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Charge separation and isolation in strong water
droplet impacts†

F. Wiederschein,a E. Vöhringer-Martinez,*b A. Beinsen,c F. Postberg,de J. Schmidt,f

R. Srama,e F. Stolz,cg H. Grubmüllera and B. Abelcg

Charge separation in condensed matter after strong impacts is a general and intriguing phenomenon in

nature, which is often identified and described but not necessarily well understood in terms of a

quantitative mechanistic picture. Here we show that charge separation naturally occurs if water droplets/

clusters or ice particles with embedded charge carriers, e.g., ions, encounter a high energy impact with

subsequent dispersion – even if the involved kinetic energy is significantly below the molecular ionization

energy. We find that for low charge carrier concentrations (c o 0.01 mol L�1) a simple statistical Poisson

model describes the charge distribution in the resulting molecular ‘‘fragments’’ or aggregates. At higher

concentrations Coulomb interactions between the charge carriers become relevant, which we describe by

a Monte Carlo approach. Our models are compared to experimental data for strong (laser) impacts on

liquid micro beams and discussed for the charge generation in cluster-impact mass spectrometry on

cosmic dust detectors where particle kinetic energies are below the plasma threshold. Taken together, a

simple and intuitive but quantitative microscopic model is obtained, which may contribute to the

understanding of a larger range of phenomena related to charge generation and separation in nature.

Introduction

Charge separation and isolation in finite molecular aggregates,

droplets, and particles – in particular for water – plays an

important role in many areas of science1–6 and remains elusive

up to the present. Already Lenard noted – more than a century

ago – the electrical effects associated with drop breakup near

waterfalls.3 Blanchard observed that bubble bursting over

the oceans releases positively charged jet droplets.7 A number

of more or less speculative mechanisms have been proposed to

account for the observed charges on cloud particles, which

ultimately lead to thunderstorms and lightnings.8,9 The electro-

kinetic effect in small micro jets has recently been employed for

power generation.10 However, most of the charging mechanisms

in nature are in fact subject of debate andmost of them are poorly

understood.

For the sake of convenience we will address liquid and solid

clusters, particles and fragments in the following altogether as

droplets. We focus on three phenomena in which dispersed

neutral water forms efficiently positively and negatively charged

droplets in collisions. The common feature is the efficient

dispersion of a larger molecular assembly into fast separating

smaller subunits in a strong impact like a strong collision. The

phenomenon is particularly puzzling because it works most

efficiently in situations in which the total impact kinetic energy

distributed over the particles and the kinetic energy per sub-

unit (e.g., water molecules) is significantly lower than the

molecular ionization potentials, so that charging cannot occur

via ionization or the formation of a plasma. The energy is even

insufficient to break a covalent bond.

The first phenomenon is related to neutral water clusters

colliding with a wall at low kinetic energy, which has defied

explanation up to the present. Vostrikov et al.11–13 and later

Gebhard et al.1 observed in their experiments that molecular

clusters colliding with a surface produce fragments that carry

excess charges, even if the kinetic energy is well below any

molecular ionization energy. This effect has been documented

and there have been attempts to model this phenomenon, but a

detailed understanding of the physical process is still lacking.

Nevertheless, it has been used as a method of ionization in

cluster mass spectrometry.1
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Secondly, it has been a common belief that particle impact

detectors based upon time-of-flight mass spectrometry of

charged fragments work properly only if particles hit the impact

plate with sufficient speed to form a plasma.14 This picture has

been challenged recently by Postberg et al.6 Their measure-

ments show that the composition of micron sized ice particles

with low impact velocities can still be analyzed qualitatively and

quantitatively via time-of-flight mass spectrometry, just from

the charged fragments after destruction of the particles on the

impact metal plate. These results imply that a fast dispersion of

matter in a collision or impact will always produce charged

fragments (see Fig. 1a). The mechanism, however, is unknown.

A full account and quantitative explanation of the phenomenon

– which is not plasma ionization or electron detachment from

single molecules – has not been given yet.

