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Abstract

Aerosol particles are ubiquitous in Earth’s atmosphere and consist of a wide
variety of species with different compositions, lifetimes and sizes. This hetero-
geneous ensemble of particles influences many atmospheric processes through
complex interactions between individual aerosol particles, between particles
and the surrounding gas phase, as well as through scattering and absorption
of incident sunlight. The understanding of these processes requires accurate
data on the properties of the particles that are involved. Laboratory studies
of aerosol particles focus on the measurement of their properties under well
controlled environmental conditions. Optical trapping is used to isolate and
confine individual aerosol particles, enabling retrieval of single particle data.
This information, which is not readily obtained from investigations of par-
ticle ensembles, can provide detailed insight into the underlying interaction
mechanisms of the complex processes that occur in the atmosphere.

This work presents a number of measurement techniques for the characteri-
zation of single optically trapped aerosol particles. As a main result, a new
method to measure the mass of single aerosol particles using optical trapping
is introduced. This method is in particular applicable to liquid droplets, an
important subclass of aerosol particles, for which mass measurement using
optical trapping is challenging, and thus has not been demonstrated before.
The accuracy and precision of our optical mass measurement method is char-
acterized for aerosol droplets with sizes of a few micrometers down to the
submicron size range. We use the new method to measure the hygroscopic
mass growth factor of single sea salt droplets, which belongs to the most
abundant species of aerosol particles in the atmosphere. Conflicting val-
ues for the hygroscopicity of sea salt have been published in the literature,
limiting the accuracy of climate models that rely on these values as input pa-
rameters. With the new data, we are able to critically review previous values
and propose a way to reconcile the apparent discrepancies in the literature.
These results are expected to improve future model predictions. Performance
of the optical mass measurement method is further tested for particle trap-
ping in the liquid phase. This application holds potential for studying single
cells in vivo. Single micrometer sized glass spheres were trapped in water in
order to characterize the accuracy of the mass measurement. The current
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limitations of the measurement setup are identified and discussed with regard
to the accuracies required for applications in the aqueous phase.

Finally, a previously unknown photolysis reaction of glycine dissolved in
aqueous droplets is demonstrated. The reaction was observed as photoin-
duced shrinking of an aqueous glycine droplet when a laser with wavelength
532 nm was used for trapping. The reaction is characterized with regard to
shrinking rate and temporal evolution of the molecular composition of the
droplet during the shrinking. A possible reaction mechanism is discussed,
which indicates hitherto unknown photochemical pathways for atmospheric
aerosol particles.

ii



Zusammenfassung

Aerosolteilchen sind in unserer Atmosphäre allgegenwärtig. Es existiert
eine breite Palette von Teilchenarten, welche unterschiedliche Zusammenset-
zung, Lebensdauer und Grösse haben. Zusammen bilden sie ein heterogenes
Gemisch, das durch komplexe Wechselwirkungen zwischen den einzelnen
Teilchen oder zwischen Teilchen und der umgebenden Gasphase, sowie durch
Absorption und Streuung des Sonnenlichts viele atmosphärische Prozesse
beeinflusst. Um solche Prozesse zu verstehen, müssen zuverlässige Daten
über die Eigenschaften der beteiligten Teilchen gesammelt werden. In
Laborstudien werden die Eigenschaften von Aerosolteilchen unter kontrol-
lierten Umgebungsbedingungen gemessen. Optische Fallen werden benutzt,
um individuelle Aerosolteilchen zu isolieren und festzuhalten, damit man
Daten von Einzelteilchen erheben kann. Diese Daten aus Untersuchungen an
Teilchenensembles zu erhalten, ist dagegen nicht praktikabel. Die Informa-
tionen, welche man über die einzelnen Aerosolteilchen gewinnt, helfen dabei,
detaillierte Einsichten in die komplexen Prozesse, welche in unserer Atmo-
sphäre stattfinden, zu erhalten, sowie die zugrundeliegenden Mechanismen
besser zu verstehen.

Die Arbeit, die hier präsentiert wird, stellt eine Reihe von Messtechniken
vor, welche für die Charakterisierung von einzelnen optisch gefangenen
Aerosolteilchen nützlich sind. Eines der wesentlichen Resultate ist die En-
twicklung einer Methode, mit der die Masse von einzelnen Aerosolteilchen in
einer optischen Falle gemessen werden kann. Diese Methode kann insbeson-
dere auch für Tröpfchen verwendet werden, für die die Bestimmung der Masse
mittels optischer Fallen mit wesentlichen experimentellen Schwierigkeiten
verbunden und deshalb bisher nicht gelungen ist. Es wird gezeigt, wie genau
und präzise die Methode für Tröpfchen unterschiedlicher Grössen ist, welche
von mehreren Mikrometern bis hin zu Submikrometer grossen Tröpfchen re-
ichen. Mit dieser Methode bestimmen wir den hygroskopischen Massenwach-
stumsfaktor einzelner Meersalztröpfchen, welche zu den häufigsten Aeroso-
larten in der Atmosphäre gehören. Es existieren heutzutage widersprüchliche
Angaben zur Hygroskopizität von Meersalz. Dadurch wird die Genauigkeit
von Klimamodellen beeinträchtigt, die auf diesen Daten aufbauen. Unsere
Messungen erlauben es uns, die bisherigen Angaben kritisch zu prüfen.
Wir schlagen eine Lösung vor, wie die scheinbaren Widersprüche in der
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Literatur behoben werden können. Diese Resultate sollten uns in Zukunft
bessere Modellvorhersagen erlauben. Desweiteren wird die Anwendbarkeit
der neuen Methode für Massenmessungen von optisch gefangenen Teilchen
in flüssiger Phase getestet. Diese Anwendung wäre insbesondere für In-
vivo-Untersuchungen von einzelnen Zellen interessant. Die Genauigkeit der
Massenmessung für optisch gefangene Teilchen in Wasser wurde anhand von
mikrometergrossen Glasskügelchen getestet. Daraus lassen sich die Gren-
zen des aktuellen Messaufbaus für die Massenmessung ableiten, welche wir
im Bezug auf die benötigte Genauigkeit für Massenmessungen in Wasser
diskutieren.

Zum Schluss wird gezeigt, wie in einem wässerigen Tröpfchen gelöstes Glycin
entgegen bisheriger Erwartungen photolysiert wird. Die Reaktion wird
als Schrumpfen von wässerigen Glycintröpfchen beobachtet, wenn diese
Tröpfchen in einer optischen Falle mit Licht der Wellenlänge 532 nm gefangen
werden. Wir charakterisieren diese Reaktion mit Bezug auf die Schrumpfrate
und die zeitliche Entwicklung der Molekülzusammensetzung des Tröpfchens
während des Schrumpfens. Ein möglicher Reaktionsmechanismus wird disku-
tiert. Dieser suggeriert einen bisher unbekannten photochemischen Reak-
tionspfad für atmosphärische Aerosolteilchen.
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1 Introduction

Aerosols are dispersions of solid or liquid particles in a gas. Various fields
of science are concerned with the study of aerosol particles, their properties,
chemistry, industrial and health applications. In this work, aerosol particles
are primarily discussed with regard to their role in Earth’s atmosphere1,2.
Atmospheric aerosol particles affect Earth’s climate through direct interac-
tion with the sunlight and indirectly due to their ability to facilitate cloud
formation. They have been identified as one of the significant driving forces
of current climate change. While generally smaller in magnitude, the effect
of aerosol particles is thought to counteract the effect of greenhouse gases in
the atmosphere3. However, current estimates of the aerosol driven climate
change suffer from large uncertainties. The estimates of the aerosol con-
tribution constitute the largest source of uncertainty in current prediction
of Earth’s radiative forcing1,3. These uncertainties in aerosol driven climate
change predictions fuel ongoing research of atmospheric aerosol particles. Ac-
curate data about the physical and chemical properties of the aerosol species
present in the atmosphere is needed to better understand the processes affect-
ing them. A large subclass of atmospheric species are liquid aerosol particles,
or droplets. The work in this thesis focuses on the accurate characterization
of single atmospherically relevant aerosol droplets under well defined labora-
tory conditions using optical trapping. A main result is the development of
a method to measure the mass of single optically trapped aerosol droplets.

Optical trapping is a method to isolate and confine single particles in space by
applying optical forces using laser light. Invented in 1970 by Arthur Ashkin4,
optical trapping has since developed into a versatile tool that has facilitated a
great number of studies in a diverse field of science. Key features of this tech-
nique are the precise control and characterization of single particles in situ
in liquid, gaseous and vacuum environments. This data can provide detailed
information of processes that occur inside, or in interaction with, individual
particles. In contrast, this data cannot be obtained from measurements of
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CHAPTER 1. INTRODUCTION

particle ensembles, which yields only average particle properties. In addition,
optical trapping is a contact free alternative to conventional methods where
particles are deposited on a substrate, which may perturb the natural state
of the particle.

Though not exclusive to these areas of science, optical trapping has been
frequently employed in the fields of biology, atmospheric and fundamental
research. In the field of biology and biological applications, optical trapping
is typically used to investigate single particles, such as biomolecules, cells and
viruses, in an aqueous environment. Optical trapping has been successfully
applied to observe cell division and manipulate organelles5, to deform of sin-
gle cells and DNA molecules and to measure their viscoelastic properties6–8.
Optical traps have also been employed to characterize the interactions of cer-
tain motorproteins with microtubules and actin filaments9–13, non-invasive
measurement of the molecular composition of cells and cell parts14,15, as well
as many other examples16,17. In the field of fundamental research, optical
trapping is typically used to trap well calibrated particles to use them as
probes in low pressure environments. Such applications of optical trapping
have been demonstrated to be useful for the detection of small forces18–21.
The reported sensitivities (∼10−21 N) are similar to the ones of solid-state
sensors, however the latter require cryogenic cooling to achieve this perfor-
mance, unlike optically trapped probe particles19. Furthermore, optically
trapped probe particles allow for ultrasensitive (∼10−27 N m) detection of
torques20–23. In atmospheric sciences, studies of aerosol particles include the
measurement of the viscosity of organic aerosol droplets24,25, size dependent
photoabsorption26,27, determination of diffusion and uptake coefficients28–30

and kinetics of phase transitions31.

Optical trapping of atmospherically relevant aerosol particles is typically per-
formed in a gaseous environment. In contrast to the examples in aqueous
or low pressure environments, atmospheric particles often contain volatile
components that exist only in a thermodynamic equilibrium with the sur-
rounding gas phase. This includes hygroscopic particles, which in humid
environments pick up water from their surrounding to form droplets, such as
sea spray, one of the most abundant aerosol species in the atmosphere1. As
a consequence, optical trapping of atmospherically relevant aerosol particles,
in particular droplets, has to be performed at ambient conditions for best
comparison to their natural counterparts. Many techniques have been estab-
lished for the thorough characterization of optically trapped aerosol droplets,
with the goal to obtain accurate data of single particles under well defined
conditions. Here we restrict ourselves to highlight those relevant for the work
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CHAPTER 1. INTRODUCTION

in this thesis. These include the measurement of radius and wavelength de-
pendent refractive index of droplets32, their morphology33 and the tracing of
their molecular composition over time34,35.

Mass is a fundamental property of any object. With regard to atmospheric
aerosol droplets, there are many processes that affect their mass, such as
chemical reactions, as well as evaporation and condensation of water. De-
spite the potential to characterize a variety of processes affecting droplets as
well as other atmospheric particles, their mass has rarely been measured in
previous studies using optical trapping. Techniques of single particle mass
measurements using optical trapping in the gas phase and other environments
are relatively new, and most have emerged in the last decade only36–41. It
is not surprising in this context that the potential and the range of possible
applications of these optical mass measurements have not been widely ex-
plored yet. Previous examples focus around the applications in low pressure
environments for ultrasensitive force and torque sensing. Accurate mass mea-
surements are used to better characterize the solid probe particles in order
to achieve better performance of the sensors36. As such, mass measurements
for these applications are designed for solid particles in low pressure envi-
ronments. At ambient conditions, studies involving mass measurement of
optically trapped aerosol particles are very limited40,41. Previous studies fo-
cus on photophoretic trapping, which is based on the heating of the trapped
particle by absorption of the incoming laser light42. Reported accuracies are
approximately 10–15 % for particle sizes of a few41 to a few tens40 of mi-
crometers. These photophoretic mass measurements are applicable only to
particles which absorb light at the wavelength of the trapping beams and are
resistant to heating to at least several tens of degrees above room tempera-
ture40,41.

Previous optical mass measurement methods are only applicable to non-
volatile, solid particles. In low pressure environments, the high vapor pres-
sure of volatile particles, such as droplets, is not in equilibrium with their
environment, hence the particles evaporate. Similarly, volatile particles in
photophoretic traps would rapidly evaporate due to the heating by the inci-
dent laser light. Even for semi-volatile species, laser induced heating would
at least disturb the equilibrium between particle and surrounding at ambi-
ent conditions. This would make interpretation of measured thermodynamic
quantities for atmospherically relevant particles, in particular droplets, very
challenging. State-of-the-art methods to measure the mass of single levitated
aerosol droplets, though also applicable to other particles in gas or vacuum,
typically use an electrodynamics balance (EBD)43–45 for trapping. EDBs
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CHAPTER 1. INTRODUCTION

are frequently used for laboratory studies of atmospherically relevant aerosol
species, though they require charging of the droplets and typically only allow
access to particles with sizes larger than approximately 5 µm. However, at-
mospheric aerosol sizes follow a multimodal distribution46. The typical size
range of EDB covers the coarse particle mode, but does not allow access to
the submicron size range, where the majority of atmospheric aerosol particles
reside.

Motivated by the limitations of existing mass measurement methods with
regard to atmospheric aerosol species, a new method to measure the mass of
single aerosol particles using optical trapping is demonstrated in this thesis.
In Chapter 4 the principle of the new method is presented and the feasibility
of the concept is demonstrated. Its performance is evaluated in Chapter 5
and it is compared to other methods using optical trapping and EDBs for
mass measurement. A key feature of the new method is its applicability to
volatile and semi-volatile particles, in particular droplets, which is achieved
by designing the method to work for particles with negligible absorption at
the wavelength of the trapping beams (in order to not perturb equilibrium)
and for ambient conditions. It is later shown in Chapter 6 that the method
provides reliable mass data even for the submicrometer size range, which
is of particular importance for atmospheric particles. The applicability of
this method to submicron particles is another important strength of the new
approach.

Mass is a fundamental property of aerosol particles, hence the new method
is anticipated to be interesting for application in a variety of future studies.
To explore the range of possible applications, an example is demonstrated
in Chapter 6. As shown in previous studies using an EDB45, mass mea-
surements can be employed to determine the hygroscopic mass growth factor
of single aerosol particles. Hygroscopic particles in the atmosphere pick up
water from humid environments to form droplets. Sea spray is one of the
most abundant species of atmospheric aerosols. The size distribution of these
highly hygroscopic species, and therefore their interaction with the sunlight,
depends critically on the relative humidity of their environment47,48. The hy-
groscopicity is a key parameter to predict the magnitude of the interaction of
a given atmospheric aerosol species with the sunlight. Sea salt is the inorganic
part and a major component of sea spray. Conflicting values for the hygro-
scopicity of sea salt have been reported, which limits the accuracy of model
predictions that are based on this data49. Facilitated by the new optical
mass measurement method, we obtain new values for the hygroscopic mass
growth of single sea salt droplets in Chapter 6, and critically review literature
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CHAPTER 1. INTRODUCTION

values. We also obtained, for the first time, values for single submicrometer
sized droplets. As a second example, application of our mass measurement
method to particles trapped in liquids was investigated (Chapter 7). This
avenue holds potential for the investigation of single cells and other biological
particles in vivo. We obtain preliminary data for microspheres submerged
in water and discuss the current limitations with regard to the accuracy of
the method. In Chapter 8 we extend our investigations to aerosol droplets
containing organic components. Aqueous glycine droplets were studied as
an example of atmospherically relevant organic droplets. They can also be
considered as a proxy for other, more complex amino acids. We found a
previously unexpected photolysis reaction of glycine in the aqueous droplets
when a trapping laser in the visible range (532 nm) was used. The reaction
was observed as continuous shrinking of the micrometer sized droplets over
the course of a few hours to several days. A possible mechanism for this pho-
tolysis reaction is discussed in preparation of future studies involving mass
measurements of glycine droplets.

5



2 Theory of light-particle interaction

Many of the relevant aspects of the light-particle interaction in this thesis
are captured by classical electrodynamics. Therefore, a brief recapitulation
is presented here, with a focus on light scattering by single particles. For
the phenomena discussed here, it is sufficient to consider stationary electric
and magnetic fields, E(t)(t) = Re (E e−iωt), B(t)(t) = Re (B e−iωt), respec-
tively, where E(t) and B(t) are the electric and magnetic field, E and B their
respective spatial part and ω the frequency of the field oscillation. Further-
more, free charges and currents are absent or irrelevant for the experiments
in question. In this case, it follows from Maxwell’s equations that E and B
fulfill the equations (F = E,B)

∆F = − (|k| · n)2 F (2.1)

∇ · F = 0 (2.2)

where k is the corresponding wavevector in vacuum, with k = |k| = ω
c
,

where c is the speed of light in vacuum, and n is the refractive index of the
medium. Here it is implicitly assumed that the medium is optically linear
and isotropic, and that only elastic scattering occurs, such that n describes
all aspects of the optical response of the medium. For the experiments in this
thesis, the assumptions of optical linearity and isotropy are valid to very good
approximation. An important exception to the last assumption is inelastic
Raman scattering, which is discussed later in Section 2.5.

Eq.(2.1) represents the wave equation, while Eq.(2.2) specifies that the waves
be solenoid. The scattering phenomenon emerges as a consequence of non-
continuous changes of n at interfaces, such as the surface of a particle. Using
Eq.(2.1), Eq.(2.2) and suitable boundary conditions, the solutions for E and
B can found independently of each other. Furthermore, if a solution for
either E or B has been found, one may find the respective other field using
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CHAPTER 2. THEORY OF LIGHT-PARTICLE INTERACTION

the Maxwell’s equations

ikc ·B =∇×E

−ik
c
n2 ·E =∇×B

(2.3)

With this, we focus on E in the following to describe light scattering by
single particles.

2.1 Single particle elastic light scattering

The theory presented here is taken in essence from a standard textbook50 and
a tutorial article51. The following system serves as a starting point for our
discussion: A homogeneous particle with refractive index ni is illuminated by
a plane electromagnetic wave propagating through a medium with refractive
index n0 6= ni. Fig.(2.1) shows a schematic of light scattering by a single
particle. The electric field inside the particle is denoted Ei and the field
outside the particle is the sum of incident and scattered waves, E0 +Es. All
fields (Ei, E0 and Es) must fulfill Eq.(2.1) and Eq.(2.2). To solve for the
individual electric fields, we would like to find a basis of general solutions to
Eq.(2.1) and Eq.(2.2). To this end, consider a scalar function ψ 6= 0 with

∆ψ = −(kn)2ψ (2.4)

where n = n0 outside and n = ni inside the particle. The following fields
then automatically fullfill Eq.(2.1):

L = ∇ψ
M =∇× (rψ)

N =
1

kn
∇×M

(2.5)

L, M and N are the vector harmonics for which a few important relations
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CHAPTER 2. THEORY OF LIGHT-PARTICLE INTERACTION

hold:

∇ ·L = −(kn)2ψ 6= 0

∇×L = 0

∇ ·M = 0

∇ ·N = 0

∇×N = knM

(2.6)

It follows thus that M and N fullfill Eq.(2.2) as well. A complete set of
solutions for Eq.(2.4) is given in spherical coordinates by

ψlme(r, θ, ϕ) = zl(knr) · Pm
l (cos(θ)) · cos(mϕ)

ψlmo(r, θ, ϕ) = zl(knr) · Pm
l (cos(θ)) · sin(mϕ)

(2.7)

where zl with l = 0, 1, 2, ... are the Bessel functions of the first or second kind,
zl = jl, yl, respectively, or superpositions thereof, and Pm

l with l = 0, 1, 2, ...,
m ≤ 0, 1, ..., l are the associated Legendre polynomials. The indices e and o
indicate even and odd parity, respectively, with regard to the transformation
m→ −m.

Using this set of ψ, we find with Eq.(2.5):

M lme = −zl ·
m

sin(θ)
Pm
l · sin(mϕ) θ̂ − zl ·

∂Pm
l

∂θ
· cos(mϕ) ϕ̂

M lmo = +zl ·
m

sin(θ)
Pm
l · cos(mϕ) θ̂ − zl ·

∂Pm
l

∂θ
· sin(mϕ) ϕ̂

N lme =
1

knr
zl · l(l + 1)Pm

l · cos(mϕ) r̂

+
1

knr

∂(rzl)

∂r
· ∂P

m
l

∂θ
· cos(mϕ) θ̂ − 1

knr

∂(rzl)

∂r
· m

sin(θ)
Pm
l · sin(mϕ) ϕ̂

N lmo =
1

knr
zl · l(l + 1)Pm

l · sin(mϕ) r̂

+
1

knr

∂(rzl)

∂r
· ∂P

m
l

∂θ
· sin(mϕ) θ̂ +

1

knr

∂(rzl)

∂r
· m

sin(θ)
Pm
l · cos(mϕ) ϕ̂

(2.8)

where r̂, θ̂, ϕ̂ are the spherical unit vectors and the arguments of zl(knr)
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and Pm
l (cos(θ)) have been omitted. We introduce the angular functions

plme = l(l + 1)Pm
l · cos(mϕ) r̂

plmo = l(l + 1)Pm
l · sin(mϕ) r̂

mlme = − m

sin(θ)
Pm
l · sin(mϕ) θ̂ − ∂Pm

l

∂θ
· cos(mϕ) ϕ̂

mlmo =
m

sin(θ)
Pm
l · cos(mϕ) θ̂ − ∂Pm

l

∂θ
· sin(mϕ) ϕ̂

nlme =
∂Pm

l

∂θ
· cos(mϕ) θ̂ − m

sin(θ)
Pm
l · sin(mϕ) ϕ̂

nlmo =
∂Pm

l

∂θ
· sin(mϕ) θ̂ +

m

sin(θ)
Pm
l · cos(mϕ) ϕ̂

(2.9)

which fulfill the following orthogonality relations:

r̂ × plmp = 0

r̂ ×mlmp = nlmp

r̂ × nlmp = −mlmp

(2.10)

where the index p = e, o indicates the respective parity. With this, the vector
harmonics can be written in more compact form as

M lmp = zl ·mlmp

N lmp =
1

knr
zl · plmp +

1

knr

∂(rzl)

∂r
· nlmp

(2.11)

With this basis of general solutions to of Eq.(2.1) and Eq.(2.2), the electric
fields can be written as:

Ei,0,s = A
∞∑

l=0

l∑

m=0

∑

p=e,o

il
2l + 1

l(l + 1)

(
ai,0,s
lmpM lmp − ibi,0,s

lmpN lmp

)
(2.12)

where A is a constant scalar and ai,0,s
lmp and bi,0,s

lmp are the scattering coefficients

for Ei,0,s, respectively. The prefactor il 2l+1
l(l+1)

and the phase −i between ai,0,s
lmp

and bi,0,s
lmp are convention and simplify later calculations. The constant A is

a scaling factor that is only required for quantitative computations and is
neglected in the following (A = 1). Eq.(2.12) represents the general form
for the electric fields that describe single particle light scattering. For a
particular scattering configuration, the resulting electric fields are found by

9
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determining the scattering coefficients from suitable boundary conditions.

E 0

Ei

Es

n0

ni

z

xy r

θ

Figure 2.1: Single particle light scattering. The incident plane wave is denoted
E0, the field inside the particle Ei and the scattered field Es. Light scattering
occurs as a consequence of the change in refractive index between n0 and ni at the
surface of the particle. The scattered wave propagates away from the particle in
radial direction.

Often in light scattering experiments, the far field of the scattered light,
Es(r →∞, θ, ϕ), is of particular interest. This limit describes the properties
of the light that can be measured by detectors, which are typically placed
far away from the particle compared to the wavelength of the light λ = 2π

k
.

In the limit r →∞, only terms in highest order of r in Eq.(2.11) need to be
considered:

1

knr

∂(rzl)

∂r
→ 1

kn

∂zl
∂r

M lmp → zl ·mlmp (unchanged)

N lmp →
1

kn

∂zl
∂r
· nlmp

(2.13)

Using the asymptotic behavior of the radial functions zl, we determine an
additional constraint on the scattered far field. In the limit of r → ∞, the

10
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following relations hold:

jl(knr)→
1

knr
cos
(
knr − (l + 1)

π

2

)

yl(knr)→
1

knr
sin
(
knr − (l + 1)

π

2

)

h
(1)
l (knr) := jl(knr) + iyl(knr)→

(−i)l+1

knr
eiknr

h
(2)
l (knr) := jl(knr)− iyl(knr)→

(+i)l+1

knr
e−iknr

(2.14)

Here h
(1)
l and h

(2)
l are the spherical Hankel functions of the first and second

kind, respectively, which in the far field represent outgoing and incoming
spherical waves. By identifying h

(1)
l as the only function that describes the

far field of a scatterer (the scattered light must have a propagation direction
that points away from the particle), the following relations are obtained in
the limit r →∞:

M lmp → h
(1)
l ·mlmp

N lmp →
1

kn

∂h
(1)
l

∂r
· nlmp = ih

(1)
l · nlmp

(2.15)

This allows us to write the scattering far field in its final form (r →∞):

Es(r, θ, ϕ)→
∞∑

l=0

l∑

m=0

∑

p=e,o

il
2l + 1

l(l + 1)
h

(1)
l

(
as
lmp ·mlmp + bs

lmp · nlmp
)

(2.16)

where again the value of as
lmp and bs

lmp depends on the scattering configura-
tion. Since the present work investigates small droplets, an important case to
discuss is scattering by a homogeneous sphere. The solution to this problem
is known as Mie scattering.

