abundant trace gases (such as pyridine

and dimethylamine) start to be part of the clusters.

Negative primary ions (mainly O−2 ) cluster with water

molecules in 0.1 µs and reach their equilibrium around 0.1 s

after the interaction between air and ionizing radiation. Once

at equilibrium, reactions with NO, NO2 and O3 start to create

nitric acid–water clusters. If present, iodine is known to clus-

ter on longer timescales (several seconds) (Luts and Salm,

1994; Luts et al., 2011).

The number concentration of ions depends on the balance

between ion sources and sinks. The production rate is propor-

tional to the amount of ionizing radiation present, whereas

the loss mechanisms depend on the attachment rate of ions

onto aerosol or macroscopic surfaces and on the ion–ion re-

combination rate (Tammet et al., 2006). The ion–ion recom-

bination rate is the rate at which one ion collides with another

ion of opposite charge and gets neutralized. It depends on the

mobility of ions and possibly on their chemical composition

and ambient conditions.

Ion–ion recombination becomes dominant in extremely

clean environments, where the integral of the aerosol sur-

face distribution is negligible with respect to the ion–ion re-

combination rate, and the probability of ion–aerosol attach-

ment is low (Volland, 1995). The attachment coefficient for

an ion attaching to a neutral aerosol particle ranges from 0.1

to 2.0× 10−6 cm3 s−1, for an ion of 1.1 nm and an aerosol

particle ranging from 10 to 100 nm mobility equivalent di-

ameter (Tammet and Kulmala, 2005).

Recombination is also important at high ionization rates,

when the production of ion pairs is so high that the proba-

bility of colliding with an aerosol particle is minimal with

respect to the probability of colliding with an ion of opposite

charge.

In the past, Bates and Flannery (1969) defined the equa-

tions to describe ion–ion recombination as a sink for air ions,

continuing the theoretical work initiated by Thomson (1924)

and continued by Natanson (1960). Hoppel and Frick (1986)

studied the theory of ion–aerosol attachment, and its limiting

case, ion–ion recombination, with the aim of enabling the

use of differential mobility analysis to measure the aerosol

population. McGowan (1965) studied ion–ion recombina-

tion in laboratory air to improve dosimetry techniques for

ion chambers. Gringel et al. (1978) measured vertical pro-

files of air conductivity and showed good agreement up to

20 km altitude, using a theoretical recombination coefficient

of small ions based on a three-body recombination process.

Lee and Johnsen (1989) investigated ion–ion recombination

in helium and argon at atmospheric densities and found that,

in their setup, along with three-body recombination, stabi-

lization by mutual neutralization played an important role.

Heptner et al. (2012) conducted experiments to study relative

changes in ion–ion recombination in dry filtered air at atmo-

spheric pressure. In most of these cases, the ions were stud-

ied under conditions that were either far from those found in

the atmosphere, or allowed little control over trace gas con-

centrations and ion production rates. In this work, we present

the results of laboratory experiments performed under condi-

tions close to those found in the Earth’s atmosphere, provid-

ing quantitative results about the ion–ion recombination co-

efficient at varying temperature, relative humidity and trace

gas concentrations.

2 Experimental methods

The typical experiment carried out consisted of measuring

the ion concentrations at several beam intensities, each time

for long enough (about 30 min) to reach steady-state condi-

tions while all the other variables were kept constant (Fig. 3).

The ion concentrations were averaged over the last 10–

15 min, before changing the beam intensity. The averaging

time allowed us to compensate for occasional fluctuations in

the ion concentrations that were caused by beam pulses, or

by convective transport due to the two fans stirring the air

inside the chamber. The beam intensity was varied from 0 to

1.5× 105 pions s−1, corresponding to an ion production rate

ranging from about 2 to 100 ion pairs cm−3 s−1. The concen-

tration of aerosol particles was constantly monitored with a

CPC (TSI 3776) and it remained below 30 cm−3 in all ex-

periments. The concentration of ions with Dp > 1.9 nm was

negligible as the experiments were carried out in an aerosol-

free chamber. Usually, the beam intensity was increased con-

secutively, generating a series of steps of ion production rate.

Each time, at the end of the last step, the beam shutter was

closed, and we observed the ion concentration decay (Fig. 4).