Finally, charge generation in infrared laser assisted liquid

beam,15–18 ice,19 or droplet20 dispersion mass spectrometry has

been reported as a soft desorption and ‘‘ionization’’ technique, but

it has not yet been understood on a quantitative nor at least

qualitative basis. In this method a liquid beam containing charged

particles (NaCl) at various concentrations (10�6–10�1 mol L�1) is

dispersed by the irradiation of the infrared laser into droplets that

are analyzed by mass spectrometry (see Fig. 1b). An interesting

statistical model proposed by Dodd is frequently employed to

explain charge states in mass spectrometry.21

Beyond these three application examples, other areas of our

daily experience exist in which charge generation plays a role

but our level of understanding appears to be even worse. For

instance, in the field of cloud electrification and lightning

formation, theoreticians have proposed a number of models,

which are usually heavily debated and controversial (see ref. 2).

Despite the experimental evidence, theoretical approaches to

describe charge separation in the dispersion of molecular aggre-

gates or liquid water upon impacts are rare. Vostrikov et al. tried

to explain their charged fragments in their early work on clusters

colliding with a wall employing a molecular dynamics approach.

They propose that the kinetic energy of clusters colliding with

a surface concentrates in molecules of the compressed region

resulting in what they called ‘‘polar dissociation of clustered H2O

molecules’’.13 They concluded that for a given impact energy

larger clusters formmore efficiently ion pairs and that the surface

may participate actively in the ion separation due to an ‘‘asym-

metric ion neutralization’’ in a sub-picosecond time interval.13

Here, we propose a simple and intuitive but quantitative model

that describes most of these phenomena either observed in nature

or in lab experiments or even used as a working technology. The

paper is organized as follows. First, we provide a general model

for charge generation in high impact events (the Poisson model

and Monte Carlo simulation). Then we compare predictions of

the model with recent experiments from laser induced liquid

desorption mass spectrometry. Finally, we show that the Poisson

model contributes to the understanding of charge generation in

cluster-impact mass spectrometry used in space based dust

detectors at particle kinetic energies below the plasma threshold.

Experimental and theoretical methods
a. Poisson model

We start with a brief description of the Poisson model, which –

to the best of our knowledge – has not been considered nor

discussed in the present context. This model is valid only at low

salt concentrations, assuming that interactions between charge

carriers can be neglected and that the separation process

occurs fast relative to the mobility of the charge carriers. With

these assumptions the distribution of the charged particles in

the separated clusters is described by a Poisson distribution. As

illustrated in Fig. 2 we assume a volume V that contains

uniformly distributed negative and positive non-interacting

singly charged ions. Dividing the volume V into n parts yields

a distribution of charged and neutral subspaces Vi (see Fig. 2)

where the number of ions in these subspaces is Poisson

distributed. Thus, the distribution of excess charges q in these

subspaces can be described by the sum of joint probabilities of

the Poisson distributions of positive and negative ions.

To be specific, we assume a monovalent salt solution con-

taining Na+ and Cl� ions. The probability P(NNa,kNa) for finding

at a given instant in time kNa sodium ions in a sub volume

element is given by the Poisson distribution,

P NNa; kNað Þ ¼ NNa
kNa

kNa!
� e�NNa

; (1)

where NNa is the expected number of sodium ions in the

subspaces (calculated from a given concentration). A similar

distribution holds for the chloride ions. This approach is

similar in spirit to the one by Dodd.21

Hence, the total charge distribution P(q) of these subspaces

can be described by the sum of joint probabilities of the

Fig. 1 (a) Schematic picture of the phenomenon of charge separation and
charged droplet formation after high-energy impact of water ice particles or
water droplets containing charge carriers such as positively and negatively
charged ions (e.g., from dissolved salts). The charge of a system is marked by
� (negative excess charge) or + (positive excess charge). (b) A high-speed
photograph of a micro water beam in vacuum (containing charge carriers)
irradiated with an IR laser tuned to 2.8 mm. The micro beam is dispersed and
the charged droplets are analyzed via a time-of-flight-mass spectrometer.
For more details see the text and also the ESI† of this article.
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Poisson distributions of sodium and chloride ions, which yield

an excess charge of q in the corresponding subspace,

PðqÞ ¼
X

1

kNa¼0

X

1

kCl¼0

P NNa; kNað Þ � P NCl; kClð Þ � dkNa;kClþq: (2)