2.2 Mie scattering

Consider a spherical, homogeneous particle illuminated by an incident plane
wave E0. The resulting internal and scattered electric fields, Ei and Es, can
be determined using Mie theory50, which is recapitulated here. We choose
Cartesian coordinates such that the origin lies at the center of the spherical

11
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particle and z is the propagation axis of the incident plane wave which is
linearly polarized along x. The incident field can then be written as sum of
vector harmonics:

E0 = eikxx̂ =
∞∑

l=0

il
2l + 1

l(l + 1)

(
M

(1)
l1o − iN

(1)
l1e

)

=
∞∑

l=0

il
2l + 1

l(l + 1)

(
jlml1o −

i

kn0r
jlpl1e −

i

kn0r

∂(rjl)

∂r
nl1e

)

(2.17)

where the superscript (1) indicates that the radial part of the vector harmon-
ics is the Bessel function of the first kind, zl = jl. Eq.(2.17) is equivalent to
stating that in Eq.(2.12), the scattering coefficients for the incident wave are

a0
lmp = 1, m = 1, p = o

b0
lmp = 1, m = 1, p = e

almp = blmp = 0 otherwise

(2.18)

Similarly, the scattered and internal fields can be written as

Es =
∞∑

l=0

il
2l + 1

l(l + 1)

(
as
l1oM

(3)
l1o − ibs

l1eN
(3)
l1e

)

=
∞∑

l=0

il
2l + 1

l(l + 1)

(
as
l1oh

(1)
l ml1o − bs

l1e

i

kn0r
h

(1)
l pl1e − bs

l1e

i

kn0r

∂(rh
(1)
l )

∂r
nl1e

)

Ei =
∞∑

l=0

il
2l + 1

l(l + 1)

(
ai
l1oM

(1)
l1o − ibi

l1eN
(1)
l1e

)

=
∞∑

l=0

il
2l + 1

l(l + 1)

(
ai
l1o · jlml1o − bi

l1e ·
i

knir
jlpl1e − bi

l1e

i

knir

∂(rjl)

∂r
nl1e

)

(2.19)

Here the superscript (3) indicates the Hankel function of the first kind (also
called the Bessel function of the third kind). It was shown in the last section

that only h
(1)
l describes the correct asymptotic behavior for the scattered

field, hence the radial part of Es must be described by h
(1)
l . For the internal

field, as r → 0, all Bessel functions except the first kind possess a singularity,
zl 6= jl : zl →∞, hence the radial part of Ei must be described by jl.
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The tangential component of the total electric field E must be continuous on
the particle’s surface as dictated by energy conservation. If the particle and
surrounding are nonmagnetic (and in the absence of free currents as per our
general presumption), the same holds true for the magnetic field B given by
Eq.(2.3), B = −i 1

kc
∇×E. Since the total electric fields outside and inside

of the particle are given by E0 +Es and Ei, respectively, it follows that

r × (E0 +Es)||r|=R = r × Ei||r|=R
r × (∇× (E0 +Es))||r|=R = r × (∇×Ei)||r|=R

(2.20)

where it was used that r is normal to the surface of the particle with radius
R. Inserting Eq.(2.17) and Eq.(2.19) into Eq.(2.20) and equating coefficients
for the basis vectors ml1o and nl1e using the properties listed in Eq.(2.5),
Eq.(2.6) and Eq.(2.10), one obtains for each l

as
l1o = −

jl(Nx) ∂
∂ρ

(ρ · jl(ρ))|ρ=x − jl(x) ∂
∂ρ

(ρ · jl(ρ))|ρ=Nx

jl(Nx) ∂
∂ρ

(
ρ · h(1)

l (ρ)
)∣∣∣

ρ=x
− h(1)

l (x) ∂
∂ρ

(ρ · jl(ρ))|ρ=Nx

bs
l1e = −

N2jl(Nx) ∂
∂ρ

(ρ · jl(ρ))|ρ=x − jl(x) ∂
∂ρ

(ρ · jl(ρ))|ρ=Nx

N2jl(Nx) ∂
∂ρ

(
ρ · h(1)

l (ρ)
)∣∣∣

ρ=x
− h(1)

l (x) ∂
∂ρ

(ρ · jl(ρ))|ρ=Nx

ai
l1o =

jl(x) ∂
∂ρ

(
ρ · h(1)

l (ρ)
)∣∣∣

ρ=x
− h(1)

l (x) ∂
∂ρ

(ρ · jl(ρ))|ρ=x

jl(Nx) ∂
∂ρ

(
ρ · h(1)

l (ρ)
)∣∣∣

ρ=x
− h(1)

l (x) ∂
∂ρ

(ρ · jl(ρ))|ρ=Nx

bi
l1e =

Njl(x) ∂
∂ρ

(
ρ · h(1)

l (ρ)
)∣∣∣

ρ=x
−Nh(1)

l (x) ∂
∂ρ

(ρ · jl(ρ))|ρ=x

N2jl(Nx) ∂
∂ρ

(
ρ · h(1)

l (ρ)
)∣∣∣

ρ=x
− h(1)

l (x) ∂
∂ρ

(ρ · jl(ρ))|ρ=Nx

(2.21)

where x = kn0R is the size parameter of the particle and N = ni

n0
the

dielectric contrast between particle and surrounding.

Eq.(2.21) holds true if both the particle and surrounding are nonmagnetic,
i.e. their magnetic permeability µ is equal to the vacuum permeability µ0.
For magnetic particles or surroundings (µ 6= µ0), the interface condition for
the magnetic field in Eq.(2.20) is slightly modified:

r × (H0 +Hs)||r|=R = r × H i||r|=R (2.22)
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where H = B
µ

is the auxiliary magnetic field, or magnetic field strength
vector, with the indices indicating internal, incident and scattered field as
before. With this a more general expression for the scattering coefficients
including the case of magnetic materials may be derived, using the same
steps than discussed previously. However, this case is not relevant for the
work in this thesis and is therefore not discussed further.

2.3 Optical force on a trapped particle

The optical trapping principle is based on the force that is exerted on a par-
ticle which is irradiated by a laser beam. The far field of the light scattering
was previously discussed as it describes properties of the light which are rel-
atively easy to access experimentally. Here we use the far field expressions to
simplify the calculation of the optical force on a single particle for different
beam configurations. In general, the optical force on a particle is given by

F =

∫

S

d3r∇ · σ (2.23)

where S is the volume of a sphere that completely encompasses the particle
and σ is the 3x3 Maxwell stress tensor with elements

σij =
1

2
· 1

µ0

(
1

c2
ĒiEj + B̄iBj −

1

2

(
1

c2
|E|2 + |B|2

)
δij

)
(2.24)

where E and B are the total electric and magnetic field, respectively, and
the indices i, j = x, y, z indicate the respective field components. Eq.(2.23)
and Eq.(2.24) are the average F and σij, respectively, on time scales T � 1

ω
,

which represent experimental conditions very well. Experimental time scales
are usually much longer than typical periods of the light ( 1

ω
= 1.8 fs for

λ = 532 nm).

We first consider as incident wave a laser beam with given width w which
propagates along the z direction. Strictly speaking, an incident wave that is
spatially confined along the lateral directions x and y and possesses a sharply
defined momentum along the z axis violates the uncertainty principle between
position and momentum of particles including light. One may however, to
a good approximation, consider the incident beam to be a loosely focused
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Gaussian beam

E0(x, y, z) = A
w0

w(z)
· e−

r2⊥
w(z)2 · ei

(
kz+k

r2⊥
2R(z)

−ξ(z)
)

x̂ (2.25)

where x̂ indicates the polarization direction along x, r⊥ =
√
x2 + y2 is

the distance from the beam axis z, w(z) = w0

√
1 +

(
z
zR

)2

is the beam

width as function of z with w0 the beam waist radius and zR = 1
2
knw2

0

the Rayleigh range, R(z) = z
(

1 +
(
zR
z

)2
)

the radius of beam curvature and

ξ(z) = arctan
(
z
zR

)
the Gouy phase. The prefactor A is only necessary for

quantitative computations and is subsequently neglected as was done before
(A = 1). For a given range of z we choose w0 sufficiently large such that
zR � z in this range. It follows that the Gaussian beam has an approximately
constant width of w = w0 and a well defined momentum along z within the
specified range. Eq.(2.25) can alternatively be expressed as Fourier series

E0(x, y, z) =

∫∫
dkx dky e

ikzzg0(kx, ky) · eikxxeikyy x̂ (2.26)

where kz =
√
k2 − k2

x − k2
y with k = |k| = ω

c
. The Fourier components of

the incident wave are given by

g0(kx, ky) = − zR

(2π)
1
2 k
· e−

zR
2k (k2x+k2y)

(2.27)

Let now the sphere S be sufficiently large such that its radius RS fulfills
RS � w0 and kRS � 1, that is, at distance RS to the particle the far field
expressions for Es and Bs are valid. In this limit Eq.(2.23) is equivalent to

F =
1

c
(Wabs +Wscat) · ẑ −

∫

∂S

d2r
ε0
2
|Es|2 r̂ (2.28)

where ∂S is the surface of the sphere S, r̂ is the radial unit vector which
coincides with the surface normal of ∂S and ẑ is the unit vector along z,
which coincides with the propagation direction of the incident wave. The
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absorption and scattering rates are given by

Wabs = c

∫

∂S

d2r
ε0
2
|E0+Es|2

Wscat = c

∫

∂S

d2 ε0
2
|Es|2

(2.29)

The derivation of this equation is presented in the appendix in Section 10.1.
Eq.(2.28) allows one to calculate the optical force exerted by an incident beam
described by E0 on a particle if the electric far field Es is known. In the
case of a spherical particle, expressions for the electric far field have already
been derived in Eq.(2.16) and Eq.(2.21). These expressions strictly apply
only to incident plane waves, however, may be used as an approximation for
spatially confined beams in some applications presented in later chapters.

We can extend Eq.(2.28) to several incoherent incident beams by taking the
sum over the individual contributions. For example, counter-propagating
optical tweezers (CPT) used for particle trapping, as presented in later chap-
ters, consist of two counter-propagating beams, where beam 1 propagates
along k1 = kẑ and beam 2 along k2 = −kẑ. For a general configuration
of laser beams, each beam propagating along a direction ki, the resulting
optical force on a spherical particle can be calculated according to

F tot =
∑

i

F
[
E(ki)

s

]
(2.30)

where F
[
E(kẑ)

s

]
is the force given by Eq.(2.28) and F

[
E(ki)

s

]
is obtained

from Eq.(2.28) by replacing the propagation direction ẑ with k̂i. The
scattered field E(ki)

s is obtained by rotating E(kẑ)
s , given by Eq.(2.16) and

Eq.(2.21), such that ki is mapped onto ẑ. For spherical particles, the optical
force of an incoherent superposition of incident plane waves is independent
of the polarization of the partial beams.

It is worth noting that for a coherent superposition of incident beams,
Eq.(2.28) is generally not applicable for calculating the optical force, and
Eq.(2.23) has to be used instead. However, if we remain in the limit where all
coherent partial beams have approximately the same propagation direction,
a modified version of Eq.(2.28) can be used. Let E(ki)

s be the scattered field
of the partial beam propagating along ki ≈ kẑ. The scattered field E(ki)

s is
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obtained by rotating E(kẑ)
s , given by Eq.(2.16) and Eq.(2.21), such that ki is

mapped onto ẑ. The optical force is found by first taking the coherent sum
of partial scattering fields

Es,tot =
∑

i

E(ki)
s (2.31)

and then using Eq.(2.28), with Es = Es,tot. This result can be used to derive
a more accurate expression of the optical force on a particle in the focus
of a Gaussian beam, when the plane wave approximation is not sufficiently
accurate. Using Eq.(2.26) and identifying ki = (kx/ky/kz) as the propaga-
tion direction of each individual plane wave component, the total electric
scattering field to be used in Eq.(2.28) is

Es,Gauss =

∫∫
dkx dky g0(kx, ky) ·E(ki)

s (2.32)

where g0(kx, ky) is given by Eq.(2.27) and the discrete sum in Eq.(2.31) was
replaced by the integral over dkxdky.

Finally, the results of Eq.(2.30) and Eq.(2.32) can be combined to describe
the optical force exerted by several incoherent Gaussian beams irradiating
the particle:

F tot =
∑

i

F
[
E

(ki)
s,Gauss

]
(2.33)

where ki is the central axis of the partial Gaussian beam and F
[
E

(ki)
s,Gauss

]
is

obtained by replacing ẑ with k̂i and Es = E
(ki)
s,Gauss in Eq.(2.28).

2.4 Holography

Holography derives its name from the fact that it allows the full 3 dimensional
(3d) image of an object (”holos” = whole) to be captured in a 2d picture
(”graphy”=graph). Interesting as a concept, holography has an additional
advantage over other imaging techniques in that it requires no optics to focus
the image, and was originally developed to overcome the resolution limit of
electron lenses in electron microscopy52. From a physical point of view, the
3 dimensional image of an object is determined by its local electromagnetic
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scattered field, represented by Es, where local means in proximity to the sur-
face of the object. Imaging techniques like photography fail to capture the
full information on Es as they only record the scattered intensity, Is ∼ |Es|2
on a 2d screen. From the recorded picture one may determine the ampli-
tude |Es| of the scattered light, however, the information on the phase of Es

is lost. The recorded photograph is therefore perceived as a 2 dimensional
projection of the original object. In holographic imaging, both amplitude
and phase are recorded in a 2 dimensional picture. From this picture the
local scattering field, that is the 3d image, of the object, can be obtained.
The principle of holographic imaging and reconstruction is discussed here.
A practical algorithm for holography reconstruction is presented in the ap-
pendix in Section 10.2.

Let again be E0 the incident light illuminating the particle and Es be the
scattered field of the particle that is to be imaged, as shown in Fig.(2.2). As
before, we define x to be the polarization axis of E0. The intensity of the
electric field outside of the particle is then proportional to

|E0 +Es|2 = |E0|2 + |Es|2 +E0 · Ēs + Ē0 ·Es

= |E0|2 + |Es|2 + E0Ēs + Ē0Es

(2.34)

where E0 and Es are the x components of E0 and Es, respectively. Subtract-
ing |E2

0 | from Eq.(2.34) and then dividing by |E0|2 yields a scalar field

h :=
1

|E0|2
(
|E0 +Es|2 − |E0|2

)
=
|Es|2

|E0|2
+

E0

|E0|2
Ēs +

Ē0

|E0|2
Es (2.35)

which, when multiplied with E0, results in

Eh := E0 · h =
|Es|2

|E0|2
E0 +

E2
0

|E0|2
Ēs + Es (2.36)

These mathematical operations are in part redundant, however, they reflect
the steps in the process to create a physical hologram: The scattered light
of the particle is superimposed with the incident light, and the intensity of
the total electric field, |E0+Es|2, is recorded on a screen. The background
hologram |E2

0 | is obtained by recording the light intensity without the parti-
cle present and is used to subtract the background and normalize the image.
This background subtracted and normalized intensity pattern is the holo-
gram h. One may then imagine h being printed as a black and white pattern
on an transparent that has the same area than the screen that recorded the
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hologram. Let A denote this area. The pattern leads to an effective modula-
tion of the transparency of A according to h. If the same incident wave E0 is
used to illuminate A, the pattern generates an electric field Eh similar to Es,
albeit with two additional contributions according to Eq.(2.36). It is shown
at the end of this section that the additional contributions in Eq.(2.36) are
negligible and that Eh is equivalent to Es for all practical purposes. Two im-
portant observations are discussed before: First, the use of a incident wave
that is polarized along x allows for the measurement of the x component of
the scattered field only. The y component of the scattered field could be
obtained by repeating the measurement with a incident wave polarized along
y. This is superfluous though for the purpose of creating an image of the
particle, which is typically well represented by a single polarization compo-
nent of the scattered field. Second, since experimentally we only measure
h within the area A, it follows that Eq.(2.36) determines Eh only inside A.
However, this information uniquely defines the whole field Eh, and therefore
also Es, as is shown here. Using the Kirchhoff-Helmholtz integral theorem53,
the following identity is obtained for Eh:

Eh(r) = − 1

4π

∫

A

d2sEh(s)
∂

∂n

(
e−ik|s−r|

|s− r|

)
− e−ik|s−r|

|s− r|
∂Eh

∂n (2.37)

where s denotes the position on the screen A with ∂
∂n

the derivative along
the normal of A, and k = ω

c
as before. This identity holds strictly true only

if A describes a closed surface around the particle and r is a point inside the
volume enclosed by A. For practical purposes however, we consider Eq.(2.37)
valid ifA is sufficiently large to capture the essential part of the hologram, and
r is a point that is close to the particle in the configuration shown in Fig.(2.2).
Using Eq.(2.37) the scattered electric field can be determined in the local
volume where the particle resides, as further discussed in Section 10.2. The
field outside of this local volume is not of interest for the purpose of imaging
the particle, however, it can be nevertheless determined by propagating the
local scattered field using the wave equation Eq.(2.1). Therefore from the
knowledge of Eh inside the area A, the full information on Es can be deduced.

Let us now revisit the additional contributions in Eq.(2.36). Microscopic
particles typically have small scattering intensities, |Es| � |E0|, and the first
term on the right-hand side is negligible. The second term is essentially
equal to Ēs, which creates the image of a particle that is mirrored in space.
In our setup, the incident wave is spherical to a good approximation, Ei(r) ∼
1
|r| e

ik|r|. For a spherical incident wave, the mirrored image, or twin image, is
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located centro-symmetrically to the original object relative to the center of
the spherical incident wave54,55, see Fig.(2.2). Due to the spatial separation
between particle and twin, the intensity of the original scattered wave at
the position of the particle is generally larger than the scattered field of the
twin. In our holography setup, the spatial separation between the particle
and its twin is made large enough so that the scattered field of the twin
image is not significant inside the local volume where the particle resides.
When reconstructing the image of the original particle using Eq.(2.37), the
contribution of the twin image can therefore be neglected.

E 0 E s

PP̕

Es̕

A

rO

Figure 2.2: Principle of holographic imaging. The incident waveE0 is generated by
a focused laser beam and is superimposed on the scattered wave Es of the particle
P. The superposition is then recorded on the screen A. The wavefront of the
incident beam propagating towards A and the scattered wave in the far field limit
are spherical to a good approximation. From the hologram, the scattered wave
in the local volume of the particle can be reconstructed. The arrow r indicates a
point inside this volume. The distances between P and O and between P and A
are not to scale. The distance between P and O is typically only approximately
100 µm. The twin image, an artifact in the reconstruction of the hologram, is
indicated by P′, and the corresponding scattered wave by E′s.

2.5 Raman scattering

Raman scattering is a type of inelastic light scattering that arises due to
the specific interaction between a incident photon and a molecule of the

20



CHAPTER 2. THEORY OF LIGHT-PARTICLE INTERACTION

particle. As shown in Fig.(2.3), photon energies that do not correspond to
an electronic transition may instead excite the molecule to a virtual state.
The molecule then relaxes back to the electronic ground state by emitting
a photon. Raman scattering occurs when the initial and final state have
a different vibrational level, and thus the emitted photon has a different
wavelength than the incident one. Stokes-Raman scattering occurs when the
final state is higher in energy than the initial one, and therefore the emitted
photon is lower in energy than the incident one. The opposite case is termed
Anti-Stokes-scattering. Since at any finite temperature, the lower energy
states are more populated than the higher energy states, the Stokes-Raman
scattering is generally more intense than the Anti-Stokes scattering56.

Emission from Raman scattering may be stimulated by a second incoming
photon if the second photon energy matches the transition energy to one of
the electronic ground states. This process is called stimulated Raman scat-
tering57 to differentiate it from the spontaneous Raman scattering explained
above. In aerosol particles, stimulated Raman scattering is relevant when the
light intensity from the spontaneous Raman scattering is sufficiently large in-
side the particle. Typically, this condition is met when photons emitted by
spontaneous Raman scattering have wavelengths that resonate inside the par-
ticle. For spherical particles, these resonance wavelengths are given by the
wavelengths where one or several scattering coefficients in Eq.(2.21) become
large. At resonance, these emitted photons form standing waves, or whisper-
ing gallery modes58, on the surface of the particle. This greatly enhances the
local photon density and consequently the scattering rate.
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Figure 2.3: Principle of Raman scattering. The incoming photon excites a molecule
in the particle from the electronic ground state E0 to a virtual state Evirt. The
molecule relaxes back to the electronic ground state by emitting a photon. Raman
scattering occurs when initial and final state have a different vibrational level.
The red arrows indicate Stokes-Raman scattering which releases a photon that is
lower in energy, hν ′ < hν. The blue arrows indicate Anti-Stokes-Raman scattering
which releases a photon that is higher in energy, hν ′′ > hν.
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3 Experimental methods

This chapter describes the setup for optical trapping of single particles and
their characterization. The characterization methods explained here are the
determination of size and refractive index of homogeneous and spherical par-
ticles, the determination of size and shape of non-spherical particles and the
investigation of their molecular composition. The principle of mass mea-
surement and the procedure to measure single particle mass are explained in
Chapter 4.

3.1 Optical trapping

Single particles are isolated and immobilized in a dual beam trap17,33,42, con-
sisting of two focused counter-propagating Gaussian beams. For the experi-
ments in this thesis, two similar designs for these counter-propagating opti-
cal tweezers (CPT) have been implemented, which are described in detail in
Chapters 5, 6 and 8. Both designs share in essence the layout that is shown
in Fig.(3.1). A continuous 532 nm laser beam is expanded by an approximate
factor of 4 and then split by a polarizing beam splitter into the two trapping
beams. The trapping beams are aligned on a single axis and focused into
the trapping cell on two points on the axis that are separated by 10–500 µm.
Between the two focii, a point of stable equilibrium is formed at which par-
ticles are trapped due to the optical forces exerted by the laser beams. This
is illustrated in Fig.(3.2), where a simulation of the optical forces acting on a
spherical, non-absorbing particle in proximity of the beam focii is shown for
typical experimental parameters. Experimentally, it is found that spherical
and elliptical particles with relatively low eccentricities can be trapped for
extended periods of time (weeks if needed). For this, the particles need to
have an approximate size of 0.5–10 µm and should have no strong absorption
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at the wavelength of the trapping laser.

The path difference between the two trapping beams of the CPT is much
longer than the coherence length of the laser (7 mm), therefore coherence
effects between the two beams are negligible. For stable trapping a nominal
laser power between 100–3000 mW is used. The effective power of the laser
light incident onto the particle is lower due to losses along the laser beam
path and depends on the respective setup.

Laser head
Optical isolator

PBS
AL AL

λ/2 λ/2AL AL
Cell

λ/2

Figure 3.1: Counter-propagating tweezers setup. A continuous 532 nm laser beam
is expanded using two aspherical lenses (AL) before it is split by a polarizing beam
splitter (PBS). Before the PBS a halfwave plate (λ/2) is used to adjust the power
ratio of the two beams to 50 %/50 %. The two beams are aligned on a single axis
and focused down into the trapping cell. The polarization direction of the trapping
beams is adjusted with a (λ/2) plate each. The optical isolator prevents optical
feedback from the trapping beam back into the laser. Figure adapted from Reich
et al.59 under Copyright 2021 Society of Photo-Optical Instrumentation Engineers
(SPIE).

3.2 Trapping cells

The particles investigated in this thesis were optically trapped inside a trap-
ping cell in either a gaseous or liquid medium. The trapping cell enables the
precise control of the ambient conditions in which the particles are trapped,
in particular the temperature and chemical composition, and for gases, the
relative humidity (RH) of the surrounding.
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Figure 3.2: Principle of particle trapping with focused dual Gaussian beams. (a)
Shape of the beams in proximity of the focus spots. The contour indicates the 1/e
width of the Gaussian profile. The z axis is defined as the beam propagation axis
and the x axis is the polarization axis of the beams. (b) Simulated optical force
along z. (c) Simulated optical force along x. The arrows indicate the direction
of the optical force in regions where its magnitude is large. The third force com-
ponent, Fy, vanishes in the x − z plane for symmetry reasons. (d)-(f) show the
corresponding data in the y − z plane. The simulation was done as explained in
Section 2.3. The relevant parameters for the Gaussian trapping beams are: wave-
length λ = 532 nm, trapping beam waist w0 = 3.05 µm, separation between focii
of beam 1 and beam 2 zsep = 100 µm. For the particle, the radius was R = 1.5 µm,
and the refractive index ni = 1.420.
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For trapping in the gas phase, two similar cell designs were used, which are
shown in Fig.(3.3). Each cell has an inlet for the gas used as surrounding
medium for particle trapping, which was nitrogen for all measurements re-
ported here. The inlet is sufficiently far away from the designated trapping
position so that the constant flow of nitrogen does not affect the trapping sta-
bility during measurements. The relative humidity of the inflowing nitrogen
gas is controlled by mixing a line of wet and a line of dry nitrogen in specified
ratios. The ratio is adjusted using a gas mass flow controller (Bronkhorst
F-211 CV) (MFC) in each of the lines, and the wet nitrogen line is humidified
by leading the gas through a cylinder with water after the MFC. The RH in
the cell adjusts to the RH of the inflowing nitrogen in a matter of seconds
to minutes depending on the difference between cell and inflow. The inlet
for the particle stream is directed towards the designated trapping position.
Once a suitable particle has been trapped, the remainder of the particles in
the cell is flushed through the outlet of the cell by redirecting the nitrogen
line through the particle inlet. The temperature and RH of the cell, nitrogen
line and the outlet are monitored with a temperature/RH sensor (Sensirion
SHT35) each.

The nitrogen lines are built from copper and stainless steel tubings, connected
with stainless steel fittings (Swagelok) and turned on and off using ball valves
(Swagelok). The particle inlet line is built from the same pieces. For the cell
design in Fig.(3.3a) the last segment of the particle inlet before the cell is a
teflon tube for greater flexibility. All parts of the gas flow system except the
cell and the teflon tube are vacuum tight to minimize contamination of the
gas flow. The cell and teflon tube are airtight. The system is tested for leaks
prior to the measurements and a stable nitrogen flow during the trapping
of a particle ensures that the gas at undetected leaks is flowing outwards to
further minimize the risk of contamination of the gas lines.

The cell design for trapping in the liquid phase is shown in Fig.(3.4). The
cell is filled by pumping purified water through an inlet in the cell wall using
a high performance liquid chromatography pump (Hitachi L-6200A) . Once
the cell is full, solid particles are introduced via the opening at the top of
the cell, which is sealed watertight afterwards. Once a suitable particle is
trapped, water is pumped through the inlet to flush the remainder of the
particles through the outlet near the bottom of the cell. Light scattering is
collected through the front and back windows of the cell.
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T/RH PI

NI
NO

(a)

PI
T/RH 

NI

NO

(b)

Figure 3.3: Cell designs for optical trapping in nitrogen gas. (a) Cell design 1
(adapted from Reich et al.60 under copyright CC-BY4.0) and (b) Cell design 2.
A steady gas flow enters and exits the cell via the nitrogen inlet (NI) and outlet
(NO), respectively, to provide stable ambient conditions for particle trapping. The
particles are introduced into the cell via the particle inlet (PI). Temperature and
RH inside the cell are measured with a sensor (T/RH). The green cones indicate
the two trapping beams, which enter the cell through the side windows.

WO

WI

PI

Figure 3.4: Cell design for optical trapping in water. The cell is filled with purified
water through the water inlet (WI) prior to introducing solid particles for trapping
via the particle inlet (PI), which is shut watertight thereafter. Once a suitable
particle is trapped, the remainder of the particles is flushed through the water
outlet (WO) by pumping water through the WI. The green cones indicate the two
trapping beams, which enter the cell through the side windows.
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3.3 Particle generation

Liquid droplets for trapping in the gas phase were generated from solution
using a commercial atomizer (TSI 3076) attached to a nitrogen gas line at
approximately 1.5 bar overpressure. The atomizer generates a constant flow
of polydisperse aerosol droplets which is delivered to the trapping cell by
a system of copper tubings. For aqueous liquid droplets the nitrogen line
is humidified by letting it flow through a water filled cylinder prior to the
atomizer to ensure particles reach the cell in a liquid state. In the trapping
cell the droplets coagulate at the trapping position until the desired size is
reached, upon which the remainder of the particles is flushed out as previ-
ously explained. Table (3.1) lists typical examples for the type of droplets
that are used for the experiments, as well as the stock solutions from which
they were generated. The concentration of the aqueous stock solution does
not influence the eventual concentration of the generated particles, as they
quickly equilibrate according to the relative humidity inside the cell.

