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Uptake of several atmospheric molecules on free ice nanoparticles was investigated. Typical ex-
amples were chosen: water, methane, NOx species (NO, NO2), hydrogen halides (HCl, HBr), and
volatile organic compounds (CH3OH, CH3CH2OH). The cross sections for pickup of these molecules
on ice nanoparticles (H2O)N with the mean size of N̄ ≈ 260 (diameter ∼2.3 nm) were measured in
a molecular beam experiment. These cross sections were determined from the cluster beam velocity
decrease due to the momentum transfer during the pickup process. For water molecules molecular
dynamics simulations were performed to learn the details of the pickup process. The experimental re-
sults for water are in good agreement with the simulations. The pickup cross sections of ice particles
of several nanometers in diameter can be more than 3 times larger than the geometrical cross sections
of these particles. This can have significant consequences in modelling of atmospheric ice nanoparti-
cles, e.g., their growth.

I. INTRODUCTION

Small ice nanoparticles and aerosols play an important
role in physics and chemistry of Earth atmosphere.1 Perhaps
the most important example is the ozone hole above Antarc-
tica: some of the key reactions which lead to the ozone de-
pletion process proceed on ice particles in polar stratospheric
clouds (PSCs) as proposed by Solomon et al. in 1980s.2 The
physics and chemistry of PSC particles has been investigated
in great details ever since and covered by a number of articles
and reviews, e.g., Refs. 3–5.

All these processes start with the formation and growth of
the nanoparticles via homogeneous or heterogeneous nucle-
ation and uptake of various molecules on the particles. In this
study we focus on the uptake processes. The initial steps in the
ice particle generation are the collisions of water monomers
with small water clusters, which prevail under the conditions
where there are many more monomers than clusters.6 There-
fore, we focus especially on the pickup of water molecules
by the large water clusters. Besides, the pickup of some other
typical atmospheric molecules is investigated. These include
methane CH4 as one of the most influential greenhouse gases;
NOx species represented by NO and NO2; hydrogen halides
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HCl and HBr important in the ozone depletion process; and
volatile organic compounds (VOCs) represented by methanol
CH3OH and ethanol CH3CH2OH.

The atmospheric pure ice nanoparticles and pickup pro-
cesses can be mimicked in the laboratory with large (H2O)N
clusters in molecular beams. If the beam is passed through
a chamber (pickup cell) filled with a particular gas, the
molecules can collide with the nanoparticles and stick to
the surface. The efficiency of this process is reflected by
the pickup cross section. Recently, we have examined two
methods for determining these cross sections with ArN clus-
ter beams.7 Our measurements were based on two ap-
proaches proposed for determination of the mean clusters
size in molecular beams: (i) velocity decrease due to the
pickup of molecules by the cluster;8 (ii) Poisson distribu-
tion measurements.9 We concluded that only the first method
yielded the correct and reliable results. 7

This method utilizes the fact that the mean cluster size
N̄ in supersonic expansions is known and can be controlled
by the cluster source conditions.10–13 We determine the cross
section from variation of the beam velocity with the pickup
pressure as outlined in Sec. II. Since the relation between N̄

and the expansion conditions is well established also for wa-
ter clusters, 14 the method can be extended also to these atmo-
spherically important species.

In the present paper we determine experimentally the
cross sections of the ice nanoparticles with the mean
size N̄ = 260 for the atmospheric molecules mentioned
above. For pickup of water molecules we have also per-
formed molecular dynamics simulations, which allow a de-
tailed insight into the molecular mechanism of the pickup
process.

Published in " "
which should be cited to refer to this work.

ht
tp

://
do

c.
re

ro
.c

h



II. EXPERIMENT

A. Experimental setup

The pickup experiment and cluster cross section mea-
surements have been described in detail in our recent
publication.7 Therefore, only a brief account of the method
will be given here.