Approximating each of the two Poisson distributions in eqn (2)

by a Gaussian distribution with mean N and variance N, and

replacing sums by integrals, yields, up to normalization, the

useful approximation

PðqÞ / e

�q2

4N � 1þ erf
2N � q

2
ffiffiffiffi

N
p

� �� �

(3)

or, for qo 2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N N � 1ð Þ
p

,

PðqÞ / e

�q2

4N
: (4)

Accordingly, the width of the total charge distribution P(q)

is
ffiffiffiffiffiffiffi

2N
p

, N being the expected number of ions in the corre-

sponding subspace.

The total probability to obtain a charged droplet (a sub

volume element) is 1 � P(0). We will subsequently compare this

probability with the experimentally obtained ion yield.

b. Monte Carlo approach

To account for the mutual Coulomb interaction between the

ions, we performed Monte Carlo (MC) simulations of the ions

in bulk water using a Metropolis scheme,22 and subsequently

subdivided the MC volume into smaller cubic boxes to model

instantaneous dispersion into droplets. From a fit of the

Poisson model to the experimental ion yields at low concentra-

tions (c o 0.01 mol L�1), a droplet volume of 5600 nm3 was

determined. Accordingly, a small cubic box of 17.8 nm side

lengths was chosen.

For the MC simulations a cubic box with a side length of

17.8 nm plus six times the Debye length corresponding to the

respective salt concentration was chosen to minimize surface

effects. The number of ions was chosen from concentrations of

10�6 mol L�1 up to 0.1 mol L�1, to match the salt concentra-

tions of the experiments described below. The electrostatic

energy of the system was calculated from Coulomb’s law. Water

molecules were described implicitly using the relative permit-

tivity of water er = 80.35 for the electrostatic energy. MC steps in

which the distance between two ions was smaller than the

Lennard-Jones radius (0.38 nm, as defined in the Gromos 53a6

force field23) were rejected. All simulations have been per-

formed at a temperature of 290 K and were equilibrated until

the total energy E of the system was converged to DE/E = 10�7.

Finally, 106 Monte Carlo steps have been computed to

sample the ion distribution. For each concentration the charge

distribution was derived counting the sodium and chloride

ions in the center cubic volume. To achieve a converged charge

distribution 125 MC simulations have been performed for each

salt concentration.

c. Experimental

A liquid beam with a diameter of about 14 mm was formed by

pumping doubly distilled water using a HPLC pump (see

Fig. 1b) through a quartz nozzle in a vacuum in front of the

mass spectrometer. Flow injection of the salt solutions was

realized with a 100 ml PEEK sample loop attached to an

injection valve. The generated liquid jet consists of a continuous

B3 mm long region, which disintegrates into droplets. The

infrared laser beam (2.9 mm, 2.5 mJ per pulse) passed through

a magnifying telescope and was focused by a CaF2 lens through a

CaF2 window onto the liquid target. A reflectron-Time-of-Flight

mass spectrometer operating in the positive ion mode was

employed to sample about 200 spectra per delay time t (12–29 ms),

which were averaged and summed up to obtain a total ion yield.18

NaCl p.a. was purchased from Merck. All solutions were freshly

preparedwith double distilledH2Obefore usage.More experimental

details are given in ref. 15–18 and in ref. 6.

