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Development of an ultraviolet constant angle Mie scattering detector
toward the determination of aerosol growth kinetics in the transition and
free molecular regime

Miguel Vazquez-Pufleau and Paul M. Winkler

Faculty of Physics, University of Vienna, Vienna, Austria

ABSTRACT
The measurement of aerosol growth kinetics at ever smaller sizes toward the transition and
free molecular regime is of interest to provide for validation of theoretical predictions. Such
measurements remain challenging to accomplish, particularly those occurring in the kinetic
regime. Toward this goal, an instrument based on the ultraviolet constant angle Mie scatter-
ing (UV-CAMS) method was developed. The instrument utilizes adiabatic expansion to cause
supersaturation and drive aerosol growth. Aerosol particles growing by water condensation
are illuminated with a pulsed UV laser at 337nm wavelength and a reference laser with red
light (wavelength of 632nm). The scattered light fluxes at 30� are measured simultaneously
and are then compared with size resolved Mie scattering calculations providing aerosol
growth measurements. The growth curves obtained from UV match those from the red
laser. These measurements allow us to see the first Mie peak for UV scattering for particles
in the 500nm range. This is an almost two-fold resolution increase compared to the small-
est particles that can be seen via red laser scattering in similar conditions (first Mie peak
above 900nm).
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Introduction

Aerosols are highly relevant for the environment and
industry due to their impact in pollution, weather and
global warming and also because their properties can
be exploited for useful technologies. Understanding
aerosol dynamics is essential to predict such proper-
ties, but aerosols spanning between molecular and
macroscopic scales, and evolving in wide temporal
ranges make the task difficult. This is the reason why
our understanding of the initial stages of aerosol
dynamics is still incomplete. In the environment
many aerosols have long been given the reputation of
pollutants to the environment. More recently, it has
been shown that global warming, traditionally attrib-
uted to the presence of greenhouse gases (Cox et al.
2000), actually is greatly influenced by radiative forc-
ing from aerosols. And this phenomenon causes the
largest uncertainties in climate modeling (Liu and
Daum 2002; Stocker et al. 2013). Furthermore, aero-
sols and clouds have been shown to be a sink for
atmospheric trace gases with rates dependent on

aerosol features (Kolb et al. 2010). With regard to
industrial aerosols, it has been reported that many
macroscopic properties of industrial relevance depend
on the primary particle size and morphology defined
in the initial stages of aerosol growth. (Neeleshwar
et al. 2005; Nguyen and Flagan 1991; Vazquez-Pufleau
2016; Vazquez-Pufleau et al. 2020; Vazquez-Pufleau
and Yamane 2020; Vazquez-Pufleau 2019). Therefore,
improving our understanding of the initial stages of
aerosol growth can enhance our prediction capabilities
for atmospheric phenomena and provide significant
technological advances for industrial and medical
(Diebolder et al. 2018) applications.

Aerosols span a wide range of sizes that can be div-
ided into different domains or regimes and each of
them is dominated by different transport processes.
Obtaining an accurate prediction depends on under-
standing the regimes in aerosol evolution, and their
dominant processes. The first step in aerosol forma-
tion is nucleation, in which a new phase, solid or
liquid, emerges from the gas phase. After nucleation,
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the incipient nanoparticles grow in a kinetic domi-
nated regime, denoted as free molecular regime. In
this regime particles are smaller than the distance gas
molecules need to travel to collide with each other in
average (denoted as mean free path). The regime
comprising aerosol nucleation and the initial stages of
growth has not been completely elucidated (Bunker
et al. 2012; Wu and Flagan 1987; Wu and Flagan
1988) in part because, of the hurdles imposed by its
intrinsic fast dynamics and small scale. This is despite
the apparent simplicity of nucleation from a theoret-
ical point of view where the low amount of molecules
in consideration makes it a rare process statistically
speaking. On the other end of the size scale, for par-
ticles much larger than the mean free path of the gas,
the continuum regime dominates (Friedlander 2000),
a regime governed by thermal conductivity and diffu-
sivity (Winkler et al. 2004). For particles in the size
range comparable to the mean free path both kinetic
and continuum effects play a role which is why this
regime is the so-called transition regime. Aerosol
dynamics in this regime is the hardest to quantify
from a fundamental point of view.