The general and comprehensive description of our com-
plex cluster beam apparatus can be found in Refs. 15 and 16.
The water clusters were generated in the source chamber by
supersonic expansion of a neat water vapor through a conical
nozzle (diameter d = 90 μm, length 2 mm, and opening angle
α = 30◦). The vapor pressure P0 was determined by heating
the reservoir filled with water to a constant temperature TR.
The nozzle was heated to somewhat higher temperature T0 to
prevent the water condensation. The size of the clusters was
controlled by varying the source conditions and the resulting
mean cluster sizes could be determined according to the
empirical formulas:14

N̄ = D ·
(

�∗

1000

)a

, �∗ = �

Kc

= n0 · d
q
e · T

q−3
0

Kc

,

(1)
where parameters D = 11.6, a = 1.886, and q = 0.634 were
determined from fitting the measured size distributions of
large (H2O)N clusters.14 The reduced scaling parameter �*
was introduced by Hagena12 to classify various clustering
conditions, and for water clusters this parameter and cluster
size distributions were studied in Buck’s group.14 The
characteristic constant of the expanding gas Kc = (rc ·
Tc)q−3 for water was evaluated from rc = 3.19 Å and Tc

= 5684 K. The equivalent nozzle diameter de = d
tan(α/2) was

given by d = 90 μm and opening angle α = 30◦. The water
vapor density in the source was calculated from the reservoir
temperature TR and pressure P0 as n0 = P0

kBT0
(kB is the

Boltzmann constant). The stagnation pressure of P0 = 3.2 bar
and nozzle temperature T0 = 428 K result in the mean cluster
size N̄ = 260. The water cluster size distribution produced in
the supersonic expansions has a log-normal character with a
width �N ≈ N̄ as determined in the previous experiments14

with our present cluster source.
The cluster beam passed through a skimmer with 1 mm

opening before entering the differentially pumped scattering
chamber. This chamber served as a pickup cell filled with the
gas to dope the clusters with various molecules. The effective
capture length was L = 170 mm is limited on the other side by
a 5 mm orifice to the next chamber. Thus the chamber length
is well defined and a possible error of ±5% due to the gas
streaming out of the orifices and pressure inhomogeneity was
included in the evaluation of the cross section error bars.

The pressure in the chamber was monitored by Bayard-
Alpert ionization gauge (Varian type 571). The background
pressure in the pickup chamber was ≤1 × 10−6 mbar, and the
pressure with the pickup gas increased up to 6 × 10−4 mbar.
The measured pressures for various gasses were divided
by the correction factor suggested in the gauge instruction
manual. Since the pickup pressure is a critical parameter for
the cross section evaluation, great attention was paid to its
measurement. The ionization gauge was also calibrated inde-

FIG. 1. Fragment ion mass spectrum of (H2O)N N̄ = 260 clusters. The inset
shows an example of the measured velocity distribution for the m/z = 379
amu mass peak with the Gaussian fit (line).

pendently for the various gases by comparing the measured
pressures to the values of a capacitance gauge pressure (Pfeif-
fer CMR 365) and the calibration values were found in good
agreement with the values proposed in the instruction manual.
The measurements for the various gases were performed
repeatedly on different days to avoid any memory effects of
the gauge. In each individual measurement, ample time was
allowed for stabilization of each pressure step. The cross sec-
tion measurements for all gases were tested for consistency
against a test system (methanol) always before and after each
day of measurement. The data for various gases were col-
lected repeatedly over the time period of approximately half
a year. The error bars on the measured cross sections include
all the effects which appeared to influence the present data.