Stock solution Molar. Company/Catalogue no.

NaCl 0.5 M Merck/1.06404.1000
+ H2O
NaCl 1.0 M Merck/1.06404.1000
+ H2O
MgCl2 hexahyd. 1.0 M Sigma-Aldritch/63068-250G
+ H2O
MgSO4 1.0 M Sigma-Aldritch/M7506-500G
+ H2O
Glycine 1.0 M Sigma-Aldritch/G7126-100G
+ H2O
Glycine 2.0 M Sigma-Aldritch/G7126-100G
+ H2O
Squalane pure Acros Organics/111-01-3

Table 3.1: Stock solutions for generation of liquid droplets.

For trapping in the liquid phase, commercially available monospheres were
used as solid particles. Two different types were used for the experiments:
SiO2 with radius 2.5 µm (Bangs Laboratories SS05003) and BoroSiO2 with
radius 4.0 µm (Thermo Fisher 9008) . The particles were suspended in puri-
fied water and introduced into the cell as previously explained.

28



CHAPTER 3. EXPERIMENTAL METHODS

3.4 Particle characterization methods

The size, shape, optical properties and chemical composition of the trapped
particles are determined in-situ and non-destructively using the methods
described in this section.

3.4.1 Two-dimensional angular optical scattering
spectrum

The light of the trapping laser beams that is elastically scattered by the
trapped particle carries information about the particle’s size, shape and re-
fractive index. To determine whether a particle is spherical, the scattered
intensity is measured as a function of scattering and azimuthal angle and the
resulting two-angular optical scattering spectrum (TAOS spectrum) is fitted
with simulations using Mie theory (Eq.(2.16) and Eq.(2.21)). To measure
the TAOS spectrum, the elastically scattered laser light is collected under a
scattering angle of 90± 24◦ using an objective (Mitutoyo 20x NA 0.42) and
loosely focused on a CMOS camera (Thorlabs DCC1545M) as depicted in
Fig.(3.5). Alternatively, by introducing a polarizing beam splitter before the
focusing lens, the scattered light is split into two orthogonal polarization
components which are recorded individually. Fig.(3.6) shows the measured
and simulated TAOS spectrum of a spherical NaCl droplet for both polar-
ization directions. By matching the characteristic vertical stripes between
simulation and experiment, the size of the particle can be determined. This
technique however requires that the refractive index of the particle is known
approximately, and the uncertainty from matching the measured image to
the simulated one is typically large for the purpose of the experiments re-
ported here. For the determination of the size and the refractive index of a
spherical particle, broad-band light scattering is a more accurate method, as
explained in the next section.

3.4.2 Broad-band light scattering

Spherical particles act as cavities for the incoming light, amplifying the scat-
tered intensity if the wavelength matches the resonance condition in Eq.(2.21)
(see also discussion of stimulated Raman scattering in Section 2.5), while the
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Figure 3.5: Schematic of the two-dimensional angular optical scattering (TAOS)
measurement configuration. The solid blue and dashed red curves show the rel-
ative scattered intensity of the left and right beam, respectively, as a function
of scattering angle (log scale). The light is collected under a scattering angle of
90± 24◦ and recorded by camera.

Figure 3.6: Measured and simulated two-dimensional angular optical scattering
(TAOS) spectra of a spherical NaCl droplet. The white arrows indicate the re-
spective polarization direction of the recorded light. The scattering geometry is as
described in the text and both trapping beams are polarized parallel to the scat-
tering plane. For the simulated images in the lower panels the parameters are as
follows: Radius R = 1.540 µm, wavelength λ = 532 nm, refractive index n = 1.400,
mean scattering angle θ = 90◦, numerical aperture NA = 0.42.
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spectral intensity for other wavelengths is significantly lower. The wave-
lengths at which the light is at resonance depends critically on the size of the
spherical particle and the refractive index. The broad-band light scattering
(BLS) technique32 makes use of this fact by illuminating a trapped spherical
particle using a light source with a broad spectral range and recording the
spectrum of the scattered light, as shown in Fig.(3.7). The spectrum of the
scattered light is analyzed using Mie theory (Eq.(2.16) and Eq.(2.21)) and
fitted by optimizing radius and refractive index of the spherical particle to
obtain the size of the particle.

As light source a fiber coupled broad-band lamp (EnergetiQ LDLS EQ-
99X) with a spectral range of 190–2500 nm was used. The light is focused
on the trapped particle using a reflective objective (Edmund Optics ReflX
89722) and the scattered light is collected under a scattering angle of θ using a
second objective of the same type, before it is fiber coupled into a spectrome-
ter. The scattering angle θ varies for different experiments and is specified in
the respective chapter. Typical values are θ = 45◦, 90◦ and 112.5◦. The BLS
spectrum is analyzed in the range 300–500 nm, which represents a compro-
mise between the characteristic features of the BLS spectrum which are more
abundant at small wavelengths and the spectral intensity of the light source
which is higher for larger wavelengths. To avoid any contribution from the
elastically scattered trapping laser light at 532 nm, the collected scattered
light from the particle is filtered using two short pass filters (Edmund Optics
500 nm #49825) before the recording spectrograph.

For fitting of the experimental BLS spectra with Mie theory, the radius R
and refractive index n of the particle are used as fit parameters. To represent
the wavelength dependence of the refractive index in the model, the Cauchy
expansion for n(λ) is used up to second order,

n(λ) = n0 + n1 ·
((

λ0

λ

)2

− 1

)
(3.1)

where n0 and n1 are the first two coefficients of the Cauchy expansion and
λ0 = 475 nm is the reference wavelength at which n(λ0) = n0. The choice of
λ0 is somewhat arbitrary. Here it is chosen to be at the approximate max-
imum of the light source emission in the range 300–500 nm. The simulated
spectra are compared to the measurements and from visual inspection, the
best set R, n0 and n1 are determined. Fig.(3.8) shows an example of a fitted
BLS spectrum of a spherical Squalane droplet measured with a high sensitiv-
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ity, low noise spectrograph (Andor SR-303i-A) . The range of fit parameters
for which good agreement between simulation and experiment is observed
defines the fit uncertainty. For the experiments reported here the accuracy
of the radius determination is typically better than 1 %.

θ

Broad-band 
source

Filter source Filter BLS

Spect. BLS

Spect. Raman

Filter Raman

Figure 3.7: Setup for broad-band light scattering (BLS) and Raman spectroscopy.
For BLS spectroscopy, a light source with a broad emission spectrum is focused on
the trapped particle (brown circle) and the elastically scattered light is collected
under a scattering angle of θ and coupled into the BLS spectrograph (Spect. BLS).
The elastically scattered light from the trapping beams, which are incident on the
particle from the directions indicated by the green arrows, is filtered out before
the BLS spectrograph (Filter BLS). For Raman spectroscopy, the scattered light
from the trapping beams is collected under an angle of 90◦ and coupled into the
spectrograph (Spect. Raman). The emission of the broad-band light source in
the spectral range of the analyzed Raman shifts is suppressed (Filter source).
Additionally, the elastically scattered components of the trapping beams and the
broad-band light source outside the spectral range of the analyzed Raman shifts are
filtered out (Filter Raman) before the Raman spectrometer to avoid oversaturation
of the spectrometer sensor.

3.4.3 Raman scattering

A small portion of the scattered trapping laser light consists of emission from
Stokes or Anti-Stokes scattering processes in the trapped particle61,62, which
can be used as fingerprints for detection of molecular species in the particle.
Although the cross-sections for these processes are much smaller than for the
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Figure 3.8: Fitted broad-band light scattering (BLS) spectrum of a Squalane
droplet (a) Measured spectrum with best fit for R0 = 1.838 µm, n0 = 1.460 and
n1 = 0.020 (b) Measured spectrum with fits that do not match the measured
spectrum precisely. Here the simulated spectra are obtained by fixing the radius
parameter to a value that is 1.5 % larger or lower than R0, respectively, and n0 and
n1 are optimized for best agreement under this constraint. The discrepancy be-
tween measurement and fits is best observed at the separation of two neighboring
peaks, which are smaller or larger than in the experimental spectrum, respectively.
The radius determination is typically better than 1 %.

elastic scattering, this signal can be measured using a high sensitivity, low
noise spectrograph (Andor KY-328i-A) due to the high intensity of the laser
beam (100–3000 mW). The scattered trapping laser light is collected under
a mean scattering angle of 90◦ using a relatively high aperture objective
(Mitutoyo 20x NA 0.42) before being fiber coupled into the spectrograph
using a focusing lens, as illustrated in Fig.(3.7). The elastically scattered
light is filtered out using two notch filters (Edmund Optics 532 nm, OD 6
#86120) in succession before the focusing lens. In an alternative setup, the
Raman scattered light is collected by the same objective than the TAOS
spectrum and separated from the elastically scattered light by a dichroic
beam splitter (AHF 532 nm LPD02-532RU-25) .

For analysis of the Stokes shifts in the Raman spectra the range 500–
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3800 cm−1 is used, corresponding approximately to a wavelength range of
550–670 nm. This range allows in particular to probe the water content of
the trapped particles (water O–H stretch mode 3000–3600 cm−1).

If Raman spectrometry is performed simultaneously with BLS measurements,
the BLS light has to be filtered out as it would perturb the Raman sig-
nal. To this end, two additional filters, a short pass filter (Thorlabs 750 nm
FES0750) and a long pass filter (Edmund Optics 525 nm #84738) are intro-
duced with the notch filters before the Raman spectrograph and a short pass
filter (Edmund Optics 500 nm #84693) is used at the exit of the broad-band
light source to suppress the emission in the Raman range.

3.4.4 Holography

Conventional holography setups require two identical light beams. The first
is used to illuminate the object in order to generate the scattering field, Es.
The second is superimposed on the scattering field to create the interference
pattern that is then recorded as hologram. However, microscopic particles
typically only scatter a small fraction of the incident light. As a consequence,
the incident light beam is only marginally perturbed by the scattering field of
the particle. In-line holography33,63,64 makes use of this fact by using a single
beam to both illuminate the object and serve as a reference beam for creating
the hologram of the object. We have recently setup the first digital in-line
holography imaging system for trapped aerosol particles33. A schematic of ex-
perimental setup is shown in Fig.(3.9). To create the light beam, the output
of a fiber coupled diode laser (Toptica Photonics DL Pro) with wavelength
λ = 379 nm is collimated perpendicularly to the trapping laser beams, be-
fore being focused using an objective (Mitutoyo 20x NA 0.42) approximately
100–200 µm before the trapped particle. The diverging laser beam and the
superimposed scattered field of the particle that together form the hologram
are then recorded using a high-speed camera (IDT OS7-V3-S3) . This setup
allows us to follow the shape changes upon phase transition of the trapped
particle with time resolution up to 240 µs 33.

The performance of the digital in-line holography setup is analyzed in a series
of test images. For this series, instead of a particle in the trap, a composition
of standardized particles with known size and shape deposited on a micro-
scope glass slide are holographically imaged. This allows us to compare
the reconstructions to the images obtained from conventional microscopy.
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Figure 3.9: Digital in-line holography setup. The microscopic object is illuminated
by a diverging laser beam which is recorded together with the scattered field of
the object on camera. The camera screen is positioned at a distance L ≈ 21.5 mm
from the focus (O) of the diverging beam. The object is located on the axis of the
laser beam at a typical distance of z = 100 µm from O.

Fig.(3.10) shows a comprehensive example. The holograms and the digital
reconstruction of a triangle of three polystyrene latex (PSL) spheres (Mag-
sphere PS004UM) are shown as well as the conventional microscopy image.
The raw hologram is subtracted by a background image which is obtained
by moving the glass slide such that no particle are in the hologram field of
view. The background subtracted hologram is then used for reconstruction
using the algorithm explained in Section 10.2. The reconstruction renders
the correct relative positions of the three spheres with respect to the direct
image. The reconstructed distances between the centers of the three mono-
spheres are 4.17 µm, 4.25 µm and 4.29 µm, which agrees with the diameter
range of the PSL monospheres of 4.05± 0.40 µm. From the test series it is
concluded that the digital in-line holography setup is suitable to image mi-
croscopic objects with a faithful representation of the object’s shape and a
size accuracy of at least 10 %.
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(a) (b)

(c) (d)

Figure 3.10: Microscopy image and holographic reconstruction of three poly-
styrene spheres (R = 2.0± 0.2 µm) stuck together on a microscope slide. (a) raw
hologram, (b) background subtracted hologram, (c) digital reconstruction of the
background subtracted hologram, (d) object under the conventional microscope.
The scale in (c) is indicated by the white bar.
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4 Single particle mass measurement

Single particle mass measurement methods are typically based on one of two
principles: Either the mass is determined by measuring the force necessary to
sustain the particle against gravity (determination of the gravitational mass)
or by measuring the particle’s response to some known applied force (determi-
nation of the inertial mass). The former principle is used by electrodynamic
balances (EDB)44,65,66, where the charged particle is suspended using cali-
brated electric fields. Determination of the inertial mass on the other hand
has been realized using a variety of techniques: Measurement of the power
spectral density of the Brownian motion of a particle36,38,40, measurement of
the induced oscillation amplitude of a particle in a modulated trapping poten-
tial36,41 and measurement of the eigenfrequency of charged particle oscillation
in calibrated electromagnetic fields67–70 are commonly used methods. Each
of these techniques has their specific range of applications, however, only a
few are suited for volatile particle species like liquid droplets. As explained
in Chapter 1, mass measurements of droplets can be used for determination
of the hygroscopicity of a given particle species. Traditionally, the EDB has
represented the state-of-the art mass measurement device for single liquid
droplets for the last few decades45,65,71, with alternative setups with compa-
rable performance only emerging recently38,39. However, the current single
droplet methods are limited to particle sizes well above the atmospherically
important submicrometer size range.

The technique that we present here overcomes this size limitation and facili-
tates mass measurements down to submicrometer particles with accuracies of
a few percent in mass60. This method is based on the excitation of harmonic
oscillation of an optically trapped particle and the precise measurement of the
induced dynamics. From these measurements, the particle’s inertial mass can
be determined using a harmonic oscillator model. As an additional feature,
the implementation into previous optical trapping setups is straightforward.
This allows us to combine the mass measurement with other characterization
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methods (see Chapter 3).

4.1 Optical trap for mass measurement

The optical trapping setup for single particle mass measurement is very simi-
lar to the basic CPT presented in Chapter 3, Fig.(3.1). The only modification
concerns the halfwave plate before the PBS. The halfwave plate rotates the
linear polarization of the laser beam to a fixed angle of 45◦ to the PBS, in
order to split the beam at a power ratio of 50%/50%. It is replaced with an
electro-optic modulator (ConOptics 350-50-01 RP) , which enables us to elec-
tronically control the ratio of the power splitting. This principle is illustrated
in Fig.(4.1). The EOM acts as a Pockels cell for the incoming laser beam,
which is polarized at 45◦ to the crystalline axes of the EOM. Upon exiting,
the slow beam component has accumulated a phase delay α with respect to
the fast component, which depends linearly on the voltage applied to the
EOM. If V0, Veq are the voltages required for α = 0, α = π

2
, respectively, the

power splitting between the horizontal and vertical beam component after
the EOM can be written as

P1(VEOM) = P0 · cos2

(
1

2
α (VEOM)

)
= P0 · cos2

(
π

4
· VEOM − V0

Veq − V0

)

P2(VEOM) = P0 · sin2

(
1

2
α (VEOM)

)
= P0 · sin2

(
π

4
· VEOM − V0

Veq − V0

) (4.1)

where VEOM is the voltage applied to the EOM and P0 is the total power of
the laser beam. From Eq.(4.1) it is evident that Veq is the voltage required
for even power splitting, i.e. P1(Veq) = P2(Veq) = 1

2
P0.

The ratio between P1 and P2 determines the trapping position between the
focii of the two trapping beams of the CPT. In accordance with Chapter 3,
and Fig.(3.2) in particular, we denote the axis of the trapping beams as z
axis and choose the origin of the coordinate system (x/y/z) = (0/0/0) as the
trapping position when P1 = P2 = Peq. Harmonic oscillation of the trapped
particle along the z axis is then induced by modulating VEOM in a small range
around VEq:

VEOM(t) = VEq + S0 sin(2πft) (4.2)

where S0 is the modulation signal amplitude (with S0 � Veq − V0, see also
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Figure 4.1: Trapping beams modulation. (a) Section of the trapping beam path.
The electro-optical modulator (EOM) acts as a variable wave plate for the incom-
ing, linearly polarized light. Upon exiting the EOM, the polarization is elliptical
with ratio tan

(
1
2α
)

between the two axes of the ellipse. This ratio determines
the power splitting of the beam at the polarizing beam splitter (PBS) after the
telescope (Tele). In (a), the situation is shown for two different voltages applied
to the EOM: in black for VEq, which leads to circular polarization and even power
splitting, P1 = P2 = Peq, and in red for a voltage V slightly smaller than Veq for
which 0 < α < π

2 and therefore P1 > P2. (b) Measured relative beam powers of
the two trapping beams as function of voltage applied to the EOM. The rectangle
indicates the typical modulation range during experiments.

Fig.(4.1b)) and f the modulation frequency. The time dependent trapping
position along the z axis, z0, is then well approximated by a first order Taylor
series:

z0(VEOM(t)) = z0(Veq)︸ ︷︷ ︸
0

+
dz0

dVEOM

∣∣∣∣
VEOM=Veq

· (VEOM(t)− Veq)

= Z0 sin(2πft)

(4.3)

where Z0 = S0 · dz0
dVEOM

atVEOM = Veq is the modulation amplitude. For sym-
metry reasons, the trapping position along the lateral dimensions x and y
remains unaffected by the modulation. The particle dynamics that result
from the modulation of z0 follow a driven damped harmonic oscillator model.
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4.2 Harmonic oscillator model

The dynamics of a particle in an optical trap are governed by Newton’s
equation of motion. The particle experiences an optical force due to the
interaction with the trapping beams. In the vicinity of the trapping position
r0 = (0/0/z0), the trapping potential is well approximated by a harmonic
potential. The resulting optical force is therefore

F opt(r) = −∇Vopt = −1

2
∇
(
(r − r0)†K (r − r0)

)
=

= −K · (r − r0)
(4.4)

where K is the trap stiffness of the optical trap represented by the diagonal
Hessian matrix of Vopt at r0. Note that z0, and therefore r0, are time de-
pendent in a modulated optical trap according to Eq.(4.3). In the limit of
small modulation signal amplitudes however, K can be assumed constant,
i.e. K(r0) ≈ K(0).

A second force term arises from the damping of the particle due to the sur-
rounding medium. In a first description we assume a uniform laminar flow
of the fluid around the particle moving through the medium and discuss the
corrections for real particles later in Section 4.3. In the uniform laminar
regime the drag force is proportional to the particle speed, which is written
as

F drag = −γṙ (4.5)

where γ is the laminar drag coefficient. For spherical particles, including
liquid droplets, the drag coefficient can be calculated using Stokes’ law:

γ = 6πµR (4.6)

where R is the radius of the particle and µ is the dynamic viscosity of the
surrounding medium. The interaction between particle and medium gives
further rise to a stochastic force, responsible for the Brownian motion. How-
ever, as explained later, this random force can be neglected for the purpose
of the mass measurement experiments.

With Eq.(4.4) and Eq.(4.5), Newton’s equation of motion for a particle with
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mass m can be written as

mr̈ = F opt + F drag = −K · (r − r0)− γṙ (4.7)

Eq.(4.7) represents three independent equations for the coordinates x, y and
z. Since there is no driving force along x and y, the relevant particle dynamics
is captured by the equation for z:

mz̈ = −k · (z − z0)− γż (4.8)

where k = Kzz = d2Vopt
dz2

at z = z0, or equivalently by

z̈ + 2πΓ0 ż + 4π2Ω2
0 z = 4π2Ω2

0 z0 (4.9)

Here we have introduced the eigenfrequency Ω0 and the damping rate Γ0 of
the harmonic oscillator according to

Ω0 =
1

2π

√
k

m
(4.10)

Γ0 =
1

2π

γ

m
(4.11)

Eq.(4.9) describes a one-dimensional driven and damped harmonic oscillator.
The solutions of interest are periodic in T = 1

f
, where f is the frequency of

the optical trap modulation in accordance with Eq.(4.2). We therefore make
a Fourier ansatz for the particle position z,

z(t) =
∞∑

n=−∞
ẑn e

2πi nft
(4.12)

where ẑn is the n-th Fourier component of z. Similarly, using Eq.(4.3), we
have for the time dependent trapping position

z0(t) = Z0 sin (2πft) =
−iZ0

2
e2πi ft +

iZ0

2
e−2πi ft (4.13)

Inserting Eq.(4.12) and Eq.(4.13) into Eq.(4.9), two different sets of equations

41



CHAPTER 4. SINGLE PARTICLE MASS MEASUREMENT

are obtained:

n = ±1 :

(
−f 2 ± ifΓ0 + Ω2

0

)
ẑ±1 = ∓iZ0Ω2

0

2
n 6= ±1 : (

−n2f 2 ± i nfΓ0 + Ω2
0

)
ẑn = 0

(4.14)

Thus the only non-vanishing Fourier components are

ẑ±1 = ∓ i
2
Ae∓iϕ (4.15)

where

A = Z0
Ω2

0√
(Ω2

0 − f 2)
2

+ (Γ0f)2
(4.16)

ϕ = arctan

(
Γ0f

Ω2
0 − f 2

)
(4.17)

are the amplitude and phase of the particle oscillation, respectively. Substi-
tuting back into Eq.(4.12) yields the solution

z(t) =
−i
2
Ae2πi ft−ϕ +

i

2
Ae−(2πi ft−ϕ)

= A sin (2πft− ϕ)
(4.18)

The predicted amplitude A and phase ϕ of the particle oscillation in a mod-
ulated optical trap is shown in Fig.(4.2) as function of f for typical values of
Ω0 and Γ0 using Eq.(4.16) and Eq.(4.17), respectively. For small micrometer
and submicrometer sized particles at atmospheric conditions, the oscillation
is typically largely overdamped (Γ0 � Ω0). As a consequence, A depends
mostly on the ratio Ω2

0/Γ0, even if the individual values of Ω2
0 and Γ0 change

by a factor larger than 2, as shown in Fig.(4.2). The same is not true for
ϕ, for which Ω0 can be determined independently from Γ0 via the relation
ϕ(Ω0) = π

2
. This observation is of key importance for the determination of

the particle mass from experimental data as explained later in Section 4.4.

Finally, the impact of the Brownian motion on the observed particle dynamics
is estimated. The magnitude of the induced particle oscillation described by
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Eq.(4.18) is characterized by Z0, which has typical values in the range 10–
50 µm. The power spectral density of the Brownian motion on the other hand
is given by38

SBrown(f) =
kBT

2π2γ

Γ2
0

(Ω2
0 − f 2)

2
+ (Γ0f)2

(4.19)

where kB is the Boltzmann constant and T the temperature. An upper bound
of SBrown is obtained by considering a small particle in nitrogen gas, which
has low viscosity. Setting R = 300 nm and µN2 = 17.6 µPa s in Eq.(4.6)
yields γ = 9.6 · 10−11 kg s−1. The particle mass is estimated by assuming a
low density of ρ = 800 kg m−3 which yields m = 4

3
πR3ρ = 9.0 · 10−17 kg. It

follows that Γ0 = 1
2π

γ
m

= 1.7 · 105 Hz. A low typical value for Ω0 = 1500 Hz
for small particles, and a temperature T = 300 K is assumed. The resulting
upper estimate for the mean amplitude of the Brownian motion is then

〈z〉max =



∞∫

−∞

df Smax
Brown(f)




1
2

= 0.7 µm

(4.20)

Therefore even at extreme conditions, the amplitude of the Brownian mo-
tion is more than one order of magnitude lower than the induced oscillation
amplitude, and may be neglected.

4.3 Damping model corrections

The uniform laminar damping force defined by Eq.(4.5) and Eq.(4.6) de-
scribes the real damping of a spherical particle under certain assumptions
only, which are discussed in the following. Where necessary, corrections to
the damping model are introduced. These corrections affect the numerical
results of the calculated particle dynamics, however, they do not change the
concept of the derivations shown in the previous section.

Laminar flow requires that the Reynolds number of the fluid surrounding
the particle is smaller than the critical Reynolds number, which has an
approximate value of 10 72. An upper bound for the Reynolds number in
our experiments can be found by assuming a particle with a large radius
of R = 5 µm modulated at high frequency of f = 5000 Hz and large os-
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Figure 4.2: Simulated oscillation amplitude and phase of a particle trapped in a
modulated harmonic potential. The normalized amplitude A/Z0 and the phase ϕ
are shown for two sets of typical parameters, set 1: Ω0 = 1000 Hz, Γ0 = 4000 Hz

and set 2: Ω0 = 1500 Hz, Γ0 = 9000 Hz. The ratio
Ω2

0
Γ0

is equal for both sets. The
two amplitude graphs virtually coincide with each other, while the phase graphs
are clearly distinguished and cross the horizontal line at π

2 at their respective
eigenfrequency, f = Ω0 = 1000 Hz, 1500 Hz.

cillation amplitude of Z0 = 50 µm resulting in a maximum particle speed of
v = Z0·2πf = 1.6 m s−1. Note that for the real oscillation amplitude, A� Z0

at high frequencies, therefore the calculated speed is a great overestimate.
The corresponding Reynolds number is

Remax =
ρN2v 2R

µN2

= 1.2 (4.21)

where ρN2 = 1.2 kg m−3 and µN2 = 17.6 µPa s are the density and viscosity of
nitrogen gas, respectively. Thus even at extreme conditions, the flow around
the particle is laminar in very good approximation.

The oscillatory motion of the particle gives rise to additional force terms due
to the inertia of the fluid surrounding the particle. These correction terms
depend on the particle speed as well as acceleration and, for a spherical
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particle with radius R modulated at a frequency f , can be written as72

F corr
drag = −6πµR ·

√
πρ

µ
R
√
f ż − 2π

3
ρR3

(
9

2

√
µ

πρ

1

R
√
f

+ 1

)
z̈ (4.22)

where µ, ρ, are the viscosity and density of the surrounding fluid, respectively.