The measurement of aerosol dynamics demands
instruments with sufficient temporal and spatial reso-
lution to capture such small and fast processes. A
detailed discussion of available instruments and tech-
niques for characterizing aerosols can be found under
(McMurry 2000), (Moosm€uller, Chakrabarty, and
Arnott 2009) and (Kolb et al. 2010). The vast majority
of commercial aerosol characterization instruments
provides a snapshot of the aerosol properties, espe-
cially number concentration and size. However, little
information is obtained on aerosol growth kinetics
beyond the instrumental intrinsic sampling rate,
which is typically one second at best. In order to
understand the mechanism of numerous atmospheric
and industrially relevant aerosol growth processes, it
is necessary to utilize an instrument capable of meas-
uring much faster, with sub-ms resolution, in a well-
controlled system, without disturbing it, and prefer-
ably in situ. Such features are available in aerosol
instrumentation based on optical detection including
those described by Mie scattering (Horvath 2009;
Nagy et al. 2007; Szymanski, Nagy, and Czitrovszky
2009; Szymanski et al. 2002; Winkler et al. 2008).

Several researchers have developed instruments to
measure heterogeneous nucleation, focusing at differ-
ent conditions and materials of interest. Pioneers
include the work of (Sutugin and Fuchs 1968; 1970)
Reports exist on the usage of the constant angle Mie
scattering (CAMS) method based on a fast expansion

and recompression pulsed chamber to separate homo-
geneous nucleation from subsequent growth. In the
experiment a He-Ne laser (k¼ 632.8 nm) at 15� was
utilized for water (Fladerer and Strey 2003) and cryo-
genic gases (Fladerer and Strey 2006; Iland et al. 2009;
Iland et al. 2007). The system water in air using a
HeNe red laser (k¼ 632 nm) provided aerosol growth
measurements in the continuum regime (Wagner
1985; Winkler et al. 2004). Growth due to water and
n-propanol in air was also measured at several differ-
ent angles simultaneously using a blue laser
(k¼ 488 nm) (Pinterich et al. 2016). Also, an expan-
sion pulsed wave tube setup with an argon ion laser
(k¼ 488 nm) and a photomultiplier at 90� from the
incoming laser has been reported. Such instrument
was used to measure particle growth in the transition
and continuum regime for binary and ternary mix-
tures of water, n-nonane and methane at high pres-
sure (Peeters, Hrub�y, et al. 2001), as well as n-
pentanol in helium (Peeters, Luijten, et al. 2001).
Further experimental developments and a theoretical
overview in homogeneous nucleation can be found
elsewhere (Wyslouzil and W€olk 2016). In the current
study, we have utilized a narrower wavelength and a
smaller angle because the Mie scattering ripples are
better resolved in the forward direction than in the
backward direction.(O Preining et al. 1981;
Szymanski, Nagy, and Czitrovszky 2009).

Mie theory combined with experiments can be
used to determine growth rate of monodisperse aero-
sols. The theory provides the relationship between
scattering intensity and particle diameter for a given
wavelength and the experimental measurement pro-
vides temporally resolved scattering intensity. Mie
scattering is a specific solution to Maxwell�s equation
of electrodynamics. Calculations are generally difficult
to solve by hand (Wiscombe 1980), but now, thanks
to computers, Mie theory online libraries (pre-built
codes) can be routinely used to calculate Mie scatter-
ing patterns (Craig, Bohren, and Huffman 1983), or
to calculate the complex refractive indexes of individ-
ual aerosols (Sumlin, Heinson, and Chakrabarty
2018). Mie theory predicts scattered intensity to be a
function of the size parameter (a). This theory is
applicable to spherical objects of any size but requires
tedious calculations that converge more slowly for
increasing size parameter a, which is proportional to
the ratio of diameter (dp) over wavelength (k), in such
a way, that a ¼ (pdp)/k. This expression shows that
for a fixed wavelength of the used laser light, the size
parameter is directly proportional to the droplet size.
Similarly, for the same size parameter, the diameter
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required to obtain similar scattering intensity can be
lowered by using shorter wavelengths. Therefore, uti-
lizing UV light allows for measuring aerosol growth
rate at smaller sizes. An approach that to the best of
our knowledge has not been explored in the past.

