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Water droplets are generated by sonic spray, transferred into vacuum through a capillary interface, and
then passed through two image charge detectors separated by a drift region. The image charge detectors
measure the charge and velocity of each droplet. For around 1% of the droplets, the charge changes signif-
icantly between the detectors. In some cases it increases, in others it decreases, and for some droplets the
charge changes polarity. We attribute the charge changing behavior to fragmentation caused by freezing.
Simulations indicate that the time required for a droplet to cool and freeze in vacuum depends on its size,
ater droplet
onic spray
mage charge detection

and that droplets with radii of 1–2 �m have the right size to freeze between the two detectors. These
sizes correspond to the smaller end of the distribution present in the experiment. When the charge on a
droplet increases or changes polarity, fragmentation must be accompanied by charge separation where
fragments carry away opposite charges. In some cases, two fission fragments were observed in the second
charge detector. We show examples where the droplet breaks apart to give fragments of the same charge
and opposite charges. The fragmentation and charge changing behavior found here is consistent with

he fre
what has been found in t

. Introduction

We recently reported a study of micron-sized water droplets
enerated by sonic spray, electrospray, and a vibrating orifice
erosol generator (VOAG) [1]. After formation, the droplets were
ransmitted into vacuum using a capillary interface where their
harge and mass were determined by charge detection mass
pectrometry [2–5]. In this approach, the charged droplet travels
hrough a conducting cylinder, and the image charge is detected
ith a charge sensitive preamplifier. The amplitude of the signal is
roportional to the charge, and the duration of the signal (the time

t takes for a droplet to travel through the cylinder) provides the
elocity. If the energy is known, the measured velocity can be used
o determine m/z, which, along with the measured charge, provides
value for the mass of the droplet. Unfortunately, the energy is not
ell defined in these experiments.

Normally, the energy of an ion in vacuum is set by accelerat-
ng it through a known potential difference. However, the droplets
re accelerated to several hundred m/s as they enter the vacuum
hamber through the capillary interface [6], which leads to a large

ncertainty in their kinetic energy. To overcome this problem, we
eveloped an approach that employs two image charge detectors
eparated by a pulsed accelerator [7]. The charge and velocity are
easured in the first detector, the droplet is accelerated through a
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known potential difference in the pulsed accelerator, and then the
charge and velocity are measured in the second detector. The m/z
ratio is determined from both the change in the velocity between
the two detectors and the potential difference in the pulsed
accelerator.

In an alternative version of this approach, the droplets are
accelerated and then decelerated through a symmetric triangular-
shaped potential in a region between the two image charge
detectors [1]. In this case, the m/z ratio is determined from the time
shift that occurs due to the accelerating/decelerating potential. The
charge and velocity are measured in both detectors. The average
velocity is used to predict the time it should take for the droplet
to travel between the two detectors in the absence of the acceler-
ating/decelerating potential. The difference between the predicted
and measured time (with the accelerating/decelerating potential)
is then used to determine the m/z ratio.

For most of the droplets that we measured, the charge in the
second detector was the same as in the first. But this was not true
for all droplets. For a small fraction of the droplets, around 1%, the
charges measured in the first and second detector differed by a sig-
nificant amount. Some droplets seemed to lose charge, for some
droplets the charge seemed to increase, and some droplets even
seemed to reverse their charge (i.e., flip from positive to negative)

as they travel through vacuum!

However, both the pulsed accelerator and the time shift region
employed in these measurements used fine mesh grids, and it is
possible that the charge changing events could result from colli-
sions between the droplets and the grids. To rule out this possibility

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:mfj@indiana.edu
dx.doi.org/10.1016/j.ijms.2009.03.010
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Fig. 1. Schematic diagram of the experimental apparatus. Charged drops, produced
by a sonic spray source, enter the apparatus though a capillary interface. They pass
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Fig. 2. The signal from a typical negatively charged droplet. The black trace is signal
from the first detector and the red trace is from the second. The time between the
positive and negative going peak in each trace is the flight time through the detector.
The area under the peaks is proportional to the charge carried by the droplet. In this
hrough two differentially pumped skimmers and are detected by two image charge
etectors separated by a drift region. The signals resulting from the two detectors
re shown in the plot at the bottom of the figure.

e removed the pulsed accelerator and time shift regions so that
here is a field-free drift region between the two detectors. The
esults of measurements performed with this configuration are
eported here.