Using γ = 6πµR and introducing the abbreviation ν =
√

πρ
µ

, the following

terms are defined:

γ1 = γ · νR

γ2 = γ · 2

9
(νR)2

(4.23)

with which Eq.(4.22) is simplified to

F corr
drag = −γ1f

1
2 ż −

(
γ1f

− 1
2 + γ2

) 1

2π
z̈ (4.24)

The analogous calculation of the particle dynamics as presented in the pre-
vious section yields the corrected oscillation amplitude and phase:

A = Z0
Ω2

0√(
Ω2

0 − (1 + Γ2) f 2 − Γ1f
3
2

)2

+
(

Γ0f + Γ1f
3
2

)2
(4.25)

ϕ = arctan

(
Γ0f + Γ1f

3
2

Ω2
0 − (1 + Γ2) f 2 − Γ1f

3
2

)
(4.26)

where Z0, Ω0 and Γ0 are as defined before and Γ1,2 = 1
2π

γ1,2
m

are the corre-
sponding damping term corrections. Note that the free parameters of the
model are only Z0, Ω0 and Γ0 as in the basic model discussed previously,
since from Eq.(4.23) it follows that Γ1 and Γ2 are connected to Γ0 by con-
stants depending on the surrounding medium (µ and ρ) and independently
determined quantities (R). Fig.(4.3) shows the predicted phase according to
Eq.(4.26) for a similar set of typical experimental parameters as discussed
previously. For comparison, the simulated data is fitted with the simple
model, Eq.(4.17), and the best fits are shown as well. From the comparison
it is seen that the simple model is able to describe qualitatively the simulated
data very well, however, cannot retrieve the simulation parameters Ω0 and
Γ0 very accurately, with deviations ranging between 4–10 %. Therefore, the
extended damping model is necessary to accurately determine eigenfrequency
Ω0 and damping rate Γ0 from experimental data.
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Figure 4.3: Comparison between models with and without damping term cor-
rections. The corrected phase ϕ is plotted (dashed lines) for two sets of typical
parameters R, Ω0 and Γ0 and compared to best fits obtained by the simple model
(dotted lines). The inset table shows the simulation parameters for the extended
model and the corresponding best fit values for the simple model. In the simple
model, the phase does not depend on the radius R of the particle.

Finally, the treatment of the drag force within fluid dynamics applies strictly
only to particles which have a size much larger than the mean free path
of the surrounding medium. For particles approaching this characteristic
length scale, the non-continuous distribution of the atoms and molecules in
the surrounding medium leads to a reduction of the drag force experienced
by the particle. This reduction is treated empirically by introduction of a
Cunningham slip correction factor73:

γ → 1

Cc(R)
γ,

Γ0 →
1

Cc(R)
Γ0,

Cc(R) = 1 + C0 ·
λfree

R

(4.27)

where λfree is the mean free path of the surrounding medium and C0 is an
empirical constant. For a particle trapped in nitrogen, the mean free path is
assumed to be equal to air at room temperature, λfree = 68 nm. Literature
values of C0 range from 1.142–1.257 74. Largely independent of the exact
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value of C0, the Cunningham slip correction factor leads to a reduction of γ
and Γ0 of 4–16 % for particles with radii R = 2.0–0.5 µm, respectively.

4.4 Experimental setup for mass measure-

ment

Measurement of the induced particle dynamics for accurate retrieval of the
particle mass requires precise tracking of the particle oscillation during the
modulation of the optical trap. To this end, a part of the laser light scattered
by the particle is collected and focused on a position sensing photodiode
(PSP, Thorlabs PDP90A) , as illustrated in Fig.(4.4). The oscillation z(t) of
the particle leads to a corresponding oscillation of the particle image z′(t)
on the photosensitive area of the PSP. The position of the image is tracked
by measuring the differential signal (diff) between the four electrodes of the
PSP and dividing it by the total signal (sum) of the four electrodes. The
position signal is recorded by a lock-in amplifier (Zurich instruments MFLI
500kHz) in real time or as demodulated amplitude and phase. The reference
for the demodulation is the periodic modulation signal applied to the EOM,
see Eq.(4.2), which is provided by the signal generator of the MFLI itself.
The implementation of the signal division and lock-in detection vary for
different setups. In a first version, the signals diff and sum are divided using
an analogue voltage divider and then demodulated direcly by the MFLI. In
a second version, diff and sum are recorded as raw signals by the MFLI and
then divided and demodulated computationally to improve accuracy.

Measurement of the induced particle dynamics and a simultaneous size mea-
surement using BLS (see Chapter 3) are sufficient to determine the mass
m of the particle. As discussed in Section 4.2, and shown in Fig.(4.2) in
particular, the phase measured as function of modulation frequency, ϕ(f),
is better suited for retrieval of Ω0 and Γ0 of the harmonic oscillation than
the amplitude, A(f). In addition, the determination of Ω0 and Γ0 via ϕ(f)
does not require calibration of the PSP, as it is independent of the abso-
lute length scale of the position measurement. The measured phase does
however include the signal delay due to the impedance of the PSP and the
read-out electronics, ϕmeas = ϕ + ϕimp, which has to be corrected for the
analysis. To this end, ϕimp is measured by putting the PSP in the path
of one of the trapping beams with the respective beam focused off-center
on the photosensitive area. The phase of the oscillation in the diff chan-
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Figure 4.4: Particle position tracking setup. (a) Position sensing using a lateral
effect sensor. The full and hollow brown circle indicate two instances of the particle
oscillation along the trapping beam axis z during a modulation cycle. The image
travels along z′ on the sensor active area accordingly. From the photoinduced
current at electrodes A, B, C, D, the position of the particle image is obtained as
z′ = diff

sum , where diff = (A+D)− (B + C) and sum = A+B + C +D. (b) Signal
demodulation for retrieval of oscillation amplitude A and phase ϕ. See main text
for details.

nel is then measured in this configuration. As the EOM operates on much
faster timescales than the maximum modulation frequency and the time for
light propagation can be neglected, the measured phase is purely due to the
impedance that is to be determined. This phase is characterized over the
maximum frequency range of the experiments, 1–5000 Hz, and subtracted
from the measurements in order to obtain the true phase of the particle os-
cillation, ϕ(f) = ϕmeas(f)− ϕimp(f). Fig.(4.5) shows the numerical result of
the impedance characterization, which predominantly depends on the PSP
and is therefore virtually identical for all measurements setups used in this
thesis. With Γ0 obtained from fitting of ϕ(f) using Eq.(4.26) and the radius
R of the particle determined by BLS, the mass of the particle is found using
the definition of Γ0 = 1

2π
γ
m

:

m =
1

2π

γ

Γ0

=
3µR(

1 + C0
λfree
R

)
Γ0

(4.28)

where we have used Eq.(4.6) for γ and Eq.(4.27) for the slip correction,
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respectively.
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Figure 4.5: Phase delay due to impedance in the measurement setup. The slope
of the data is almost linear, with a best fit value of

(
82.5− 5.1 · 10−4 · f

)
µs.

4.5 Example data set

The following example illustrates the principle of the single particle mass
measurement and demonstrates the feasibility and accuracy of the method.
For this example, a single liquid droplet of pure squalane (C30H62) is optically
trapped and characterized using the techniques explained in this chapter and
in Chapter 3.

Fig.(4.6) shows the oscillation amplitude and impedance corrected phase
measured during a sweep of the modulation frequency. The measurement
is repeated for different modulation amplitudes Z0. The comparison reveals
no discernible difference between phase curves for different modulation am-
plitudes in agreement with the model, which predicts that ϕ is independent
of Z0 (see Eq.(4.17) or Eq.(4.26)). This feature is specific to the harmonic
potential, therefore, this observation indicates that anharmonic contributions
to the trapping potential can be neglected as is assumed in the model.

The size of the squalane droplet is determined using broad-band light scat-
tering (BLS). Fig.(4.7) shows the BLS spectrum at the time of the phase
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Figure 4.6: Oscillation amplitude A and phase ϕ as function of frequency of a
squalane droplet. For A the value is given as the signal amplitude in units of
volts. The frequency is swept from 30–3000 Hz and the measurement is repeated
for different modulation amplitudes indicated by S0. Only datapoints for which
the A > S0 are shown. The best fit of the phase curve using Eq.(4.26) is shown as
a solid line.

measurements and the best fit from Mie theory. As explained in Chap-
ter 3, the best fit is determined by optimizing the radius R and the constant
and dispersive part of the refractive index, n0 and n1, respectively, until best
agreement between measurement and spectrum is observed by eye. Similarly,
the uncertainty is found as the range of R, n0 and n1 for which satisfactory
agreement can be observed. Table (4.1) lists the corresponding fit values
obtained from BLS.

Using the data presented in Fig.(4.6) and the particle size obtained from
BLS, values for Ω0 and Γ0 are obtained from fitting with Eq.(4.26). The best
fit values and uncertainties are shown in Table (4.1). The best fit is deter-
mined as the least squares fit between experimental data and model function.
For determination of the fit uncertainties of Ω0 and Γ0 a few considerations
are necessary: Many text book algorithms exist for the calculation of the fit
uncertainties, however, they typically rely on certain assumptions regarding
the measurement data, in particular that there be no correlation between the
individual measurement errors. This assumptions breaks down in our case
for two reasons: First, if the signal amplitude from the particle oscillation
is small, artifacts arising from systematic uncertainties in the position mea-
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Figure 4.7: Experimental broad-band light scattering (BLS) spectrum and simu-
lation using Mie theory. The simulated spectrum corresponds to the best fit as
determined by visual inspection. Best fit parameters are R = 1.792 µm, n0 = 1.455
(at 475 nm) and n1 = 0.020.

surement by the PSP become relevant, which introduce a bias in the phase
measurement. These artifacts depend on the variation of the total light inten-
sity on the PSP during a modulation cycle, and are therefore more significant
for larger modulation signal amplitudes S0. Second, optically trapped liquid
droplets exhibit drifts and sudden jumps of the trapping position along the
trapping beam axis. This affects the phase measurement as the overall opti-
cal force on the particle changes for varying trapping positions. Although the
original trapping position is typically restored after a few seconds, the vari-
ation in trapping position introduces correlation between subsequent phase
measurements during a frequency sweep.

For the aforementioned reasons, the uncertainty of the fit parameters Ω0 and
Γ0 are determined according to the following procedure: Only data points,
for which the oscillation signal amplitude exceeds a certain threshold, 20 mV,
are considered for the fit. In addition, the oscillation signal amplitude must
exceed the modulation signal amplitude, S0. Both the absolute threshold
and the threshold given by S0 are empirical values. The best fit is then
determined by the minimum sum of squared errors. Using this, we define the
uncertainty range of Ω0 and Γ0 as the range for which the sum of squared
errors is smaller than twice the least squared error. This range is equivalent to
the range of fit parameters that is compatible with the observed data, taking
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Quantity Best fit uncertainty

R 1.792 µm 0.017 µm
n0 (475 nm) 1.455 0.015
n1 0.020 0.001
Ω0(20 mV) 985.5 Hz 10.2 Hz
Ω0(30 mV) 985.0 Hz 7.9 Hz
Γ0(20 mV) 4565.9 Hz 99.2 Hz
Γ0(30 mV) 4539.8 Hz 73.1 Hz
m(20 mV) 19.90 · 10−15 kg 0.62 · 10−15 kg
m(30 mV) 20.00 · 10−15 kg 0.51 · 10−15 kg
ρ(20 mV) 819.0 kg m−3 33.3 kg m−1

ρ(30 mV) 825.0 kg m−3 28.9 kg m−3

Table 4.1: Best fit values and uncertainties for the example data set. The
voltages in parentheses indicate S0.

into account the shifting trapping position. This holds true even in the case
of maximum (anti-)correlation between individual phase measurements, i.e.,
when the particle shifts between two discrete trapping positions between
every individual phase measurement.

Finally, mass m and density ρ are determined using Eq.(4.28) and ρ = m ·
(4

3
πR3)−1, respectively. The obtained values for m and ρ are listed in Table

(4.1) where the uncertainties represent the propagated uncertainties of R
and Γ0. The measured densities agree very well with the density of squalane
at room temperature75, ρ = 808± 1 kg m−3, demonstrating the accuracy
of the measurement. The relative errors for both mass and density are of
the order of a few percent, which is comparable to the relative accuracy of
measurements with EDB.

A systematic investigation of different squalane droplets in the size range 1.0–
2.0 µm has been performed, and the density measurements are summarized
in Fig.(4.8). It is observed that data which has a high variance in the corre-
sponding phase measurement tends to deviate from the expected value given
by the bulk density. The variance is obtained by the least mean squared error
of the phase fitting. An empirical threshold value of (0.006 rad)2 = (0.34◦)2 is
used to group the data into categories according to the noise level of the phase
measurement: Phase measurements that exceed this value by more than a
factor of 2 represent noisy data, or equivalently, data where the particle posi-
tion has been shifting significantly during the measurement. As illustrated in
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Fig.(4.8), this subset has a low confidence level on the resulting density values
and is therefore deemed unreliable. Data sets with a variance comparable
or smaller than the threshold generally agree very well with the expected
bulk value, depending on the exact value of the variance. We find for mea-
surements below the threshold value an average density of 832± 35 kg m−3,
where the uncertainty is the standard deviation. The average uncertainty for
these measurements is 42 kg m−3. For measurements with variance between
1 and 2 times the threshold, the corresponding values are 862± 52 kg m−3

for the average density and 67 kg m−3 for the mean uncertainty. Stable trap-
ping conditions are therefore crucial for the mass measurement. The variance
of the phase measurement provides an independent a posteriori criterion to
distinguish reliable from unreliable data.

1 1.2 1.4 1.6 1.8 2 2.2
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Figure 4.8: Density measurements of squalane droplets of different sizes. The data
is grouped into categories according to the variance in the corresponding phase
measurement with respect to the best fit. Blue crosses indicate noisy data, red
triangles slightly noisy data and yellow circles low noise data. The threshold value
for the noise is defined as (0.006 rad)2. The expected density is indicated by the
black dashed line and correponds to the bulk density of squalane. The correlation
between noise level and the agreement between measurement and expectation is
apparent. In particular, the noisier data appears to be biased towards larger
densities.
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Abstract

Optical traps are used to isolate and manipulate small objects in air and
liquids, enabling the thorough characterization of their properties in situ.
However, no broadly applicable technique for mass measurements of opti-
cally trapped objects is currently available. Here we propose an optical
balance for mass measurements of optically trapped aerosol particles. By
analyzing light-induced harmonic oscillations of a particle, its mass is deter-
mined nondestructively and with high accuracy on a time scale of seconds.
Its performance is demonstrated for aqueous salt droplets, where masses as
low as 4 pg (4 · 10−15 kg) have been measured with an accuracy of ∼100 fg.
The balance is straightforward to implement and broadly applicable.
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5.1 Introduction

Optical traps are widely used to isolate small objects in the liquid phase,
in the gas phase and in vacuum. The importance such traps have gained
has been recognized by the 2018 Nobel prize in Physics awarded to Arthur
Ashkin for the invention of optical tweezers and their applications4. Optical
traps serve to manipulate small objects in different environments (liquid, gas,
vacuum), and for ultrasensitive measurements of forces and torques22,76–85.
With many applications in the liquid phase related to biological systems17,86,
such as proteins or living cells, they play a key role in developing and shap-
ing the fields of biophysics and biology17,78,86. Optical trapping has also
been realized in low-pressure environments, e.g., for the quantification of the
Brownian motion87 or to study fast particle rotations76,88 and the momen-
tum transfer from light to trapped particles89. In the gas phase, optical
traps enable the characterization and manipulation of single isolated aerosol
particles and droplets in the submicrometer-size and micrometer-size range
with attoliter to picoliter volumes42,78,90,91. Studies typically focus on prop-
erties such as size, shape, refractive index, chemical composition, viscosity,
and surface tension25–28,33 with the goal to improve our understanding of
aerosol processes, such as phase transitions92, diffusion28, evaporation91,93,94,
coagulation95, photochemistry32, reactions with gases or radicals24,29,91, and
hygroscopic growth91,93.

Despite the fact that the mass is a key quantity, a broadly applicable method
for the determination of the mass of optically trapped aerosol droplets and
particles has so far not been demonstrated. Currently, the electrodynamic
balance (EDB)43,45,96–98 is the reference technique to determine the mass of
single particles isolated in air. EDBs provide non-destructive, high-accuracy
(in the percent range) mass measurements of particles, but they require prior
charging of the particles and mass calibration. They usually provide mass
measurements for larger particles with radii ranging from a few to many
micrometers, not accessing the submicron range. Submicron–sized droplets
and particles are particularly relevant in many atmospheric processes, such
as scattering and absorption of sunlight99,100 or size-dependent enhanced ki-
netics26,101,102. Mass measurements of aerosol particles in optical traps are
limited to the special case of photophoretic traps40,41. They require the par-
ticle to absorb the light of the trapping laser, which heats the particle. In
addition to the size limitation to particles of at least a few41 to a few ten40

micrometers in radius, the heating substantially restricts the applicability
of these traps to absorbing, non-volatile particles, basically excluding all
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volatile and semi-volatile particles, in particular also aqueous droplets. With
a typical accuracy of 15 %40,41, they do currently not reach the accuracy of
EDBs.

This study reports an optical balance for the non-destructive mass determi-
nation of optically trapped aerosol droplets and particles with sizes down
into the submicron range (lower picogram range). Using modulated counter-
propagating optical tweezers, the mass of an aqueous NaCl droplet is deter-
mined by inducing harmonic oscillations and analyzing the resulting dynam-
ics. The mass is obtained with high accuracy (less than 2 %) at different
relative humidities (RH), and the hygroscopic mass growth of the droplet is
quantified. The optical balance is straightforward to implement, does not
require particle charging, and can even be used without prior mass calibra-
tion, which makes it broadly applicable for many studies in aerosol science,
or other scientific fields which use optical trapping.

5.2 Results

5.2.1 Principle of mass measurement

Dual beam traps are widely used to trap particles35,87,103–107. Fig.(5.1a) shows
a sketch of the counter-propagating optical tweezers31,32 (CPT) used for trap-
ping single aqueous NaCl droplets at ambient pressure (see “Methods” sec-
tion for droplet generation and control of the relative humidity). Light from
a continuous 532 nm laser (Opus 532, Laser Quantum, typical power ≈ 1 W)
passes through a Faraday isolator (Thorlabs, IO-5-532-HP) to avoid back
reflections returning to the laser. A half-wave plate is used to orient the po-
larization of the laser horizontally before the electro-optic modulator (EOM,
Conoptics, 350-50-01-RP), which is used to control the polarization of the
laser beam. The laser beam is then expanded four times by a two-lens tele-
scope (focal lengths of 50 and 200 mm). A polarization beam-splitter cube
(PBC) splits the incident laser beam into two counter propagating beams.
The beams are focused with two aspherical lenses (CVI, BFPL-25.4-50.0-UV,
56.6mm focal length at 532 nm) in the center of a trapping cell, where a sin-
gle aerosol droplet is immobilized (brown dot). One half-wave plate is used
in each trapping beam to align the polarization of the two beams parallel to
each other. A path length difference of approximately 50 cm between the
two trapping beams is used on purpose to avoid interference between the two
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beams (the coherence length of the laser is 7 mm). The optical forces are
controlled via the power ratio of the two counter-propagating beams with
the EOM. By modulating the power ratio of the two beams sinusoidally in
time, a harmonic oscillation of the particle is induced along the beam propa-
gation direction (Fig.(5.1b)). The driven harmonic oscillation of the droplet
is described by the following equation of motion (see “Methods” section):

z̈ + 2πΓ0ż + 4π2f 2
0 z = 4π2f 2

0Z0 sin(2πft) (5.1)

where z is the position of the droplet along the axis of the laser beams, f0

is the natural frequency of the oscillator and Γ0 is its damping rate. The
modulation amplitude Z0 (amplitude corresponding to the position change
of the minimum of the trapping potential) and the modulation frequency f of
the oscillation are controlled by the modulated voltage applied to the EOM.
Eq.(5.1) is solved by

z(t) = a sin(2πft− ϕ) (5.2)

where a is the amplitude of the droplet’s oscillation and ϕ is its phase. The
droplet position is measured by a position sensitive photodiode (PSP) con-
nected to a lock-in amplifier. During the harmonic oscillation of the droplet,
the lock-in amplifier directly measures a and ϕ. For the data analysis, we
prefer ϕ over a because of correlation issues with the latter (see “Discussion”
section). A sweep of the modulation frequency provides ϕ(f), from which f0

and Γ0 are retrieved by fitting the experimental data to Eq.(5.3):

tan(ϕ) =
Γ0f

f 2
0 − f 2

(5.3)

The absolute mass m of the droplet is then determined from Eq.(5.4):

m =
3Rµ

CcΓ0

(5.4)

where R is the particle radius, µ is the dynamic viscosity of the surround-
ing fluid (nitrogen in our case) and Cc is Cunningham’s correction factor73.
Eq.(5.4)) shows that an additional measurement of R is sufficient to calcu-
late the mass of the droplet from Γ0. We use broad-band light scattering
(BLS)31,32 to determine R (Fig.(5.1b), “Methods” section and Section 5.8.1).
With our optical balance, m can be retrieved without mass calibration, in
contrast to mass measurements with EDBs which require calibration.
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Figure 5.1: (a) Layout of the counter-propagating optical tweezers. A half-wave
plate (λ/2) is used to adjust the polarization at 45◦ to the crystal axes of the
electro-optic modulator (EOM). The laser beam is split at the polarization beam
splitter cube (PBC) according to the polarization of the light set by the EOM. The
particle (brown dot) is trapped in the cell between the foci of the two trapping
beams. (b) Determination of the droplet’s shift in position z(t) along the axis of the
trapping beams (dashed arrow) and of its radiusR. A position sensitive photodiode
(PSP) tracks z(t) by measurements of the light scattered by the droplet. When
the droplet moves from the position of the brown empty circle to the full circle, the
position of the collected scattered light on the PSP changes accordingly. During
the modulation of the trap the amplitude a and phase ϕ of the particle oscillation
are measured with a lock-in amplifier. The broad-band light scattering spectra
(BLS) are obtained by illuminating the particle with a broad-band Xe lamp (filled
triangular beam), and recording the light elastically scattered by the droplet as a
function of the wavelength (hatched black triangular beam).

5.2.2 Harmonicity of the droplet oscillation

The harmonicity of the trapping potential and the induced particle oscillation
is verified by the results presented in Fig.(5.2). Fig.(5.2a) shows an example
measurement of ϕ as a function of f for a trapped aqueous NaCl droplet at
an RH of 68 % for four different EOM modulation voltages between 10 mV
to 40 mV. The latter correspond to values for the amplitudes Z0 between
∼10 µm to 40 µm. The measured ϕ(f) are essentially identical for the four
different modulation voltages. Fig.(5.2b) illustrates that the values for Γ0

(right ordinate) and f0 (left ordinate) retrieved from the data in panel (a)
using Eq.(5.3) agree within their uncertainty for the four different modu-
lation voltages. These uncertainties lie below 0.5 % for the measurements
with the 20, 30, and 40 mV modulation voltage. For the measurement at
10 mV modulation voltage, the uncertainties of Γ0 and f0 are slightly larger
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(2 % and 1 %, respectively). This is due to the smaller Z0 resulting in a
lower signal-to-noise ratio for ϕ(f). From Fig.(5.2) it is clear that ϕ(f),
Γ0 and f0 are virtually independent of Z0 (i.e. the modulation voltage),
which demonstrates that the harmonic approximation provides a very good
description of the trapping potential and the induced particle oscillation. In
the rare case when the droplet size and the wavelength of the trapping laser
precisely match a resonance condition, so that a Mie resonance (also called
morphology dependent resonance or whispering gallery mode) is excited in
the droplet50, its dynamics does no longer follow a harmonic oscillation (see
Section 5.8.2 and Fig.(5.7)). Fortunately, Mie resonances are limited to very
specific combinations of particle size and wavelength so that they do not pose
any practical limitation to the mass measurement. If a resonance is encoun-
tered, a minute (subpercent) change of the relative humidity is enough to
restore the harmonic oscillation of the particle.
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Figure 5.2: Phase (ϕ) measurements and retrieved f0 and Γ0 for different modu-
lation voltages. (a) ϕ as a function of the frequency f for a trapped aqueous NaCl
droplet at a relative humidity of 68 % for four different electro-optic modulator
voltages of 10, 20, 30, and 40 mV (see symbols in the legend). The data points
for the different voltages virtually coincide with each other. The same holds for
the fits. For clarity, we only show one of the fitted ϕ(f) curves (solid blue trace).
(b) Natural frequency f0 (blue circles) and damping rate Γ0 (red triangles) as a
function of the modulation voltage, retrieved from fits to the phase measurements
in panel (a). The error bars indicate the 68 % confidence interval of the fits.
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5.2.3 Mass measurement and related quantities

Fig.(5.3a) shows the mass m (red triangles) retrieved for aqueous NaCl
droplets with the same NaCl content, but varying water content given by the
RH. The chosen range of RH covers both supersaturated and undersaturated
concentrations (the critical RH of NaCl is 75.3± 0.3 %108). m is retrieved
from Γ0 and R using Eq.(5.4). The accuracy of m is limited by systematic
errors and random errors. The systematic error mainly arises from uncer-
tainties of the spot size of the scattered light on the PSP, and is estimated to
lie below 3.5 % of the droplet mass (see “Methods” section, Section 5.8.3 and
Fig.(5.8)). We further estimate the random error to be less than 2–3 % of the
droplet mass. With a maximum systematic error of 3.5 % and a maximum
random error of 2–3 %, we specify a maximum total error of 5.5–6.5 %. For
the specific data in Fig.(5.3a) — which cover droplet sizes in the micron range
— we determined a systematic error of 2 % (see below) and random errors
between 0.5 and 1.9 % (Table (5.1)). The maximum random error for submi-
cron droplets (R ∼ 800 nm, m of few picograms; not listed in Table (5.1)) is
somewhat larger around 3 %. A maximum total error of 5.5–6.5 % represents
a high accuracy, in particular when one considers that this is achieved for
very low absolute droplet masses in the lower picogram range without any
mass calibration. Access to the lower picogram mass range combined with
this level of accuracy already provides satisfactory results for many applica-
tions. Mass calibration with a suitable reference allows us to correct for the
systematic error and thus to improve the accuracy even further to the level
of the random error of less than 2–3 %. The calibration can be performed
by comparing the measured density of the aqueous NaCl droplets (from R
and m) to the density of corresponding bulk solutions109 (Fig.(5.3b)). We
determine a constant calibration factor C = 0.98 for the density (ρc = C ·ρ),
and use the same factor for mass calibration (mc = C ·m). mc and ρc de-
note the mass and the density, respectively, after calibration (Fig.(5.3a) and
Fig.(5.3b) and Table (5.1)). A constant mass calibration factor of 0.98 indi-
cates a systematic bias of 2 %, and corrects the systematic error mentioned
above. (See the “Discussion” section for a further discussion of Fig.(5.3b)).

In addition to the droplet mass and density, our optical balance also al-
lows us to retrieve hygroscopic mass and size growth factors. The mass
growth factor is defined as m∗(RH) = m(RH)/mNaCl, where m(RH) is
the droplet mass at a given RH and mNaCl is the NaCl mass in the so-
lution droplet (see “Methods” section). Note that m∗(RH) does not de-
pend on the calibration. Fig.(5.3c) compares m∗ from this study with re-
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sults from a previous investigation with an EDB45. Almost perfect agree-
ment is observed between the two different studies, which demonstrates
that mass measurements with the optical balance can easily compete with
mass measurements in EDBs. The droplet size growth factor is defined as
R∗(RH) = R(RH)/Rdry, where R(RH) is the droplet radius at a given RH
and Rdry is the radius of a completely dried particle (see Section 5.8.4 for
calculation of R∗). The R∗ values retrieved for the data in Table (5.1) lie
between 1.75 and 2.19 (see Section 5.8.4 and Fig.(5.9)). To allow comparison
with previous measurements performed with hygroscopic tandem differen-
tial mobility analyzers (HTDMA) at 90 % RH, we extrapolate R∗ to 90 %
RH (see Section 5.8.4). The retrieved R∗(90 %) = 2.40± 0.02 agrees within
uncertainties with theoretical predictions110 and the HTDMA measurements
(R∗(90 %) = 2.27− 2.46)49.

