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Atmospheric ions are produced after a cascade of reactions starting from initial ionization 
by high energetic radiation. Such ionization bursts generate ions that rapidly react and gen-
erate a suite of ion products. Primary ions are in the atmosphere originate from radioactive 
decay, gamma radiation from the soil or cosmic ray events. In this work, we modified an 
existing instrumentation and developed a novel setup for detecting ion bursts. The setup 
consists of a continuous flow ionization chamber coupled to Atmospheric Pressure inter-
face Time-Of-Flight (APi-TOF) mass spectrometer. The APi-TOF sampling rate was set 
to 100 Hz in order to detect individual ion bursts from ionization events. Besides counting 
the individual ionization events, the developed setup is able to follow the rapidly changing 
chemical composition of ions during ion burst cascade. The setup can give us insights into 
the primary ionization mechanisms and their importance in atmospheric ion and aerosol 
dynamics.

Introduction

Atmospheric ions are fundamental to atmos-
pheric electricity (Israël 1970, Singh et al. 2011), 
in addition to which they affect the chemical 
composition of the atmospheric, dynamics of 
atmospheric aerosol particles and cloud proper-
ties (Harrison and Ambaum 2008, Calisto et al. 
2011, Larin 2011, Harrison et al. 2015, Mironova 
et al. 2015). Ions are known to enhance nuclea-
tion rates under conditions relevant to the ambi-
ent atmosphere (e.g. Raes et al. 1986, Kirkby et 

al. 2011, Duplissy et al. 2016), but their overall 
effect on atmospheric new-particle formation 
and subsequent cloud condensation nuclei pro-
duction has remained poorly quantified (e.g. 
Iida et al. 2006, Gagne et al. 2008, Manninen 
et al. 2010, Hirsikko et al. 2011, Yu and Lee 
2012, Kontkanen et al. 2013, Kulmala et al. 
2013). Ions are central to the proposed connec-
tion between solar activity, cosmic rays, clouds 
and climate (Dickinson 1975, Svensmark 1998), 
a topic which has been investigated extensively 
using laboratory experiments (Kirkby et al. 
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2011), atmospheric observations (e.g. Kulmala 
et al. 2010, Laken et al. 2012, Voiculescu and 
Usoskin 2012) and large-scale model simula-
tions (e.g. Pierce and Adams 2009, Snow-Kropla 
et al. 2011, Kazil et al. 2012).

Air ions are produced by galactic cosmic rays 
(GCRs), as well as by radon decay and gamma 
radiation originating from the soil (Israël 1970, 
Bazilevskaya et al. 2008). Terrestrial sources 
are usually more important than GCRs for ion 
production taking place within a continental 
planetary boundary layer, whereas in the free 
troposphere the GCRs play the dominant role 
(e.g. Kazil and Lovejoy 2004, Williams et al. 
2011, Zhang, et al. 2011). After their formation 
in the atmosphere, the primary ions (N2

+, O2
+ and 

e−) are rapidly converted into secondary molecu-
lar ions (Arnold 2006, Larin 2011), and then 
either neutralized by ion–ion recombination or 
attached to aerosol particles and removed from 
the relevant mobility regime (Israël 1970). The 
final composition of ambient ions is defined by 
the composition of neutral gases and their proton 
and electron affinities (Eisele 1988, Smith and 
Spanel 1996, Ehn et al. 2010).

Cosmic rays are high-energy particles origi-
nating mostly from outside our solar system 
and even outside the Milky Way galaxy. Most 
of them are positively charged nuclei of hydro-
gen (89%) or helium (10%), the rest (about 
1%) being made of heavier elements (Singh et 
al. 2011). The energy range of cosmic rays is 
109−1021 eV (Singh et al. 2011). When enter-
ing Earth’s atmosphere, the cosmic rays form 
secondary particles called air showers, in addi-
tion to which they ionize matter. In this way, the 
cosmic ray leaves a track of ions until it collides 
with a nucleus of molecule and gets terminated, 
as a result of which new secondary ionizing 
particles will be formed. On average, the cosmic 
rays produce one ion–electron pair per 35 eV of 
deposited energy (Porter et al. 1976). 