. Experimental methods

A diagram schematic of the experimental apparatus is shown in
ig. 1 [1]. The apparatus consists of a sonic spray source, a capil-
ary interface, and two differentially pumped skimmers, followed
y two image charge detectors separated by a drift region. There are
o grids in the path of the droplets in this configuration. All exper-

ments were performed with HPLC grade water (Omni-Solv, Fisher
cientific) that was degassed prior to use by sonication under vac-
um. The sonic spray source is modeled after the design Takats et al.
8]. It consists of two concentric fused silica capillaries (inner cap-
llary: 100 �m ID and 200 �m OD; outer capillary: 250 �m ID and
50 �m OD; both from Polymicro Technologies, Phoenix, AZ). The
nner capillary was supplied with water at 2–4 mL/h by a syringe
ump. The outer capillary was fed with ultra high purity nitrogen
Airgas) at 400–800 kPa. The source was isolated from ground and
ot provided with a potential.

The droplets produced by the sonic spray source enter the
nstrument though a grounded stainless steel capillary (500 �m
D and 1.6 mm OD). The droplets pass through two grounded,
ifferentially pumped skimmers and then enter the first image
harge detector. The charge detectors are modeled after the design
f Benner and coworkers [2]. They consist of a shielded stain-
ess steel tube 3.15 cm in length, 0.65 cm ID, and 1.27 cm OD.

low-noise charge sensitive preamplifier (Amptek A250) with
n external JFET (2SK152) is connected to the tube. When a
harged droplet enters the cylinder, it induces an equal but
pposite image charge. The output from the preamplifier is
ed into a spectroscopy amplifier (Ortec, 571) where it is dif-
erentiated and then recorded by a 14-bit transient digitizer
AlazarTech, ATS460). After the droplets exit the first detec-
or they fly through a 15 cm long field-free drift region and
hen enter the second charge detector. The signal from the
econd detector is processed in the same way as the first,
nd recorded in the second channel of the transient digitizer.

ypically 10,000 transients are recorded in one run and then
rocessed off-line. Everything in our instrument is grounded
nd there are no significant electric fields inside the vacuum
hamber.
case the charge is the same in both detectors (within the expected uncertainty). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

3. Results

The signals resulting from a typical droplet as it passes through
both detectors are shown in Fig. 2. The black trace is the dif-
ferentiated signal from the first image charge detector and the
red trace is from the second. The first peak in both traces results
from the droplet entering the detector, and the second peak is
due to it leaving. The fact that the first peak is positive in both
traces indicates that the droplet is negatively charged. For a pos-
itively charged droplet the first (entrance) peak is negative and the
second (exit) peak is positive. The time difference between the pos-
itive and negative going peaks in each trace is the time it takes
for the droplet to travel through the detector. Droplet velocities,
determined from the flight time and the effective length of the
detector, lie between 100 and 500 m s−1. These velocities corre-
spond to droplet kinetic energies in the GeV range (assuming an
average mass of 1.2 × 10−14 kg−1). All of the kinetic energy results
from acceleration in the capillary interface.

The area under the peaks is proportional to the charge on the
droplet. The proportionality constants were measured by putting
a test charge onto the detection cylinders and measuring the sys-
tem response. The test charge was obtained from a voltage pulse
using a capacitor (seven 6.7 pF 1% capacitors connected in series)
[7]. The accuracy of the calibration is limited by stray capacitance.
Both detectors were calibrated in the same way. The calibration
was cross-checked by plotting the charges recorded for a series of
droplets in the second detector against the charge recorded in the
first. Ideally, this plot should be a perfect straight line with a slope
of one and an intercept of zero. In practice, we find there are some
droplets where the charges differ by a substantial amount. These
outliers are the subject of this paper. However, if they are removed,
the rest of the points fall on a straight line with a slope indicating
that the charges recorded in the two detectors agree to within 1%.

The transients from both detectors are first screened by a com-
puter program which flags them if the background is not flat, if the
transient contains the signal from more than one droplet, or if the
charge determined from the negative and positive going peaks are

not within a few percent of each other. Another computer program
compares the signals in the two detectors. In some cases there is a
droplet signal in the first detector but no signal in the second. Here,
the droplet is lost between the two detectors: it may have broken-
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Fig. 3. The charge on a water droplet measured in the second detector plotted
against the charge measured in the first. The majority of the droplets have similar
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Fig. 4. Transients illustrating three types of “charge changing” behavior. The black
line is the transient recorded in the first detector, and the red line is the transient
recorded in the second. In (a) the positive charge recorded in the second detector
is smaller than in the first. In (b) the positive charge increases. In (c) the droplet is
positively charged in the first detector and negatively charged in the second. In all
harges in the both detectors (black squares). However, for some droplets the charge
ecreases (green triangles) or increases (blue triangles), and for some droplets the
harge changes sign (red circles). (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of the article.)