RH [%] R [µm] m [10−15 kg] mc [10−15 kg] ρc [kg m−3] m∗

67.5 1.385± 0.013 14.70± 0.59 14.39± 0.11 1294± 15 3.19± 0.02
77.6 1.537± 0.018 18.70± 0.79 18.33± 0.19 1204± 18 4.06± 0.04
80.7 1.600± 0.008 20.30± 0.76 19.90± 0.10 1161± 8 4.41± 0.02
86.1 1.733± 0.010 25.10± 0.95 24.62± 0.13 1129± 9 5.45± 0.03

Table 5.1: Radius (R), mass before (m) and after calibration (mc), density
after calibration (ρc), and mass growth factor (m∗) for micron-sized NaCl
droplets at different relative humidities (RH). The uncertainties quoted for
R and m account for both systematic and random errors. Those for mc, ρc,
and m∗ only include random errors. mc and ρc are obtained with a calibration
constant C = 0.98.

5.3 Discussion

5.3.1 Range and accuracy of mass measurements

The optical balance permits mass measurements of aerosol particles in the
picogram range, down to at least 4 · 10−15 kg. The accuracy lies at 5.5–6.5 %
without and at 2–3 % with mass calibration. The latter corresponds to a
sensitivity of ∼ 1 · 10−16 kg (100 fg) for the smallest droplet reported here.
The optical balance extends particle mass measurements into the submi-
crometer size range, i.e., to masses that are a few orders of magnitudes lower
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Figure 5.3: Mass, density, and mass growth factor of aqueous NaCl droplets. (a)
Droplet mass before (m, red triangles) and after calibration (mc, blue circles) as a
function of relative humidity (RH). (b) Droplet densities before (ρ, red triangles)
and after calibration (ρc blue circles) as a function of RH. The density of the
bulk solution is indicated by black squares109,111. The black line represents bulk
densities with an extrapolation into the supersaturation region (dashed line)45.
The discrepancy between the extrapolation and our measurement is addressed in
the “Discussion” Section. (c) Mass growth factors m∗ from this study (blue circles)
and from an earlier study with an electrodynamic balance (EDB) (black line)45

as a function of RH. Horizontal error bars indicate the RH variation during the
measurements. Vertical error bars for the uncalibrated m and ρ are the sum of
the systematic error and the random error, while the error bar for the calibrated
mc and ρc and for m∗ indicate the random error only.
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than typical measurements in EDBs45,96 and photophoretic traps40,41, and
hence substantially broadens the range of applications (see below). It is not
only the extended mass range that makes it more versatile compared with
photophoretic traps and EDBs, but also the fact that the balance is neither
limited to charged particles (as EDBs are) nor to non-volatile, light-absorbing
solid particles (as photophoretic traps are). The very high mass accuracy of
the optical balance could only be achieved because we use the phase (ϕ) and
not the amplitude (a) in the analysis of the droplet dynamics. The example
in Fig.(5.4) illustrates that in certain ranges the mass cannot be determined
unambiguously from a(f) because Γ0 and f0 are strongly correlated. As a
consequence, a(f) can become indistinguishable for different combinations of
Γ0 and f0 (blue full and dashed line); i.e., for different masses (in Fig.(5.4)
for two masses that differ by a factor of 2.25). This issue does not arise for
ϕ(f) because f0 is the frequency f at which ϕ(f0) = π

2
(crosses in Fig.(5.4)).

Hence, a unique solution is obtained for the particle mass when the phase
is used instead of the amplitude. The issue with a(f) especially arises when
the particle motion is overdamped. i.e., for smaller aerosol particles and for
particles suspended in liquids.
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Figure 5.4: Simulated phase and amplitude measurement. ϕ (red lines) and a (blue
lines, normalized by the modulation amplitude Z0) as a function of the frequency
f for two different parameter sets f0 and Γ0 (dashed lines and full lines), where
f0 is the natural frequency of the particle and Γ0 is its damping rate. The black
crosses mark the points where ϕ(f = f0) = π

2 . A unique solution for the mass can
only be obtained from ϕ(f), but not from a(f).

64



CHAPTER 5. WEIGHING PICOGRAM AEROSOL DROPLETS

5.3.2 Applications

The optical balance allows one to access properties of supersaturated solu-
tions, which in general cannot be retrieved from bulk measurements because
of precipitation. Among those properties is the density of supersaturated
solutions. Comparison with bulk densities is only possible in the undersatu-
rated regime, i.e. for aqueous NaCl solutions above the critical RH of 75.3 %
(Fig.(5.3b)). Tang et al.45 suggests a polynomial extrapolation for the bulk
density down to RHs of ∼ 50 %. The corresponding extrapolation (black line
in Fig.(5.3b)), however, reveals that a ∼ 4 % lower density is obtained at an
RH = 68 % using this bulk extrapolation compared with our experimental
value – a difference that lies outside the experimental uncertainty of ∼ 1.2 %
(Table (5.1)). The origin of this discrepancy between droplet experiment and
bulk extrapolation is not obvious and offers an intriguing subject for further
studies.

The knowledge of hygroscopic properties of atmospheric droplets is crucial
for determining their radiative forcing48. To fully capture their effects, a
comprehensive quantification of RH dependent droplet properties (e.g. size,
mass, and density) is required. An interesting phenomenon is the so far un-
explained size-dependence of R∗ for NaCl and sea salts droplets that was
previously reported in droplet studies with HTDMAs49,112,113. Depending on
the instrument, HTDMA studies are limited to droplets with corresponding
dry salt radii in the range Rdry ∼ 100–175 nm114. EDBs, on the other hand,
typically cover much larger particle sizes (Rdry of a few micrometers), so that
the size range in-between remains unexplored. R∗ studies with our optical
balance will allow us to fill this gap (this study Rdry 500 nm and larger),
and to address potential size-dependent effects of R∗ in this intermediate
size range. Similarly, the optical balance also opens up studies of m∗ in this
intermediate size range. To the best of our knowledge, m∗ has only been re-
ported for supermicrometer-sized particles using EDBs. These are only few
examples of the broad applicability of our optical balance. Aerosol science
is expected to be a major area of use of this method. However, we also an-
ticipate the optical balance to be of broad interest for mass measurements
of small objects in the liquid phase, such as cells and other biological sam-
ples. Many studies exist that determine the mass of objects in liquids115–118

and many studies apply optical trapping in the liquid phase77,84,85,119, but a
combination of both methods has not yet been demonstrated. The optical
balance we propose solves the issue of mass determination under overdamped
conditions (Fig.(5.4)), so that it might offer a possibility to combine optical
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trapping applications with mass determination in the liquid phase.

Our optical balance permits mass measurements of aerosol particles with
masses in the picogram range, and probably beyond, with a high accuracy
of 2–3 %, covering a particle size range from micrometers down to submi-
crometers. The implementation of the balance combines the advantage of
a straightforward experimental setup with the applicability to a wide vari-
ety of particles (liquid, solid, volatile, non-volatile, charged, uncharged). Its
demonstrated performance extends mass measurements of aerosol particles
into regions previously inaccessible. Aerosol studies related to atmospheric
and technical processes, including pharmaceutical and medical applications,
will profit from this extended capability. Beyond aerosol studies, the pro-
posed optical balance holds promise for applications in the liquid phase,
enabling the combination of optical trapping and mass measurements with
intriguing possibilities, e.g., for the investigation of optically trapped cells
and other biological objects.

5.4 Methods

5.4.1 Droplet generation and relative humidity control

The particles were generated from 0.5m aqueous NaCl solutions using a com-
mercial atomizer (TSI 3076) with pressurized humidified nitrogen (purity
5.0). The use of humidified nitrogen ensures the delivery of liquid droplets
to the trapping cell. The concentration of the trapped aqueous NaCl solution
droplets is determined by the RH in the trap (and not by the concentration
of the initial solution) where the trapped droplets equilibrate quickly to the
surrounding RH. The RH in the cell is varied between ∼ 60 % and 90 % by
mixing dry and wet nitrogen with individually adjustable flow rates. The RH
in the trapping cell is measured with a sensor (Sensirion, SHT31) placed a
few millimeters away from the trapped droplets. The trapping cell is shown
in Fig.(5.5). The cell is equipped with fused silica windows to transmit the
light beams of the CPT, the BLS and the scattered light used for the position
measurement. Additional apertures are used for the RH sensor and the gas
flows through the cell.
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5.4.2 Droplet dynamics

The time dependent position z(t) of the trapped droplet along the trapping
axis is described by Newton’s equation of motion, mz̈ = Fdrag + Fopt, where
Fopt(z) is the optical force, Fdrag = −γż is the drag force due to the surround-
ing fluid and γ is the drag coefficient. The droplet motion perpendicular to
z is negligible in our experiments and is not considered here. Following the
harmonic oscillator model, the optical potential Vopt(Fopt) = − ∂

∂z
Vopt is de-

fined by a second order Taylor expansion Vopt = k
2
(z − z0(t))2, where k is

the trap stiffness and z0(t) is the time dependent position of the minimum
of the trapping potential during the modulation. For a sinusoidal modula-
tion of the EOM voltage, the minimum of the trapping potential oscillates
as z0(t) = Z0 sin(2πft), where Z0 is the amplitude and f the frequency of
the oscillation. Stokes’ law is used to calculate γ(R) = 6π µR

Cc(R)
, where R is

the radius of the droplet, µ is the dynamic viscosity of the surrounding fluid
(nitrogen) and Cc(R) is the size dependent Cunningham correction factor.
As explained in details in ref.74, the Cunningham correction factor accounts
for the nonlinear decrease in the Stokes’ drag force when the particle size ap-
proaches the molecular mean free path of the surrounding fluid. It is given by
Cc(R) = 1+1.26λN

R
. λN is the mean free path in nitrogen (λN ≈ λair = 68 nm

at 20◦). Using the quantities defined in this paragraph, f0 = 1
2π

√
k
m

and

Γ0 = γ
2πm

in Newton’s equation yields Eq.(5.1). Substitution of γ in the
expression for Γ0 yields Eq.(5.4).

5.4.3 Phase measurement and systematic error

z(t) is measured with a commercially available PSP connected to a lock-in
amplifier (Zurich Instruments, 500 kHz MFLI). The reference output of the
lock-in amplifier is used to drive the EOM (ConOptics) and serves as the ref-
erence for the demodulation. During the frequency sweeps of the reference
output (f ∈ [0, 2]kHz), the raw phase is obtained directly from the demod-
ulation of the signal of the droplet position along z by the lock-in amplifier.
The signal is obtained by dividing the differential photodiode current by the
total photodiode current. The measurement of the particle position is slightly
delayed by the frequency-dependent impedance of the PSP and the readout
electronics. This delay as a function of modulation frequency, which has to
be subtracted from the raw phase to yield ϕ(f), is determined separately by
monitoring the modulation of one of the trapping beams in the frequency
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range [0, 5]kHz. The phase of this signal is equal to the delay of the PSP
and readout electronics because the response time of the EOM to the ap-
plied voltage and the light propagation are much faster than the modulation
periods used in this study. The PSP and its collecting optics (Fig.(5.1b))
are mounted on a translation stage to adjust the focus of scattered light on
the photosensitive area of the PSP. The focusing of the collected light on
the PSP sensor affects the accuracy of the particle position tracking. It is
mostly responsible for the systematic error of the mass measurement. We
have quantified this effect on the accuracy of the mass measurement by re-
peating phase measurements for different focus sizes. This data is reported
in the Supplementary Information (Section 5.8.3 and Fig.(5.8)). Generally,
we estimate that the maximal error in the mass measurement caused by the
light focus can be up to 3.5 % of the absolute droplet mass. For the current
measurements, it is 2 %. The light focus is not changed between measure-
ments at different RHs, so that the same systematic error applies to all mass
measurements reported here.

5.4.4 Random error

The random error of the mass measurement is calculated by propagating the
random error of Γ0 and the error of R (see Section 5.8.1) using Eq.(5.4).
The random error of Γ0 is determined from the measurements of ϕ(f) for
voltage modulations of 20, 30, and 40 mV (Eq.(5.3)) as the average error of
these three measurements. The measurements at 10 mV are not used for the
analysis because of their lower signal-to-noise ratio. The error of R is found
by fitting experimental BLS spectra (see below and Section 5.8.1).

5.4.5 Broad-band light scattering (BLS)

The principle of the BLS measurements is described in David et al.32. The
output of a fiber-coupled broad-band Xe lamp (Energetiq EQ-99XFC LDLS,
spectral range 190–2100 nm) is collimated with a reflective collimator (Thor-
labs, RC04FC-F01) and then focused on the particle with a reflective ob-
jective (Edmund Optics, 89–722). The elastically scattered light is collected
over an angular range of 26.6◦ centered at a scattering angle of θ ≈ 37◦ with
another identical reflective objective. The collected scattered light is then fo-
cused on the fiber of the spectrometer (Andor, Kymera 328i with a Newton

68



CHAPTER 5. WEIGHING PICOGRAM AEROSOL DROPLETS

A-DU940P-BV camera) with a reflective collimator (Thorlabs, RC04SMA-
F01). Two shortpass filters (Edmund optics, 49 825, OD > 4) reduce the
signal of the elastic scattering of the trapping laser. The wavelength range
λ = 350–500 nm is used to retrieve the droplet radius R from fits of the
experimental spectra to simulations using Mie theory. R, θ, and n0 and
n1 of the wavelength-dependent refractive index of the droplet, n(λ), are fit
parameters. A first order Cauchy parametrization is used for n(λ):

n(λ) = n0 + n1

((
λ0

λ

)2

− 1

)
(5.5)

with a reference wavelength of λ0 = 475 nm. Fig.(5.6) shows representative
BLS spectra and the values of R and n0 determined in this study.

RH/T sensor 
entry

N2 inlet

Droplet/N2 
inlet

Droplet/N2 
exhaust

(a)

Xe 
lamp

θSPSpectro- 
meter

RO

RC

RC
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(b)

Figure 5.5: Drawing of the trapping cell and sketch of the BLS optics. The trapping
cell is shown in (a). The counter-propagating tweezer beams propagate through
the trapping cell as shown by the two green cones on the sides of the cell. The
broad-band light scattering (BLS) emission and collection are represented by the
two blue cones. The scattering light used to measure the particle position is shown
by the large green cone in front of the cell. Humidified nitrogen (N2) flow is used
to control the relative humidity in the cell. The BLS optics is sketched in panel
(b). The broadband light of a Xe lamp is shone on the particle by using reflective
collimators (RC) and a reflective objective (RO). The dashed circles represent the
elastically scattered light. The black dashed triangle indicates the fraction of the
scattered light collected by the second RO around the scattering angle θ, which is
then coupled into the spectrometer using another RC. Two shortpass filters (SP)
in the collection optics of the BLS attenuate the scattering of the trapping laser.
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5.4.6 Mass growth factor m∗

In the present experiments, the mass change of a NaCl droplet caused by
variation of the RH is purely due to the uptake or loss of water. Hence,
the salt mass (mNaCl) in the droplet remains constant. As a cross-check,
we determined mNaCl of the trapped droplet at the different constant RHs
using the water activity of bulk solutions with known mass fractions111. The
retrieved values ofmNaCl at 78 %, 81 %, and 86 % RH (4.56± 0.05, 4.50± 0.02
and 4.49± 0.02 · 10−15 kg, respectively, for one given droplet) agree within
1.5 %. Below the critical RH (supersaturated solutions) bulk measurements
are not possible so that mNaCl cannot be determined in this way. We thus
use the average values of mNaCl determined at 78 %, 81 % and 86 % RH to
calculate the mass growth factorm∗ = m

mNaCl
of the droplet for undersaturated

and supersaturated solutions (RH = 68 %).
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5.8 Supplementary information

5.8.1 BLS spectra

The retrieval of R, θ, n0 and n1 from the experimental spectra is described
in the “Methods” part in the main manuscript (Eq.(5.5)). For all measure-
ments, a constant central scattering angle of θ = 37± 2◦ and a constant
value of n1 = 0.019± 0.002 were determined. The best fits are determined
by visual inspection (Fig.(5.6a)). The errors of the fit parameters indicate
the range of the fit parameters from which reasonable fits are obtained by
visual inspection (Fig.(5.6b)).

5.8.2 Droplet dynamics at Mie resonances

Fig.(5.7a) visualizes the droplet dynamics in the vicinity of a Mie resonance
(traces 1-3) and off-resonant (traces 6-9). The droplet dynamics is driven at a
frequency of 1 Hz to ensure that the droplet can almost instantaneously follow
the minimum of the trapping potential. Traces 1 to 9 are measured at very
similar RHs (less than 1 % change) and hence for very similar droplet sizes
(less than 1.2 % change). At resonance (trace 1), there is barely any droplet
motion obervable, despite the modulation of the trap. Hence, the droplet
seems to be locked in a more or less fixed position. A step-like oscillatory
motion is observed for conditions that are slightly off resonant (traces 2 and
3). For traces 4 and 5 - recorded under conditions that are even further away
from the resonance - the step-like oscillatory motion is almost eliminated.
The ideal sinusoidal oscillation is restored for curves 6 to 9. Such conditions
are used to retrieve the droplet mass. Only a subpercent change in the RH is
sufficient to restore the harmonic oscillation of the droplet. Fig.(5.7b) shows
the intensity of the light scattered by the droplet and the RH as a function
of the trace index. The scattered intensity gradually decreases for decreasing
droplet size.
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Figure 5.6: (a) Experimental BLS (broad band light scattering) spectra (brown
traces) and best fits (light green traces) for the measurements at RHs (relative
humidities) of 67.5 %, 77.6 %, 80.7 % and 86.1 %. (b) Optimal values of R and n0

for the different measurements at RHs of 67.5 %, 77.6 %, 80.7 % and 86.1 %. Error
bars indicate the estimated uncertainty of the fits of the BLS spectra.
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Figure 5.7: Droplet dynamics at a Mie resonance. (a) Droplet position z as a
function of time t during the trap modulation for nine slightly different droplet
sizes (trace index 1-9). A decreasing trace index indicates an increasing proximity
to the resonance. The traces are offset in y-direction for better visibility. (b)
Intensity of the scattered light (left axis) and RH (right axis) as a function of the
trace index 1 to 9. The initial droplet radius lies at ∼ 980 nm.

5.8.3 Influence of the light focus on the phase mea-
surement

The measured phase of the oscillation depends on the spot size of the collected
light on the photosensitive area of the PSP (“Methods”, main manuscript).
The signal measured by the PSP is the centroid position of the light pattern
on its sensitive area. This centroid must correspond to the center of the light
pattern to correspond to the real droplet position. When the collected scat-
tered light is nicely focused onto the PSP photosensitive area, the oscillation
of the centroid during the modulation corresponds to the droplet motion.
The particle motion is hence properly measured and the mass of the particle
can be calculated accurately. However, when the light is defocused from the
photosensitive area of the PSP, the centroid position is affected by the change
of the light scattering pattern during modulation. The pattern changes pri-
marily due to the relative power of the trapping beams. Therefore, the
PSP signal changes artificially in phase with the modulation of the trapping
beams. The effect of this artifact on the measured phase, ϕ, is illustrated in
Fig.(5.8a). It shows the phase difference, ∆ϕ, between an underfocused and
a focused beam (red, upside down triangles) and between an overfocused and
a focused beam (blue triangles) as a function of the frequency. The focused
beam corresponds to the beam with the smallest achievable focus. It is used
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as the reference for the determination of ∆ϕ. Fig.(5.8b) shows the retrieved
f0 and Γ0 for underfocused, focused (black circles) and overfocused beams.
The maximum systematic error that arises from the light focus is defined as
the change of Γ0 and f0 between the two focused beams and the closest beam
that is clearly identified as overfocused or underfocused. This is indicated
by the dashed rectangle. The obtained systematic error of f0 and Γ0 are 3 %
and 3.5 %, respectively.
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Figure 5.8: Phase measurement at different foci. (a) Phase difference, ∆ϕ, between
an underfocused and a focused beam (red, upside down triangles) and between an
overfocused and a focused beam (blue triangles) as a function of the modulation
frequency f . The horizontal black, dashed line indicates zero phase difference. (b)
Fit parameters f0 and Γ0 measured for the same droplet for underfocused, focused
and overfocused beams. The uncertainty of f0 and Γ0 within the rectangle is ±3 %
and ±3.5 %, respectively. These representative measurements are for a droplet
with R = 1.6 µm.

5.8.4 Size growth factor

To calculate the hygroscopic size growth factor R∗(RH) = R(RH)/Rdry, we
use the values of R(RH) determined from BLS measurements (Fig.(5.6); Ta-

ble (5.1)). Rdry = ( 3
4π
· mNaCl

ρNaCl
)
1
3 is the radius of a water-free NaCl sphere

which has the same mass, mNaCl, as the completely dried droplets (“Meth-
ods”). ρNaCl = 2170 kg m−3 is the NaCl density. Several previous studies
report R∗ at an RH of 90 %49. We thus extrapolate our data to an RH of
90 % assuming the empirical power law120: R∗(RH) = R0 ·

(
1− RH

100

)−α
, where

R0 and α are fit parameters. The best fit is shown in Fig.(5.9) (black curve)
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together with the optimal fit parameters (legend). The extrapolated value is
R∗(90 %) = 2.40± 0.02 in agreement with the theoretical model110.
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Figure 5.9: Hygroscopic size growth factor R∗ as a function of the RH. Experi-
mental data from this work (blue circles). The error bars of the experimental data
indicate the estimated uncertainty of the fits of the BLS (broad band light scatter-
ing) spectra; Empirical fit from this work (black curve); Extrapolated value from
this work at an RH (relative humidity) of 90 % (red interval) with the error bar
indicating a 68 % confidence interval of the extrapolation; Range of experimental
literature values taken from Supplementary Table 1 in Zieger et al.49 (black dashed
interval); Theoretical value from Topping et al.110 (green cross) assuming the value
of pure water (72 mN m−1) for the droplet surface tension.
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Abstract

Sea salt aerosol is among the most abundant aerosol species in Earth’s atmo-
sphere, and its hygroscopicity is an important parameter to quantify their in-
teraction with solar radiation. Conflicting values for the hygroscopic growth
have been reported in the literature, which decreases the accuracy with which
their impact on Earth’s climate can be modelled. Here we report new values
of the hygroscopic growth for a selection of salt compositions representa-
tive of atmospheric sea salt. These values are obtained from single optically
trapped aqueous droplets with dry Radii between 0.3–2 µm, using a recently
developed method for single particle mass measurement in an optical trap.
We compare our results to earlier studies and propose a way to reconcile the
apparent discrepancies found in the literature. Within our studies, we also
observe the crystallization of CaSO4·2 H2O (Gypsum) during the drying of
optically trapped sea salt droplets at significantly larger relative humidity of
65–68 % than the main efflorescence relative humidity at 50 %. This preced-
ing transition occurred in the absence of any contact of the particle with a
surface.
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6.1 Introduction

Atmospheric aerosol particles influence Earth’s global radiation budget by
scattering and absorbing sun light and by their ability to facilitate cloud
formation1. Quantitative determination of this impact within the scope of
theoretical climate models relies on accurate data about the physical prop-
erties of the atmospheric aerosol particles121. Along with their distribution
in the atmosphere, these include their optical properties and their ability to
act as cloud condensation nuclei as well as their hygroscopicity, that is, their
ability to take up water from their environment. Depending on the relative
humidity (RH) of their environment, hygroscopic particles may change dras-
tically both in mass and size, which in some cases, such as certain inorganic
salt aerosol particles, leads to a change of their scattering cross-section by one
order of magnitude48. The hygroscopicity also plays an important role in the
activation of cloud condensation nuclei, as described by Köhler theory122–124,
which facilitates cloud formation.

Sea salt aerosol is one of the most abundant aerosol species in the atmo-
sphere125,126, and as such, has been the subject of many atmospheric studies
over the last couple of decades. Usual sea salt aerosol properties such as chem-
ical composition, formation mechanisms and size distributions are explained
in detail in the literature126. Nowadays sea salt aerosols are also referred
to as sea spray when organic components of the marine aerosol are consid-
ered49,127,128. In this article, we focus on the inorganic sea salt component of
sea spray aerosol. Despite the continuing effort, the hygroscopicity of sea salt
is not yet quantified with high confidence. In the submicron size range, the
hygroscopic growth of an aerosol is typically measured in size selected particle
ensembles using hygroscopic tandem mobility analyzers (HTDMA)114. The
hygroscopic size growth factor at RH 90 %, that is, the ratio of the particle
size at RH 90 % and at low RH, has been reported between 2.11–2.4649,112,129,
thus spanning a range of approximately 15 %. For particles with sizes of a few
micrometers, trapping and measuring the hygroscopic growth of single levi-
tated particles using electro-dynamic balances (EDB)43,96,97 has been widely
used. In this size range, the hygroscopic growth of sea salt was for a long
time believed to be similar to that of pure NaCl126, as measured by Tang
et al.45 In their work, Tang et al. determined the hygroscopic mass growth
factor, that is, the ratio of the particle masses at given RH and RH = 0 %,
of several sea salt compositions and reported values at RH 90 % of 7.0 for
NaCl and 6.8 for the sea salts. Recently, these values were critically evalu-
ated by Zieger et al.49, who found a significantly reduced hygroscopic growth
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for submicron and micron sized sea salt particles. For the same size range
as in the work of Tang et al. a hygroscopic mass growth factor of 5.24 at
RH 90 % was found using EDBs. In the same study, it was shown that such
a reduction of the hygroscopic growth parameter in climate models would
lead to a reduction in the predicted aerosol optical density over oceanic areas
of up to 15 %. The present uncertainty in the available literature data thus
significantly limits the accuracy with which the impact of atmospheric sea
salt on Earth’s climate can be modelled.

In this work, we report new measurements of the hygroscopic mass growth
of single NaCl and sea salt particles as well as values for their densities as a
function of RH. In contrast to previous studies, we use optical trapping to in-
vestigate single particles. The measurement of the hygroscopic mass growth
and density is facilitated by an approach combining the measurement of the
particle’s size and molecular composition via Raman spectroscopy with a re-
cently developed method for mass measurement of single optically trapped
aerosol particles60. While mass measurements with EDBs are typically lim-
ited to particles with sizes of a few micrometers and above, our approach
enables us to report data also for the large submicron size range. In compar-
ison with the values reported by Tang et al.45 and Zieger et al.49 for microm-
eter sized particles, we find that our data are very similar to the results of
Tang et al. We also take a critical look at the definition of the reference dry
mass used for the derivation of the hygroscopic mass growth factors, which
has to be taken into account for their correct implementation into existing
climate models. This is discussed in particular with regard to the presence
of hydrates in sea salt at dry conditions, which might explain the apparent
discrepancies observed in the literature.