For the velocity measurements the cluster beam was
modulated by a pseudorandom mechanical chopper17 in the
next differentially pumped chamber. The chopper contained
two pseudorandom sequences of 127 elements and its rotation
with frequency of 492.1 Hz corresponded to a single opening
time window of 8 μs. After the chopper the beam passed the
flight path of 955 mm through another differentially pumped
chamber to the ion source of a quadrupole mass spectrometer
with an electron ionizer and channeltron detector. The clus-
ters were ionized with 70 eV electrons. Figure 1 shows an
example of the measured fragment mass spectrum. The mass
range of our quadrupole mass spectrometer was limited to
cluster fragments (H2O)kH+ with k ≤ 25. However, Bobbert
et al.14 have demonstrated a significant water cluster fragmen-
tation upon electron ionization in direct comparison with Na
doping and subsequent photoionization which is essentially
fragmentation-free method. Thus also the larger clusters from
our size distribution contribute to the present mass peaks, and
since the cluster velocity after supersonic expansion is almost
independent of their size (within less than 10%), it can be
measured on the small fragment mass peaks in the spectrum.

The arrival time to the detector was measured. The to-
tal flight time was properly corrected for the time spent by the
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ion fragment in the quadrupole and for any electronic delay of
the trigger signals and converted to the beam velocity distri-
bution. The velocity distribution was evaluated from the mea-
sured data by the cross-correlation mathematical method.17

The beam velocity was measured for several water cluster
fragments and the values were carefully checked for consis-
tency. Typically the velocity dependence on pickup pressure
was measured for at least two masses, e.g., on a strong frag-
ment mass peak of (H2O)kH+ k = 10 at m/z = 181 amu, and
at the end of the measured fragment mass range for k = 21 at
m/z = 379 amu. The maximum velocity of the water clusters
(without any pickup gas) measured at the nozzle temperature
T0 = 428 K was v0 = 1450 ±10 ms−1, and the speed-ratio
S = 2

√
ln(2) v0

�FWHMv0
≈ 17. The inset in Fig. 1 shows an ex-

ample of the measured TOF distribution at them/z = 379 amu
mass peak.

B. Pickup cross section

We have discussed the pickup cross-section determina-
tion in detail in our recent publication.7 The method is based
on the assumption that water clusters in the beam are slowed
down by the pickup due to the momentum transfer, and the ve-
locity change increases with the number of guest molecules.
Let us assume cluster of a size N with an initial velocity vi

colliding with k stationary molecules in the pickup cell which
stick to the cluster. Then the momentum conservation yields
for the cluster final velocity vf the equation:

NmC · vi = (NmC + kmX) · vf , (2)

where mC is the cluster constituent mass (H2O) and mX is the
mass of the picked-up species.

This formula has two important assumptions: (i) the col-
lision is inelastic, i.e., molecule sticks to the cluster if a con-
siderable momentum transfer between the molecule and the
cluster occurs and (ii) no considerable evaporation of cluster
occurs upon the pickup. Both assumptions are confirmed for
H2O pickup by molecular dynamics simulations outlined in
Sec. IV. The previous investigations7,8 showed that this sim-
ple model described the final velocity dependence very accu-
rately for argon clusters.

The number of picked-up molecules along the path-
length L in a gas at a pressure p (corresponding to the number
density ng = p

kBT
) can be expressed as

k = ngσeL = p

kBT
σeL, (3)

where σ e is the pickup cross section. Combining
Eqs. (2) and (3), the relative change in the cluster ve-
locity is directly proportional to the pickup cell pressure

�V

V
≡ vi − vf

vf

= mX

NmC

Lσe

kBT
· p. (4)

Thus, we plot the relative velocity change as a function of the
pressure and fit a linear dependence �V

V
= α · p. From the

slope α the pickup cross section σ e can be evaluated as

σe = α · mCN

mX

· kBT

L
. (5)

The quantity that is evaluated directly from the experi-
mental data is the effective cross section

σe = σ0 · Fa0(∞, x), (6)

which incorporates the velocity-averaging correction fac-
tor Fa0 due to the velocity distribution of the target
molecules.18–20 Label∞ denotes the hard sphere potential ap-
proximation, and x = vi

αg
, where vi is the cluster beam veloc-

ity and αg is the most probable velocity in theMaxwellian dis-
tribution of the scattering gas. These correction factors were
tabulated in the literature.18, 19