Results and discussion

To investigate fast charge separation and isolation in liquid

water matrices after strong impacts experimentally and to

compare it with theory, we pick a well-established and con-

venient mass spectrometry technique in our laboratory.15–18,24

The liquid water matrix, containing salt at various predefined

bulk concentrations and therefore equal numbers of oppositely

charged ions as charge carriers (i.e., Na+ and Cl� ions), is

dispersed without forming a plasma as illustrated in Fig. 1b

Fig. 2 Illustration of our simple ‘‘zeroth-order’’ statistical model for the
phenomenon of charge separation in a water system (droplets or ice
particles) containing positive and negative charge carriers (ions) that are
dispersed or separated into sub-systems. The separation is assumed to be
fast and the particles are assumed to be non-interacting which is typically
the case for highly diluted systems at low ion concentrations. In this illustra-
tion we consider singly charged sodium ions labeled red and negatively
charged chloride ions displayed as blue circles. The resulting subsystems of
the initially neutral system indeed carry excess charge, depending on their
statistical distribution. The resulting charge of the individual sub-systems is
color-coded according to the scale bar (right hand side).
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(see also the high speed film material in the ESI†). The irradia-

tion of the liquid water jet in a thin seam of its surface region

leads to a shock wave-induced anisotropic dispersion of the

neutral water beam into charged micro and nano droplets.15 The

charged droplets were detected using a charge sensitive detector

(i.e., a multichannel plate, MCP) and characterized using a time-

of-flight (TOF) mass spectrometer.

Such a laser experiment is readily able to simulate high-

energy impacts, which are encountered in droplet collisions

(both containing ions as charge carriers) or collisions of

droplets with a wall.6 In order to study the dependence of

droplet charging on the initial ion or charge carrier concen-

tration, defined salt concentrations were added to bulk water,

which results in aqueous salt solutions with concentrations

between 0.1 and 10�6 mol L�1.

Mass spectra of NaCl aqueous solutions, dispersed using

a high intensity pulsed IR-laser, are displayed in Fig. 3 for

different salt concentrations. The detected droplets contain

only one Na+-ion and up to five water molecules at concentra-

tions lower than 10�3 mol L�1 and display an increased

intensity with bulk concentrations. Also a minor fraction of

droplets charged by one proton or by hydroxide ions (in

combination with two sodium ions) due to the self-ionization

of water is observed. For higher concentrations droplets might

also contain up to three or more ions. We emphasize here

that in the experiment nearly exclusively singly charged water

droplets are observed, which has been reported and well

documented in the past15 and which is verified also in this

work. In the experiments the intensities corresponding to

Na+-ions at all masses are summed up for the different

ion concentrations (providing a measure for the ion yield)

and compared with theoretical predictions outlined above

(see Fig. 4).

Fig. 4 compares the measured ion yield (blue circles) with

the predictions of both the simple Poisson model (black line,

no interionic interactions) and the MC-model (with interionic

interactions, red symbols). Here, we have assumed that the

average size of the droplets does not depend on the salt

concentration. This size, 5.6 � 3.2 � 103 nm3, was determined

from a weighted (with experimental error) fit of the Poisson

model to the experimental ion yields below 10�2 mol L�1 salt

concentration; this is in fact the only fit parameter of the theory

and yields the expected number of ions N for each concen-

tration. On average, droplets of this size contain less than one

ion at salt concentrations lower than 3 � 10�4 mol L�1, which

agrees with the observed droplet mass spectra in Fig. 3. It

should be emphasized that the spectra are not modeled per se

(line by line) but the total charge from the integrated line

spectrum. We note that in our treatment we assume an average

droplet size and neglect the actual width of the unknown

size distribution. This simplification will add to the deviation

we see between our Poisson model and the experimental data

contributing to the observed error in the droplet volume. In the

laboratory spectra from Fig. 3 we see clusters that are signifi-

cantly smaller than 5.6 � 3.2 � 103 nm3 obtained from fits to

the Poisson model. This reduction in size is likely caused by the

heat induced by the 7 ns laser pulse, leading to a substantial

evaporation of the cluster on the way to the detector. This

evaporation, however, leaves the ion yield unaffected at low

concentrations.