Detailed investigation of the dynamics and 
chemistry of atmospheric ionization has been 
very difficult because of instrumental limitations. 
The earliest instruments capable of detecting ion-
izing radiation and observing the ion bursts are 
dated back to 1899 when Wilson constructed a 
cloud chamber and was able to observe conden-
sation of vapours onto ions produced by radiation 

under supersaturated conditions (Wilson 1899). 
His work set the basis for high energy physics 
(Das Gupta and Ghosh 1946) and initiated the 
development towards modern aerosol and ion 
instruments (Flagan 1998, McMurry 2000). After 
the initial work of Wilson, the techniques on 
mobility classification and detection of ions have 
been refined (e.g. Tammet et al. 2002, Iida et al. 
2006, Mirme et al. 2007, Manninen et al. 2009a, 
2009b). The global in-situ ion observations were 
put into perspective in terms of their spatio-
temporal variability and their role in the aerosol 
formation by Hirsikko et al. (2011). Although the 
response time of air ion instruments can be rapid 
(in order of seconds) (e.g. Lee et al. 2013, Mirme 
and Mirme 2013, Noe et al. 2016), typically the 
results are presented in minute-to-hour time reso-
lution (Vana et al. 2008, Mirme et al. 2010, Ehn 
et al. 2011, Vana et al. 2016).

In this paper, we describe a new method for 
direct measurement of atmospheric ion bursts 
produced by cosmic rays, radioactive decay or 
gamma radiation. The method makes it possible 
to monitor individual ionization events during 
ion bursts and to measure the rapidly changing 
chemical composition of the ions associated with 
such bursts. The resulting information will be 
valuable for atmospheric scientists in exploring 
the effect of the ions on microphysical atmos-
pheric processes and consequent on effects on 
climate in Earth’s system.

Material and methods

Experimental setup

The laboratory setup for detecting ion bursts 
consists of a continuous flow ionization chamber 
for capturing ion bursts and a mass spectrom-
eter for detecting the frequency and compo-
sition of the resulting ion plumes. The mass 
spectrometer used was an Atmospheric Pressure 
interface Time-Of-Flight mass spectrometer, 
APi-TOF (Tofwerk AG & Aerodyne Research 
Inc.; see Junninen et al. 2010). The instrument 
consists of two main parts: an APi interface that 
transfers ions from the atmospheric pressure 
to vacuum and a mass spectrometer that deter-
mines the mass-to-charge ratios of the ions. APi 
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has three differentially-pumped chambers, with 
two quadrupoles and ion lenses to focus and 
transport the ions. Once the ions arrive at the 
time-of-flight chamber of the mass spectrometer, 
they are accelerated orthogonally to their initial 
flight path. This acceleration process is called 
an extraction, and it is repeated at a frequency 
of around 10−12 kHz depending on the desired 
mass range. The ions are separated based on 
their flight time, which depends on the mass-to-
charge ratio, and detected using a multi-channel 
plate (MCP) with intervals of 40−80 ps. The 
mass spectrometer has a mass resolving power 
of 3000−6000 Th/Th and mass accuracy better 
than 20 ppm (0.002%) (Junninen et al. 2010). 
The unit Thomson (Th) used here is equal to 
1 u/e, where u is unified atomic mass unit and e 
is the elementary charge, i.e. the electric charge 
unit in the atomic unit system. The instrument is 
equipped with a reflector that reduces the physi-
cal dimensions of the instrument and improves 
mass resolving power both by adding length to 
flight path and by focusing the ions.

In the measurements discussed here, the mass 
spectrometer was set to measure the masses up 
to 2000 Th. No ionization source, except for the 
natural radiation, was used. The transmission of 
ions thorough the mass spectrometer was about 
3% at 200 Th and 0.5% at 1000 Th. Different 
from earlier studies, the mass spectrometer was 
set to save spectra at a frequency of 100 Hz 
instead of the typical rate of ~1 Hz. This was 
done in order to capture the short ionization 
events and separate them from the background 
ion signals.