p into many small fragments, or it may have a trajectory that
isses the second detector (the second detector accepts a narrower

ange of angles than the first because it is further from the source). If
here is a droplet signal in both transients, we do not automatically
ssume that the signals result from the same droplet. This becomes
articularly important in situations where the charge measured in
he two detectors is significantly different. In these cases, we require
hat the velocities measured in the two detectors agree to within
arrow limits, and that the droplet arrives at the expected time in
he second detector. Knowing the distance between the detectors
nd the velocity, we can predict precisely when the droplet should
ppear in the second transient. If the droplet signal from the second
etector meets both of these criteria we assume that the signals in
he first and second detector result from the same droplet.

Fig. 3 shows a plot of the charge determined for each droplet in
he second detector versus the charge in the first. The majority of the
roplets fall on a line with a slope of very close to one, indicating
hat the droplets have the same charge in both detectors (black
quares in the figure). Roughly one percent of the points do not fall
n the line, indicating that the charge measured in the two detectors
s significantly different. For some droplets the charge decreases
green triangles), increases (blue triangles), or even changes sign
red circles).

Fig. 4 shows transients illustrating the three types of behavior
entioned above. The black lines show transients measured in the

rst detector and the red lines are measured in the second. Fig. 4(a)
hows transients where the charge recorded in the second detector
s smaller than in the first. In Fig. 4(b) the charge is larger (more
ositive) in the second detector, by approximately a factor of three.

n Fig. 4(c) the droplet is positively charged in the first detector, and
egatively charged in the second. In all cases the velocities mea-
ured in the first and second detectors agree within narrow limits
nd the signal in the second detector occurs at the expected time.

Fig. 5 shows examples of where fission fragments are observed
n the second detector. In the first detector we detect a single
roplet and in the second, the droplet has apparently broken-up

nto two fragments. Three examples are shown in the figure. In

ig. 5(a) a negative droplet apparently breaks apart into two frag-
ent droplets with roughly equal charges. The sum of the charges

n the two droplets found in the second detector is equal to the
harge found on single droplet in the first detector. The velocities of
he two droplets in the second detector are slightly different. One
cases the velocities measured in the first and second detectors agree within narrow
limits and the signal in the second detector occurs at the expected time. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

travels slightly faster, and the other slightly slower, than the par-
ent droplet in the first detector. This difference in velocity (which
results from the droplets’ relative kinetic energy) is what allows us
to detect the fragments in the second detector. Fig. 5(b) shows an
asymmetric splitting event. A single positive droplet is observed in
the first detector and two droplets, one with a large charge and one
with a small charge, are found in the second detector. Again the sum

of the charges in the second detector matches the charge found in
the first. In both cases discussed above the charge on the progeny
droplets is of the same polarity as the parent droplet. Fig. 5(c) shows
an example where the progeny droplets have opposite charges. A
single positive droplet in the first detector yields two droplets in
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Fig. 5. Transients illustrating three types of droplet fission behavior. The black line is
the transient recorded in the first detector, and the red line is the transient recorded
in the second. In (a) a negatively charged droplet breaks up to give two negatively
charged droplets with similar charges. In (b) a positively charged droplet undergoes
an asymmetric fission to give two droplets; one with a high charge and the other
with a low charge. In (c) a positively charged droplet breaks up to give a more highly
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where NA is the Avogadro constant, � is the reduced mass, and
harged positive droplet and a droplet with a small negative charge. (For interpreta-
ion of the references to color in this figure legend, the reader is referred to the web
ersion of the article.)

he second; one is positively charged and the other is negatively
harged. The positively charged droplet has a much larger charge
han the negatively charged one. The sum of the charges on the
egatively and positively charged droplets in the second detector
quals the charge found on the droplet in the first detector.
. Discussion

We start by considering possible explanations for why some of
he droplets change their charge as they travel through vacuum.
ss Spectrometry 283 (2009) 191–199

Neutral water droplets are distorted by an electric field [9], and
disrupted if the field exceeds the Taylor limit [10]. Charged droplets
discharge at a lower field by jetting (emitting a stream of charged
nanodroplets) [11]. Jetting can continue after the droplet is fully
discharged, so that the droplet becomes charged with the opposite
polarity. This provides a way to change the polarity of a charged
droplet, but it requires a strong electric field. There is no electric
field in the drift region of our experiment and so this cannot be the
cause of the polarity changes that we observe.

