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Abstract: We present a new method to analyze two–dimensional angular light–scattering patterns of single aerosol particles by image processing. A pattern distortion parameter can be calculated to determine
the solid–to–liquid partitioning in micron sized composite particles similar to using temporal light–scattering intensity ﬂuctuations. We use
the scattering patterns during deliquescence of a NaCl crystal to prove
the feasibility of the method. In addition we show that even fast processes like the eﬄorescence from a supersaturated solution droplet can
be analyzed where temporal ﬂuctuation analysis fails. We ﬁnd that efﬂorescence cannot be described as a time reversed deliquescence. There
is indication that during eﬄorescence a solid shell grows at the surface
of the liquid droplet which ﬁnally collapses due to mechanical stress.
c 2001 Optical Society of America
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1

Introduction

The light–scattering properties of non–spherical aerosol particles are of interest for a
number of reasons. Such aerosols have been found to play an important role in diﬀerent ﬁelds, ranging from health sciences to industrial and environmental problems. For
aerosol sphericity will aﬀect the scattering albedo of atmospheric aerosol particles and
hence will inﬂuence the radiation budget of the earth.
Measuring the two–dimensional angular optical scattering (TAOS) of such particles
is of interest for testing computer codes calculating such scattering [1]. Taken a step
further, TAOS may be used as an analytical tool. Hirst et al. showed that TAOS can
be used for characterizing asbestos ﬁbers [2]. Here we present a method of analyzing
the two–dimensional scattering pattern to gain a better understanding of the internal
morphology of composite particles. One example of such particles in an environmental
context are sea–salt aerosol particles injected into the atmosphere by wave action on the
Earth’s oceans. Sea–salt aerosols are known to participate in a variety of heterogeneous
reactions [3], with reaction rates strongly depending on the water content. Under atmospheric conditions sea–salt particles often contain a solid phase in equilibrium with an
aqueous solution [4]. Obviously, it is of crucial importance whether the liquid phase is
in contact with the gas phase or not. Therefore, there has been considerable discussion
about the morphology of such particles, i. e. whether upon evaporation the particles
form a solid shell shielding the remaining liquid from contact with the gas phase or a
solid core exists with an aqueous solution shell around it [3, 5, 6].
Recently, we have shown that the measurement of temporal light–scattering intensity
ﬂuctuations of single aerosol particles can be used to deduce solid–to–liquid partitioning in ternary systems such as NaCl–CaCl2 –H2 O [7]. However, this method is ill–suited
for resolving fast processes as the eﬄorescence of a micron sized NaCl crystal from a
supersaturated aqueous solution. In the following we present a method to determine
the solid–to–liquid partitioning by calculating a distortion parameter from TAOS patterns, which yields a faster time resolution. For calibrating this parameter we use the
deliquescence of a single NaCl particle levitated in an electrodynamic balance: during
deliquescence water is taken up from the gas phase and forms an aqueous solution shell
around the particle. The size of the solid NaCl core will shrink continuously during
deliquescence while the concentration of the aqueous solution will remain constant. The
volume ratio of the solid and the surrounding liquid can be measured simultaneously
with TAOS.
2

Experimental

The levitated aerosol droplet is stored in a double–ring electrodynamic balance as shown
in Fig. 1. The balance is placed in a three wall glass chamber, with a cooling liquid
ﬂowing through the inner walls and an insulation vacuum between the outer walls. The
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Fig. 1. Schematic plot of the electrodynamic balance employed for the aerosol
droplet storage. Scattered laser light of two wavelengthes is monitored by two
CCD–sensors, one in the optical near ﬁeld for position information fed to the UDC –
feedback loop for the vertical stabilisation of the particle, the other in the optical
far ﬁeld for pattern distortion parameter and Mie scattering analysis. An additional
photo multiplier tube is used to measure the temporal light–scattering ﬂuctuations.