The continuous-flow ionization chamber was 
a tube with a length of 40 cm and internal 
diameter of 4 cm. The sample air (in this experi-
ment indoor air) was taken through a High Effi-
ciency Particulate Air (HEPA, Pall Corporation 
PN12144) filter and the other end of the ioniza-
tion chamber was attached directly to the inlet of 
the mass spectrometer with connections to the 
flow control unit (Fig. 1). Three different flow 
rates through the chamber were used (2.8, 8.8 
and 16.8 l min–1), all of which were well within 
the laminar flow regime (Reynolds numbers of 
98, 308 and 589, respectively, in the ionization 
chamber). If we assume that the ionization event 
happens just inside the flow ionization chamber 

entrance and take into account the flow rates, the 
resulting plug flow residence times are 15.1, 3.8 
and 1.9 s, respectively.

Data handling

In order to achieve a high time-resolution for the 
ion burst measurements, we modified the data 
acquisition of the mass spectrometer. The typi-
cal acquisition method, where the whole mass 
spectrum is saved in every acquisition step, was 
changed to a so-called event-list saving method. 
In this saving mode, only individual events of 
ion detection are recorded, accompanied with 
their time of occurrence. The mass spectrum is 
then constructed in retrospect. This gives great 
advantages: First, the memory requirements are 
much smaller (but only in the cases, where total 
amount of signal counts are low, like here). 
Second, the reconstruction of mass spectrum can 
now be done in a completely new way: we are 
not constrained by the time interval of the acqui-
sition, but instead, we can apply different criteria 
for co-adding the signal. As an example, if we 
need a measurement point every one second, tra-
ditionally we would need to co-add all the signal 
during the 1-s acquisition period (Fig. 2a), but 
now we can include or exclude data that have, 
for example, too few counts during the 10-ms 
acquisition period (Fig. 2b). The final time series 
is still provided with the 1-s time resolution, but 
its information content is different. Third, dif-
ferent ways of reconstructing the mass spectra 
are not exclusive and acquisition data can be 
processed in multiple ways in parallel in order to 
get more information.

When sampling at 100 Hz, one acquisition 
period is 10 ms. The terminology used in this 
work is as follows: data from the primary data 
acquisition period is called a raw spectrum, 
whereas a reconstructed spectrum is called a 
cumulative spectrum.

Data processing forms a process chain with 
multiple consecutive steps: (1) calculating total 
ion counts (TIC) in each raw spectrum, (2) find-
ing data corresponding to the ion bursts from 
the time series of TIC signal, (3) co-adding all 
the mass spectra signal corresponding to the 
found ion burst, so that we get a mass spectrum 
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Fig. 1. Schematic of instrumentations used for measuring chemical composition of ion bursts. 
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Fig. 2. Schematics of reconstructing spectrum in (a) traditional time-binning manner, and (b) method used in this 
work.

for each individual ion burst, (4) finding a back-
ground signal from the time series of TIC repre-
senting the background ion population, and (5) 
co-adding mass spectra signal that corresponds 
to the background.

Here, we need to separate the background 
signal from the signal that corresponds to ioniza-
tion events. To obtain the background cumula-
tive spectrum, let us mark a raw spectrum with 
no counts as “0” and spectrum that has counts 
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as “1”. Now a raw spectrum that has an empty 
spectrum before and after is marked as “010”, two 
consecutive spectra with the empty spectra before 
and after is marked as “0110”, and so on. The 
background cumulative spectrum was calculated 
by co-adding all the counts from the spectra of the 
form “010”, “0110” and “01110”. The vast major-
ity of these spectra contained only a single count. 
During the 10-ms sampling period, 75%–80% of 
the acquired spectra had no single count.

The ion plumes were divided into three 
classes according to the maximum counts during 
the ion bursts; 2–7 counts, 8–19 counts and 
20–50 counts. These values are the actual meas-
ured counts during one acquisition period. When 
the transmission of the mass spectrometer and 
inlet as well as the sampling flow are taken into 
account, these maximum ion counts correspond 
to atmospheric ion concentrations of 1.5 ¥ 103–
5.2 ¥ 103 cm–3, 6 ¥ 103–14 ¥ 103 cm–3 and 15 ¥ 
103–45 ¥ 103 cm–3, respectively. Note that these 
values are not total ion counts during the whole 
ion plume, but instead maximum counts acquired 
during the 10-ms data acquisition period (during 
which 0.13 cm3 of air is being sampled).