As can be seen in Fig. 4, the Poisson model describes the

charge distribution after strong laser dispersion at low salt

concentrations up to 10�3 mol L�1 indeed very well. With

increasing salt concentration the interionic interactions

become more relevant, and above 10�3 mol L�1 these inter-

actions markedly narrow the charge probability distributions as

Fig. 3 Time of flight mass spectra of laser dispersed aqueous sodium chloride solution at six different concentrations, between 10�1 mol L�1 and
10�6 mol L�1. Circles label (H2O)nH

+ water aggregates (clusters), open squares (H2O)nNa+ clusters, open diamonds label characteristic mixed
(H2O)n(NaCl)nNa+ aggregates, and open triangles denote (NaOH)Na+ clusters.

Paper PCCP

P
u
b
li

sh
ed

 o
n
 0

2
 F

eb
ru

ar
y
 2

0
1
5
. 
D

o
w

n
lo

ad
ed

 b
y
 M

ax
 P

la
n
ck

 I
n

st
it

u
t 

fu
er

 o
n
 1

6
/0

3
/2

0
1
5
 1

4
:4

1
:0

3
. 

View Article Online

http://dx.doi.org/10.1039/c4cp05618c


6862 | Phys. Chem. Chem. Phys., 2015, 17, 6858--6864 This journal is© the Owner Societies 2015

shown in the inset of Fig. 4 (for lower concentrations the match

between the Poisson model and MC simulations is complete,

see the ESI†). The respective correction obtained from the MC

simulation for concentrations of 10�2 mol L�1 and 10�1 mol L�1

is shown as a red box. As a consequence, the correction

decreases the ion yields, a tendency that is observed in the

experiment, albeit at a much larger extent.

Finally, at very high salt concentrations the effect of overall

strong charge recombination becomes significant, and the

ion yield drops significantly such that the simple static

model breaks down. We assume that for concentration above

10�2 mol L�1 the assumption of an instantaneous charge

separation becomes questionable: for very high concentrations,

already the short diffusion distances of the ions during the

actual dispersion process entail large changes in the total

charge. The consideration of this complex dynamics would

require full atomistic molecular dynamics simulations, which

are however beyond the scope of this work.

Overall, for low and intermediate salt concentrations below

0.01 mol L�1, our Poisson model and the MC simulation

predict the charge generation after (fast) dispersion of neutral

aqueous systems (NaCl salt solutions) quite well. It should be

noted that the internal energies of the water beam are well

below the ionization limit, such that the charge ‘generation’

originates from dispersion only and not from ionization.

It is quite surprising that the simple Poisson model, which

rests on very few and general assumptions, obviously describes

the process so well. This finding suggests that in fact a wide

variety of charging processes in nature – ranging from charged

oil droplets21 to charged water aggregates in mass spectrometry

experiments – might be explained by a similar process as long

as the interactions between the charge carriers are small.15,17

The charge probability in the experiments above is indeed very

well described at low salt concentrations, i.e. in the regime

where the interaction of the ions is negligible, and the average

number of charge carriers (ions) is less than one per droplet.

At higher salt concentrations, the interionic interactions

become relevant; they are therefore considered within the MC

simulations for concentrations higher than 10�3 mol L�1. Due

to these interactions, the radial distribution function of oppo-

sitely charged ion pairs is shifted to smaller distances, which

implies a somewhat reduced overall ion yield after the disper-

sion process, in agreement with the experiment (see Fig. 4).

Experiments at even higher salt concentration (see Fig. 4)

show a dramatic decrease in the ion yield. This is in contrast to

both the simple statistical Poisson model that predicts a quite

broad plateau as well as the MC model, which predicts only a

slight decrease. We conclude that there must be a very efficient

dynamic mechanism, which markedly reduces the probability

of charged fragments, further than the simple equilibrium

(MC) model. We assume that at these concentrations ion-

cluster collisions with ion uptake and intra-cluster recombina-

tion are efficient enough to explain the reduced ion yields in the

mass spectrometry experiments.