In the absence of an electric field, droplets become unstable
when their charge exceeds the Rayleigh limit (where electrostatic
repulsion overcomes surface tension) [12,13]. Unstable droplets can
fission or discharge by jetting [14–18]. Jetting has been observed
for levitated microdroplets [14,15,18–20]. However, the charge on
the sonic spray droplets studied here is substantially below the
Rayleigh limit, and so electrostatically induced break-up of the
droplets can be ruled out.

In previous work, we measured the size and charge of elec-
trosprayed droplets transmitted through a capillary interface and
found that they were charged to a small fraction of the Rayleigh
limit (around 10% on average) [7]. More recent work has shown that
the low charge results because the droplets are aerodynamically
broken-up in the capillary interface by the air flow into the vacuum
chamber [1]. A given flow velocity will reduce the droplets to a ter-
minal size, in our case an average radius of around 2–3 �m. Droplets
from both sonic spray and electrospray have about the same aver-
age size after transmission through the capillary interface, though
the sonic spray droplets carry less charge and so they are even fur-
ther from the Rayleigh limit than the electrospray droplets (i.e., less
than 10%). Thus, electrostatic instability does not cause the droplets
to break-up and so we seek another explanation for the break-up of
the droplets as they travel between the detectors.

When the droplets enter the vacuum chamber they are evapora-
tively cooled, and if they are cooled to a sufficiently low temperature
they may freeze. Perhaps the fragmentation and charge changing
phenomena are caused by freezing. However, it only takes around
a millisecond to travel between the detectors, can the droplets cool
and freeze on this timescale? To answer this question we will esti-
mate the cooling and freezing rates below.

Using microscopic reversibility [21], the rate constant for evap-
oration of a water molecule from a droplet of n water molecules at
temperature T is given by

k(n, T) = kc(n − 1, T)
P(n − 1, T)

kBT
(1)

where kc(n − 1,T) is the collision rate between a water molecule
and a droplet with n − 1 water molecules at temperature T, kB is
the Boltzmann constant, and Pl(n − 1,T) is the equilibrium vapor
pressure above the liquid droplet. Pl(n − 1,T) is given by the Kelvin
relationship

Pl(n − 1, T) = Pl,∞(T) exp
(

2�l(T)M
r(n, T)RT�l(T)

)
(2)

where Pl,∞(T) is the vapor pressure above a flat liquid surface at
temperature T, � l(T) is the surface energy, M is the molar mass,
r(n,T) is the droplet radius, and �l(T) is the density. kc(n − 1,T) is
given by

kc(n − 1, T) = ˝NA

[
8kBT

��

]1/2

(3)
˝ is the collision cross section for collisions between a water
molecule and a droplet with n − 1 water molecules. A geometric
collision cross section is assumed where ˝ = �[r(n − 1,T) + r(H2O)]2.
The implementation of the equations described above requires
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Fig. 6. Plot of temperature against time for droplets with radii of 0.47, 1.03, 2.20, and
4.74 �m. The distributions at the bottom of the plot show when the droplets first
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xpressions for � l(T), Pl,∞(T), and �l(T), which are given in
ppendix A.

The average temperature change associated with the evapora-
ion of one water molecule from the droplet is

T = Ll(n, T)
Cl(n − 1, T)

(4)

here Ll,v(n, T) is the latent heat (in J) for evaporation of a water
olecule from a droplet with n water molecules at temperature T,

nd Cl(n − 1,T) is the specific heat (in J K−1) for a droplet with n − 1
ater molecules. Expressions for Ll,v(n, T) and Cl(n − 1,T) are given

n Appendix A.
We assume that freezing of the water droplets is limited by

eneration of a critical nucleus, and that once a critical nucleus is
ormed, freezing occurs on a time scale that is much shorter than the
ucleation time. The nucleation mechanism for submicron water
roplets has become controversial recently as Tabvazadeh and
oworkers have challenged the existing paradigm of volume nucle-
tion and suggested that surface nucleation is dominant [22,23].
owever, no experimental study has been able to prove the impor-

ance of surface nucleation in submicron droplets [24]. For larger,
icron-sized droplets homogeneous freezing rates are known to

e proportional to the volume [25–27]. We assume volume nucle-
tion here. The nucleation rates per unit volume per unit time were
btained from