Data were processed using a MatLab tool-
box called tofTools (Junninen et al. 2010). The 
mass spectrometer and the software have been 
described and applied in several studies (e.g. 
Ehn et al. 2010, 2011, 2014, Junninen et al. 
2010, Kirkby et al. 2011, Lehtipalo et al. 2011, 
Manninen et al. 2011, Kangasluoma et al. 2013, 
Kulmala et al. 2013, Schobesberger et al. 2013, 
Riccobono et al. 2014).

Results

Characteristics of the ion bursts

In typical applications of atmospheric ion meas-
urements, the instruments are operated at sam-
pling frequencies of 0.001–1 Hz, and an average 
ion concentration during the acquisition period is 
recorded. The time series obtained from this type 
of measurements gives an impression that ions 
are relatively homogeneously distributed within 
the sampled air. In reality this is not the case.

When we the increased sampling rate to 
100 Hz, a continuous-looking time series of air 

ions became spiky, with periods in between the 
spikes having few or no counts per spectrum 
(Fig. 3). Here, by a “spike” we mean a sudden 
increase in ion counts in the time series of the 
measured total ion concentration. Actually, each 
spike in the data is associated with one ionization 
event caused by a single ionizing interaction.

Typically, spikes with single counts were 
observed 13 to 14 times per second (Table 1). 
The frequency of spikes decreased rapidly 
with an increasing number of ion counts, so 
that the spikes with more than three ion counts 
were observed with frequencies of 1 Hz or less 
(Table 1). However, the exact frequencies have 
a minor importance by themselves, as they are 
dependent on the geometry of the ionization 
chamber. The used ionization chamber has a 
shape of a cylinder, so the effective ionization 
volume depends on the angle of incidence and 
radial position of the rays entering the chamber. 
The material of the chamber (stainless steel in 
this experiment) influences also the penetration 
of high-energy particles. The ionization events 
from the radon decay, however, are independ-
ent of the chamber material. The current system 
is not designed to replace or even to be used 
as a radiation detector. Still, if counting all the 
spikes regardless of the size as an event and 
comparing these frequencies with a laboratory 
radiation safety monitor (Berthold LB124), the 
obtained frequencies were in the same range, 
9–20 Hz cm–2 (normalized to the projection area 

Table 1. Frequency (Hz) of spikes grouped by counts 
in the spectrum. The projection area of the ionization 
chamber is 160 cm2.

Counts of ions in Frequency at the flow of
the raw spectrum 
 2.8 l min–1 8.8 l min–1 16.8 l min–1

1 14.5703 14.3933 13.4643
2 6.7592 4.8471 3.6098
3 1.8038 1.0811 0.6624
4 0.5416 0.2333 0.1583
5 0.2604 0.1104 0.0729
6 0.1708 0.0542 0.0437
7 0.1396 0.0437 0.0354
8 0.0750 0.0333 0.0354
9 0.0771 0.0396 0.0312
≥ 10 0.8290 0.5291 0.4103
> 0 24.8581 21.1546 18.4051
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Fig. 3. Total ion count measured at two sampling rates, 100 Hz (black) and 1 Hz (red). The 1-Hz data were cal-
culated by averaging from the 100-Hz data. Each spike corresponds to an ionization event taken place inside the 
continuous flow ionization chamber.

of ionization chamber). This indicates that the 
observed ion bursts were produced by cosmic 
rays along with α-, β- and γ-radiation.

The spikes in the time series of the total ion 
count (TIC) signal (Fig. 3) are formed when a 
cosmic ray or ionizing particle forms a plume 
of ions during the flight through the ioniza-
tion chamber. We may assume that large (when 
multiple ions are detected) ion plumes originate 
from ionization events that are detected sooner 
after the event compared with the small plumes. 
This reasoning has multiple shortcomings, and 
the actual age of the ion plume cannot be cal-
culated accurately. Other factors that affect the 
size of the plume are the angle of incidence and 
radial position of the ray as well as the type and 
energy of ionizing radiation in question. On 
average, however, the size of a plume is approxi-
mately related to its age. After the initial forma-
tion of the ion plume, ion–ion recombination 
starts to neutralize ions (Biondi 1969, Kontkanen 
et al. 2013), which lowers their total concentra-

tion. The carrier gas in the ionization chamber 
transports these ions to the mass spectrometer. 
Higher flow rates correspond to shorter average 
residence times and, consequently, longer resi-
dence times tend to provide more time for ions to 
be neutralized by the ion–ion recombination (see 
Table 1). Besides the ion–ion recombination, the 
ion plume is affected by diffusion broadening 
that makes the observed spikes wider. Again, 
with longer residence times, the observed spikes 
get wider.