III. EXPERIMENTAL RESULTS

Figure 2 shows examples of the measured relative ve-
locity dependencies on the pickup gas pressure p for several
molecules (H2O, NO, NO2) on (H2O)N clusters N̄ = 260.
Such dependencies were measured repeatedly on various days
over a long time period to confirm the reproducibility of our
data. The figure documents the high quality of the linear fit to
the relative velocity change dependence on pickup pressure.
A possible source of error in the pickup cross section determi-
nation can be the pressure correction factor used for various
gases. Therefore, the ion gauge was also calibrated indepen-
dently with the capacitance gauge, yet the later does not cover
the entire measurement pressure range. Thus, the error bars on
the pickup cross sections reflect not only the reproducibility of
our data which was high, but rather the possible uncertainty
in the pressure determination. It ought to be mentioned that
the raw data not corrected by the pressure correction factor
are shown in Fig. 2.

The measured cross sections are summarized in Fig. 3
and Table I. The geometrical cross section of the water clus-
ters is indicated by the horizontal line. It was evaluated from
the water molecule van der Waals radius rw = 1.6 Å, i.e., the
cluster volume corresponds to the volume of N spheres with
rw radius multiplied by a factor

√
18
π

accounting for the hexag-
onal close packing of the hard spheres. Thus, the geometrical
cross section was calculated as

σg = πR2
N, RN = rw ·

(√
18

π
· N

)1/3

, (7)

Δ

FIG. 2. The relative velocity dependence on the pickup gas pressure p for
H2O (circles), NO (squares), and NO2 (triangles) molecules on (H2O)N clus-
ters N̄ = 260 with the linear fits (lines).
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FIG. 3. The pickup cross sections for atmospheric molecules H2O , CH4,
NO, NO2, HCl, HBr, CH3OH, and CH3CH2OH on (H2O)N clusters N̄

= 260. Horizontal line represents the geometrical cross section.

giving the geometrical cross section σ g ≈ 400 Å2 for N
= 260.

IV. THEORETICAL CROSS SECTIONS FOR
WATER PICKUP

Of the presented experimental cross sections, we focus
on the pickup of water molecules, because of its significance
for build-up of the ice particles in the initial stages of nucle-
ation. To provide support for the experimental findings, we
have performed molecular dynamics (MD) simulations for
the (H2O)N–H2O collisions. Simulations provide a value of
the cross section that can be compared with the experimen-
tal number. Furthermore, by repeating simulations for several
cluster sizes, we are able to extend the experimental findings
and formulate more general conclusions.

Simulations were done in the coordinate system where
the (H2O)N cluster is initially in rest and the H2O molecule
is shot at it with the velocity corresponding to experimental
cluster beam velocity. In this section we thus call the picked-
up molecule a projectile. Each cross section was determined
from an ensemble of trajectories with varying impact param-
eters, where each trajectory was obtained from the MD sim-
ulation. The cross section was then evaluated from the max-
imum impact parameter that leads to the momentum trans-
fer assumed in Eq. (2) used in evaluation of the experimental
data. All simulations were done with our own (fortran) code.

The H2O–H2O interaction was described by the TIP3P
model.21 The model has positive charges on the hydro-
gens (qH = +0.417e) and negative charge on oxygen (qO
= −0.834e). The potential between two water molecules is

a sum of electrostatic Coulomb interaction between all in-
termolecular pairs and a single Lennard-Jones term between
oxygen atoms. The water molecules were not considered
rigid, the vibration of intramolecular bonds was treated within
harmonic approximation with frequencies matching the ex-
perimental frequencies of the normal vibrational modes. This
approach is rather unusual—the molecules within the water
model are usually kept rigid. We have decided for the present
model due to simpler implementation of the trajectory inte-
grating code (no need for a constrain algorithm). Addition-
ally, Zamith et al.22,23 have recently shown that dynamical
processes on a short time scale influence sticking properties
of charged water clusters. Of course, the explicit treatment
of the intramolecular motion brings the necessity of a short
numerical time step. For integrating the trajectories, Verlet al-
gorithm with the timestep of 0.2 fs was used. For the largest
cluster simulated (N = 520) the algorithm conserved the total
energy within 0.5% for the simulation length of 20 ps.