= A exp
(−�G∗

kT

)
(5)

here �G* is the free energy barrier to formation of a critical
ucleus. For the pre-exponential factor we use [28]

= 2(�sl(T)kT)1/2

v5/3
m �(T)

(6)

here �sl(T) is the is the interfacial free energy per unit area of the
oundary between solid and liquid, �(T) is the liquid viscosity, and
m(T) is the molecular volume, M/[�(T)NA]. Expressions for �sl(T)
nd �(T) are given in Appendix A. For �G* we use

G∗ = 16��3
sl

3(�Gv + w′)2
(7)

here �Gv is the free energy change per unit volume for the tran-
ition from the old phase to the new, and w′ is the work associated
ith changing the surface area of the liquid outer phase due to

he volume change as the solid nucleus forms in the interior of the
roplet. w′ is given by

′ = 2�l

r(n, T)
�l(T) − �s(T)

�l(T)
(8)

here �s(T) is the density of the solid phase at temperature T. An
xpression for �s(T) is given in Appendix A. �Gv is obtained from

Gv = −�Gfus(T)�l(T)
(9)
M

here �Gfus(T) is the molar free energy of fusion. An expression for
Gfus(T) is given in Appendix A.
The upper half of Fig. 6 shows a plot of temperature against

ime for water droplets with radii of 0.47 �m (black), 1.03 �m (red),

able 1
nformation about the calculated freezing transitions for droplets with initial radii of 0.47

nitial droplet
adius (�m)

Average time to initial
freeze (ms)

Average T at initial
freeze (K)

Droplet size at
initial freeze (vol%

.47 0.46 222.2 87.8

.03 0.85 224.0 88.1

.20 1.47 226.3 88.5

.74 2.46 228.6 89.0
freeze (solid line) and completely freeze (dashed line). The thick horizontal bars and
thin vertical dashed lines show the range of flight times that are sampled in the
experiment (based on the measured velocity distribution).

2.20 �m (green), and 4.74 �m (blue) (corresponding to 2 × 1010,
2 × 1011, 2 × 1012, and 2 × 1013 water molecules). The color-coded
distributions at the bottom of the plot show when the droplets
freeze according to the simulations. The solid lines show when the
droplets start freezing (the nucleation time) and the dashed lines
show when the droplet is completely frozen.

In the simulations, larger droplets cool more slowly (because
they have a smaller surface to volume ratio) and the smaller
droplets freeze at a slightly lower temperature (because the nucle-
ation rate, at a given temperature, is proportional to the volume).
The average freezing temperatures are shown in Table 1, along with
other information on the calculated freezing transitions. According
to the simulations the droplets are deeply supercooled when they
start freezing.

The droplets shrink as they evaporatively cool to an average
of around 87–89% of their initial volume before they freeze (see
Table 1). When they freeze, the latent heat is released. If the
entire droplet were to freeze, the temperature would rise above
the melting point. Instead, a fraction of the droplet freezes, and the
temperature rises to the point where ice and liquid water coexist
(presumably 273.15 K).

At 200 K supercooled water freezes into cubic ice, while at
around 235 K a mixture of hexagonal and cubic ice is probably
formed [29–31]. The cubic ice anneals into hexagonal ice at T > 263 K
[29,30]. We assume that this annealing process is rapid enough at
273.15 K that all the cubic ice anneals into hexagonal ice before the
temperature starts to drop again. The number of water molecules

that initially freeze can then be determined from

nfreeze =
∫ 273.15 K

Tfreeze
Cl(n′, T)dT

Ll,s(273.15 K)/NA
(10)

–4.74 �m.

)
Fraction of ice after
initial freeze

Average time to
complete freeze (ms)

Droplet size at
complete freeze (vol%)

0.744 0.52 85.4
0.716 0.97 85.5
0.678 1.78 85.5
0.635 3.23 85.6
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here Ll,s(273.15 K) is the latent heat for freezing at 273.15 K
6110 J mol−1), Cl(n′,T) is the specific heat of the droplet (in J K−1),
nd the integral runs from the temperature where the droplets start
o freeze, Tfreeze, to the normal melting point, 273.15 K. The fraction
f the droplet that freezes can be determined from nfreeze and the
umber of water molecules remaining in the droplet, n′. The aver-
ge fractions that initially freeze are shown in Table 1. They range
or 0.744 for the 0.47 �m diameter droplet to 0.635 for the 4.74 �m
iameter droplet.