In order to illustrate the effect of ion–ion 
recombination and diffusional broadening, a 
simplified and idealized one-dimensional model 
was constructed, in which the projection of the 
ion plume concentration to one dimension was 
assumed to follow a Gaussian distribution and 
any flow imperfections and wall losses were 
ignored. This is a valid assumption in a cases 
where the ionization takes place at the centre of 
the ionization chamber. The diffusion broaden-
ing was incorporated into the model by calculat-
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ing the standard deviation of the Gaussian dis-
tribution shaped ion plume using the following 
equation:

 , (1)

where D is the diffusion coefficient and t is the 
time from the ionization event.

Figure 4 demonstrates the evolution of the 
moving (aging) ion plume. The initial ion concen-
tration was set to 105 cm−3 in these calculations, 
and the values of D and ion–ion recombina-
tion coefficient were assumed to be 0.1 cm2 s–1 
and 8 ¥ 10−7 cm3 s–1, respectively (Biondi 1969). 
Franchin et al. (2015) showed that the ion–ion 
recombination coefficient varies with temperature 
and humidity, but this variation was not taken into 
account here as our results are not very sensitive 
to the exact value of this parameter. This exem-
plary simulation on the evolution of the ion plume 
demonstrated that a faster moving carrier gas 
transports an ion plume more rapidly to the detec-
tor, leaving less time for the diffusion to broaden 
the spikes. Consequently, the plumes with the 
same age are different in height when using differ-
ent carrier gas flow speeds.

In order to illustrate our findings further, 
the average properties of the spikes with dif-
ferent flow rates were calculated (using only 
spikes with total ion counts larger than 15). The 
analysis revealed that slightly higher frequency 
of the widest spikes occurred at lower carrier 
gas flow rates, and on average somewhat wider 
spikes were observed for positive ions (Fig. 5). 
The same was apparent when the median spikes 
were calculated separately for smaller (older) 
and large (younger) spikes. The reason for the 
wider spikes in the positive polarity is not clear. 
The spikes of the positive ions are not only wider 
but also they have much longer tail with all of 
the carrier gas flows (Fig. 6). This should be 
examined in more detail in subsequent studies.

Chemical composition of the ion plume 
and its evolution during the bursts

Our experimental system did not detect primary 
ions (N2

+, O2
− and e−) because they have already 

transferred their charge to secondary ions by the 

time the ion plume reaches the mass spectrom-
eter. The chemical composition of an ion plume 
at any given moment is defined by the concentra-
tion, proton or electron affinities and clustering 
ability of the substances present in the plume and 
carrier gas. After multiple sequential collisions, 
the composition of negative ions will be domi-
nated by strong acids (proton transfer) or clus-
ters of most abundant acids (Smith and Spanel 
1996), just like in the case of atmospheric ions 
(Ehn et al. 2010). The time evolution of the acid 
equilibrium was nicely visible in our measure-
ments (Fig. 7). The cumulative spectrum of the 
youngest ions plumes (Fig. 6d) was dominated 
by lactic acid (a mass-to-charge ratio (m/z) of 
89.02 Th and the logarithm of the acid dissocia-
tion constant (pKa) of 3.86) and nitric acid (m/z = 
61.99 Th, pKa= –1.4). When the plumes got older 
(Fig. 6b and c), the contribution of lactic acid 
decreased and that of sulfuric acid (m/z = 96.96 
Th, pKa1 = –3, pKa2 = 1.99) increased. Finally, 
in the background spectrum (Fig. 6a), even the 
sulphuric acid dimer (m/z = 194.93 Th) became 
visible (Fig. 8). Another remarkable observation 
was that peaks in high masses appeared in the 
older plumes (Fig. 7a and b). There were groups 
of peaks starting from masses 344, 510, 676, 
842 and 1008 Th with a separation of 166 Th, 
which could corresponds to the fragment C3F6O. 
The peaks in each group were separated by 
16–18 Th, indicating molecular variations in the 
oxygen or water content. Most likely these high 
masses originated from impurities in the PTFE 
tubing, present in the lab air and in the tubing as 
a contamination.