6.2 Methods

6.2.1 Optical trapping

We use counter-propagating optical tweezers (CPT)31,32,60,87,103,105–107 to con-
fine and isolate single particles under tightly controlled environmental con-
ditions. The layout of the optical trap is shown in Fig.(6.1) and consists of
a continuous green laser beam (Novanta Photonics, Opus 532) that is ex-
panded roughly 4 times and afterwards split using a polarizing beam splitter
(PBS). The two counter-propagating beams are aligned on a single axis and
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focused into the trapping cell to form the electrodynamic trapping potential.
The power ratio of the two trapping beams is adjusted by changing the polar-
ization state of the beam prior to the PBS using an electro-optic modulator
(EOM, ConOptics, 350-50-01 RP). Harmonic oscillation of the trapped par-
ticle along the beam propagation axis is induced by periodically modulating
the relative power of the two trapping beams60, which is exploited to measure
the particle’s mass as explained below.

The trapped particles investigated in this study are aqueous droplets gen-
erated from bulk solution using an atomizer (TSI, 3076). To study the hy-
groscopicity of atmospheric sea salt aerosol droplets, aqueous solutions with
three different salt compositions were prepared and used as representatives:
Pure NaCl (> 99 %, Merck, 1.06404.1000), a mixture of NaCl + MgCl2·6 H2O
(Sigma-Aldrich, 63068) + Na2SO4 (Sigma-Aldrich, 238597) which we denote
sea water 1 (SW 1) and a commercial sea water solution (Sigma Aldrich,
SSWS) which we denote sea water 2 (SW 2). The specific ionic compositions
of SW 1 and SW 2 are listed in Table (6.1). Note that the absolute ion
concentrations in the bulk solutions do not correspond to the absolute ion
concentrations in the trapped droplet, since the latter also depend on the RH
inside the trapping cell, which governs the amount of water in the droplet.
The relative concentrations in the bulk solution and the droplets, however,
are the same.

The droplets are trapped inside a custom made cell, shown in Fig.(6.2),
which enables us to control the droplets’s environment. The cell is filled with
nitrogen gas, and the RH inside the cell is controlled by mixing a wet and dry
nitrogen flow with adjustable flow rates. All experiments were conducted at
room temperature (T = 21.7± 0.2◦) and ambient pressure. Temperature and
RH are monitored by a sensor (Sensirion, SHT35) during the experiments.

6.2.2 Size measurement

Aqueous droplets are almost perfectly spherical by virtue of the water surface
tension. For sizing of spherical particles, we use broad-band light scattering32

(BLS), as depicted in Fig.(6.2). A fiber coupled broad-band light source
(EnergetiQ, LDLS EQ-99X) with spectral range 190–2500 nm is focused on
the particle through the bottom window of the cell. The elastically scattered
light is collected under a scattering angle of 105± 13◦ and fiber-coupled into
a high sensitivity, low-noise spectrometer (Andor, SR-303i-A).
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Laser head EOMOI

ALALPBS

ALAL Trapping cell

Figure 6.1: Counter-propagating optical tweezers setup. The purpose of the
electro-optic modulator (EOM) and the polarizing beam splitter (PBS) is ex-
plained in the main text. The beams are expanded and later focused into the
trapping cell using aspherical lenses (AL). An optical isolator (OI) protects the
laser cavity from the trapping beams propagating backwards towards the source.
Figure adapted from Reich et al.59 under Copyright 2021 Society of Photo-Optical
Instrumentation Engineers (SPIE).

The BLS spectrum is recorded in the range 300–500 nm and compared with
simulations using Mie theory. The fitting of the experimental BLS spectrum
with the simulated spectra proceeds as described in detail in our previous
work60. From the fit, the radius and wavelength dependent refractive index
of the particle are determined with a typical size accuracy of better than 1 %.

6.2.3 Harmonic oscillator model for determination of
particle mass

Optical trapping is currently not widely used for mass measurement of single
aerosol particles, and the technique used in this paper has been developed
only recently60. Its principle is based on the relation between the particle
mass and the observed phase delay of the induced particle oscillation with
respect to the trap modulation. In quantitative terms, the particle oscilla-
tion in the modulated CPT is described using a one-dimensional driven and
damped harmonic oscillator model. Denoting z(t) the position of the parti-
cle in time along the trapping beam axis and z0(t) = Z0 sin(2πft) the time
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SW 1 SW 2 Zieger et al.49 Tang et al.45

Na+ 10.45 (100) 11.03 (100) 10.87 (100) (100)
Cl– 18.87 (183) 19.84 (180) 19.53 (180) (171)
Mg2+ 1.37 (13) 1.33 (12) 1.32 (12) (12)
SO4

2– 2.68 (28) 2.77 (25) 2.66 (25) (25)

Ca2+ 0.42 (3.8) 0.40 (3.7)
K+ 0.39 (3.6) 0.35 (3.2)
HCO3

– 0.15 (1.3) 0.17 (1.6)
Br– 0.067 (0.6)
BO3

3– 0.029 (0.3) 0.031 (0.3)
Sr2+ 0.013 (0.1) 0.008 (0.081)
F– 0.0014 (0.01)

Table 6.1: Sea salt compositions used in this study and in the reference
studies, with units of [g / 1 kg H2O]. Values in brackets are normalized
with respect to Na+. The absolute values for the results of Tang et al. are
unknown.

dependent equilibrium position of the optical trap during modulation, with
f the frequency and Z0 the amplitude of the modulation, the optical force
on the particle can be written as

Fopt = −k · (z(t)− z0(t)) = −k z(t) + kZ0 sin(2πft) (6.1)

Here k is the spring constant, or optical stiffness, of the trapping potential.
For particles trapped at ambient conditions, an additional force arises due to
the damping of the surrounding medium. For spherical droplets, the damping
can be divided into a main contribution from the Stokes’ drag and correction
terms72 accounting for the non-uniform motion of the particle and the inertia
of the surrounding gas:

Fdamp = FStokes + Fcorr (6.2)

where

FStokes = −γ · ż (6.3)
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Figure 6.2: Trapping cell and measurement setups. The cell is custom made with
an opening for the temperature and relative humidity sensor (T/RH). Particles
are introduced into the cell via the inlet at the top (Pin). The nitrogen flow enters
at the bottom of the cell (Nin) and exits together with the excess particles via
an exhaust (Out). The scattered light of the trapping beams (TB1 and TB2) is
collected through the back window. The scattered light beam is split, with half
the power being focused on the position sensing photodiode (PSP) for the tracking
of the particle position. The polarizing beam splitter (PBS) effectively removes
one of the two scattered light beams and improves the accuracy of the particle
tracking. The other half of the scattered light is fiber coupled into a spectrometer
for measurement of the Raman spectrum. To determine the size of the particle,
light from a broad-band light source is focused on the trapped particle from the
bottom window (BB source) and the scattered light is collected through the front
window for measurement of the broad-band light scattering (BLS) spectrum. Part
of the figure adapted from Reich et al.59 under Copyright 2021 Society of Photo-
Optical Instrumentation Engineers (SPIE).

and

Fcorr = −
(
πρN2

µN2

f

) 1
2

Rγ · ż − 1

2π

((
πρN2

µN2

1

f

) 1
2

R +
2

9

πρN2

µN2

R2

)
γ · z̈ (6.4)

Here ż and z̈ are the velocity and acceleration of the particle, respectively,
γ = 6πµN2R

1
1+Cc(R)

is the Stokes’ drag coefficient with Cunningham slip

correction73 (Cc), µN2 is the viscosity of the surrounding nitrogen gas, R is
the radius of the droplet and ρN2 the density of nitrogen gas. The value of Cc
for micrometer sized particles is given by Cc(R) = C0

λfree
R

, where λfree is the
mean free path in the surrounding nitrogen gas and C0 = 1.257 an empirical
constant74.
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The optical force and the damping forces combined drive the particle dy-
namics according to

mz̈ = Fopt + Fdamp (6.5)

where m is the mass of the particle. Plugging Eq.(6.1)-Eq.(6.4) into Eq.(6.5)
yields

(
1 + Γ1f

− 1
2 + Γ2

)
· z̈ + 2π

(
Γ0 + Γ1f

1
2

)
· ż + 4π2Ω2

0 · z = 4π2Ω2
0Z0 sin(2πft)

(6.6)

where

Ω0 =
1

2π

(
k

m

) 1
2

(6.7)

Γ0 =
1

2π

γ

m
(6.8)

are the eigenfrequency and the damping rate of the harmonic oscillator, re-

spectively, and Γ1 =
(
πρN2

µN2

) 1
2
R · Γ0 and Γ2 = 2

9

πρN2

µN2
R2 · Γ0 are the damping

rate correction terms. Eq.(6.6) is solved by z(t) = A · sin(2πft − ϕ), where
the particle oscillation amplitude A and phase ϕ are given by

A = Z0
Ω2

0√(
Ω2

0 − (1 + Γ2)f 2 − Γ1f
3
2

)2

+
(

Γ0f + Γ1f
3
2

)2
(6.9)

ϕ = arctan

(
Γ0f + Γ1f

3
2

Ω2
0 − (1 + Γ2)f 2 − Γ1f

3
2

)
(6.10)

We thus obtain measurable quantities which depend on the free parameters
Ω0 and Γ0 and the controlled parameters Z0 and f . Note that Γ1 and Γ2 are
not independent parameters as they are connected to Γ0 by constants and
the radius of the particle, which is known from BLS.

6.2.4 Mass measurement

By measuring the phase ϕ as a function of modulation frequency f and fitting
it with Eq.(6.10) we can determine the eigenfrequency Ω0 and damping rate
Γ0 of the harmonic oscillator. As explained in more detail in our previous
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work60, the oscillation amplitude A is not suited for retrieval of Ω0 and Γ0

due to the large correlation between these parameters in Eq.(6.9).

The phase ϕ of the particle oscillation is measured by tracking the particle
position along the trapping beam axis during the trap modulation as shown
in Fig.(6.2). The scattered light from the trapping beams is collected un-
der a scattering angle of 90± 24◦ using an objective (Mitutoyo, Plan Apo
20x) with relatively high numerical aperture (NA 0.42). This scattered light
is split equally in power to allow simultaneous Raman measurements ex-
plained later, and one branch is focused on a position sensing photodiode
(PSP, Thorlabs, PDP90A). The oscillation of the particle translates into an
amplified oscillation of the focused image on the photosensitive area of the
PSP, and the PSP signal is measured together with the modulation signal
used to drive the EOM. From these two measurements, the demodulated
amplitude and phase of the particle oscillation is obtained using a lock-in
detection scheme. For accurate mass measurements, the artificial increase
in the phase measurement due to the impedance of the PSP is determined
and corrected as described in our previous work60. Previously, an additional
systematic measurement bias of up to 3.5 % in the position was reported for
micrometer sized particles. This bias arises due to the superposition of the
two particle images from the respective trapping beam on the PSP. Using
cross-polarized trapping beams and filtering the scattered light using a PBS
effectively suppresses one of the particle images and thus removes this bias.

From Γ0 determined by the measurement of ϕ and the particle radius R
determined by BLS, the mass of the particle is obtained using Eq.(6.8)

m =
1

2π

γ

Γ0

=
3µN2R(

1 + C0
λfree
R

)
Γ0

(6.11)

As an added benefit, the density of the spherical particle is obtained as

ρ =
m

V
=

1
2π

γ
Γ0

4
3
πR3

=
9µN2

4π
(
1 + C0

λfree
R

)
R2Γ0

(6.12)
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6.2.5 Raman measurement and determination of par-
ticle dry mass

To determine the trapped particle’s molecular composition, its Raman spec-
trum is measured as shown in Fig.(6.2). The second branch of the scattered
trapping beams not used for the particle tracking is fiber-coupled into a high
sensitivity, low-noise spectrometer (Andor, KY-328i-A). The elastically scat-
tered light at 532 nm is filtered out prior to the fiber coupling and only the
range 540–670 nm is measured, which corresponds to Stokes shifts of approxi-
mately 270–3800 cm−1. This range contains in particular the S–O symmetric
stretching vibration of SO4

2– (ν1-SO4
2– , ∼980 cm−1) and the O–H symmet-

ric stretching vibration of H2O (νs-H2O, 2700–3750 cm−1).

Many examples of quantitative Raman spectroscopy for the determination
of the sulfate mass fraction of a given aqueous solution can be found in the
literature130–133. In particular, the ratio of the peak heights of the ν1-SO4

2–

and νs-H2O modes and the ratio of their peak areas have both been shown
to be proportional to the sulfate concentration of the solution to a good
approximation131,133. With respect to these earlier studies on bulk samples,
the analysis of single particle Raman spectra is made more complex due to the
presence of morphology dependent resonances, or whispering gallery modes
(WMG)58, that arise due to the particle’s spherical shape. More precisely,
only Raman spectra where the ν1-SO4

2– and νs-H2O bands do not overlap
with a WGM can be used for quantitative analysis. After these spectra
have been identified by visual inspection, the peak heights of the ν1-SO4

2–

and νs-H2O modes are determined and compared with the calibration curve,
which is obtained from a dilution series of SW 1. The data used to obtain
the calibration curve is shown in Fig.(6.3). From the standard deviation of
the calibration curve with respect to the known mass fractions of the bulk
solutions, we find an average uncertainty of 5.1 % for the determination of the
SO4

2– mass fraction. The calibration curve is also suited for the commercial
solution with composition SW 2, since the two compositions differ only in
terms of trace ion species in very low abundance.

The mass of SO4
2– is determined from the mass measurements and the cal-

ibrated Raman spectra of each particle. The total amount of salt is deter-
mined from the SO4

2– mass using the relative mass fractions listed in Table
(6.1) for the respective composition. We refer to this salt mass as mdry, the
dry mass of the particle. Different definitions of the dry mass are used in the
literature, in particular, the dry mass is often used to describe the mass of the
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particle in an environment at 0 % RH, or at a RH below a certain threshold.
This is not necessarily the same mass as the one used in our case, due to
the presence of hydrates that persist at dry conditions. We will comment on
the implications of the different definitions of the dry mass at a later stage
in this work. For now, we return to the definition of the hygroscopic mass
growth factor, m∗, which is obtained from the dry mass as

m∗(RH) =
m(RH)

mdry
(6.13)

where m(RH) is the mass of the particle at relative humidity RH.
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Figure 6.3: Calibration of Raman spectra for the determination of the SO4
2– mass

fraction. (a) Example spectrum of a bulk solution with composition SW 1 diluted
to 1 % SO4

2– mass fraction. The S–O symmetric stretching (ν1-SO4), H–O bend-
ing (ν2-H2O) and symmetric O–H stretching (νs -H2O, 2700–3750 cm−1) modes are
labeled, and the ν1-SO4 and the νs -H2O peaks used for quantitative analysis are
indicated by empty circles. (b) Ratio of the ν1-SO4 to ν2-H2O peak as function
of the SO4

2– mass fraction in a dilution series of composition SW 1. The corre-
sponding values for the commercial solution with composition SW 2 are indicated
as well. The solid line represents the best linear fit through the origin. The sin-
gle error bar indicates the standard deviation over 7 repetitions which have been
performed for one of the dilutions of SW 1.
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6.3 Results and discussion

6.3.1 Hygroscopicity of NaCl droplets

Aqueous NaCl is the simplest system commonly used to represent atmo-
spheric sea salt droplets. The bulk properties are very well known109,111.
Our hygroscopic measurements of NaCl droplets allow us to demonstrate
the accuracy of our mass and size measurement. To compare droplets with
different sizes directly with bulk solutions, the density and the hygroscopic
mass growth factor of the droplets is calculated from the mass and size mea-
surements. A list with the mass and size measurements used to calculate the
densities and mass growth factors can be found in the data repository.

The resulting densities are shown in Fig.(6.4a). For reference, the data from
previous EDB work by Tang et al.45 is also shown and compared with bulk so-
lution densities. The RH range above the critical value of 75.3 % for NaCl108

corresponds to undersaturated droplets/solutions. In this range the bulk val-
ues coincide with the EDB measurements. In contrast to bulk solutions, for
RH below the critical RH the droplets remain homogeneous and liquid in
a supersaturated state until efflorescence occurs at an RH of approximately
50 %. In the supersaturated range, only the comparison with EDB results
is possible. Overall, we observe good agreement between our measurement
data and the results of Tang et al. To further analyze the size dependency
of our accuracy, the data is grouped into three size categories: “Submicron”
indicates droplets with dry radii Rdry < 0.5 µm, “intermediate” indicates
Rdry = 0.5–1.0 µm and “supermicron” Rdry > 1.0 µm. The reference data by
Tang et al. accordingly classifies as supermicron. The dry size of each of our
droplets is obtained from the dry mass mdry and the density of pure NaCl,
ρNaCl = 2170 kg m−3. The dry mass is determined from the mass measure-
ments at undersaturation and the NaCl salt mass fractions obtained from the
comparison with bulk solutions with corresponding water activities. The dry
mass of a given droplet is obtained as the average over all retrieved values
for that droplet. For a small number of droplets, no suitable mass measure-
ments were performed in the undersaturated RH range. For these droplets,
the dry mass was determined from the hygroscopic mass growth factors at
supersaturation measured by Tang et al.45 and treated as estimates by way
of precaution. In the study presented here, droplets with dry sizes in the
range Rdry = 0.3–2 µm have been investigated. Intermediate and supermi-
cron droplets are observed to exhibit average measurement uncertainties of
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8 % and 4 %, respectively, for the droplet density. This uncertainty rises to
approximately 10 % for submicron droplets.
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Figure 6.4: Hygroscopicity of aqueous NaCl droplets. (a) density and (b) hygro-
scopic mass growth factor as a function of relative humidity (RH). Our data is
divided into three groups according to the dry size of the corresponding droplets.
For comparison, the bulk values and data of supermicron particles from previous
EDB work by Tang et al.45 are also shown as solid and dashed line, respectively
(the data by Tang et al. is represented by a fourth order polynomial using the
coefficients given in their work). The dotted line represents the interpolation of
our data with a weighted polynomial fit. The critical RH of NaCl at 75.3 % is indi-
cated as cRH. Vertical error bars indicate the uncertainty arising from the droplet
size and mass measurement.

Compared with the results of Tang et al. we observe a small bias towards
larger densities in our measurements for all droplet sizes. For a quantitative
analysis we interpolate our data using a third order polynomial fit, weighted
by the inverse square of the individual measurement uncertainties. The third
order represents the best compromise between determinacy and flexibility of
the interpolation. On average our values lie 2–3 % above the bulk densities
in the undersaturated RH range, a value that is within the indicated exper-
imental uncertainty of the setup. This small bias may be a residual artifact
of the phenomenon reported in our previous work60, where for certain parti-
cle size-to-laser wavelength ratios, the particle oscillation has been observed
to stop at specific instances during the modulation cycle. This additional
delay leads to an artificial increase in the phase ϕ in the harmonic oscillator
model and thus to an increase of the mass and density. This phenomenon
is prevalent in CPTs with parallel polarized trapping beams59, and is there-
fore not significant in this work where we use perpendicular polarized beams,
although a residual artifact of 2–3 % cannot be ruled out.
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The hygroscopic mass growth factors derived from the mass measurements
and the determined dry masses are shown in Fig.(6.4b). For the droplets,
where the dry mass could not be determined from the bulk solutions due to
lack of measurements at undersaturation, no hygroscopic mass growth factors
are reported. Very good agreement with the reference bulk data and the data
by Tang et al. is observed. It is common to report the hygroscopic growth
factors at the RH of 90 %. To determine the average hygroscopic mass growth
factor, we interpolate our data with an empirical two parameter hygroscopic
growth function

m∗(RH) = m∗90 ·
(

10− 10
RH

100 %

)−α
(6.14)

where m∗90 is the value at RH 90 % and α is the empirical hygroscopic growth
parameter. For the fit, the same weights are applied as for the density data.
The hygroscopic mass growth at RH = 90 % is found to be 6.99± 0.02, where
the error indicates the uncertainty of the interpolation (standard deviation of
the fitted m∗90). It should be noted that by construction of the mass growth
factors, any systematic bias in the mass measurement is effectively removed
by the normalization with the calculated mdry. This allows to determine the
random error of our measurements. The standard deviation of our individ-
ual mass growth factors with respect to the bulk solution for RH above the
critical RH of 75.3 % indicates an absolute value of 0.13 and a relative value
of 2 % for supermicron and intermediate droplets, and respective values of
0.22 and 4 % for submicron droplets. The measurement uncertainty for su-
permicron and intermediate droplets is comparable to previous EDB studies.
For submicron droplets, to the best of our knowledge, no comparable EDB
data exists. In conclusion, the technique provides reliable measurement data
over a wide range of droplet masses and sizes.

6.3.2 Hygroscopicity of mixed salt droplets

We used the same procedure as above to analyze the mass and size measure-
ments of the two sea salt compositions SW 1 and SW 2. Our results are
compared to previous EDB work of Tang et al.45 and Zieger et al.49, who
published conflicting values for the hygroscopic growth factors of sea salt.
The sea salt compositions used for these studies are listed in Table (6.1).
Our compositions are very similar to that of Zieger et al. with regard to the
relative abundance of major ions (Na+, Cl– , Mg2+, SO4

2– ). While Zieger et
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al. have conducted a systematic study across different measurement setups
and particle sizes, for particle sizes larger than the nanometer size range,
only single values for the hygroscopic mass and size growth factor at RH
90 % were reported. Thus we can only compare the hygroscopic mass growth
factor at RH 90 % directly with the results of Zieger et al.

The densities of SW 1 and SW 2 are shown in Fig.(6.5). For quantitative
comparison, a weighted third order polynomial fit is performed on our density
data as described above for the NaCl measurements. No significant differ-
ence of the densities between SW 1 and SW 2 can be observed. We observe
slightly larger densities for RH below 90 % for both sea salt solutions than
the corresponding values by Tang et al. The average deviations between our
fit and the data by Tang et al. are 3 % and 2 % for RH above 90 %, 5 %
and 4 % for RH in the range 80–90 %, and 5 % and 6 % for RH < 80 % for
composition SW 1 and SW 2, respectively. For the rangeRH < 90 %, the
discrepancy is larger than the bias observed in the NaCl data. At the same
time, the experimental uncertainties for measurements with SW 1 and SW 2
are slightly smaller (3–7 % at average) than those with NaCl due to overall
better trapping alignment during the measurement series. Even taking into
account the indicated measurement uncertainty, a small but systematic dis-
crepancy in the droplet density of 1–2 % remains for RH below 90 % between
our measurements and the results of Tang et al.
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Figure 6.5: Density of sea salt as a function of RH. (a) data of composition SW 1.
(b) data of composition SW 2. The same size categories as for the NaCl measure-
ments are applied. Data from previous EDB work by Tang et al.45 is shown for
comparison (dashed line, polynomial interpolation). The dotted line represents the
interpolation of our data with a weighted polynomial fit for quantitative analysis.
The error bars are defined as for the NaCl measurements.
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Figure 6.6: Hygroscopic mass growth factors of sea salt. (a) data of composition
SW 1. (b) data of composition SW 2. The same size categories as for the NaCl
measurements are applied. Data from previous EDB work Tang et al.45 (solid
line, polynomial interpolation) and Zieger et al.49 (diamonds) are shown for com-
parison. The dotted line represents the interpolation of our data (Eq.(6.14)) and
the cross indicates the value at RH 90 % with the systematic uncertainty of the
Raman calibration in the determination of the dry mass. The error bars of our
measurement data are defined as for the NaCl measurements.

In addition to the size and mass measurement, a Raman spectrum is recorded
every two minutes for quantitative determination of the salt mass fraction.
From this data and the droplet mass, the hygroscopic mass growth factors
are determined as explained in the Methods section. This data is shown
in Fig.(6.6). For both sea salt composition SW 1 and SW 2, overall good
agreement with the reference data by Tang et al. is observed. We observe
somewhat smaller growth factors for RH > 85 %. As for the NaCl data,
we quantify the average hygroscopic mass growth factor by performing a
weighted fit with Eq.(6.14). From this interpolation, we obtain an average
value of m∗(90 %) = 6.3± 0.3 for both compositions SW 1 and SW 2. The
uncertainty range is given by the uncertainty of 5.1 % of the calibration of
the Raman spectra as specified in the Methods section. Our value is very
similar to the one reported by Tang (6.8) and approximately 20 % larger than
the mass growth factors published by Zieger et al. (5.24 for supermicron
particles). The similarities between SW 1 and SW 2 in both the densities
and the hygroscopic mass growth factors show that the presence of the ions of
low abundance (Ca2+, K+, HCO3

– , Br– , BO3
3– , Sr2+, F– ) is not significant

for the hygroscopic growth of sea salt particles.
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6.3.3 Importance of the definition of the salt dry mass
for hygroscopic mass growth factors

How to reconcile the different experimental results regarding the hygroscopic
mass growth factors in the literature? The hygroscopic mass growth factors
in both the study by Tang et al. and that by Zieger et al. are defined with
respect to the mass of the particle measured at RH 0 %. It has already been
pointed out by Tang et al., and reiterated by Zieger et al., that even at
this low RH, the presence of hydrates in the crystalline salt sample is likely.
However, neither study reports the composition of the hydrates in the salt
mass used for the determination of the mass growth factors. The presence of
hydrates leads to an increased salt mass compared with the anhydrous salt
mass, which is used for reference in our study. Accordingly, the mass growth
factors derived from the hydrated salt mass are expected to tend towards
lower values than mass growth factors derived from the anhydrous salt mass.

The comparison with our data implies that in the case of Tang et al. there
is only an insignificant amount of hydrates in the dried salt mass, as we
do not observe larger hygroscopic mass growth values as would be expected
otherwise. By contrast, our data even tends towards 3–13 % lower values
at RH 90 %, which may be due to the slightly different sea salts used in
the studies, in particular with regard to the Na+/Cl– ratio of the composi-
tion. Conversely, the hygroscopic mass growth factors of Zieger et al. are
approximately 20 % smaller. This is a plausible deviation if one considers
the presence of hydrates in the dried sample of Zieger et al. If, as an exam-
ple, in a salt crystal with ionic composition SW 2 the naturally occurring
hydrates MgCl2·6 H2O and Na2SO4·10 H2O were formed instead of the an-
hydrous MgCl2 and Na2SO4, the salt mass would increase by 30 % and the
mass growth factors would decrease by the same relative amount. At this
point, the question arises as to why Tang et al. and Zieger et al. obtain
significantly different hydration states in their respective dry sample, even
though they employ the same measurement principles. We are not familiar
with all the details of either of the used setups, hence our explanation here
must remain speculative. It is, however, worth highlighting a few features of
the experimental setups in question. Zieger et al. generate single droplets
from salt solution using an ink-jet cartridge49, while a custom made “par-
ticle gun”71,134 with similar functionality was used in the study by Tang et
al. The particle generation methods are comparable; hence they are likely
not related to the observed differences in the measurement data. Tang et
al. initially pump the trapping chamber down to pressures of approximately
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10−7 mbar71 before the dry mass is determined, whereas the pressure in the
setup by Zieger et al. does not go below 150 mbar135. Although previous
studies suggest that vacuum pumping without heating is not efficient in re-
moving hydrates from macroscopic samples136, it is plausible that it has an
enhanced effect on a single micrometer sized levitated sample. The absence
of hydrates in the experiments by Tang et al. could therefore be related to
their removal by vacuum pumping prior to the measurement of the dry mass.