The mobility range of the ions considered in this study was

from 3.2 to 0.57 cm2 V−1 s−1, which corresponds to a size

range of 0.8–1.9 nm in mobility equivalent diameter (Dp). In

this analysis, the signal of the NAIS in ion mode was inte-

grated over all the channels corresponding to Dp < 1.9 nm.

www.atmos-chem-phys.net/15/7203/2015/ Atmos. Chem. Phys., 15, 7203–7216, 2015
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Figure 3. In a typical experiment, the beam intensity is varied,

changing the flux of pions crossing the chamber. The beam intensity

is directly proportional to the ion production rate (IPR) and is kept

constant for a period of approximately 30 min at each step, to make

sure that the ion concentration reaches the steady state. The mean

ion concentration is related to the mean IPR at steady state via the

balance equation (Eq. 1). Blue and red colors correspond to negative

and positive ions, respectively. Magenta is the beam intensity.
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Figure 4. Typical ion decay experiment. The ion concentration

(blue line and circles), the solution to Eq. (1) (red line) and the

beam counts (magenta line). The ion concentration is presented

as the average between the concentration of negative and positive

ions. When solving Eq. (1), the recombination coefficient and lin-

ear loss term, retrieved independently by fitting the steady-state bal-

ance equation under the same conditions (T = 293 K, RH= 0 %),

were 9.3× 10−6 cm3 s−1 and 8.3× 10−3 s−1, respectively, and the

ion production rate was 8.3 cm−3 s−1. The initial concentration of

small ions, n0 (t = 01 : 03), was 810 cm−3 (average over time range

from 00:24 to 01:03 UTC). The grey shaded area is the model un-

certainty assuming uncertainty of ±30 % on n0, α and β.

The rest of the ion number size distribution was not consid-

ered, as it was negligible. From this data set, we retrieved the

ion–ion recombination coefficient under different conditions.

2.1 The CLOUD chamber

The Cosmics Leaving OUtdoor Droplets (CLOUD) cham-

ber (Kirkby et al., 2011) is a cylindrical vessel with a di-

ameter of 3 m and a volume of 26.1 m3 made of electro-

polished 316 L stainless steel (Fig. 2c). Its walls are conduc-

tive, which makes it possible to measure small ions that, in a

traditional aerosol chamber made of polytetrafluoroethylene

(PTFE), would be removed in less than 1 s by the parasitic

electric fields created by the dielectric material (McMurry

and Rader, 1985). In the interior of the chamber, all plas-

tic components are avoided using copper o-rings and metal-

lic coating on electrically insulating components. When it is

necessary to work in an ion-free environment, two circular

grids, one located at the top and one at the bottom of the

chamber, are provided with a potential difference of up to

60 kV, generating an axial electric field able to remove the

small ions in less than 0.2 s. When the two circular grids are

not in use, they are grounded to avoid ground loops or para-

sitic electric fields.

The total in-flow to the chamber varies between 100 and

150 L min−1. Most of the flow is taken by the instruments

connected to the chamber and a portion of it is purged

through a valve that controls the pressure inside the cham-

ber. The chamber is kept at 5 mbar above the atmospheric

pressure to avoid contamination from the outside. The cham-

ber is equipped with an ultraviolet fiber-optic system that is

installed at the top plate of the chamber, allowing OH pro-

duction (Kupc et al., 2011) without heating up the chamber.

The temperature is controlled by air circulating between the

chamber and the insulation surrounding it. The temperature

ranges from −80 to 100 ◦C with a stability inside the cham-

ber of ±0.1 ◦C for each experiment. The chamber is filled

with ultra-pure synthetic air, consisting of N2 and O2, ob-

tained from the evaporation of liquid samples. The air is hu-

midified with a Nafion system, using water purified by re-

circulation through Millipore Super-Q filters and irradiated

with UV radiation. Ozone is produced by illuminating a por-

tion of the incoming dry air with UV light. The other trace

gases, such as SO2 and NH3, are added from gas cylinder

reservoirs. These measures aim for the cleanest possible lab-

oratory conditions (Schnitzhofer et al., 2014).