temperature inside the chamber was ﬁxed at 263.5 K, with a stability of better than
100 mK and an accuracy of ±0.5 K. A constant gas ﬂow (30 standard cubic centimeters
per minute) of a N2 /H2 O–mixture with a controlled H2 O partial pressure is pumped
continuously through the chamber at a constant total pressure of 330 mbar. The relative
humidity (RH) inside the chamber can be varied by changing the N2 /H2 O–ratio using
automatic mass ﬂow controllers.
For the optical studies we use either a HeNe laser (λ = 633 nm) or an Ar+ laser (λ =
488 nm) to illuminate the particle. Several methods are then employed to characterize
the aerosol particle during an experiment. First, we use the near ﬁeld video image of
the particle on CCD 1 (JAI CV–M50, image sensor: Sony ICX038DLA, 768×494 pixel,
25 fps) and an automatic feedback loop to adjust the DC voltage (U ) for compensating
the gravitational force. Thus, a change in DC voltage is a direct measure of the mass
change of the aerosol particle. In the NaCl/water–system the density of the solid and
the density of the aqueous NaCl solution in equilibrium with the solid is well known [8],
therefore this mass change data can be used to calculate an eﬀective radius of the NaCl
crystal within the host. Second, we compare the regular fringe pattern of the elastically
scattered light on CCD 2 (JAI CV-M40, image sensor: Sony ICX074AL, 648×494 pixel,
60 fps, progressive scan, used in auto–gain mode, observed angles ranging from 78◦ to
101◦ ) with Mie theory. If the particle is liquid, and therefore of spherical shape, the
mean distance between the fringes can be used to calculate the radius of the particle,
almost independent of its refractive index [9]. If a liquid–to–solid transition occurs, the
fringe pattern looses its regular periodic structure and becomes totally irregular (see
Fig. 2, right panel).
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Fig. 2. Scheme for calculating the pattern distortion parameter from an individual
2D scattering pattern: liquid particle on left panel, solid particle on right panel.
The concentric circles seen on both images are not an eﬀect of the scattering of
the particle but are due to scattering of the monochromatic light by the CCD’s
protective glass cover (thickness: 750 µm).
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Third, we use a photomultiplier with a relatively small conical detection angle (approximately 0.2◦ half angle) to measure the scattering intensity. By feeding this signal
to an analogue lock-in ampliﬁer (Stanford Research System SR510) we measure the
intensity ﬂuctuations at the frequency of the AC ﬁeld of the electrodynamic trap with a
10 Hz ENBW. Additionally, from the images of CCD 2 we also calculate a value for the
asymmetry in the scattering pattern, which we term pattern distortion parameter ∆.
Fig. 2 shows how to calculate the pattern distortion parameter. The intensity of
every single pixel in the images’ upper half is compared to the colour value of the
corresponding pixel in the lower half according to the following formula:

row column


2
∆=
(pixelij − pixelbottom row−i,j )
(row/2 · column)2
i

j

Obviously, ∆ will be larger for non–symmetric images as shown in the right panel of
Fig. 2.
Results

µ

∆
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Fig. 3. Raw data of a deliquescence experiment (left) and an eﬄorescence experiment (right). For each experiment the DC voltage U compensating the gravitational
force (panel a1 and a2), the radius r determined from the fringe pattern on CCD2
(panels b1 and b2), and the temporal ﬂuctuation data (panels c1 and c2, full circles)
and the pattern distortion parameter ∆ (red crosses) are plotted versus time.
Relative humidity in the deliquescence experiment: RH=75%±2%, RH is increasing with a nominal rate of 2.5 · 10−3 %/s. For the eﬄorescence experiment:
RH=37%±2%. RH is decreasing with a nominal rate of 9 · 10−3 %/s. Note that the
time scale is stretched by about a factor of 10 for the eﬄorescence experiment.
As a guide to the eye, the vertical dotted lines indicate the end of the deliquescence
process and the start of the eﬄorescence process, respectively.