The constant angle Mie scattering (CAMS) method
is a powerful and accurate method to determine aerosol
growth rate and number concentration. It was devel-
oped to measure absolute total number concentration
and particle growth rate of monodisperse aerosols with
sub-ms resolution (Wagner 1985). This method
requires knowledge on the refractive index of the used
material, which depends on the wavelength of the
incoming light. The refractive index of water is avail-
able in the literature in tabular form (Segelstein 1981).
The CAMS measurement is based on the simultaneous
noninvasive and highly time resolved detection of
extinction and scattered light of a given wavelength at
a constant angle (Szymanski and Wagner 1990).
Scattered light intensity is several orders of magnitude
lower than the incoming light, but its measurement
can be achieved with a photomultiplier (Pinnick,
Rosen, and Hofmann 1973). For aerosols growing
monodisperse, total observed scattered light is an inco-
herent superposition of the light scattered by all indi-
vidual droplets. Therefore, the intensities and not the
amplitudes are added and no interference is observed
(Wagner 1985). Scattering intensity starts from a value
close to zero and increases as the diameter gets larger
until reaching the first Mie maximum, which is then
followed by a minimum and then by a new maximum
and so on, forming what appears as global extrema.
Superimposed on this coarse structure, fine structured
ripples can also be observed. The global extrema
observed correspond to a diffraction pattern from the
growing droplets, while the ripples result from reson-
ance phenomena within the droplets. Such scattered
light curves are measured experimentally as a function
of time. By comparing both, experimentally measured
and calculated Mie scattering curves, growth curves can
be obtained. A discussion on the CAMS method can
be found in the supplementary section. A schematic of
the cycle, its principles and the scattering signal pro-
duced can be seen in Figure S1.

In this work, the CAMS methodology is tested using
UV radiation in order to detect smaller particles with
ms time resolution. Measuring small particles with high
temporal resolution is important because the mass and
thermal accommodation coefficients can only be meas-
ured in the kinetic regime. In the continuum regime
such coefficients are not retrievable because the diffu-
sion and thermal conductivity of the gas dominate the

process. Direct measurement of accommodation coeffi-
cients may become feasible if the shortest possible
wavelength is applied. One of the limits of utilizing
Mie scattering for measuring aerosol growth rate with
the CAMS method is determined by the wavelength at
which the carrier gas starts absorbing the radiation.
This limit is around 60nm for helium (Sando and
Dalgarno 1971), �87nm for argon, �145 nm for nitro-
gen (Wilkinson 1957) and �180 nm for oxygen (air)
but this value increases above 220 nm if ozone is
formed (Tanaka, Inn, and Watanabe 1953). The diffi-
culty of going beyond this limit is that the absorption
slope is almost a step function for pressure near atmos-
phere, where a jump from 0 absorption to almost
100% is achieved within few centimeters for a modifi-
cation of only a few nm in the wavelength. Additional
factors are relevant for determining the intensity of gas
absorption in these regions, including pressure, trans-
mission thickness and initial intensity. The present
study is a step toward this direction. By venturing with
UV light and pulsed lasers we tackle some of the chal-
lenges that need to be addressed to achieve such goals.
Challenges addressed here include the development of
a setup and process that has enough stability and
reproducibility to provide thousands of consistent
growth rate measurements, and the successful usage of
a UV pulsed laser with a wavelength of 337 nm to
reconstruct aerosol growth curves. The results of single
pulses were integrated over several thousands of meas-
urements and self-programmed python code was used
for reconstructing time resolved Mie scattering curves
from single pulses. Such curves were then converted
into aerosol size evolution plots as a function of time
by comparing them with theoretical Mie scattering
curves. The UV laser growth curves show consistency
with the red laser growth curves.

Materials and methods

The instrumental setup contains several subsystems.
Different aspects of the instrument are illustrated
graphically. Figure 1 is a schematic of the UV-SANC
including peripheral equipment. Figure 2 is a sche-
matic of the UV SANC expansion chamber and sen-
sors layout. The drawings and dimensions of the
expansion chamber can be found in Figure S2. The
transient temperature profile due to conduction inside
the chamber is shown in Figure S3. For simplicity, the
description of the components of the UV SANC is
divided into three sub-sections involving the aerosol
seed generation, the UV-SANC instrument and the
electronics and optics.
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Monodisperse aerosol generation