The initial cluster structure was obtained by starting with
the (H2O)21 cluster with coordinates taken from Cambridge
Cluster Database,24 adding water molecules to this structure
one by one and simultaneous cooling of the structure. The
whole cluster was heated once more to 300 K and slowly
cooled down to 90 K. This was repeated several times and
different cluster structures were obtained. The cluster struc-
ture obtained this way is certainly not a global minimum of
the potential energy surface. As was pointed out in a review
by Buch et al.,25 the search for a global energetic minimum in
water clusters has plethora of difficulties, including a “rugged
energy landscape,” i.e., a multitude of local minima separated
by high barriers. However, the quantity investigated here: the
calculated pickup cross section is primarily influenced by the
long-range interaction between water molecules, thus does
not depend on the exact structural conformation of the clus-
ter. This was confirmed by repeating the simulations for sev-
eral cluster structures. The resulting values of cross section
differed by less than 10% for different structures. Moreover,
for all cluster sizes, the mean geometrical cross section of the
obtained structures (as determined from the radial distribution
function from the cluster’s centre of mass) was in very good
agreement with the approximative geometrical cross section,
Eq. (7).

The simulation of one projectile trajectory proceeded as
follows: first the cluster was equilibrated for 5 ps. The clus-
ter temperature was assumed to be 90 K—this was chosen as
a compromise between 70 and 100 K as estimated in Ref. 26
for a cluster source identical to ours. Then the cluster was ran-
domly rotated and the H2O projectile was shot at the cluster
with a certain impact parameter and velocity of 1450 ms−1,
equal to velocity of cluster beam in the experiment. The whole
system was simulated for 20 ps. After the simulation, it was

TABLE I. Cross sections for pickup of several molecules on (H2O)N, N̄ = 260. The corresponding geometrical cross section is σ g ≈ 400 Å2, and the simulated
cross section for water molecules was σ s ≈ 946 Å2.

Molecule H2O CH4 NO NO2 HCl HBr CH3OH CH3CH2OH

σ e(Å2) 1018 ± 80 713 ± 80 560 ± 75 520 ± 77 690 ± 100 560 ± 114 670 ± 100 855 ± 120
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FIG. 4. (Top panel) The MD simulation geometry for one trajectory.
(Graphs) The calculated cluster velocity after the collision as a function of
the projectile impact parameter. The individual trajectories are categorized as
sticking (crosses) or nonsticking (open circles). The line is a fit of the step
function f(b) determining the maximum impact parameter bmax, Eq. (8).

determined whether the collision was sticking or nonsticking
and the final cluster velocity was calculated.

In total 250 such trajectories were generated with impact
parameter ranging from 12 to 22 Å. The results of simula-
tions: the cluster velocity after the collision vs. the impact pa-
rameter of the projectile are plotted in Fig. 4. The momentum
transfer follows the expected result: only the sticking trajecto-
ries lead to a considerable momentum transfer to the cluster.
The data can be approximated by the function (line in Fig. 4)

f (b) = vc [1 − �(b − bmax)] . (8)

Here vc is the cluster velocity after collision according to mo-
mentum conservation, Eq (2).�(x) is the Heaviside step func-
tion. The maximum impact parameter bmax is determined from
one-parameter fit of the function f(b) to the experimental data.
The corresponding cross section is then

σ = πb2max. (9)

The calculated cross section for N = 260 is 946 Å2 which is
in good agreement with the experimental value of (1018 ±
80) Å2 and it provides support for the experimental finding

FIG. 5. Cross sections for the pickup of H2O molecules on (H2O)N. The full
circle is the experimental value for N̄ = 260, the crosses are calculated val-
ues for four different sizes of water cluster. The line indicates the correspond-
ing geometrical cross sections calculated from van der Waals radius of H2O,
Eq. (7).

that the pickup cross section is significantly larger than just
the geometric cross section of the cluster. Figure 4 confirms
the basic assumption used in evaluating the experimental data
[Eq. (2)]—only sticking collisions lead to considerable mo-
mentum transfer between the projectile and cluster.