We have performed about 50 deliquescence/eﬄorescence cycles with a micron sized
NaCl particle. Figure 3 shows data sections of a typical deliquescence (left panel) and
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a typical eﬄorescence (right panel). At elevated relative humidities inside the chamber
(RH ≥ RHdeliq = 75%, left panel) water is taken up by the initially crystalline NaCl
particle. Hence, its mass increases from the value for the solid particle (proportional
to Usolid , see panel a1) until the constant value for the completely liquid particle is
reached (proportional to Uliquid (deliq)). The radius measurement fails for the case of
solid particles (no regular fringe pattern present resulting in a large scatter in the
data) but yields constant values for the particle in the liquid state (panel b1). Note
the decreasing scatter of the radius data with increasing water uptake. The uppermost
panel (c1) shows the temporal ﬂuctuation measurement and the measurement of the
pattern distortion parameter on a logarithmic scale. Both values start to decrease just
when the particle starts taking up water and reach a constant value when the particle
is completely deliquesced. The noise level of the pattern distortion parameter ∆ is
higher than expected for pure pixel noise because misalignment and optical distortions
caused by the optical elements (see Fig. 2) will contribute to it. The scatter in the
temporal ﬂuctuation data and in the pattern distortion parameter remains large as
long as a solid inclusion is present. While the individual temporal ﬂuctuation data
are inherently averaged data (10 Hz ENBW), which means that the inclusion occupies
diﬀerent positions within the liquid host for each data point, the individual pattern
distortion data are calculated from images taken with a shutter speed of 1/250 s and
are therefore representative for a speciﬁc position of the inclusion in the host. Hence,
the time resolution for the pattern distortion parameter is about a factor of 102 faster
than that of the temporal ﬂuctuation measurement.
The eﬄorescence (Fig. 3, right panel, RH ≈ RHeﬄ = 37%) is a much faster process,
therefore the time scale applied to the panels is stretched by a factor of about 10.
Furthermore, eﬄorescence will only occur in supersaturated solutions so that the particle
— being in a metastable state [10] — has already lost a substantial amount of water: its
initial mass (Uliquid (eﬄ)) being only a mere two thirds of that of the deliquesced particle.
Apparently, the radius of the particle just before the eﬄorescence has decreased notably
as well. The ﬂuctuation values and the pattern distortion parameter values should not
be inﬂuenced by the decrease in radius since the particle is still completely liquid and of
spherical shape. This holds true also for the temporal ﬂuctuations, whereas the pattern
distortion parameter data are decreased by a factor of about 1.5. Now optical distortions
contribute less to the pure pixel noise since the number of fringes has decreased resulting
in a lower noise level. When eﬄorescence occurs the mass data drop to the value of Usolid ,
the radius data scatter, the ﬂuctuation values and the pattern distortion parameter data
increase. The time to complete solidiﬁcation takes about 2 seconds as can be seen from
both the DC voltage data and the pattern distortion parameter data. Two points should
be stressed: ﬁrst, the DC voltage feedback is fast enough to follow the process. Otherwise,
the DC voltage would lag behind the pattern distortion parameter data which are not
inﬂuenced by an unbalanced DC voltage. Second, the temporal ﬂuctuation measurement
is not fast enough to resolve the eﬄorescence process.

Fig. 4. (2.2 MB) Movie of the deliquescence.
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In ﬁgures 4 and 5 two movies produced from the images of CCD 2 are shown, one for
the deliquescence process of Fig. 3 and one for the eﬄorescence process of Fig. 3. Both
movies are shown in real–time: approx. 31 frames per second for the eﬄorescence movie
but only 3 frames per second for the deliquescence movie due to the longer process.
While during deliquescence a fringe pattern can be recognized even before the particle
is completely liquid (pattern comes to a virtual standstill), after eﬄorescence the regular
pattern vanishes almost instantly.

Fig. 6. Calculated median of ∆ from 27 deliquescence (panel a) and 22 eﬄorescence
processes (panel b) of the same particle as a function of Û . For deliquescence: Û =
(U −Uliquid (deliq)/(Uliquid (deliq)−Usolid ), and for eﬄorescence: Û = (Uliquid (eﬄ)−
U )/(Uliquid (eﬄ)−Usolid ). U is the DC voltage to compensate for gravitational force,
all other voltage values are constant and taken from Fig. 3. Error bands are between
the second and the fourth quintile, red line see text.

Figure 6 shows the dependence of the pattern distortion parameter on the reduced
mass change Û (see caption of Fig. 6 for deﬁnition) for all analysed deliquescence and
eﬄorescence processes. Û is proportional to the solid–to–liquid mass partitioning of the
particle during deliquescence [7]. Because of the noise level of ∆ we cannot detect values
of ∆  0.006, but for Û  0.1 we ﬁnd a power law dependence proportional to m2/3 (red
line in Fig. 6), m being the mass of the solid inclusion, revealing that ∆ is proportional
to the area of the solid inclusion. For the temporal ﬂuctuations such a dependence
was suggested by modelling and earlier experimental work [11, 12, 7]. Therefore, we
believe the pattern distortion parameter can be used as an analytical tool to measure
solid–to–liquid partitioning in single aerosol particles.
For the eﬄorescence processes the reduced mass change dependence of the pattern
distortion parameter shows a completely diﬀerent behaviour: for values of Û < 0.1 the
pattern distortion parameter is constant (but smaller than for the deliquescence, see
discussion of Fig. 3) as is the case for the deliquescence but for values larger than 0.1
one sees a sharp increase levelling to the same value of ∆ for the solid particle. This
suggests that the morphology of the solid NaCl being formed by eﬄorescence in the
aerosol droplet diﬀers dramatically from the one present in the deliquescence process.
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Discussion