2.2 The particle beam

The particle beam is produced at the CERN Proton Syn-

chrotron. The CLOUD chamber can be exposed to a

3.5 GeV c−1 positively charged pion (π+) beam produced by

a secondary target of aluminum or copper (Duplissy et al.,

2010). The intensity of the particle beam can be varied to

cover the full range of ionization in the troposphere, from an

ion production rate of about 2 cm−3 s−1, equivalent to bound-

ary layer levels, to 80 cm−3 s−1, equivalent to the levels in

the free troposphere (Kazil and Lovejoy, 2004; Zhang et al.,

2011). The beam consists of pions and muons that have ap-

Atmos. Chem. Phys., 15, 7203–7216, 2015 www.atmos-chem-phys.net/15/7203/2015/
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proximately the same energy of about 3.5 GeV and come in

spills. Each spill lasts for a few microseconds and delivers

108 pions at a time, at intervals of 20 s.

We varied the beam intensity, and thus the ion production

rate in the chamber, by varying the aperture of the beam col-

limator, which consists of two mechanical jaws made of con-

crete that can slide vertically and horizontally. At full aper-

ture (60 mm× 60 mm), we have the maximum flux of pi-

ons through the chamber. When the collimator was partially

closed, we reduced the flux of pions and we illuminated a

smaller part of the chamber. When the collimator was closed,

almost no pion could reach the chamber. In this case, only

GCRs that pass through the chamber vertically, and some

residual pions that pass the blocker, hitting the chamber hori-

zontally, were responsible for the ionization. For this reason,

the ion production rate in the chamber under GCR conditions

was about 30 % higher than it would be if the accelerator had

been shut down completely.

The pion beam is deliberately defocused to maximize the

area where the ionization takes place (Fig. 2c, shaded area).

About 70 % of the volume of the chamber is directly ionized

and the two mixing fans produce a uniform distribution of

ions inside the chamber; the mixing time inside the chamber

is estimated to be between 1.7 and 3.6 min (Voigtländer et al.,

2012).

2.3 The hodoscope and the B1.2 counter

The hodoscope is an array of scintillation detectors. It mea-

sures the pion flux through the chamber and gives accurate

positional information on the particle beam. It consists of

nine plastic scintillator slabs adjacent to one another in a ver-

tical orientation and nine plastic scintillator slabs oriented

horizontally (Mizin et al., 2011). The vertical and horizontal

slabs form a grid orthogonal to the particle beam, covering

an area of about 2 m× 2 m. An ionizing particle, hitting a

point on this grid, is located by measuring the coincidence

of the signal of two detectors (one vertical and one horizon-

tal). The B1.2 counter consists of two scintillation detectors

placed right in front of the beam aperture. It also measures

the coincidence of the signal of two detectors in order to

count only the pions from the beam. From the number of

particles measured per unit time and from the location of the

scintillators crossed, we can independently retrieve the beam

intensity (Hz) and its horizontal and vertical profile. This al-

lows us to discriminate between high-energy particles com-

ing from the beam, which travel almost horizontally, and the

GCRs.

2.4 Neutral cluster and Air Ion Spectrometer (NAIS)

The Neutral cluster and Air Ion Spectrometer (NAIS, Gagné

et al., 2011; Mirme and Mirme, 2013, SER NAIS12) is man-

ufactured by Airel Ltd in Estonia and measures atmospheric

ions in the range [0.8–42] nm and total aerosol particle pop-

ulation in the range [2.5–42] nm. It consists of two cylindri-

cal differential mobility analyzers (DMAs) working in par-

allel, classifying negative and positive ions at the same time

(Manninen et al., 2009). The ions are simultaneously classi-

fied according to their mobility and detected by a stack of 21

electrometer rings for each analyzer. The device is equipped

with a unipolar charging unit for each analyzer that can be

switched on and off.

During the CLOUD experiments, the instrument operated

in three modes: particle, ion and offset. In particle mode the

main charging unit is turned on. In ion mode the main charg-

ing unit is turned off. In offset mode the main charger unit

stays off and a filter unit is turned on to make a zero mea-

surement. This zero measurement is used to determine the

net signal due to ions and particles. To maximize the flow

in the tube and reduce the diffusion losses, the NAIS and a

mass spectrometer shared part of the 2.54 cm outer diame-

ter sampling line. Outside the chamber, the flow was split

(20 L min−1 to the NAIS, 10 L min−1 to the APi-TOF) using

a Y union (Fig. 2b).