Figure 1 shows a diagram of the experimental setup.
It starts with compressed air, produced by an air com-
pressor (SF4, Atlas Copco, Belgium), dried by a mem-
brane dryer (SD-4N-7, Atlas Copco, Belgium). Oil
residuals and particles were removed with high effi-
ciency coalescing filters (PD10þ and DD10þ Atlas
Copco, Belgium). A HEPA filter (HEPA Capsule, Pall,
USA) was used before the connection to our setup to
remove any particles from the gas supply. A pressure
regulator (Excelon, Norgren, UK) was used to keep
the inlet pressure constant at 1.1 bar. Then, the gas
flowed through needle valves (DK Lok, USA) and the

flow rate was monitored through rotameters. A 1.8
lpm flow passed through a quartz tube containing a
quartz spoon filled with sodium chloride (NaCl >99%
Sigma Aldrich ACS, Switzerland). The tube and spoon
were heated by a tubular furnace (ROR 1,8/18,5,
Heraeus, Germany) which at appropriate temperature
settings evaporates some of the salt and forms nano-
meter sized aerosols. The furnace is controlled by an
RS controller (ESM4430, EMKO, Turkey) and pow-
ered by a high current power supply (QPX1200SP,
TTi, USA). After the furnace, a homemade quartz
tubing with 4 radial gas inlets receives 1.4 lpm of air
and is used to dilute the aerosol flow and quench its

Figure 2. (a) 2 D Schematic (top view) of the Dual wavelength UV CAMS. It primarily consists of two lasers, a red one (632 nm)
and another in the UV (337 nm) as well as its respective photomultipliers to detect the scattering signal. Each of the branches also
has a lowpass filter (LPF) or highpass filter (HPF) to ensure that the UV detector does not receive light from the red laser and vice-
versa. (b) Schematic illustrating the 3 D arrangement of lasers and detectors with respect to the expansion chamber aerosol inlet
and outlet.

Figure 1. Schematic of the UV CAMS instrument including peripheral process controllers, sensors, detectors and ancil-
lary equipment.
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dynamics so that the mean of the size distribution
remains around 10 nm size range. Then aerosols pass
through a concentric cooling device made of quartz
and with an external water cooling jacket. The work-
ing fluid for the heat exchange in this cooling jacket
was recirculated and controlled at a temperature of
20 �C by a Lauda chiller (RM6 Lauda, Austria). The
aerosol stream was then passed into a radioactive neu-
tralizer (Am241, Tapcon Analysis Systems, Austria)
and then through a nano differential mobility analyzer
(DMA, Tapcon Analysis Systems, Austria), which was
supplied with a high voltage of 620V from a high
voltage power supply. (Leybold P15VA, Germany)
and was monitored with a (Fluke 73 III Multimeter,
USA). The sheath flow of 21 lpm for the DMA was
supplied by a recirculating flow unit (FCU-10 Tapcon
Analysis Systems, Austria) which cleaned the flow by
means of activated carbon, a HEPA filter and silica
gel. At these conditions, a monodisperse aerosol of
10 nm is selected. After the DMA, the flow was
diverted in two streams. The first stream consisted of
1.5 lpm and was fed into a condensation particle
counter (CPC Model 3776, TSI, USA) to monitor the
number concentration of the aerosols. The second
stream carried the remaining flow toward the UV-
SANC setup.

Ultraviolet size analyzing nuclei counter (UV-
SANC) setup description

The stream entering the UV SANC device was passed
through a homemade humidifier consisting of two
concentric stainless steel cylinders welded together,
with the aerosol flowing in the inner tube and cooling
liquid flowing in the outer cylinder. To humidify the
flow, a single layer of absorbent filter paper was rolled
and introduced in the humidifier and was flooded
with ultra-high purity water (water HPLC Plus sigma
Aldrich, Switzerland). The temperature control for the
humidifier was provided by a chiller (Lauda RM6
Lauda, Austria) with set point at 20.0 �C. After the
humidifier, the flow temperature (T) and relative
humidity (RH) were measured by a T and RH sensor
(SHT75, Sensirion, Switzerland) and recorded by a
Raspberry Pi. (Model B, Raspberry Pi 3, UK). The
flow then entered the solenoid valve array of the
expansion chamber which was cycled and controlled
by a second Raspberry Pi. The Raspberrys and the
computer were connected through an intranet net-
work switch (DES-105, D-Link, China) for data acqui-
sition and cycle synchronization. The cycle lasted one
minute to guarantee the presence of fresh aerosol in