We have repeated the cross section calculation for several
cluster sizes, N̄ = 260, 350, 430, 520, in order to observe the
general trend. The calculated cross sections are summarized
in Fig. 5.

V. DISCUSSION

The pickup cross sections measured for various
molecules on (H2O)N, N̄ ≈ 260 nanoparticles vary between
520 Å2 for NO2 and 1018 Å2 for H2O and are larger than the
geometrical cross section of 400 Å2. We have observed the
variation of the pickup cross section for various molecules al-
ready previously for argon clusters.7 The pickup cross section
is determined by the strength and extent of the interaction po-
tential between the picked-up molecule and the cluster con-
stituents and also by the mass of the molecule and relative
velocity. The later issue is discussed below.

The experimental cross section for the pickup of water
molecules (1018 ± 80 Å2) is within the experimental error
in agreement with the value obtained from the molecular dy-
namics simulations (946 Å2). The measured cross section is
by factor of 2.5 larger than the simple geometrical cross sec-
tion of the nanoparticle. The calculated cross sections for sev-
eral cluster sizes shown in Fig. 5 suggest that this is a gen-
eral trend—the calculated values are consistently higher by
approximately factor of 2.2. The range of cluster sizes in the
graph is not sufficient to see theN2/3 dependence in full extent.
The question arises, whether the actual pickup cross section
will follow the size dependence of the geometrical cross sec-
tion. The effect of long-range forces in the cluster-molecule
collision has been theoretically investigated by Vasilev and
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Reiss,27, 28 for water droplets and by Vigué et al.29 for argon
clusters. The later work has shown that the capture cross sec-
tion for ArN clusters (which is also larger than the geometrical
cross section) scales as N2/3 forN � 103. The cluster-molecule
potential for water cluster–water molecule interaction is dif-
ferent than the VB potential used by Vigué et al. and Fig. 5
suggests, that for water clusters the N2/3 scaling sets on al-
ready at the present size range.

An important point which should be discussed is the
velocity dependence. The attractive potential between the
particle and molecule will pull the slower molecule from a
larger distance towards the cluster than the faster one. Thus
the pickup cross section will increase with decreasing relative
velocity. In the present experiment the cluster velocity is
determined by the nozzle temperature which could not be
changed significantly enough to observe any effect on the
measured cross sections. The cluster velocity corresponds es-
sentially to the relative velocity since it is significantly higher
than the thermal velocity of the molecules. The temperature
dependence can be estimated from Eq. (6): e.g., for water
molecule x = vi

αg
≈ 2.75 giving Fa0 = 1.066 (tabulated in

Refs. 18 and 19) which yields σ 0 = 955 Å2. At atmospheric
conditions, i.e., in a thermal equilibrium, vi = αg giving
Fa0 = 1.47 and the corresponding effective cross section σ e

≈ 1400 Å2. This value is larger than the geometrical cross
section by factor of 3.5.