The NAIS operates at a 54 L min−1 total inlet flow. The

high intake of the NAIS is a challenge in aerosol chamber

experiments, where it is required to minimize the amount of

air withdrawn. For this reason, the NAIS was operated with

a recirculation system, which diluted the inlet flow with fil-

tered air coming from the exhaust of the instrument. The fil-

tered air formed an annulus around the sample flow (Fig. 2a).

The use of the dilution system allowed us to reduce the with-

drawn flow from the chamber from 54 to 20–30 L min−1. In

this study, we only present the data recorded in ion mode, in

particular the data from the first nine electrometers that col-

lect ions with mobility diameter smaller than 1.9 nm (small

ions). The detailed setup used for this work is presented in

Fig. 2.

3 Theoretical methods

3.1 Calculation of the ion–ion recombination rate

Using the balance equation at steady state, the ion–ion re-

combination rate and a linear loss term were determined

using the measured ion concentration and the ion produc-

tion rate. We can describe the ionization processes inside the

chamber using the following balance equation:

dn±

dt
= q −αn+n−−β±n±− kCS(N,Dp)n±, (1)

where n± is the absolute concentration of positive or

negative small ions (cm−3), q is the ion production

rate (IPR, cm−3 s−1), α is the recombination coefficient

(cm3 s−1), β is a first-order loss term (s−1) that describes the

ion–wall interactions in the aerosol chamber, and other loss

mechanisms of the first order, and kCS is the coagulation sink,

i.e., the rate at which ions are lost by diffusion onto aerosol

www.atmos-chem-phys.net/15/7203/2015/ Atmos. Chem. Phys., 15, 7203–7216, 2015
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Figure 5. Ion concentration as a function of ion production rate

at (a) two different ozone concentrations (at 200 and at 700 ppb);

the other variables were kept constant (T = 20 ◦C, RH= 40 % and

[SO2]= 20 ppb); (b) different SO2 concentrations between 2 and

30 ppb; temperature, RH and ozone concentration were kept con-

stant (T = 20 ◦C, RH= 40 % and [SO2]= 20 ppb); (c) different

temperatures (20, 5,−25 and−55 ◦C); and (d) different relative hu-

midities (0, 7, 40 and 70 %) at a constant temperature of 20 ◦C. The

ion concentration is presented as the average between the concentra-

tion of negative and positive ions, and the uncertainty is calculated

as the standard deviation of the mean values at steady state.

particles (s−1) (Kulmala et al., 2001; Leppä et al., 2011). At

a constant q, the steady state that is eventually reached de-

pends on the values of α, β and kCS.

In this study, α does not include the effect of initial recom-

bination (Gryzinski et al., 2007). Initial recombination would

mainly affect primary ions, which are not considered in our

study that focuses on cluster ion–ion recombination, as the

NAIS measures cluster ions with electrical mobility smaller

than 3.2× 10−4 m2 V−1 s−1 (larger than 0.8 nm in mobility

equivalent diameter).

We can make some assumptions to simplify Eq. (1). By

assuming that n− ' n+, and that the ion loss by coagulation

is negligible compared with the other sink terms, we get

dn

dt
= q −αn2

−βn, (2)

These assumptions were well posed in our case, since the

average difference between the number concentration of pos-

itive and negative ions was 10 %. The 25th and 75th per-

centiles are 5 and 14 %, respectively (see Fig. 3). This varia-

tion in the concentration of positive and negative polarities is

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

electrical mobilities (Z), which is proportional to the loss rate

of ions to the walls of the chamber

√
Zpos

Zneg
= 0.9. During our

experiments, kCS was constantly below 3× 10−7 s−1, due to

negligible aerosol concentration in the chamber. The solution

of Eq. (2) can be found analytically (Israël, 1970):

n(t)=
n1(n0− n2)− n2(n0− n1) exp(−t

√
β2+ 4αq)

(n0− n2)− (n0− n1) exp(−t
√
β2+ 4αq)

, (3)
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Figure 6. Variability of the retrieved recombination rate as a func-

tion of loss rate. The data set used here includes experiments per-

formed at T = 20 ◦C and RH= 40 %. The point at the center presents

the larger confidence level interval as the loss term was kept as free

parameter. The other points were obtained forcing the loss term β

to values varying from 1× 10−3 to 0.18 s−1.

where n0 is the concentration of ions at t = 0, n1 =

−β+
√
β2+4αQ

2α
and n2 =

−β−
√
β2+4αQ

2α
.