As mentioned above, before eﬄorescence can occur the aqueous solution droplet becomes highly supersaturated with respect to the NaCl solid phase. Therefore, the crystal growth will proceed in two steps. During the ﬁrst step, the liquid in contact with
the growing crystal will dilute — due to losing NaCl to the crystalline phase — until
it reaches its thermodynamic equilibrium composition. This step does not require any
mass interchange with the gas phase and hence, cannot be detected by the DC voltage feedback. The concentration of the aqueous solution increases from 26 wt.-% at
the thermodynamic deliquescence point [13] to 41 wt.-% before the particle eﬄoresces,
see data of Fig. 3. Thus, roughly 36% of the supersaturated solution droplet mass will
crystallize. This allows rescaling of Fig. 6 to absolute solid–to–liquid mass partitioning
as shown in Fig. 7.
In a second step the particle will evaporate the remaining water of its liquid phase
to the gas phase until it is completely crystallized. In the representation of Fig. 7 the
diﬀerence between deliquescence and eﬄorescence is even more pronounced. Obviously
the observed eﬄorescence cannot be described by a time reversed deliquescence process,
i. e. growing a compact solid core in the liquid.

Fig. 7. Median of ∆ as a function of solid–to–liquid mass partitioning. Left panel for
the deliquescence, right panel for eﬄorescence. Error bands are between the second
and the fourth quintile.

Instead of growing a compact solid one could imagine dendritic growth of the solid.
This may qualitatively describe the steep increase of ∆ in panel b of Fig. 7. However, we can easily detect a compact solid core of solid–to–liquid mass partitioning of
msolid /mtotal > 0.15 as seen in panel a of Fig. 7. But as ∆ does not increase above the
noise level for msolid /mtotal < 0.4 for the eﬄorescence process dendritic growth is rather
unlikely.
In our opinion the most likely mechanism is growing a solid shell around the liquid
which collapses at msolid /mtotal ≈ 0.4 due to mechanical stress. For msolid /mtotal < 0.4
the particle keeps its spherical symmetry with ∆–values at the noise level, but after collapsing the then irregularly shaped particle shows ∆–values similar to those found for a
completely solid NaCl particle. This is supported not only by other experiments [6, 3]
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and theoretical considerations [5] but also when estimating the duration of the eﬄorescence process as follows.
The inverse of the crystal growth rate [15] in highly supersaturated aqueous NaCl
solution droplets at a temperature of −10◦ C can be estimated by:
τ1 =

2
rsolid
,
2 S Dliquid

where rsolid is the radius of the solid particle after eﬄorescence, S the dimensionless
supersaturation of the aqueous solution with respect to the solid, and Dliquid the liquid
diﬀusion constant. Taking D = 1.7·10−6 cm2 /s (extrapolated from its value at 298 K [8]
to −10 ◦ C by using the temperature dependence for pure water [16]), rsolid = 2.8 µm
(using the data of Fig. 3), and S = 400% [14] this leads to a time τ1 = 6 · 10−3 s.
The time for evaporation of the water to the gas phase is limited by gas phase
diﬀusion and given by [18]:
τ2 =

2
2
R  (4rliquid
− 4rsolid
)
 ,

pd
p∞
8Dgas M Td − T∞

here R is the gas constant,  the density of the particle, rliquid the radius of the droplet
before eﬄorescence, rsolid the radius of the solid particle after eﬄorescence, Dgas the gas
phase diﬀusion constant, M the molar mass of water, pd is the partial pressure of water
vapour at the droplet surface, Td is the droplet temperature, p∞ is the partial pressure
of the water in the chamber, and T∞ the temperature in the chamber. Taking Dgas =
0.1 cm2 /s [17], estimating Td from the supersaturation of the water vapour pressure at
the droplet surface with respect to the water vapour pressure in the chamber [19], and
using the data from Fig. 3 we calculate a duration of τ2 = 4 ·10−4 s for the evaporation1 .
The estimated total time for eﬄorescence will be less than 10 ms. However, the observed
duration of about 2 seconds is indicating a diﬀusion barrier. A solid shell surrounding
the liquid could provide such a barrier.
While the experimental data in combination with the calculations presented above
indicate the formation of a solid shell during eﬄorescence further experiments are needed
to prove this possible crystallization mechanism.
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1 NB during deliquescence supersaturation is minimal so that p /T − p /T
∞
∞ approaches zero,
d
d
which in turn leads to a much larger τdeliq .
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