The evolution of the chemical composition 
was also observed with the positive ions (Fig. 8), 
for which the young and old ion plume spec-
tra were distinctively different, particularly in 
the masses higher than 250 Th. The lighter 
masses include NO+ (m/z = 30.0 Th), (H2O)2H

+ 
(m/z = 37.03 Th), C3H9O3N

+ (m/z = 107.06 Th) 
and C7H10NO+ (m/z = 124.08 Th). The heavier 
masses at 536, 610, 684 and 758 Th had a sepa-
ration of 74 Th that could be caused by CH2SiO2, 
and the whole series might originate from sili-
cone tubing contaminations. All the heavier 
masses in the younger ion plumes (Fig. 9b–d) 
had a small positive mass defect (md; differ-
ence between the exact mass and integer mass), 
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indicating that they must contain an element 
with a negative mass defect, such as F (m/z = 
18.998 Th, md = –0.002) or Si (m/z = 27.977 Th, 
md = –0.032), to compensate for the positive 
mass defect of H (m/z = 1.008 Th, md = 0.0078). 
The group of ions appearing in the background 
spectrum between 200 and 500 Th had clearly 
a positive mass defect and patterns separated by 
14–16 Th. This feature points to hydrocarbons. 
Even though the exact molecular identity and 
origin of the ion composition was not resolved, 
the power of our method to analyse chemical 
composition of short ion burst generated by high 
energy particles was clearly demonstrated.

This experiment was conducted using “dirty” 
laboratory air and the chemical speciation that 
was observed is specific for this experiment 
and necessary has no wider application. How-
ever, the observations of the existence of ion 
plumes that are high in concentration, but short 
in lifetime and spatial distribution, as well as the 

technology described to detect them, have wide 
applications, for example, to resolving the initial 
steps in the rapid oxidation chemistry in flow 
tube experiments or to quantifying the param-
eters affecting the ion dynamics.

Conclusions

We demonstrated the power of advanced mass 
spectrometry to analyse the chemical composi-
tion of ions within short bursts that are gener-
ated by high-energy particles originating from 
cosmic rays or radioactive decay. These ioniza-
tion events are a significant pathway for the 
formation of ions in the atmosphere. In atmos-
pheric sciences, ion spectrometers have been 
traditionally operated at too low sampling fre-
quencies for detecting short-lived ion plumes 
(e.g. Manninen et al. 2009a, 2009b). Such a low 
sampling frequency provides an average concen-
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Fig. 7. Cumulative mass spectrum of observed negative ion bursts separated by the bursts intensity: (a) cumulative 
spectrum background, (b) sum of bursts that had maximum intensity of 2–8 counts, (c) sum of bursts with maxi-
mum intensity of 8–20 counts, and (d) sum of bursts with maximum intensity of 20–50 counts. The time from the 
initial ionization decreases from a to d. The value of total counts indicates the total number of counts summed up 
for each cumulative spectrum. Intensities for masses smaller than 180 Th were divided by 20.

Fig. 8. Excerpt from the 
cumulative spectrum of 
background signal in Fig. 
6a in order to provide a 
closer look at the correct 
identification of sulphuric 
acid dimer signal.

tration, which gives false image of a true spatial 
and temporal distributions of ions. Ions are not 
equally distributed, but instead there are regions 
with very high concentrations, and in majority of 
space and time there are no or few ions present. 

By operating the mass spectrometer 
(APi-TOF) at the 100-Hz sampling frequency, 
we were able to detect ion plumes, to separate 
them from the background signal, to catego-
rize them according to the ion density, and to 
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measure their chemical composition. We could 
observe a clear change in the chemical composi-
tion of ion plumes as they aged. A distinct chem-
ical composition was observed in young and old 
ion plumes for both negative and positive ions. 
Compared with negative ion plumes, the posi-
tive ion plumes tended to be spread to a larger 
volume while being lower in concentration.

The new setup provided direct information on 
individual ion bursts in an ambient air, including 
their “age” and the chemical composition of ions 
within such bursts. In general, the developed 
setup will provide new insight into the dynamics 
of ions and their chemistry. Such information is 
essential for detailed investigations on atmos-
pheric oxidation, cluster dynamics, new-particle 
formation and gas-to-particle conversion.
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