If we consider steady-state conditions, dn
dt
= 0, Eq. (2) be-

comes a second-order polynomial. The recombination coef-

ficient α, and the linear loss term β, can be retrieved by fit-

ting a second-order polynomial function to the data, treat-

ing them as free parameters. The ion concentration was

set to 0 at q equal to 0. The linear loss term β, equal to

(8.3± 1.6)× 10−3 s−1, was calculated based on the data set

with the best statistics (T = 20 ◦C, RH= 38 %). We assumed

that the value of β did not change in other cases. To check our

assumption, we performed a sensitivity analysis of the ion–

ion recombination coefficient α, shown in Fig. 5. The varia-

tion in α for different assumed values of β is linear and small

compared with the observed variation of α due to changing

conditions in the chamber.

Equation (3) was used to check the values of α and β

retrieved at steady state by comparing the resulting n(t) to

the ion decay data (Fig. 4). The ion production rate from the

beam (qb) was calculated using the following equation (Du-

plissy et al., 2010):

qb =NbIL/V, (4)

where Nb is the number of pions per unit time that hit

the chamber. Nb can vary between 0 and 1.5× 106 s−1.

I = 61 i.p. cm−1 is the mean ionization per cm for a

3.5 GeV/cπ+ in air at s.t.p. (Smirnov, 2005), L= 284 cm

is the path length of a beam particle in the chamber, and

V = 26.1×106 cm3 is the chamber volume. The ion produc-
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tion rate was scaled for different air densities at different tem-

peratures.

We used a value of 1.84 cm−3 s−1 for the intensity of the

GCRs. The total ion production rate q is given by the sum

of the GCR contribution q0 and the beam contribution qb,

q = q0+qb. The ion concentration was corrected for sample

dilution, due to the dilution system described in Sect. 2.4 and

shown in Fig. 2. The dilution system was tested in the labora-

tory and, for the flow range that was used in the experiments

(20–25 L min−1), it agreed within 28 % with the ideal system

used for our calculations.

3.2 Modeled ion–ion recombination coefficient

The temperature dependency of the calculated ion–ion re-

combination coefficient was compared to the values com-

puted using three different model approaches. The first model

derived by J. J. Thomson (Gardner, 1938; Loeb, 1955; Thom-

son and Thomson, 2013) considers recombination governed

mainly by Brownian motion of ions and molecules and com-

putes the recombination coefficient as

α =
√

2πd2Cε, (5)

where C =
√

3kbT/m is the root mean square thermal ve-

locity of the ions, d = e2/[(3/2)kBT ] is the distance where

the Coulomb potential energy between the two ions of op-

posite polarity is equal to their thermal kinetic energy, and

ε is the probability of the two ions to recombine once they

are at distance d . As derived by Thomson, ε = 2w−w2,

w = 1− 2[1− exp(−x)(x+ 1)]/x2, x = 2d/L and L is the

mean free path of the ions. The equation for α then becomes

α(cm3 s−1)= 1.90× 10−5(273/T )
3
2 3/2

√
1/Mε, (6)

when T is the temperature in Kelvin and M is the mass of

the ion in Da.

The second model taken into consideration and compared

with our experimental data is described by López-Yglesias

and Flagan (2013). Based on Hoppel and Frick (1986), this

model was developed for ion–aerosol attachment, but it can

be used to compute the recombination coefficient, if we use

an aerosol that is as small as the ion and with opposite charge.

The model accounts for Brownian motion, Coulombic in-

teraction, image charging, polarization of the molecules and

three-body trapping.

The third model, by Brasseur and Chatel (1983), is a

parametrization used for describing the ions in the strato-

sphere based on earlier work by Bates (1982) and Smith and

Adams (1982) that has the expression

α(cm3 s
−1)= 6× 10−8

√
300/T + 6× 10−26

[Mair ](300/T )4, (7)

where [Mair] is the concentration of air molecules in cm−3.