The partially frozen droplet will undergo further evaporative
ooling, but the temperature will remain at around 273.15 K until
he entire droplet freezes, and then the temperature of the frozen
roplet will start decreasing again. The dashed lines at the bot-
om of Fig. 6 show the time distributions for when the droplets
re completely frozen. The average times required for the droplet
o completely freeze are also given in Table 1. The additional
ime required to completely freeze the droplet is a fraction of
he nucleation time. By the time the droplet is completely frozen
ts radius has decreased to around 85% of its initial value (see
able 1).

The thick horizontal bars at the top of Fig. 6 show the range
f flight times that are sampled in our experiment (based on the
easured velocity distribution of the droplets, the distances from

he end of the capillary interface to the first image charge detector,
nd the distance between the image charge detectors). The bars
how the time spent traveling between the detectors for fast and
low moving droplets (the fast and slow velocities are the values at
alf the peak maximum in the velocity distribution [1]).

Even the fast moving droplets with radii around 0.47 �m are
rozen before entering the first detector, and most of the droplets
ith radii around 4.74 �m remain liquid after passage through

oth detectors. Droplets with radii between these extremes freeze
o a varying extent as they travel between the detectors. Fast

oving droplets with radii around 1.03 �m freeze between the
etectors, but the slow moving droplets of this size freeze before
hey enter the first detector. On the other hand, slow moving
roplets with radii around 2.20 �m freeze between the detectors,
ut most of the fast moving droplets of this size remain liquid
s they pass through the second detector. Overall, droplets with
adii around 1–2 �m have the optimum size to freeze between the
etectors.

We have measured the size distribution for electrospray droplet
7], but we have not been able to measure it for sonic spray because
he sonic spray droplets carry less charge and have m/z ratios
eyond what we can reliably measure [1]. However, our results

ndicate that the average sizes for sonic spray and electrospray
roplets are about the same. As noted above, the droplets are
roken-up aerodynamically in the capillary interface until they
re reduced to a terminal size [1], and so the droplet size distri-
utions for electrospray and sonic spray should be similar. Fig. 7
hows the size distribution measured for electrosprayed droplets
7]. The distribution has a threshold at a radius of around 0.5 �m,
eaks between 1 and 2 �m, and then tails-off to approach zero
t around 5 �m. According to the simulations described above,
roplets with radii around 1–2 �m have the optimum size to freeze
etween the detectors. This corresponds to the peak of the dis-
ribution shown in Fig. 7. The fact that optimum droplet size
ange from the simulations for freezing between the detectors
alls inside the measured size distribution supports the idea that
he charge changing and fragmentation phenomena results from
reezing.
There has been a lot of interest in the freezing of water droplets
ecause of its importance in the atmosphere and potential role

n thunderstorms. A number of studies have focused on the frag-
entation that can accompany freezing [32–36]. Fragmentation

ncludes both the ejection of ice particles or splinters from a freezing
Fig. 7. Droplet size distribution for electrospray droplets (adapted from Ref. [7]).

drop and the shattering of a freezing drop (where it breaks up into
several large pieces). In some cases the splinters result from spikes;
sharp protuberances that grow out from the surface of the droplet
as it freezes. Environmental factors strongly influence the fragmen-
tation [37,38]. For example, dissolved gases (air and CO2) promote
shattering. Droplets that freeze in air under equilibrium conditions
were not observed to shatter and only some ejected an ice splin-
ter. In addition to fragmentation, freezing water droplets have been
observed to eject microdroplets [39,40]. The studies mentioned
above focused mainly on larger droplets than are studied here, but
they are consistent with our observations.

In our experiments the ice particles are expected to fragment
to relieve the strain generated by freezing under non-equilibrium
conditions. Here is one scenario by which this may occur. After
nucleation and the initial fast freezing event (where around 70%
of the droplet freezes) the droplet is expected to consist of an ice
shell surrounded by a liquid core (because the surface is being evap-
oratively cooled). As the remaining liquid water core freezes, the
volume change that occurs on freezing will place the shell under a
lot of stress. The resulting strain can be relieved by the shattering
the ice shell, generating ice fragments and possibly a jet of water
from the remaining liquid core.

It has been known for some time that a potential difference is
generated across a water–ice interface during freezing. Studies of
dilute solutions show that this is due to a differing propensity to
trap ions in the freezing ice [41]. It is a transient effect, the poten-
tial difference dissipates when the ice stops freezing (because ice is
a semiconductor). A temperature gradient across ice will also gen-
erate a potential difference (due to the different mobilities of H+

and OH−) with the colder ice becoming positively charged and the
warmer ice negatively charged [42,43]. Thus it is not surprising that
charge separation occurs when the freezing droplets fragment and
that many of the splinters are strongly charged [34,44]. The ejection
of charged ice splinters has also been observed during the gener-
ation of frost [45] and rime [46] (an accumulation of granular ice
from a supercooled fog or cloud).