the chamber for each experiment which upon comple-
tion was immediately restarted. During each cycle, the
flow could either go into the chamber by means of an
actuated ball valve (compact power, RUB, Italy), or
through a solenoid valve (Model82641009151,
Buschjost, Germany) into the exhaust. This valve type
was also used to control the pressure in the vacuum
tank and downstream of the chamber for flushing it.
The expansion chamber consisted of an aluminum
AlMgSi1 cylinder machined and professionally ano-
dized to optical degree to minimize reflections.
Selected chamber drawings are shown in Figure S2.
Calculations of heat transfer in the interior of the
chamber based on air conduction can be found in
Figure S3. They show that even for expansions with
twice pressure drop as the maximum used in this
study, heat transfer due to conduction would need
more than 300ms to start producing a measurable
increase in the temperature at half the chamber
radius. Therefore, it is considered that heat conduc-
tion does not influence growth dynamics for the first
300ms after the adiabatic expansion. On the top of
the expansion chamber, fresh aerosols enter via the
actuated ball valve. On the bottom, a solenoid valve
(valve model 8570500.8401, Buschjost, Germany) pro-
duces the adiabatic expansion. The expansion cham-
ber is water cooled and its temperature is controlled
and monitored with a chiller set at 22.00 �C (Lauda
variocool VC1200, Lauda, Austria). Also, the tempera-
ture of the chamber is indirectly monitored by meas-
uring the temperature of the cooling fluid at the
outlet of the chamber jacket with a PT100 sensor
(WT330-E3, LEMO, Switzerland). The temperature is
monitored by an Omega platinum series monitor
(CS8DPT Omega Engineering Inc., USA). After the
expansion chamber there is a 10 liter stainless steel
cylinder (CRVZS-10, FESTO, Germany) operating as
a vacuum tank. It is connected to the vacuum side of
a pump. The pressure in the vacuum tank is measured
by a pressure transducer (PX309, Omega Engineering
Inc., USA) and controlled by a pressure controller and
monitor (CN7833 Omega Engineering Inc., USA),
which combined with a manual needle valve provide
normally þ/�1 mbar control of the pressure set point.
To ensure constant flow through the UV CAMS
instrument and stability to integrate over several thou-
sands of cycles, all outlets are connected to a home-
made critical orifice with a nominal flow of 1.42 lpm.
After the pump, the exhaust flow passes through a
HEPA filter before being released into the atmosphere.
All flows were validated with a standard air flow cali-
brator (Gilibrator, Sensidyne, USA).
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Electronics and optics of the expansion chamber

The lasers and photodetectors are connected to the
chamber by means of six windows as schematically
displayed in Figure 2. For the ports relevant for the
red laser, three borosilicate glass windows (5mm
Borofl part no 43888, Edmund Optics LTD, UK) were
used. The other three windows used for the UV
branch are made of magnesium fluoride (5mm MgF2
windows part No 64092, Edmund Optics LTD, UK).
A red laser (632 nm He Ne, uniphase model 1135,
USA) is used as a reference operated by a power sup-
ply (Model 35974, Melles Griot, USA). A photomulti-
plier (H7827-002, Hamamatsu, Japan) is used for
detecting scattered light and is located under an angle
of 30� in forward direction from the light source.
Between the chamber and the detector, a light filter
(TS Long pass filter 400 nm Part no 49024, Edmund
Optics Ltd, UK) removes the UV light so that the
detector intended for the red laser does not receive
the backward Mie scattering caused by the UV laser.
A horizontally adjustable slit (VA100C/M Thorlabs,
USA) limits the amount of light that can physically
reach the detector. The photomultiplier is connected
to a power supply (IPS 4304, RS PRO, UK), which
also allows for tuning the gain for optimizing the sig-
nal to the oscilloscope measurement range. The
second detector branch (UV) receives its light from a
UV 4ns 30Hz pulsed Laser 337 nm N2 (VSL 337 ND-
S, Thermo Laser Science, USA). The detector side is
the same than for the red branch except that in this
case a low pass filter (Short pass filter UV 550 nm
part number 49160, Edmund Optics Ltd, UK) is used
to avoid the red light from reaching the UV photo-
multiplier. The pressure drop after each expansion is
measured by a pressure transducer (Kistler 7261,
Kistler, Switzerland) and a pressure recorder (Kistler
Charge Meter Type 5015, Kistler, Switzerland) which
provides a real time signal measurable in V for the
pressure in the chamber. This signal and also the two
signals from the photomultipliers are recorded with
an oscilloscope (Picoscope 2000 Series2406B, Pico
Technology, UK) in a picoScope data file (.psdata)
which can then be converted into a text file and be
processed with both open source and self-pro-
grammed python code.