4 Results and discussion

The ion–ion recombination was measured in the CLOUD

chamber at different temperatures, relative humidities and

concentrations of ozone and sulfur dioxide. We obtained a

value of 2.3± 0.7× 10−6 cm3 s−1, at 298 K and RH= 40 %,

higher than the constant value of 1.6× 10−6 cm3 s−1 usually

reported in the literature (Laakso et al., 2004). Interestingly,

we found that α depends on both temperature and relative

humidity (Tables A2 and A1). Figure 5 shows the results of

four sets of experiments, where the ion concentration was

measured as a function of q. For each set of experiments,

we kept all the parameters constant except the one under in-

vestigation: the concentration of ozone (200–700 ppb), sulfur

dioxide (0–50 ppb), temperature (218, 248, 278 and 293 K)

and relative humidity (0, 7, 40 and 70 %). The measured re-

combination rate showed a strong dependency (about a fac-

tor of 5 change) on temperature and relative humidity and,

to some extent (a factor of 2), on the concentration of sulfur

dioxide. The variability in the ozone concentration appeared

to have little influence, if any, on the measured recombination

rate.

The retrieved loss rate for ions (8.3× 10−3 s−1, Fig. 6),

differs markedly from the linear loss rate retrieved for the sul-

furic acid neutral monomer (1.7× 10−3 s−1, Almeida et al.,

2013). This difference between the loss rates might be par-

tially explained by the image charge effect of the ions with

the chamber walls, even though this remains a controversial

topic (McMurry and Rader, 1985; Mayya and Sapra, 2002;

Vauge, 2002; Chang et al., 2012). Losses might be due to

some non-ideal behavior, e.g., retention of surface charge, of

some insulator in the clearing field cage region or in proxim-

ity to the mixing fans. Yet another possibility is that the mix-

ing in the chamber influences the ion concentrations, creat-

ing a higher linear loss rate. Finally, it is possible that sulfuric

acid is not lost to the walls with unit efficiency.

4.1 Temperature and relative humidity dependency of

the recombination rate

The strongest effect we observed was an increase in the ion–

ion recombination coefficient with decreasing temperature

(Fig. 5). The ion–ion recombination coefficient increased by

approximately a factor of 4 (from 2.3 to 9.9× 10−6 cm3 s−1)

as temperature decreased from 293 to 218 K. This behavior

seems not to be predicted by two of the three models and

only partially by the third model, as shown in Fig. 8. Inter-

estingly, all the models agree with each other and with the ex-

perimental results over a range of temperatures from 273 to

298 K, but there are big discrepancies in the absolute values

as well as in the functional form of the temperature depen-

dency 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 López-Yglesias and Flagan (2013) that accounts accu-
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rately for all the possible physical processes does not agree

with our data. Another option could be related to the evapo-

ration of ions in the line. If the number of ions reaching the

instrument was lower because of the losses for evaporation,

the resulting recombination would be overestimated. The ef-

fect of the mixing fan and the chemical composition of the

ions could vary with temperature, which would affect the re-

combination coefficient.

We observed a strong dependency of the recombina-

tion coefficient on relative humidity (RH). The ion–ion re-

combination coefficient decreases with decreasing RH from

9.4× 10−6 to 2.0× 10−6 cm3 s−1 as RH drops from 70 to

0 %, at a constant temperature of 298 K (Fig. 7). The de-

crease of the ion–ion recombination coefficient at increasing

RH values could be related to an increase in size of the small

ions: higher values of RH would form larger hydrated ions

that would be less mobile, thus decreasing the recombination

rate. The change in ion mobility is plausible, as we know that

aerosol particles with a diameter larger than 10 nm tend to be

hygroscopic, changing their diameter according to the RH

(Onasch et al., 1999; Keskinen et al., 2013). We also know,

from quantum chemistry calculations, that ions form clusters

with water and that the amount of water attached is depen-

dent on RH (Kurtén et al., 2007; Husar et al., 2012; Henschel

et al., 2014; Olenius et al., 2014). This explanation matches

the observed data qualitatively. In fact, according to quantum

calculations shown in Kurtén et al. (2007) for sulfuric acid

ions at 20 % RH, there are mostly one or two molecules of

water in the cluster, whereas at 80 % RH, there are three or

four. We get the equation below if we assume that the ions

in the chamber (1) are mainly sulfuric acid molecules, or be-

have the same way as sulfuric acid molecules, (2) are perfect

spheres, and (3) that their mass is the sum of the masses of

the molecules that comprise the ions.