Does our model have predictive power beyond the observed

agreement? As a matter of fact, from our theoretical approach,

the production of charged fragments even below any molecular

ionization energy described in the paper of Gebhard et al. can

Fig. 4 Comparison of experiment and theory. The blue filled circles represent the measured total ion yield as a function of salt concentration, i.e., the
sum of all mass spectrum intensities obtained from droplets containing sodium (Fig. 3). The black line shows the prediction of our Poisson model, with
the droplet volume as the only adjustable parameter. The red boxes represent ion yields predicted by our Monte Carlo simulations. Three concentration
regions discussed in the text are indicated by background colors. Inset: total charge probability distribution for three selected concentrations, assuming
the same droplet size as in the main figure.
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now even be understood on a qualitative basis.1 Obviously,

charge separation and charging of fragments arise naturally in

impacts of clusters. In light of the present work, the calcula-

tions of Vostrikov et al. on charge separation in the compressed

region of a cluster do not seem to capture the main effect.13

Instead, the present work naturally explains experimental

results that have been highlighted and highly appreciated by

the scientific community, but which were yet difficult to explain

and rationalize in a qualitative and quantitative fashion via

rigorous theory in comparison with experiment. Additionally,

our Poisson model also agrees with the previously observed

Gaussian distribution of charges in experiments with dispersed

oil droplets.21

It is of course tempting to speculate that our model is also

relevant for charge separation in thunderstorms, ultimately

responsible for lightning. Although the present work does

provide new insights into charge separation and generation

in droplets and particles of water after high-energy impacts, the

overall mechanism of atmospheric charging and lightning

formation is very complex and certainly involves more than

just a single mechanism. To establish such relevance for these

complex phenomena which have resisted a detailed under-

standing for decades2,9,25,26 is, as exciting as it may be, certainly

beyond the scope of this work.

Another application of the charge generation and separation

concept highlighted here is mass spectrometry from impact

ionization of small dust particles (typical size is on the order of

mm or tens of mm). This method has originally been designed

for impact speeds in the order of 10 km s�1 or higher.14 In this

speed regime energy densities are in general high enough to

directly ionize portions of the dust particle upon impact in a

plasma plume. However, laboratory experiments using a dust

accelerator indicated that there is abundant formation of

charged clusters already at smaller impact speeds, especially

for elements and molecules with low ionization energies.27,28

This effect was directly seen in ice particle measurements

performed by the dust detector onboard the Cassini spacecraft

at Saturn. Previously, we have shown that the recorded spectra

at smaller impact speeds can be simulated in our laboratory

with the same liquid beam desorption mass spectrometry

described above (ref. 6).

This suggests that ice particles in space can be analyzed

via the dispersion mechanism described above, even without

plasma formation. It allows new applications for space

missions like compositional measurements of dust from an

orbit around a planetary moon.29,30 Namely, the impact speeds

of ejecta lifted or emitted from the moon’s surface onto the

dust sensor are typically on the order of 1–2 km s�1 (e.g. for an

orbit of about 100 km altitude around Jupiter’s moons Ganymede

or Europa). Such measurements can provide key chemical

constraints for revealing the satellite’s surface composition. Dust

particles are small samples from the solid surface of a satellite

such as Earth’s moon or the Galilean satellites. In the absence of a

lander, simply analyzing the ejected dust particles in the vicinity

of the satellite and its exosphere can carry out a composition

analysis of a satellite’s surface.

Summary and conclusions

In conclusion, we have found that dispersion of liquids, droplets

or ice particles containing charge carriers produces charged

fragments (aggregates and droplets) if they are dispersed fast

in a strong impact. Although the total impact energy distributed

over each particle is below its ionization potential, charge

generation is accomplished by breaking up the liquid or solid

matrix mechanically into charged fragments.

The charge state distributions can be predicted in the low

and intermediate concentration range and are described by a

simple statistical Poisson model. At higher salt concentrations,

the interionic interactions become important, which are

described (at least in part) by Monte Carlo simulations. These

results are in good agreement with the experimentally observed

fractions of charged droplets after infrared laser assisted liquid

phase dispersion mass spectrometry.

Our model of charge separation and generation appears to

be of general nature and should be able to explain a variety of

phenomena in science and nature. In particular, the model may

also be applied to the characterization of dust particles col-

lected in the exosphere of satellites such as the Jovian moon

Europa, providing information on their surface composition.
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