Results and discussion

The UV laser utilized provided pulsed and not con-
tinuous light. Therefore, it was necessary to measure
the same experimental condition several hundreds and
in some cases even thousands of times in order to

obtain sufficient data to reconstruct a time resolved
scattering curve from the few UV data points obtained
after each expansion. Figure 3 shows a schematic of
the process utilized to reconstruct time resolved Mie
scattering curves from pulsed measurements. For each
measurement, the acquisition of signal before the
expansion is also required to establish the background
level. Measurements for each supersaturation degree
were acquired for between 700 to 2500 times. Then,
the x axis of the plots was adjusted so that the red
scattering signal would always start at the same plot-
ted time, and the pressure drop would be located at
time 0. Measurements not fulfilling minimum quality
requirements (typically less than 5%) were not consid-
ered further. The filtered data was then integrated
producing coherent peaks for the UV laser that could
then be quantified. The red laser scattering signal was
also subjected to integration for quality control and a
reduction of the sharpness of the ripple structure was
observed. Such smoothing is expected due to small
variations in the scattering signal over several hun-
dreds of cycles. But does not prevent correct identifi-
cation of the major peaks. The data from Figure 3
correspond to a super saturation (S) of 1.25.

The reason behind using a red laser in addition to
the UV laser is that the well-known experimental Mie
ripple structure from a 632 nm is a necessary reference
to validate the UV maxima count and avoid mis-
assignment between experiment and theory. Mie the-
ory does predict that narrower wavelengths allow
detection of smaller particles. However, this also
causes a reduction in the scattering intensity as a
function of wavelength square (O Preining et al. 1981)
and is affected by the change in refractive index as a
function of wavelength (Segelstein 1981). Such system
attribute makes the global extrema and ripple pattern
recognition increasingly difficult with decreasing
wavelength. If the peaks in the signal lie near the
noise level, growth analysis is no longer trivial. For
this reason, a second laser of a visible wavelength is
used at 632 nm so that the first Mie scattering pattern
of the red laser can be uniquely identified. This can
be used as a reference to match the corresponding
Mie peaks from the UV because there is a region
where both scattering patterns provide measurements
at coincidental time and particle size, allowing for
temporal and size matching from the two curves of
different wavelengths. In addition, any unexpected
effect on the growth curve induced by the UV laser
could be easily observed as a modification in the red
laser growth curve. For these reasons, the aerosol
growth curve determinations were performed using a
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dual wavelength CAMS with coherent lasers at two
different wavelengths.

The growth curves are obtained by comparing the
theoretical Mie scattering curves with the experimen-
tal Mie scattering curves. Theoretical Mie scattering
curves are computed using the python programing
language by means of the open source scatterlib
library. The accuracy of the library and the used code
were validated by comparing its results with theoret-
ical growth curves based on Mie scattering reported
in the literature (Szymanski and Wagner 1990). In
order to obtain experimental growth curves, it is
necessary to compare the position of recognizable pat-
terns in the theoretical (Figure 4a) and experimental
scattering curves (Figure 4b). The relationship
between diameter and time is a non-linear function. A
program was coded in order to identify the local max-
ima and a filtering function was used to smooth both
the theoretical and the experimental curves. This was

necessary to ensure correspondence of the theoretical
features to the resolution of the measured and inte-
grated peaks. Then, the correspondence between the
peaks from the temporally resolved experimental scat-
tering signal could be assigned to a specific particle
size. After matching the peaks, the intervals between
the peaks were calculated linearly for simplicity and
for displaying the correspondence of theory and
experiment in Figure 4c). However, it should be noted
that the only experimental values further used for the
growth curves correspond to the identifiable peaks of
the scattering signal. For the first Mie maximum also
the point corresponding to half of the maximum is
reported. X axis conversion from time to diameter
was executed for red and UV signals independently.