Dp =
3

√
6 · (MH2SO4

+MH2O · nw)

πρ
+ 0.3nm, (8)

with

ρ = ρ(nw)=
MH2SO4

· ρH2SO4
+MH2O · ρH2O · nw

MH2SO4
+ nw ·MH2SO4

(9)

where Dp is the mobility diameter of the ions, MH2SO4
and

MH2O are the masses in Da of a sulfuric acid molecule and

of a water molecule, respectively, nw is the number of water

molecules in a cluster and 0.3 nm is the difference between

mobility diameter and mass diameter (Mäkelä et al., 1996;

Ku and de la Mora, 2009). This calculation gives a Dp of

0.91–0.94 nm at 20 % RH and of 0.94–1.01 nm at 80 % RH.

Unfortunately, the effect of RH on the ion diameter could

not be observed directly, because this change in diameter

is too small to be detected by the NAIS, given its low size

resolution (Mirme and Mirme, 2013). However, the RH de-

pendency of the recombination coefficient as a change in ion

mobility is unclear, and cannot be predicted satisfactorily by
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Figure 7. The ion–ion recombination coefficient measured at differ-

ent relative humidities, at a constant temperature of 20 ◦C. The dots

are measured points; the dashed line is an exponential fit to guide

the eye.

any of the models found in the literature. Only the model

described in Gardner (1938) predicts an increase of the re-

combination coefficient for smaller ions, although it under-

estimates the absolute values.

4.2 Atmospheric implications

It is important to account for the ion–ion recombination

when modeling ion concentrations. As described by Eq. (1),

the term representing the ion–ion recombination is always

present and becomes dominant for large ion production rates

and when coagulation sinks are small, e.g., in the free tropo-

sphere (Volland, 1995).

The possibility of a strong dependency of the ion–ion re-

combination rate on temperature must be taken into account

when interpreting and modeling data of ion concentration

or ion production in environments or model domains with

a large temperature variability. In fact, a change in tempera-

ture from −54 to 20 ◦C, a typical temperature change from

the free troposphere down to the boundary layer, can cause a

change in the recombination rate as high as 1 order of mag-

nitude.

The RH seems to influence the rate of recombination as

well, by decreasing the mobility of ions. In this study, the

measurements at different RHs were taken at constant tem-

perature and, therefore, changes in RH reflect those in the

absolute water vapor concentration. The lower the RH, the

faster the ion loss via recombination was. This might be

analogous to what happens at high altitudes, where water

molecules are scarce.

It should be noted that, in the present study, the pressure

was kept constant at +5 mbar above the atmospheric level,

during the experiments. In the atmosphere, however, a de-
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Figure 8. A comparison between the ion–ion recombination coef-

ficient, measured at different temperatures (points with error bars)

and the recombination coefficient modeled using different models.

The shaded area represents 50 % uncertainty.

crease in temperature with increasing altitude is associated

with a decrease in pressure as well. In the CLOUD cham-

ber it is not possible to lower the pressure below typical sea

level values, as the chamber is not designed to withstand

under-pressure with respect to the outside pressure. So, it was

not possible to experimentally measure the variation of the

ion–ion recombination rate at pressures lower than 900 hPa.

It has been shown, however, that the ion-to-particle coeffi-

cients are considerably different under ambient conditions at

20 km altitude than at ground level, with the recombination

coefficient being an order of magnitude lower at 20 km alti-

tude than at ground level (López-Yglesias and Flagan, 2013).

When moving from ground level to 20 km altitude, the de-

crease in recombination coefficient due to decrease in pres-

sure is only partly counterbalanced by the increase in recom-

bination coefficient due to decrease in temperature. Conse-

quently, the pressure effect on a recombination coefficient

needs to be taken into account when interpreting data mea-

sured at substantially different pressure than in this work, but

investigating the pressure effect is beyond the scope of this

study.