What is the polarity of the charge carried by the ejected frag-
ments, and hence what charge is left behind? There is not a clear
answer to this question. According to Mason and Maybank the
splinters are usually positively charged [34]. However, Iribarne and
collaborators found that about half the freezing droplets acquired
a positive charge and half a negative charge [44]. Rydock and
Williams found that the ice fragments ejected from a frost surface
growing in a warm moist environment are systematically negatively
charged [45]. They also reported that the magnitude of the charge

is a strong function of the temperature.

We now consider the charge separation that occurs when the
droplets fragment in our experiments. The initial charge on the
sonic spray droplets is relatively low (less than 10% of the Rayleigh
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imit), so a fragmentation process that increases the overall charge
s not unreasonable. There are two ways that the charge can be
istributed when the freezing droplets fragment:

1) The fragments have the same polarity (i.e., there is no additional
charge separation in the fragmentation). In this case the charge
on the parent droplet is shared among the progeny, and the
sum of the charges on the progeny equals the charge on the
parent. The charge on each fragment is always less than on the
parent.

2) The fragments have different polarities. Additional charge sep-
aration occurs in the fragmentation to give fragments with
different polarities. The sum of the charges on the progeny
equals the charge on the parent, but the absolute charge for

the progeny,
∑

(q2
i
)
1/2

, is larger than for the parent. The charge
on the individual progeny can be larger than on the par-
ent or have the opposite polarity to the parent. If only two
progeny are generated one will have a larger charge than
the parent and the other will have a charge of the opposite
polarity.

Consider a droplet that breaks apart into two roughly equal
ragments. The fragments will separate as they travel through our
pparatus. There are two extremes. If they separate along a vector
hat is parallel to their movement through the apparatus we will
ee two signals in the second detector with one fragment (the first
ne to arrive) having a velocity that is slightly larger than in the first
etector, and the other having a velocity which is slightly slower. An
xample of this behavior is shown in Fig. 5(a). In situations where
he fragments separate along a vector that is perpendicular to their
rajectory through the apparatus, both fragments will reach the sec-
nd detector at the same time and the fragmentation will be hidden.
t is possible that one of the fragments will be lost because it misses
he second detector. The angular acceptance of the second detector
s smaller than the first and in the absence of fragmentation a signif-
cant fraction of the droplets are “lost” (present in the first detector
ut not in the second).

Loss of one of the fragments could account for the transients
hown in Fig. 4 where we see only a single droplet signal in both
etectors, but the charge apparently changes. The other fragment
or fragments) necessary to conserve the charge in these traces
ould be lost. For example, consider Fig. 4(a), a positive droplet
ignal is observed from both detectors and the signal in the sec-
nd detector is smaller than in the first. Another positively charged
roplet required to conserve the charge, must be lost. Alternatively,
his behavior could also result from the generation of a large num-
er of small fragments, each one with a charge that it too small to
e picked up by the second detector. For Fig. 4(b) a single positively
harged droplet is observed in both detectors but the charge in the
econd detector is substantially larger than in the first. An increase
n the charge like this requires charge separation in the fragmenta-
ion process. To conserve the overall charge, a negatively charged
ragment must be generated. This fragment must be lost between
he detectors or the negative charge must be distributed over many
mall fragments so that the charge on each one is too small to
etect. Finally, for Fig. 4(c) a positive droplet signal is observed in the
rst detector and a negative droplet signal is found in the second.
his also requires charge separation in the fragmentation process.
harge conservation requires that a positively charged droplet is

ormed and lost between the detectors.

While the charge changing and fragmentation behavior is con-

istent with freezing being the origin, we briefly mention another
ossible explanation here: that the fragmentation events result
rom the decay of binary orbiting pairs of oppositely charged
roplets. In this scenario, the droplet pairs are held in orbit by a
ss Spectrometry 283 (2009) 191–199 197

balance of attractive electrostatic and repulsive centrifugal inter-
actions, in a way analogous to binary stars (where gravity replaces
the electrostatic interactions). A combination of evaporation and
the transfer of charge between the orbiting pair, causes the pair to
collapse and/or fly apart. While there is clear precedent for the frac-
ture/freezing explanation described above, we cannot completely
rule-out the binary orbiting pair explanation, and this could be
responsible for some of the charge changing events that we have
observed.