The above considerations underline the importance of the definition of the
salt mass in quantifying the hygroscopic growth of atmospheric particles. In
our study, the anhydrous salt mass is used as reference. In studies, where it
is not possible or not desired to use the anhydrous mass as reference, quan-
titative determination of the hydrates in the dried sample is suggested as a
method to improve comparability with other literature data. Calibrated Ra-
man spectroscopy may be used to this end, in analogy to the determination
of the dry mass of a droplet presented earlier, however, this approach was
not investigated further in this study. Such complementary data increases
the transferability and overall reliability of determined values and might rec-
oncile apparent discrepancies in hygroscopic growth factors reported in the
literature.

6.3.4 Significance of these hygroscopicity measure-
ments of sea salt droplets

As explained hereafter, the hygroscopicity measurements presented here are
expected to be applicable to most sea salt aerosols (the inorganic part of sea
spray or marine aerosols). The composition of generated sea salt droplets
is very similar to the composition of the sea waters from which the droplets
are formed126, and the oceans have a very similar chemical composition126.
The difference in salinity of different bodies of water does not affect the
hygroscopicity of the generated droplets. Hence generated sea salt droplets
have, to a good approximation, a similar chemical composition around the
globe. As an example, consider the following two sea waters:

a) 10 g of Na+/kg H2O, 19 g of Cl– /kg H2O, 1 g of Mg2+/kg H2O, 3 g of
SO4

2– /kg H2O
b) 40 g of Na+/kg H2O, 76 g of Cl– /kg H2O, 4 g of Mg2+/kg H2O, 12 g of

SO4
2– /kg H2O.
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Sea salt droplets made from sea waters a) and b) will have exactly the same
hygroscopicity, because the different ions have the same relative abundance.
At any RH, the thermodynamic equilibrium of the droplet, which determines
the equilibrium concentrations of the ions and water in the droplet, is only
dictated by this relative abundance of the ions (which remains the same be-
tween the sea water and droplet at any RH). Hence droplets made from two
bodies of water with different salinities will still have the same mass growth
factor and size growth factor, as long as they have the same relative abun-
dance of ions. Droplets made from sea water with slightly different relative
abundance of ions may have a slightly different thermodynamic equilibrium
and hence slightly different hygroscopicity. However our results show that
small changes of the relative abundance of ions in the sea water, like between
SW 1 and SW 2, have no significant influence on the particle hygroscopicity.
Even NaCl and sea salt droplets have similar hygroscopic growths. Hence
the hygroscopicity measurements presented in this paper appear to be repre-
sentative for most inorganic sea salt droplets when the influence of hydrates
is properly taken into account.

6.4 Evolution of Raman spectra and phase

transition preceding efflorescence

Extending the analysis of the measured Raman spectra, we can gain further
insight into the drying process of aqueous sea salt droplets. The evolution of
the Raman spectra for a representative selection of sea salt particles is shown
in Fig.(6.7). Over the course of the measurement series, the RH is gradually
lowered from approximately 90 % to a final RH of 50–60 % and a Raman spec-
trum is recorded every 2 minutes. To separate the molecular peaks of interest
from the WGM present in spectra of spherical particles, the Raman spectra
are normalized with respect to the water peak at 1632 cm−1 and stacked
from left to right in chronological order. The molecular peaks are identified
as the horizontal lines which do not shift position during the shrinking as a
consequence of the drying of the particle. In particular, the S–O symmetric
stretching (ν1-SO4, 976 cm−1), H–O bending (ν2-H2O, 1632 cm−1) and sym-
metric O–H stretching (νs-H2O, 2700–3750 cm−1) modes are identified as
well as the stretching mode of the nitrogen in the gas phase (ν1-N2, 2323 cm)
For particles with composition SW 1 the molecular peaks are observed to
remain qualitatively the same down to RH of approximately 50 %, where
efflorescence occurs. By contrast, particles with composition SW 2 undergo
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a preceding transition at RH of approximately 68 %, where the ν1-SO4 at
976 cm−1 splits into two peaks at 976 cm−1 and 1007 cm−1. Every inves-
tigated particle with composition SW 2 showed the same behavior. The
preceding transition was observed between 65–68 % RH. When adding an
amount of 0.12 g / 100 mL of CaCl2 to composition SW 1 and repeating the
measurement series, the preceding transition occurred, indicating that the
origin of this transition is linked to the presence of Ca2+ ions.

By comparison of the Raman signal of different CaSO4 hydrates137, the
emerging peak centered at 1007 cm−1 can be assigned to crystalline CaSO4·
2 H2O (Gypsum). The residual peak at 976 cm−1 is identified as the remain-
ing SO4

2– in the aqueous phase that does not partake in the crystallization
reaction (there is a large excess of SO4

2– with respect to Ca2+ ions in the sea
salt composition). The crystallization of CaSO4·2 H2O has a negligible effect
on density and mass growth of the particle. The transition is not noticeable
in the respective data sets (Fig. 5 and 6). This agrees with the observation
that sea salt compositions SW 1 and SW 2 show very similar densities and
hygroscopic mass growth factors, implying that ions in lower abundance play
a negligible role for these quantities. As such, removal of the Ca2+ ions and
the corresponding amount of SO4

2– from the aqueous phase is not expected
to have a noticeable impact on either size, mass or density of the particle.
An upper estimate of the effect of the phase transition on the density can
be obtained by assuming that all Ca2+ ions take part in the crystallization
process. The mass fraction of crystallized CaSO4·2 H2O with respect to the
whole anhydrous salt mass is then approximately 4.5 %. Taking into account
the experimentally determined mass growth factor of 3.0 at the transition
RH ≈ 65 % and the density of CaSO4·2 H2O of approximately 2300 kg m−3,
roughly twice the density of the aqueous solution, the change in particle
density upon phase transition can be estimated to be approximately 0.75 %.
The change in density during phase transition is therefore lower than our
experimental uncertainty.

The efflorescence RH (ERH) of sea salt is reported at approximately 45 %45,49.
Experimentally, we find our sea salt droplets to go through the main efflores-
cence phase transition at somewhat larger values at approximately 50 % (see
Fig.(6.7)). Regardless of the exact ERH, the CaSO4·2 H2O crystallization
is observed at considerably larger RH. Experimentally, we therefore observe
efflorescence in two steps at distinct RH, with the main step being the ef-
florescence transition at approximately 50 % preceded by the crystallization
of CaSO4·2 H2O at around 65 %. Similar phase transitions of sea salt solu-
tions in multiple steps have previously been studied for droplets on a sub-
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strate138,139. For samples containing Ca2+ ions the crystallization of CaSO4

hydrates was observed at RH as large as 90 %138. The presence of a substrate
implies the existence of a contact surface for heterogeneous nucleation, which
is known to facilitate phase transitions at larger RH140, but which is absent
for the levitated droplets in this work. Heterogeneous nucleation processes
are thought to be suppressed in the absence of a contact surface, and the
associated multiple step phase transitions have not been previously reported
for levitated particles to the best of our knowledge. Our findings however
show that such transitions may occur even for levitated droplets with no
apparent contact surface.

We note that the multistep transitions of sea salt droplets discussed here
are to be distinguished from similarly denoted processes which describe a
single phase transition for which one or several precursor states have been
identified141–143, or from phase transitions which proceed over one or sev-
eral intermediate states to the final product as governed by the Ostwald step
rule31,144,145. Such multistep transitions have been reported for levitated par-
ticles and other systems and, while of great interest for fundamental studies
of nucleation processes, are beyond the scope of the present work.

6.5 Conclusions

We have demonstrated the capabilities of optical trapping for accurate hy-
groscopic measurements of single aerosol particles, for particles with approx-
imate dry sizes of Rdry = 0.3–2 µm. In particular, our measurements of
atmospherically relevant sea salt droplets are numerically in good agreement
with earlier measurements by Tang et al.45 With regard to the reference dry
mass used in our study and in the one by Tang et al., we suggest that our
values (the ones obtained in this study and by Tang et al.) represent the
hygroscopic growth with respect to the anhydrous salt particle. Based on
this, we further suggest in accordance with Zieger et al.49, who measured
approximately 20 % lower hygroscopic mass growth factors for micrometer
sized particles, that these apparent discrepancies are due to the presence of
hydrates in the dried salt particle of Zieger et al. The same reasoning might
apply to the measurements on particles in the nanometer size range, where
similar discrepancies are observed in the literature, however, this range is
outside the scope of this work. It is proposed for future hygroscopic growth
studies that the amount of hydrates in the dry sample used for reference is
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Figure 6.7: Time evolution of the Raman spectrum of drying sea salt droplets. (a)
Evolution of whole spectrum for a particle of composition SW 1. The peaks in the
Raman spectra are visible as white lines on the dark background. Shifting lines
indicate morphology dependent resonances, or whispering gallery modes, shifting
with the size of the particle upon changes of the RH (indicated at the top by the
red solid line). The molecular Raman peaks are visible as horizontal lines, which
do not change position upon changing the RH. The S–O symmetric stretching
(ν1-SO4), H–O bending (ν2-H2O) and symmetric O–H stretching (νs -H2O, 2700–
3750 cm−1) modes are indicated as well as the stretching mode of the nitrogen in
the gas phase (ν1-N2). At around 380 min, the RH reaches 50 % and efflorescence of
the particle is observed (dashed vertical line). (b)–(d) zoom on the region around
ν1-SO4 for three particles with composition (b) SW 1, (c) SW 2 and (d) SW 1 +
CaCl2. In (b) no qualitative change of the ν1-SO4 peak is observed, even as the
RH drops to 63 %. In (c) and (d), when the RH drops below 68 % the ν1-SO4 peak
at 976 cm−1 splits into two peaks at 976 cm−1 and 1007 cm−1 indicating a partial
crystallization of the particle.
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specified. We expect this information to be crucial to reconcile the data re-
ported in the literature and improve the transferability and reliability of the
retrieved values, which in turn will enable more accurate climate modelling.
The effect of the potential aging of sea salt droplets146 on their hygroscop-
icity, which has not been studied here, could also be studied in the future
using the measurement method described here.

Finally, in sea water compositions containing Ca2
+ and SO4

2– , the crystal-
lization of CaSO4·2 H2O (Gypsum) was observed at RH of 65–68 %, which
is significantly larger than the RH at which the efflorescence of the particle
occurred (RH ≈ 50 %). This crystallization is typically attributed to het-
erogeneous nucleation processes that occur when the particle is in contact
with a surface, such as a substrate or the surface of a secondary particle.
By contrast, we observe the crystallization of CaSO4·2 H2O in the absence of
any apparent contact surface.
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7 Optical trapping and mass mea-
surement in water

7.1 Introduction

It is hard to overstate the importance of water in biology. Water constitutes
a major part of most living organisms and makes up approximately 50–70 %
of the mass of the human body147. Most biomolecules, bacteria, viruses and
other microscopic biological entities exist naturally only in aqueous solu-
tion, and require an aqueous environment for their physiological functions.
Water takes an active role in stabilizing proteins and inducing structural
changes and is fundamental for protein folding148–150. Aqueous environments
are therefore of particular interest for the study of biological particles.

In contrast to alternative techniques for trapping of single particles such as
the electrodynamic balance (EDB)65, optical traps are not limited to trap-
ping in air or vacuum and can be readily applied to a liquid environment
as well. This is illustrated by the fact that the first demonstration of the
optical trapping principle by Ashkin was performed in water4, with the first
demonstration of optical trapping in air arriving only afterwards151. Optical
trapping of biological particles in aqueous solution has been used to measure
the viscoelastic properties of human cells6 and DNA7, to observe individual
binding events during ATPase reactions13, for microrheology of biologically
relevant systems8 and for force sensing of individual motor proteins along
microtubules9 as well as in a large number of other studies16,17. Combining
these studies with a method of mass measurement in vivo could yield com-
plementary data necessary for a thorough characterization of the observed
processes. This makes the application of our optical mass measurement tech-
nique to the aqueous phase an intriguing perspective.
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Here it is shown that the same optical trapping setup that is used to inves-
tigate droplets in air (see Chapter 5 and Chapter 6) is suitable for optical
trapping of micrometer sized glass spheres in water. We then proceed to
apply the mass measurement method explained in Chapter 4 to the liquid
phase to determine the mass of the trapped microspheres. It is found that
currently, the accuracy of the setup is not sufficient for practical purposes
due to the large damping of the particle motion as a consequence of the high
viscosity and density of water with respect to air. Based on these results,
a value for the accuracy of the particle tracking required for the retrieval of
the particle mass is derived and compared to the accuracy achieved with the
current setup.

7.2 Methods

The optical trapping setup used to trap single microspheres in water is iden-
tical to the setup shown in Chapter 6, Fig.(6.1), with the trapping cell re-
placed with a design that allows for containment and circulation of water,
see Fig.(7.1). The cell is filled with purified water (resistivity 18.2 MΩ s)
through an inlet in the cell using a high performance liquid chromatography
pump (Hitachi L-6200A) and the monospheres for trapping are introduced
thereafter. Once a single particle is trapped, the cell is flushed with water
until only the trapped particle remains in the cell.

Sample label R [µm] ρpart [kg m−3] Company/Catalogue no.

SiO2 2.49 2000 Bangs Labs./SS05003
BoSiO2 3.95± 0.45 2550 Thermo Fisher/9008

Table 7.1: Properties of particles used in this study.

The particles used in this study are spherical silica (SiO2) and borosilicate
(BoSiO2) spheres with radii of R = 2.5 µm and R = 4 µm, respectively.
This size range is representative for larger bacteria, but smaller than typical
eukaryotic cells. Table (7.1) lists the relevant properties of the monospheres
used in this study.

The measurement of the particle oscillation during trap modulation and sub-
sequent retrieval of the particle mass proceeds as explained in Chapter 4 and
Chapter 6. Here the essential steps are recapitulated. Harmonic oscilla-
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WO

WI

PI

Figure 7.1: Cell design for optical trapping in water. Particles are introduced
in the cell via the particle inlet (PI). Once a suitable particle is trapped, water
is pumped through the water inlet (WI) to flush the remainder of the particles
through the water outlet (WO). The two trapping beams are indicated by the
green cones entering the cell via the side windows. The scattering light used for
particle tracking is indicated by the green cone at the rear of the cell.

PSP
Polarizer

PPol

SPol

Figure 7.2: Particle position tracking setup. The scattered light is collected under
a mean scattering angle of 90◦ and focused on the position sensing photodiode
(PSP). The tracking accuracy is improved using a linear polarizer to suppress the
scattered light of the parallel polarized trapping beam (PPol), so that mainly the
scattered light of the perpendicular polarized trapping beam (SPOL) is recorded.
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tion of the particle along the trapping beam axis is induced by modulating
the relative power of the two trapping beams. The particle position during
modulation is tracked using a position sensing photodiode (PSP, Thorlabs
PDP90A) as shown in Fig.(7.2). Oscillation amplitude A and phase ϕ with
respect to the trap modulation are measured as function of modulation fre-
quency f by recording the PSP signal and the modulation signal using a
lock-in amplifier (Zurich instruments MFLI 500kHz) . The resulting ampli-
tude and phase are described using a harmonic oscillator model:

A(f) = Z0
Ω2

0((
Ω2

0 − (1 + Γ2)f 2 − Γ1f
3
2

)2

+
(

Γ0f + Γ1f
3
2

)2
) 1

2

(7.1)

ϕ(f) = arctan

(
Γ0f + Γ1f

3
2

Ω2
0 − (1 + Γ2)f 2 − Γ1f

3
2

)
(7.2)

where the modulation amplitude Z0, the eigenfrequency Ω0 and the damping
rate Γ0 are free parameters of the model and

Γ1 = Γ0 ·R ·
(
π
ρH2O

µH2O

) 1
2

Γ2 =
2

9
Γ0 ·R2 · π ρH2O

µH2O

(7.3)

are the correction terms to Γ0 with R the radius of the particle and ρH2O the
density and µH2O the viscosity of water. Note that in Eq.(7.1) the absolute
length scale is secondary, and that for later discussions, A(f) is given by the
measured voltage value of the oscillation amplitude relative to the modulation
signal amplitude, A → A

S0
. See Chapter 4, Eq.(4.2) for the definition of S0.

Parameters Ω0 and Γ0 depend on the optical trap stiffness k, the laminar
drag coefficient γ = 6πµH2OR and the particle mass m as follows:

Ω0 =
1

2π

(
k

m

) 1
2

Γ0 =
1

2π

γ

m

(7.4)

From the known properties of the SiO2 and BoSiO2 particles, see Table (7.1),
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the damping rates are predicted to be

SiO2 : Γtheo
0 =

9µH2O

4πR2ρpart

= 54 000 Hz

BoSiO2 : Γtheo
0 =

9µH2O

4πR2ρpart

= 17 000 Hz
(7.5)

7.3 Results and discussion

Oscillation amplitude and phase of a representative BoSiO2 particle are
shown in Fig.(7.3) as function of modulation frequency. The phase is ob-
served to reach 90◦ at frequencies of approximately f90 = 20 Hz, which is
much lower than typical values obtained from particles in the gas phase,
which range around 1000 Hz (see for example Chapter 5). From the am-
plitude data it is further evident that the oscillation decays rapidly with
increasing frequency and already at f90 = 20 Hz, the signal amplitude A has
reached a value that is approximately half the modulation signal amplitude
S0. For comparison, in the gas phase, the oscillation signal amplitude de-
creases to the value of the modulation signal amplitude only at frequencies
of several kHz (Fig.(4.6)). The low oscillation amplitude limits the accuracy
of the phase fitting due to the lower signal-to-noise ratio and the presence of
measurement artifacts that are otherwise not relevant at higher signal am-
plitudes. This is evident from the best fit of the presented data, which yields
a value for the damping rate, Γ0 = 750 Hz, that is more than an order of
magnitude below the theoretical value of Γtheo

0 = 17 000 Hz. Before these ar-
tifacts and the associated measurement uncertainties are discussed in greater
detail, we identify the main reasons for the comparatively low values of A
and f90 for the oscillation in water.

An indicator for the damping of the oscillation with increasing frequency is
the damping ratio ζ = Γ0

2Ω0
= γ

2
· (mk)−

1
2 . Since γ and therefore also Γ0

are proportional to the viscosity of the surrounding medium, the damping
ratio is approximately 50 times larger in water than in air due to the larger
viscosity of water. In addition, the optical force on the particle, and hence the
trapping stiffness k, is generally smaller in water than for the same particle
trapped in air. The optical force scales with the optical contrast between
particle and surrounding, which for BoSiO2 in water is only nBoSiO2

nH2O
= 1.17.

The same BoSiO2 particle trapped in air would have an optical contrast of
nBoSiO2

nair
≈ nBoSiO2 = 1.56. The optical force is further reduced due to the
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Figure 7.3: Oscillation phase and amplitude of a BoSiO2 particle in water as
function of modulation frequency. The amplitude signal is given relative to the
modulation signal amplitude of S0 = 120 mV. The best fit of the phase data is
indicated with a solid line and corresponds to Ω0 = 28 Hz and Γ0 = 750 Hz. The
fit using the theoretical Γtheo

0 = 17 000 Hz and the fitted Ω0(Γtheo
0 ) = 128 Hz is

indicated by the dashed line. At low frequencies, the oscillation amplitude exceeds
the size of the PSP sensor area, which results in the apparent initial increase of
the amplitude values with increasing frequency.

distortion of the trapping beams at the interface between air and water at
the cell windows, which leads to a defocusing of the trapping beams and
decrease in light intensity at the position of the particle.

The smaller value of Ω0 also explains the smaller value for the observed f90

in water. The value of f90 is reduced with respect to Ω0 by the inertia of
the fluid that is accelerated as part of the particle oscillation. This effect
can be understood by comparing the value of f90 with Ω0. In the gas phase,
where the density and therefore the inertia of the fluid is small, it was found
in Chapter 4 that Ω0 ≈ f90 (see for example Fig.(4.3) and compare Ω0 with
f90 in the extended model, where the value of f90 is the same than Ω0 in
the simple model). For the aqueous phase on the other hand we find with
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f90 = 20 Hz and Eq.(7.2)

ϕ(f90) =
π

2

Ω2
0 − (1 + Γtheo

2 )f 2
90 − Γtheo

1 f
3
2

90 = 0

Ω0 =
(

1 + Γtheo
2 + Γtheo

1 f
− 1

2
90

) 1
2

︸ ︷︷ ︸
=7.1

f90

(7.6)

where Γtheo
1 and Γtheo

2 are given by Eq.(7.3) and the theoretical value for
BoSiO2 Γtheo

0 given by Eq.(7.5). In other words, at the frequency f90 the
effective mass of the oscillator is more than 7 times larger than the particle
mass due to the interaction of the particle with the surrounding water. The
larger effective mass leads to larger values of ϕ at low modulation frequencies
in comparison to typical values observed for a particle trapped in air.

It was explained in Chapter 4 that the ratio A
S0

is an indicator for the signif-
icance of artifacts in the position measurement of the particle during mod-
ulation. One of these artifacts, termed the “focus artifact”, arises from the
finite size of the particle image on the PSP. The particle image on the PSP
is a superposition of the scattered light of the two trapping beams. Since the
light scattering pattern is not symmetric with respect to the scattering an-
gle, and the particle image has a non-negligible spatial extension even for the
best achievable focus, the centroid positions of the two particle images do not
exactly coincide. Here the centroid position denotes the intensity weighted
average position of the respective image on the PSP. As the relative intensity
of the two particle images oscillates during trap modulation, the spatial sep-
aration of the two centroid positions induces an artificial oscillation signal in
phase with the trap modulation. The focus artifact can be characterized as
shown in Chapter 5 by repeating the phase measurements for different foci
of the particle image on the PSP. Since a larger image results in a larger
separation of the two centroid positions, a focus dependence of the measured
phase is expected if this artifact is relevant.

Fig.(7.4) shows the fitted value of Γ0 for a series of frequency sweeps at
different foci. Although a small trend may be identified towards lower fit
values when going from negative to positive focus positions, the difference
between the individual measurements is not significant with respect to the
indicated fit uncertainties. It is therefore concluded that the focus artifact is
not limiting the current accuracy of the setup. In our setup, the focus artifact
is suppressed by using cross-polarized trapping beams and filtering out the
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scattered light of the parallel polarization component with a linear polarizer,
effectively removing one of the two particle images (Fig.(7.2)). These results
therefore show that this setup is effective in removing the focus artifact even
in the case of small values of As

S0
. At the same time, the best fit values of Γ0

are approximately one order of magnitude below the theoretical expectations
of Γtheo

0 = 17 000 Hz, which indicates to other artifacts.
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Figure 7.4: Fitted damping rates at different foci. The focus is indicated by
the distance between particle and the light collection and focusing optics before
the PSP. The displayed interval represents the range for which a tight focus is
observed upon visual examination. Two fit values have a significantly larger un-
certainty than the rest of the measurements, which indicates that the trapping
stability may have been temporarily compromised during the corresponding phase
measurements. For these values only part of the errorbar is displayed.

Systematic biases of the PSP and the readout electronics may become signif-
icant for low measurement signals. Here we present an empirical treatment
of the overall effect of these artifacts by introducing a bias factor α ≈ 1 that
perturbs the position measurement according to

z′(t) = z(t) · α(z(t), I(t)) (7.7)

where z(t) is the true position signal in time, z′(t) the measured position
signal and α(z, I) the artifact, for which a dependence on the position signal
z and total intensity signal I of the PSP is assumed. The true position and
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intensity signals follow approximately a sinusoidal time dependence,

z(t) = z̄ + ∆z = z̄(t) + Az sin (2πf − ϕz)
I(t) = Ī + ∆I = Ī(t) + AI sin (2πf)

(7.8)

where the quantities with bar represent time averaged values. Az and AI
are the amplitude of position and intensity oscillation with frequency f , re-
spectively, and ϕz is the phase of the oscillation with respect to the trap
modulation. The intensity oscillation is approximately in phase with the
trap modulation (ϕI = 0). Using this, the first order effect of α on the
measurement is

α(z, I) = α(z̄, Ī) + α′z ·∆z + α′I ·∆I (7.9)

where α′z and α′I are the first order coefficient of the Taylor expansion in z
and I, respectively. Inserting this into Eq.(7.7) and using Eq.(7.8) results in

z′ = (z̄ + ∆z) ·
(
α(z̄, Ī) + α′z ·∆z + α′I ·∆I

)

=
(
α(z̄, Ī) + z̄ · α′z

)
·∆z + z̄ · α′I ·∆I + T0,2f

(7.10)

where T0,2f = z̄ · α(z̄, Ī) + α′z ·∆z2 + α′I ·∆z ·∆I denotes terms that do not
oscillate at frequency f and therefore are irrelevant for the determination of
the oscillation phase via lock-in detection. Eq.(7.10) allows one to extract
essential trends. The average bias α(z̄, Ī) and the dependence of the artifact
on z, indicated by α′z, only apply a scaling factor to the oscillatory part,
∆z, and therefore do not change the result of the phase measurement. The
phase measurement is only perturbed by the term z̄ ·α′I ·∆I, which depends
on the average particle position z̄. More precisely, since the phase of ∆I is
ϕI = 0, positive values of the prefactor z̄ ·α′z will shift the phase measurement
towards ϕ = 0, whereas negative values will shift it towards ϕ = 180◦.

These considerations yield a comprehensible picture, in which one can use
the dependence of the phase measurement on the average particle image po-
sition z̄ to assess the systematic bias in the signal of the PSP and read-out
electronics. This artifact is termed “position artifact”. Fig.(7.5) shows the
measured oscillation phase of a SiO2 particle in water for different average
image positions on the PSP. Note that the true average image position z̄ can-
not be directly measured, and the average value of z̄′ = z · α is indicated as
approximation instead. The position artifact is particularly apparent in the
case of SiO2 particles, since the damping rate and therefore the damping ratio
are much larger than for BoSiO2, leading to a smaller oscillation amplitude
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signal. Towards lower values of z̄′, the phase is observed to decrease above
approximately f = 5 Hz. This trend is contrary to the model behavior, which
illustrates that the artifact becomes dominant over the actual measurement
signal. This illustrates that this data is not suited for determination of Γ0,
which is necessary for the retrieval of the particle mass, due to the limited
accuracy of the particle tracking.
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Figure 7.5: Phase measurements for different average particle image positions on
the PSP. The value of z̄′ indicates the measured average position signal of the
PSP during the respective phase measurements. The value z̄′ = 0 mm corresponds
approximately to the center of the PSP. The relative amplitude for z̄′ = 0 mm
indicated by the solid line is representative for all values of z̄′.