5 Conclusions

We carried out an experimental determination of the ion–

ion recombination coefficient in the CLOUD chamber at

CERN. The retrieved recombination coefficient at 20 ◦C and

40 % RH agrees with the literature values and with the mod-

els. We see no clear dependency of the ion–ion recombina-

tion rate coefficient for different ozone concentrations and

only a weak variation at varying sulfur dioxide concentra-

tions. Instead, we notice a strong dependency of the ion–

ion recombination coefficient on temperature and relative hu-

midity that has not been reported in previous studies. The

ion–ion recombination coefficient varied between 9.7× 10−6

and 2.3× 10−6 cm3 s−1 over the temperature range 220 to

293 K and between 9.3×10−6 and 1.5×10−6 cm3 s−1 over

the range of relative humidities from 0 to 70 %. The temper-

ature dependency is not well described by any of the models

found in the literature; only the model by Brasseur and Cha-

tel (1983) seems to give results following the temperature de-

pendence of our experimental data within 50 % uncertainty.

The RH dependency of the ion–ion recombination coefficient

is not well understood or described theoretically, but can be

interpreted as an effect of ion hydration: ions clustering with

water molecules decreases their mobility, and therefore they

recombine at a lower rate. Only the model by Gardner (1938)

shows a functional dependency that supports this explana-

tion, but it fails in reproducing the absolute values. It is also

important to note that our results for the RH dependence of

the ion–ion recombination coefficient were studied for only

one temperature, 20 ◦C, and that the extent of the dependency

might be different at different temperatures.

This was the first study to investigate experimentally the

ion–ion recombination in a highly controlled environment at

atmospherically relevant temperature, humidity and trace gas

concentrations. Our main finding was that the recombination

coefficient depends strongly on temperature and relative hu-

midity, quantities that have a large variability in the tropo-

sphere. This work can be considered as a starting point for

future studies in which pressure, chamber inhomogeneities

and ion chemical composition could be taken into account.
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Appendix A: Solution of the balance equation

dn

dt
=Q−αn2

−βn. (A1)

The right-hand term of Eq. (A1) is a second-degree equa-

tion; therefore,

dn

dt
=−α(n− n1)(n− n2), (A2)

where

n1 =
−β +

√
β2+ 4αQ

2α

and

n2 =
−β −

√
β2+ 4αQ

2α

are the solutions. Using the method of separation of vari-

ables, Eq. (A2) becomes

dn

(n− n1)(n− n2)
=−αdt. (A3)

Integrating, Eq. (A3) can be written as

n∫
n0

(
A

n− n1

+
B

n− n2

)
dn=

t∫
0

−αdt, (A4)

where n0 is the ion concentration at t = 0 and A(n− n2)+

B(n−n1)= 1. A(n−n2)+B(n−n1)= 1 can be written as

n(A+B)− (An2+Bn1)= 1 and its solution is

A=−B =
1

(n1− n2)
=

α√
β2+ 4αQ

.

Table A1. Values of the recombination coefficient and its uncer-

tainty at different temperatures. The uncertainty reported is calcu-

lated with error propagation and includes the uncertainty in the fit.

T α × 10−6 σα× 10−6

(◦C) (cm3 s−1) (cm3 s−1)

20 2.3 0.7

5 1.6 0.6

−25 7.6 1.0

−55 9.7 1.2

By solving Eq. (A4), we obtain

A ln

(
|n− n1|

|n0− n1|

)
−A ln

(
|n− n2|

|n0− n2|

)
=−αt.

We can drop the absolute value because these values are

always greater than 0:

A ln

(
n− n1

n0− n1

)
−A ln

(
n− n2

n0− n2

)
=−αt

A ln

{
(n− n1)(n0− n2)

(n− n2)(n0− n1)

}
=−αt

(n− n1)

(n− n2)
=
(n0− n1)

(n0− n2)
exp

(
−

√
β2+ 4αQt

)
From this, we can solve n(t):

n(t)=
(n0− n2)n1− n2(n0− n1)exp(−t

√
β2+ 4αQ)

(n0− n2)− (n0− n1)exp(−t
√
β2+ 4αQ)

. (A5)

Table A2. Values of the recombination coefficient and its uncer-

tainty at different relative humidities. The uncertainty reported is

calculated with error propagation and includes the uncertainty in

the fit.

RH α× 10−6 σα× 10−6

(%) (cm3 s−1) (cm3 s−1)

70 2.0 0.7

40 2.3 0.7

7 8.1 2.8

0 9.9 3.0
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