Growth curves for six different super saturations
could be obtained following the procedure described
above (Figure 5). Aerosol size evolution as a function
of time from the UV signal is represented by circles

Figure 3. Flow diagram of data acquisition for a single expansion, and the result after integration of several hundreds to thou-
sands of measurements. The integration process utilizes data quality tools and x axis adjustment to ensure all scattering lies within
tight limits. Nevertheless, due to minor variabilities of the process, it is visible that the red scattering signal degrades slightly after
integration. However, this process permits reconstructing the scattering signal from the UV source, which would otherwise be
impossible from a pulsed laser.
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while the crosses represent the same information
obtained from the red laser. Information from both
wavelengths match nicely in the overlapping region.
In order to perform a growth rate estimation, the fol-
lowing assumptions were made and are justified as
follows: The thermal effects of the enthalpy of con-
densation of water on increasing the temperature of
aerosols have been found to be negligible (Winkler
et al. 2004). Preliminary calculations on the thermal
effects (Filippov and Rosner 2000) caused by radiation
absorption indicate that small particles would heat up
more rapidly upon absorbing photons, but at the
same time are subject to more rapid cooling as they
diffuse more rapidly. On the other hand, bigger par-
ticles have a lower surface to volume ratio and cool
more slowly, but they also heat up more slowly upon

absorbing a photon due to their increased mass. In
both cases, the cooling effect through gas collisions is
larger than any heating effect from photon absorption
even for a 4 ns pulse such as the one produced by the
UV laser. In any case, water is not expected to absorb
the wavelengths used (632 and 337 nm) (Segelstein
1981). The effect of scattering from the NaCl seeds
can be disregarded due to their negligible cross sec-
tion, their small size and low concentrations. The car-
rier gas (air) is also not causing scattering at the
wavelengths used (Tanaka, Inn, and Watanabe 1953).
Loses through the MgF2 windows that separate the
expansion chamber from the lasers and detectors are
negligible. Backscattering from the second wavelength
is also negligible as a low-pass and a high-pass filter
remove backscatter from the laser not intended to be
measured by the photomultipliers. The Kelvin and
Raoult effects can be neglected because the 10 nm
NaCl seed utilized has a negligible contribution for
both phenomena at the smallest measurable size
(�350 nm). Similarly, the impact of the NaCl seed in
modifying the refractive index of the droplets is also
negligible (Tan and Huang 2015) and was not
included in the calculations.

Taking into consideration the above discussed
assumptions, an aerosol growth rate calculation was
executed based on the condensation models from
(Vesala et al. 1997) as a reference for the experimental
data and also to observe the agreement between data
produced by this new developed SANC and its prede-
cessor (Wagner 1985). The parameters used for the
theoretical calculations are the following: experimental
values as measured by the system controllers and
monitors, numerical solution using the Clement the-
ory (Clement 1985), solution with a transitional

Figure 4. (a) Theoretical Mie scattering curves calculated based on python library scatterlib. (b) Experimental Mie scattering curves
measured with the UV CAMS that correspond to a pressure drop of 100 mbar (S¼ 1.25). The maxima are found using a simple
algorithm that identifies local maxima. (c) By using a nonlinear x axis maxima matching of a) and b), a relationship between the
diameter and time can be found and the theoretical growth curve can be plotted using the same axis than the experimen-
tal curve.

Figure 5. Summary of the evolution of diameter for different
supersaturations. Crosses are the values obtained from analyz-
ing the 337 UV signal. Circles correspond to the 632 nm red
laser measurement. The continuous lines are calculated based
on theoretical size evolution calculations.(Vesala et al. 1997).
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correction theory that goes from continuum to free
molecular regime from Dahneke (Dahneke 1983).
Typically, it is assumed that the continuum regime
occurs for Knudsen numbers (Kn) 0<Kn < 10�3,
slip flow between 10�3 < Kn < 10�1, transition
regime between 10�1 < Kn< 101 and finally the free
molecular regime between 101 < Kn and <

1.(Darabi et al. 2012; Sundaram, Yang, and Zarko
2015) The Knudsen numbers (Kn) for both experi-
mental wavelengths are reported in Table 1. The mass
and thermal accommodation coefficients were set to
one and the thermal diffusion factor was set to zero.
The theoretical curves nicely replicate the experimen-
tally observed trend and clearly follow the expectation
that growth proceeds faster at higher saturation ratios.

The effect of the number concentration on aerosol
growth rate curves was tested in the UV SANC in the
concentration range between 7000 and 200000 #/cm3.
The results are presented in Figure 6. Vapor depletion
during the initial stages of aerosol growth up to about
1000 nm droplet diameter is practically negligible.
However, at later stages of aerosol growth, for condi-
tions with high number concentration, the amount of
water vapor available gets depleted more rapidly,
slowing down the growth process. On the other hand,
in the case of lower number concentrations, the aero-
sols can continue growing to larger sizes before water
vapor gets depleted. These results are in good agree-
ment with previous measurements using the CAMS
method (Wagner 1975).