Our cross sections can be compared to the attachment
cross section of water molecules on mass selected protonated
water clusters.22,23 The experimentally measured cross
sections of Zamith et al.22,23 for N = 250 are approximately
800 Å2 (for 33 eV kinetic energy in the lab frame) which is
close to our measured and simulated values. Nevertheless the
authors report that their cross sections are smaller than the
geometrical ones. The major reason for the discrepancy is
the different geometrical cross sections reported in the work
of Zamith et al. compared to our work. We calculate the
geometrical cross section according to Eq. (7) considering
the water molecule van der Waals radius of rw= 1.6 Å. On
the other hand Zamith et al. derive their geometrical cross
section from the molecular radius of 2.25 Å, deduced from the
density of bulk ice of about 2 Å. Our simulations suggest that
the (H2O)N cluster structure forN = 260 is far from hexagonal
ice lattice structure at least at the temperatures of 90 K con-
sidered in our experiments. Besides, it has been also shown by
other theoretical calculations25 that the cluster structures do
not correspond to the hexagonal ice lattice structure at least
in the mid-size region investigated in our experiments. They
assume rather the structure of amorphous solid water, and the
cluster radius of 10–13 Å, can be estimated from Fig. 8 in
Ref. 25 for the cluster consisting of 293 water molecules
which is good agreement with our radius of 11.3 Å, for N
= 260 obtained from our Eq. (7) using the van der Waals
radius of 1.6 Å. In addition, our simulated cluster diameter
(and subsequently its geometrical cross section 400 Å2) is
also in good agreement with Eq. (7) using the radius of 1.6 Å.
This suggests that the geometrical cross section in the work
of Zamith et al. is overestimated.

The effective integral collision cross sections of small
water clusters N = 4–8 have also been measured by beam

attenuation in various gasses to be ∼100–300 Å2.30 However,
a direct comparison to the present data is difficult due to the
different methods and different evaluated quantities.

The agreement of the measured cross section with
the simulated one for water molecules and our previous
investigations of Ar-cluster cross sections7 both suggest high
reliability of the present experimental method. The present
water cluster cross sections for other molecules range from
σ e ≈ (520 ± 77) Å2 for NO2 to (855 ± 120) Å2 for ethanol.
All the measured values are significantly larger than the
geometrical cross sections, and can be expected to be even
larger at the thermal equilibrium conditions in the atmosphere
in analogy to the above discussion of water molecule pickup.

One possible effect which could lead to overestimation
of the observed sticking cross section (essentially by factor of
two) would be the head-on elastic collision. The performed
MD simulations have not revealed any such events for wa-
ter molecules where the cross section is the largest one. Be-
sides our previous measurements and simulations of Ar clus-
ter pickup cross sections7 have not revealed such effect for
Arn which are more rigid compared to the water clusters and
the interactions of the molecules with them are much weaker.
Despite that we have observed in the simulations mostly stick-
ing collisions—no elastic scattering—and the cross sections
were in good agreement with the experiment. Therefore, we
conclude that the effects of elastic scattering cannot dominate
in the present experiments.

VI. CONCLUSIONS

We have measured the pickup cross sections of ice
nanoparticles for several typical atmospheric molecules in
the laboratory experiment with molecular beams. For water
molecules the pickup cross sections were also calculated in
a molecular dynamics simulation of the pickup process. The
agreement between the experimental and calculated cross sec-
tion values underscores the reliability of our measurements,
and the simulations provide detailed insight into the pickup
process dynamics.

The measured pickup cross sections for all molecules
starting from σ e(NO2) ≈ 520 Å2 are larger than the geomet-
rical cross section σ g = 400 Å2. The largest measured cross
section for water was 1018 ± 80 Å, by factor of 2.5 larger
than the geometrical value. The values measured at the beam
velocity of 1450 ms−1 can be extrapolated to the thermal equi-
librium atmospheric conditions where the pickup cross sec-
tions will be even larger. In particular, for water the corre-
sponding effective cross section will be ≈1400 Å2, i.e., by
factor of 3.5 larger than σ g.

These findings can have consequences in modelling the
formation and growth of atmospheric ice nanoparticles. At-
mospheric nanoparticle formation consists of a complicated
set of processes that include the production of nanometer-size
clusters from gaseous vapors, the growth of these clusters to
larger sizes, and their simultaneous removal by coagulation
with the pre-existing particle population.31 Considerable ef-
fort is devoted to the modelling of initial stages of the particle
growth and cluster formation (e.g., Refs. 6 and 32). In these
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models, when considering the formation (or evaporation) of
clusters, the geometrical cross section of the cluster is used
in the expressions for the dynamical rate constants and the
collision rates are taken to be hard sphere collision rates. The
present data show that the more realistic cross sections should
be used instead.
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