5. Conclusion

The charge changing and fragmentation behavior observed for
some sonic spray droplets is mainly attributed to freezing. Simula-
tions show that the timescale for evaporative cooling and freezing
of the resulting supercooled droplets depends on the droplet size.
Droplets with radii of 1–2 �m have the right size to freeze between
the detectors in our experiment. Droplets of this size range are
on the low end of the distribution present in the experiment
(0.5–5.0 �m). The observation that some fragments have a larger
charge than the parent or that the polarity changes, indicates that
charge separation occurs during the fragmentation of the freez-
ing droplets. The charge changing and fragmentation behavior
observed here is consistent with studies of the fragmentation and
shattering of larger suspended and supported droplets.
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Appendix A

For the surface energy of liquid water � l(T) (in J m−2) we use [47]

�l(T) = 111.63 − 0.13167T (11)

for the vapor pressure over a flat liquid water surface Pl,∞(T) (in Pa)
we use [48]

ln(Pl,∞(T)) = 54.842763 − 6763.22
T

− 4.210 ln T + 0.000367T

+ tanh{0.0415(T − 218.8)}
(

53.878 − 1331.22
T

− 9.44523 ln T + 0.014025T
)

(12)

and for the density of liquid water �l(T) (in g cm−3) we use [49]

V(T) = [1 − fII(T)]VI(T) + fII(T)VII(T) (13)

where

VI(T) = 1.08761[1 + 4.78005 × 10−4(T − 225.334)]
VII(T) = 0.84632[1 + 1.29473 × 10−3(T − 225.334)]

(14)

and

fII(T) = tanh

[
4.54866 × 10−2(T − 225.334) + (3.6522 × 10−4(T − 225.334))

2

1 + 8.69196 × 10−2(T − 225.334)

]

(15)

for T > 225.334 K and fII(T) = 0 for T < 225.224 K. The latent heat for
evaporation from a liquid droplet Ll,v(n, T) (in J) is obtained from
Ll,v(n, T) = 57635.5 − 46.256T

NA
− 2�(T)M

r(n, T)�l(T)
(16)

where the first term is the latent heat of evaporation from bulk
water and the second term accounts for the change in the surface
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nergy for a small droplet. The specific heat for a droplet with n − 1
ater molecules Cl(n − 1,T) (in J K−1) is obtained from [47]

l(n − 1, T) = n − 1
NA

(
72.92 + 0.01896(T − 226.0)

+ 41.7

0.0072(T − 226)2

)
(17)

or T ≥ 226 K, and

l(n − 1, T) = n − 1
NA

(3.990 + 0.3220T − 0.0003608T2) (18)

or T < 226 K. For �sl(T) (in J m−2) we use

sl(T) = 20.6 × 10−3
(

200.0
T

)0.8566
(19)

nd for �(T) (in Pa s)

(T) = exp(104.22 − 1.0377T + 0.0032822T2

−3.531 × 10−6T3) (20)

The later equation was obtained by fitting viscosities measured
n the 249–313 K temperature range [50,51]. Hence we extrapolate
nto the relevant temperature range, which is where the droplets
reeze (220–235 K according to these simulations). The equation
or �sl(T) was obtained by fitting the nucleation rates measured by

ood and Walton [52] at around 237 K for droplets 3–26 �m in
iameter, and those measured by Huang and Bartell [47] at around
00 K for droplets 6–7 nm in diameter. These values bracket the
elevant temperature range. However, it seems that at 200 K super-
ooled water freezes into cubic ice, while at around 237 K a mixture
f hexagonal and cubic ice is probably formed [29,30]. The �sl(T) val-
es we deduced from fitting the nucleation rates at around 200 and
37 K were slightly different to those found by Huang and Bartell,
e assume that this is due to the use of different values for �(T).

The density of ice, �s(T), is obtained from

s(T) = 0.9404 − 9.2597 × 10−5T + 3.8111 × 10−7T2

−1.3103 × 10−9T3 (21)

hich was derived by fitting the measured densities of hexago-
al ice [53] (the densities of hexagonal and cubic ice are almost

dentical). The molar free energy of fusion, �Gfus(T), (in J mol−1) is
btained from [47]

Gfus(T) = −2007 + 37.163T − 0.1102T2 (22)

or T ≥ 226 K, and

Gfus(T) = 1139.5 + 13.016T − 0.06499T2 (23)

or T < 226 K.
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