An important challenge for the CAMS method is
the low amount of scattered signal compared to the
original light intensity. The scattered intensity with an
angular resolution better than 1� is only a fraction in
the order of 10�6 of the incoming intensity.
Therefore, in the region where gases absorb heavily
(mainly in the vacuum ultraviolet for inert gases), it is
not easy to obtain any signal at all unless a very high
light intensity is utilized. High intensity VUV sources
are generally difficult to obtain and are prone to cause
additional difficulties in the measurement such as
temperature increase in the gas and potential re-evap-
oration of the particles, etc. In any case we encourage
future researchers to attempt approaching such limits
to determine kinetics of aerosol growth rate in the
free molecular regime at atmospheric relevant

conditions.” The results obtained in this work serve as
a proof of principle that it is feasible to experimentally
measure smaller sizes of aerosols with UV radiation.
Growing droplets are formed in an expansion cham-
ber which produces reproducible adiabatic expansions
and process variables are well controlled and moni-
tored. The whole system operates reliably, yet some
improvements are also possible and will be addressed
in future work.

Conclusion

In this work, a UV CAMS detector was designed, con-
structed and operated to measure aerosol growth
curves in situ at sizes below those reported in the lit-
erature for this method in forward scattering. The
instrument utilized a pulsed UV laser at 337 nm and a
red 632 nm continuous wave laser as a reference. The
measurements were carried out in the transition
regime, at near atmospheric pressure and with Kn
numbers as low as 0.32. The carrier gas used was air,
which displays sufficient transmission at both
wavelengths.

In this work, signal integration was utilized to
reconstruct temporally resolved Mie scattering growth
curves by utilizing a well-controlled setup with suffi-
ciently reproducible and stable process variables and a
suitable data analysis and processing code. The repro-
ducibility of the cycle in the UV CAMS was sufficient
to allow integration of measurements obtained
through several thousands of expansion cycles for
reconstructing the temporally resolved Mie scattering
growth curves from a 30Hz pulsed UV laser. This val-
idates the feasibility of using the SANC to extract

Table 1. Knudsen number of particles detectable by the red
and UV lasers scattering at 30� and a final pressure of
900 mbar.
Wavelength Kn for first Mie peak Kn half of first Mie peak

632 nm (red) 0.12 0.16
337 nm (UV) 0.22 0.32

Figure 6. Effect of number concentration on droplet growth
for a supersaturation of S¼ 1.68: at higher number concentra-
tions the growth of the droplet size plateaus earlier than at
lower number concentrations due to water vapor depletion.

AEROSOL SCIENCE AND TECHNOLOGY 925



aerosol kinetics by using pulsed light sources such as
the ones available at some free electron lasers (FEL),
synchrotrons, and high power UV lasers.

The Mie scattering growth curve measured by a
detector at 30� from the 337 nm light source produced
a first peak at 500 nm, with half of the first peak
height at 349 nm. This compares with the ones pro-
duced by a 632 nm red laser which are 934 nm and
684 nm for the first peak and half of its height,
respectively. In addition, there is a remarkable agree-
ment in growth in the overlapping region of the two
laser signals. The growth in the chamber behaves as
expected: particle growth is faster with higher super
saturation (S). Particle growth also terminates earlier
with higher concentration but this does not affect
growth in the sub 1000 nm region.

The results obtained in this study pave the road
toward the development of the vacuum ultraviolet size
analyzing nuclei counter (VUV-SANC). Such an
instrument could provide direct evidence on the mass
and thermal accommodation coefficients in the free
molecular and transition regime. Both coefficients are
still under debate, and can only be measured in aero-
sol growth conditions dominated by the kinetic
regime. Furthermore, such endeavors can help us to
get closer in understanding nucleation. For achieving
the required accuracy, the availability of a high power,
high quality and accessible light sources in the vac-
uum ultraviolet is essential. A continuous light-source
is ideal for this experiment but pulsed sources can
also be used as shown in this study. However, for
using pulsed sources in the reconstruction of growth
curves, it is paramount to count with a fine tuned
process control and a highly reproducible system.
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