Which accuracy of the phase measurement is required to yield reliable mass
data with adequate levels of uncertainty? To answer this question, we turn
again to BoSiO2 particles with radius R = 4 µm, Γ0 = 17 000 Hz, and typical
Ω0 = 120 Hz (see Fig.(7.3)). The minimum requirement that is imposed here
is that the phase data can be fitted with reasonable accuracy if a noise level
is assumed that corresponds to the level of the best observations in the gas
phase. Typical noise levels in the gas phase are given in Chapter 4, Fig.(4.8).
Here a standard deviation of 0.006 rad is assumed. Fig.(7.6) shows the fitting
of the simulated phase data starting from f = 0 over different frequency
ranges indicated by the cut-off frequency fcut. Larger fcut are necessary for
more accurate fit values, which requires that the position artifact must not
be relevant even for smaller A

S0
. From the data in Fig.(7.6b) it is evident

that a cut-off frequency of fcut = 1000 Hz is necessary to determine Γ0 with
a modest uncertainty of 30 %. At this frequency, a value of A

S0
≈ 10−4 is
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predicted. This value should be compared with the data shown in Fig.(7.5),
where the position artifact is significant already at ratios A

S0
≈ 2. Although

a subsequent improvement of the particle tracking setup with only minor
modifications showed that the position artifact can be suppressed for all
ratios A

S0
> 1 (see discussion in Chapter 4), far better accuracy is needed still

for accurate mass retrieval for particles trapped in water.
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Figure 7.6: Fit accuracies of simulated data. (a) Simulated amplitude and phase
data with fit range 0–1000 Hz for the phase measurements. The fits corresponding
to the maximum and minimum values of fitparameters Ω0 and Γ0 are indicated
by the dashed and dotted line, respectively. The relative amplitude is shown as
solid black line. (b) Fit uncertainty for Γ0 as function of cut-off frequency. The
theoretical prediction is shown as dashed line.

7.4 Conclusions

The applicability of our optical trap to the liquid phase has been demon-
strated by trapping single microspheres in water. While harmonic oscillation
of the trapped particle has been successfully induced as a prerequisite for sin-
gle particle mass measurement in water, the current accuracy of the particle
tracking is insufficient for accurate mass retrieval. This is in major part a
consequence of the larger damping of the particle oscillation in the aqueous
phase with respect to air, which leads to a smaller oscillation signal. Among
the artifacts that emerge for low measurement signals, the position artifact
is currently the limiting factor of the measurement accuracy. Since this ar-
tifact arises from biases in the PSP and the read-out electronics, significant
improvement in the accuracy is only expected by upgrading the measurement
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hardware, in particular, the PSP itself. However, an additional suppression
of the position artifact of about 3 to 4 orders of magnitudes would be re-
quired for the application of this particle mass measurement technique in the
liquid phase. At the moment, such an improvement appears not feasible.
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Abstract

Due to their small size, micrometer and submicron sized solution droplets
can respond differently to physical and chemical processes compared with
extended bulk material. Using optically trapped micrometer sized aqueous
glycine droplets, we demonstrate photo-induced degradation of glycine upon
irradiation with visible light, even though molecular glycine does not absorb
light in the near UV/vis range to any significant extent. This reaction is ob-
served as photo-induced shrinking of the droplet, which we characterize by
analyzing the elastic light scattering and the Raman spectrum of the droplet
over the course of the reaction. We find the volume to shrink with a con-
stant rate over the major part of the shrinking process. This indicates the
presence of a rate limiting photocatalyst, which we attribute to mesoscopic
glycine clusters in the droplet solution. Our findings relate to previous re-
ports of visible light absorption by photosensitizers. However, to the best
of our knowledge, this is the first experimental evidence of a photochemi-
cal pathway facilitated by mesoscopic clusters. Light interaction with such
mesoscopic photoactive molecular aggregates might be more important for
aerosol photochemistry than previously anticipated.
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8.1 Introduction

Aerosols, dispersions of solid and liquid particles in a gas, are ubiquitous
in Earth’s atmosphere and as such play an important role for many atmo-
spheric processes1,2. Size, chemical composition, viscosity and thermody-
namic phase of aerosol particles respond to their environment including the
surrounding gas species, temperature, humidity45,49,114,152 and light irradia-
tion2,26,153,154. Particular attention has been paid to their chemistry distinct
from that in the bulk, a phenomenon possibly arising from high surface to
volume ratio of aerosol particles and the accessibility to highly supersatu-
rated states155–157. Various chemical reactions have been shown to be accel-
erated in microdroplets26,158,159, with some reactions being exclusive to the
droplet phase160. These unique reactors can act as medium for the birth,
growth and degradation of atmospherically relevant particles161, and be uti-
lized for organic synthesis162. Chemical processes in prebiotic aerosols have
also been proposed as potential mechanisms for the origin of life163. However,
molecular processes leading to the anomalous chemistry in micrometer and
submicron aerosol particles are still largely unknown. Although some pro-
cesses may be ascribed to the discontinuous and asymmetric intermolecular
interactions at the particle surface161, the microphysical origins behind many
of the aforementioned particle specific phenomena are still not adequately
explored.

Glycine is an amino acid that acts as precursor to proteins and fulfills a
number of other biological functions164–166. With its small size and simple
structure, glycine often serves as a proxy for other amino acids and phys-
iologically relevant molecules, and as such has been studied extensively in
the past. It is generally accepted that molecular glycine does not absorb
light in the near UV/vis range, similar to other amino acids167. However, it
has been shown that their optical properties change when glycine molecules
arrange themselves into mesoscopic clusters168. Furthermore, these forma-
tions respond to light irradiation in non-trivial ways which can be exploited
to induce long range order inside the glycine solution169–172 on a scale of up
to millimeters173. While these interactions have the potential to change the
optical properties of glycine ensembles significantly and to enable new photo-
chemical reaction pathways, there has been little experimental evidence for
such reactions so far.

In this work, we study the response of aqueous glycine droplets to irradiation
by visible light. We observe the shrinking of optically trapped micrometer
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sized glycine droplets, which can be unambiguously attributed to the ex-
posure to the trapping laser with wavelength 532 nm. To the best of our
knowledge, this interaction has not been reported before. We characterize it
here with particular focus on the shrinking rate and its dependence on the
light intensity. To explain our results, we discuss possible reaction schemes
based on the available experimental data. Although further data is needed to
elucidate the exact photochemical pathways of the observed reaction, these
findings demonstrate the existence of a photochemical reaction for molecules
which previously have been considered photochemically inert at visible wave-
lengths.

8.2 Methods

Dual beam optical traps are widely used to confine and isolate single parti-
cles31,42,60,105,174. The counter-propagating tweezers (CPT) setup for trapping
aqueous glycine droplets is shown in Fig.(8.1) and consists of a continuous
green laser beam (Novanta Photonics Opus 532 6W), which is expanded
and then split into two beams of equal power. These two beams are aligned
counter-propagating on a single axis and focused into the trapping cell, where
a single droplet is trapped between the two focii.

The droplets are generated from 1.0m or 2.0m aqueous solutions of glycine
(purity ≥ 99 %, Sigma-Aldrich G7126) using a commercial atomizer (TSI
3076) with pressurized, humidified nitrogen gas (purity 5.0). A system of
copper tubings directs the spray of particles into the trapping cell, where
the droplets agglomerate at the designated trapping position. The humid-
ification of the nitrogen flow is necessary to ensure that the droplets reach
the trapping position in the liquid state. The trapping cell is filled with
nitrogen gas (purity 5.0) and a steady nitrogen flow formed by combining
wet and dry nitrogen with adjustable flow ratios is used to control the rel-
ative humidity (RH) in the cell. For the experiments reported here, the
RH is set at 77± 3 % well above the efflorescence RH of glycine at approxi-
mately 55 %120. At this RH, the droplet solution is supersaturated with an
estimated glycine concentration of 60 % in mass120, corresponding to approx-
imately 5m. Temperature and RH inside the trapping cell are monitored by
a sensor (Sensirion SHT35) placed a few millimeters away from the trapping
position. When the agglomerated particle reaches a size of approximately
2–3 µm in radius, the remainder of the droplets in the cell are flushed out
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with nitrogen for 20–30 min to ensure that only the trapped droplet remains
in the cell. After flushing, the power of the trapping laser is kept constant
until the end of the measurement.

Laser head

Optical
isolator

PBS

ALAL Cell

λ/2
5    :  1

Figure 8.1: Counter-propagating tweezers setup. The laser beam is first expanded
by a factor of 5 and then split into two beams by the polarizing beam splitter
(PBS). The half-waveplate (λ/2) rotates the polarization at 45◦ to the axes of
the PBS to ensure equal power splitting between the two beams. The beams are
aligned on a single axis and focused into the trapping cell using two aspherical
lenses (AL). An optical isolator introduced at the start of the beam path prevents
unwanted optical feedback into the laser head.

The particle shrinking is monitored by imaging the polarization resolved two-
dimensional angular optical scattering (polarization resolved TAOS) of the
particle175, as shown in Fig.(8.2). The TAOS image is obtained by collect-
ing the elastically scattered light of the trapping beams under a scattering
angle of 90± 24◦ with an objective (Mitutoyo 20x NA 0.42). The parallel
and perpendicular polarization components with respect to the scattering
plane (TAOS PPol and TAOS SPol) are separated using a polarization beam
splitter and recorded with separate CMOS cameras (Thorlabs DCC1545M).
The scattering intensity for each polarization is calculated from the average
of the respective TAOS image and recorded over time. At specific times, the
shrinking spherical particle reaches a size at which it is in resonance with
the light of the trapping beams, which corresponds to a Mie resonance50.
From the comparison of the recorded evolution of the polarization resolved
scattering intensity to simulations using Mie theory, the size of the particle
can be determined at the specific times. Fig.(8.3) shows an example of such
a TAOS analysis. The values of the size at the discrete points in time, ob-
tained from the times where the particles experience a Mie resonance, can
then be interpolated with high accuracy to obtain the full size evolution of
the particle over the course of the measurement.
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The molecular composition of the particle is monitored by continuous record-
ing of Raman spectra30 during the shrinking process. To this end, the light
scattered by the particle is collected under a scattering angle of 90± 24◦ by
a second objective and fiber coupled into a low noise, high sensitivity spec-
trograph (Andor KY-328i-A). The inelastically scattered light is analyzed in
the range 540–680 nm which corresponds to Raman shifts of 270–4100 cm−1.
This range contains in particular the O–H symmetric stretching mode of wa-
ter (νs-H2O, 2700–3750 cm−1) as well as several vibrational modes of glycine,
which we exploit for the characterization of the molecular composition (see
later data for an example).

S TAOS

Spect. 
Raman

Trapping beams 540 - 680 nm

P TAOS

Figure 8.2: Setup for two-dimensional angular optical scattering spectrum (TAOS)
imaging and Raman spectroscopy. The trapping beams run perpendicular to the
figure plane. The elastically scattered light of the trapping beams is collected
horizontally and vertically at a scattering angle of 90± 24◦. The vertical beam is
split into parallel and perpendicular polarized light with respect to the scattering
plane and the respective beam is loosely focused on a CMOS camera (P TAOS
and S TAOS respectively). The horizontal beam is filtered for the spectral range
of 540–680 nm and fiber coupled into a low noise, high sensitivity spectrometer
(Spect. Raman) for measurement of the Raman spectrum.

8.3 Results and discussion

The shrinking of the aqueous glycine droplets over time is shown in Fig.(8.4)
for three representative examples. The droplets are trapped using different
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��

��

��

Figure 8.3: Analysis of the light scattering intensity. (a) Experimental polariza-
tion resolved scattering intensity over time. (b) Zoom on a specific time interval
for clarity (c) Simulated polarization resolved scattering intensity as function of
particle radius in the specific time interval. Arrows indicate the peak assignment
based on the similarities between the peak shapes.
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laser powers, which affects the rate at which their volume is decreasing. For
all laser powers, the volume is observed to shrink linearly with time over
a large portion of the shrinking process. After a certain point (’point of
acceleration’), when the droplet has lost 60–80 % of its volume, the shrink-
ing suddenly accelerates, only to continue again approximately linearly with
time, albeit at a higher rate.

To quantify the dependence of the shrinking rate on the light intensity in-
cident on the particle, a linear fit is performed on the data before and after
the point of acceleration. Since between different experiments, the alignment
of the optical trap, and hence the focusing of the laser light on the particle,
is subject to temporal mechanical drifts, the nominal laser power used for
trapping of the droplets is not an optimal indicator for the incident inten-
sity. Instead, we use the intensity of the scattered light as a measure that
is proportional to the incident light intensity. The intensity of the scattered
light is obtained from the average signal of the TAOS PPol and SPol images
during the time of the droplet shrinking. To ensure consistency between
the different experiments, the average of the light intensity is taken over the
same volume interval of [65.4, 51.0] µm3 (radius [2.5, 2.3] µm) for all droplets.
This interval corresponds to the interval for which we obtained data for most
droplets. Fig.(8.5) shows the resulting initial shrinking rates as function of
light intensity. The shrinking rate is observed to be proportional to the light
intensity, confirming that the shrinking is induced by the trapping laser at a
wavelength of 532 nm.

To gain further insight into the shrinking mechanism, we analyze the evo-
lution of the Raman spectra over the course of the shrinking process. A
representative example of such an evolution is shown in Fig.(8.6). For Ra-
man spectra of single spherical particles, so called morphology dependent
resonances, or whispering gallery modes (WGMs)58, are superimposed on
the molecular signals. To separate the WGMs from the molecular signal
of interest, the Raman spectra are normalized and stacked in chronological
order from left to right, as shown in Fig.(8.6a). The WGMs show up as a
manifold of thin slanted lines bending towards lower wavenumbers with in-
creasing time as the droplet shrinks. Molecular band positions on the other
hand are independent of particle size, and are identified as horizontal lines
in the evolution of the Raman spectra.

From Fig.(8.6a) it is evident that the molecular Raman signal remains quali-
tatively the same, indicating that no significant change in the molecular com-
position takes place in the droplet over the course of the shrinking process.
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Figure 8.4: Volume shrinking of glycine droplets as a function of time. (a) Droplet
trapped at 300 mW nominal laser power (b) droplet trapped at 1000 mW nomi-
nal laser power (c) droplet trapped at 3000 mW nominal laser power. At higher
power, the shrinking proceeds faster (visible by the lager slopes). Solid and dashed
lines indicate the best linear fit before and after the acceleration of the shrinking
observed at approximately (a) 280 h, (b) 59 h and (c) 53 h.
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Figure 8.5: Fitted shrinking rate as function of scattered light intensity. The solid
line indicates the best linear fit through the origin.

This behavior is observed for all investigated droplets. Since the particle loses
the major part of its volume during the shrinking, this implies that glycine is
removed from the droplet as a consequence of chemical reaction (vide infra).
As the water vapor pressure of the droplet is given by the surrounding RH of
77 % and therefore has to remain constant, the removal of glycine from the
droplet must be accompanied by the evaporation of water in order to main-
tain the equilibrium glycine concentration. A quantitative analysis of the
Raman spectrum (Fig.(8.6b)) reveals that the spectral intensity of glycine
modes with respect to the O–H stretching mode of water remains constant,
confirming a constant concentration of glycine molecules during the shrink-
ing process. The measurement ends when the particle becomes too small for
stable trapping, and therefore leaves the optical trap.

The linear dependence of the shrinking rate on the light intensity (Fig.(8.5))
proves that the observed shrinking is induced by the laser light. This ob-
servation is intriguing as aqueous glycine is not known to absorb light in
the visible range, similar to other amino acids167. Furthermore, the linear
dependence between shrinking rate and light intensity rules out the possibil-
ity of multiphoton absorption, which might otherwise populate energetically
excited states of glycine to induce chemical reactions.

The observation of a constant shrinking rate over a large portion of the
experiments (Fig.(8.4)) provides another important piece of information, as
this allows to rule out some of the possible reaction mechanisms. For instance,
assuming some residual absorption of light at 532 nm by the droplet solution,
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Figure 8.6: Temporal evolution of Raman signal during droplet shrinking. (a) Nor-
malized Raman spectra stacked chronologically from left to right. The molecular
Raman bands are visible as horizontal straight white lines on the dark background.
The finer, slanted and curved lines correspond to whispering gallery modes. After
approximately 49 h, the particle leaves the optical trap as it reaches a size that
is too small for trapping, and only background is recorded. The band remaining
afterwards at 2323 cm−1 corresponds to the nitrogen gas in the trapping cell. (b)
Ratio of the molecular glycine bands centered at 1064 cm−1 and 1440 cm−1 to the
water band at around 3400 cm−1. Peaks and dips in the graphs correspond to
spectra where a whispering gallery mode is superimposed on the glycine signal
and the water signal, respectively, and are not relevant for the molecular compo-
sition. The dashed horizontal lines are a guide to the eye. In this example, the
acceleration of the droplet shrinking is observed at tacc = 46 h. From this point in
time onwards until the particle is lost, the faster shrinking leads to more frequent
WGMs perceived as an apparent increase of noise in the data.
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one might argue that the shrinking is a consequence of enhanced evaporation
due to the droplet heating by the laser. The evaporation of glycine from the
droplet can be approximated by the Hertz-Knudsen equation:

dN

dt
= S · αp√

2πMRT
(8.1)

where dN
dt

is the molar evaporation rate of glycine, S is the droplet’s surface,
p is the partial pressure and M is the molar mass of glycine, R the gas con-
stant, T the temperature and α a heuristic sticking coefficient with values
between 0 and 1. It is evident from Eq.(8.1) that the rate of shrinking by
evaporation should scale with the surface of the droplet and that in that case,
a deceleration of the shrinking should be observed over time, contrary to the
experimental data. Moreover, any heating by laser light absorption would
at most lead to a very small temperature rise due to the efficient cooling
by the gas flow. In addition to these arguments, if evaporation were signifi-
cant, some evaporation should still be observable even at low light intensity,
where the heating of the droplet is negligible and hence any deviations form
room temperature can be neglected. As seen from Fig.(8.5) however, there
is no shrinking observable for low light intensities. We can therefore rule out
evaporation as the dominant shrinking mechanism.

Similar reasoning may be used to exclude a photochemical reaction in which
glycine absorbs a photon according to

Gly(aq) + hν → P(aq)→ P(g) (8.2)

where Gly(aq) is the solvated glycine molecule, hν is the energy of the incom-
ing photon and P is the reaction product that is removed from the droplet
(aq) into the surrounding gas phase (g) afterwards. As mentioned above
molecular glycine is considered non-absorbing at 532 nm. However, if we
nevertheless assume that molecular glycine could be very weakly absorbing
as in Eq.(8.2), the photon density inside the droplet would be constant over
the course of the photochemical reaction. Hence, the first step in Eq.(8.2))
would be pseudo-first order, for which the reaction rate is proportional to
the concentration of glycine molecules in the droplet. Therefore, one would
expect a decrease in the observed shrinking rate over time, which contradicts
the experimental observation.

The examples above illustrate that any mechanism, in which glycine mole-
cules directly absorb incoming photons, cannot explain the constant shrink-
ing rates. This implies that a more intricate reaction must take place in
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the droplet. We suggest the following simplified scheme with an additional
reaction partner M:

M + hν → M∗ (8.3)

M∗ + Gly→ M + P (8.4)

where M* denotes the photoexcited state of M and P is the reaction product
of glycine in the presence of this photoexited species. This scheme represents
a mediated reaction in which the reaction partner M is activated by light ab-
sorption, and then reacts with glycine and returns back to the ground state.
M shows the characteristics of a photosensitizer176–179, which is not consumed
during the reaction, and therefore the amount of M remains constant in the
droplet. We further assume that the light absorption of the photosensitizer
M is the rate limiting step, i.e., that Eq.(8.3) proceeds much slower than
Eq.(8.4). This is equivalent to requiring that M is only weakly absorbing, or
that the concentration of M in the droplet is low. Since the amount of M in
the rate limiting step (Eq.(8.3)) remains constant during the shrinking pro-
cess, so does M* (quasistationary), resulting in a constant rate of degradation
of Gly (Eq.(8.4)). Assuming that the absolute concentration of M is much
smaller than that of Gly at all times, and therefore has no relevant effect on
the equilibrium water vapor pressure of the droplet, the volume shrinking
rate is predicted to be constant in accordance with the experimental data.

Although the proposed scheme Eq.(8.3) and Eq.(8.4) concurs with the ob-
served constant reaction rates, it does not yet specify the nature of the photo-
sensitizer and its reaction with glycine. We first discuss potential candidates
for the photosensitizer. Contamination during the preparation of the differ-
ent aqueous glycine solutions used in this study is minimized by using pure
substances (glycine purity ≥ 99 %, water resistivity 18.2 MΩ s). No correla-
tion between the shrinking rates in Fig.(8.5) and the age of the solution at
the time of the measurements is observed, which indicates that there is no
accumulation of photoactive contaminants in the solution after the prepa-
ration. We therefore propose that contamination is not the origin of the
photosensitizer.

It is evident from the previous discussion that the photosensitizer must pos-
sess an absorption band at 532 nm, which is not the case for single solvated
glycine molecules. The optical properties of molecules may change however
when forming intermolecular bonds, e.g. leading to an enhancement of the
absorption and fluorescence in the case of protein aggregates180–183 and amino
acids clusters184. For glycine in particular, observations of light absorption
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in the near UV/vis range have been attributed to the presence of mesoscopic
clusters185,186, specifically due to the formation of hydrogen bonds between
individual molecules168.

Mesoscopic clusters occur naturally in both undersaturated and supersatu-
rated glycine solutions, though a kinetic barrier may have to be overcome for
their formation185. The average size of the mesoscopic clusters, typically of
the order of 100 nm for bulk solutions, depends not only on the monomer con-
centration but on the history of the sample, indicating that the clusters do not
necessarily remain in thermodynamic equilibrium after formation185. Based
on these observations, we propose that the photo-induced droplet shrink-
ing is mediated by light absorption of mesoclusters in the glycine solution.
These mesoclusters remain kinetically stable during the droplet shrinking,
despite the decrease of the absolute number of glycine monomers (i. e. con-
stant glycine monomer concentration). Hence, these clusters act as stable
photosensitizers inside the droplets, in accordance with the observed con-
stant shrinking rate. The observation of a constant initial shrinking rate
thus allows us to narrow down the possible reaction mechanisms at work in
the droplets. Alternative schemes might be conceivable, such as the exis-
tence of several reaction partners for glycine. However, there is no further
experimental evidence in favor of more complex alternatives to the simple
mechanism proposed (Eq.(8.3) and Eq.(8.4)). Furthermore, as pointed out
above, mesoscopic glycine clusters match the requisite characteristics of the
proposed photosensitizer, and are therefore likely candidates. To pursue the
argument, let us further discuss the role of the mesoscopic clusters in the
observed acceleration of the droplet shrinking.

The acceleration of the droplet shrinking proceeds relatively promptly at the
point of acceleration when the particle has lost a typical amount of 75 % of its
volume (Fig.(8.4)). Assuming that the total number of mesoclusters remains
approximately constant (M in Eq.(8.3) and Eq.(8.4)), their concentration has
increased by an approximate factor of 4 at this point. The sudden nature of
the shrinking acceleration hints at a phase transition inside the particle. In
particular, the increase in mesocluster concentration may trigger the sepa-
ration of a dense cluster phase inside the droplets as part of a liquid-liquid
phase transition. While a definite conclusion has to await more detailed mi-
croscopic investigations, we present the following arguments in favor of this
explanation.

Mesoscopic clusters in aqueous solutions are known to interact with focused
light irradiation by assembling in the focal point of the light beam due to the
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optical force that acts on the individual clusters170. This mechanic is the basis
of laser-induced phase transitions169, in the particular case of glycine both
for liquid-liquid phase separation170,173 and solid crystal nucleation169–173. It
should be noted at this point that the spot size in the focus of our optical
trap is slightly larger (5 µm) than the typical droplet size, and that therefore,
it might appear unlikely that the electromagnetic field gradient is strong
enough to induce cluster aggregation in our case. However, micrometer sized
droplets exhibit a large variance in the spatial distribution of the internal
light field, owing to the nanofocusing effect26,154, which can provide the field
gradients necessary for aggregation. If in the case of our trapped droplets,
the acceleration is due to a phase transition, it would likely be assisted by the
light irradiance. One would therefore expect a dependence of the observed
shrinking acceleration on the incident light intensity. Fig.(8.7) shows the
measured acceleration ratio, that is, the ratio between the shrinking rate after
to before the point of acceleration, as a function of light intensity. From this
data it is evident that the ratio increases with higher light intensity, which
agrees with our explanation of a light-induced phase transition. Since in this
scheme, the clusters are expected to aggregate in the regions of high light
intensity after reaching a critical concentration, this would lead to a larger
absorption rate and thus a larger subsequent reaction rate, in agreement
with the observation. Further studies will be necessary to provide conclusive
evidence for this explanation.
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Figure 8.7: Droplet shrinking acceleration as function of light intensity. The solid
line indicates the best linear fit.
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More data will also be required to understand the specifics of the interaction
between the photosensitizer and the solvated glycine molecules in Eq.(8.4).
Here, we can only provide a qualitative discussion based on the available data.
The Raman spectra (Fig.(8.6)) show no detectable change in the molecular
composition, even after the droplet has lost the major part of its volume
during the shrinking process. Since this observation rules out the accumu-
lation of reaction products in the droplets over time, the reaction products
must be small, volatile compounds that quickly evaporate into the surround-
ing gas phase. Known degradation mechanisms of glycine and other amino
acids in aqueous solution proceed via reaction with radical species, in par-
ticular solvated electrons e–

solv and hydroxyl •OH radicals187–189, which form
as part of a photosensitized reaction with chromophoric organic matter in
water190–192. Currently, our data does not allow us to distinguish between
different degradation pathways.

8.4 Conclusions

We have demonstrated that single micrometer sized aqueous glycine droplets
respond to the illumination with laser light of 532 nm by shrinking, despite
the fact that molecular glycine does not absorb in the near UV/vis range.
Most remarkably, the volume shrinking rate remained constant over the ma-
jor part of the shrinking process. This indicates a photo-induced decay of
glycine molecules in the presence of a rate limiting catalyst, or photosensi-
tizer, and the subsequent evaporation of small, volatile reaction products.
Based on the available literature data, we propose that intrinsic mesoscopic
clusters of glycine molecules formed by hydrogen bonding in the aqueous
solution are the most plausible candidates for this photosensitizer. The pres-
ence of mesoscopic glycine clusters would also explain the sudden acceleration
of the shrinking rate occurring at a volume loss of 75 %. Because of its de-
pendence on the light intensity, we attribute this sudden rate change to arise
from the interaction of the mesoclusters with the incident light, possibly
initiating a light-induced phase transition.

This study provides yet another example of the non-trivial interactions of
light with aqueous glycine solutions169–173, which facilitate previously undis-
covered reaction pathways - interactions that are likely not exclusive to
glycine. Light harvesting by and light interaction with such mesoscopic pho-
tosensitizers in aerosol droplets might also have played a role in the formation
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of more complex organic molecules under prebiotic conditions. Further in-
vestigations are needed to shed light on the specifics of the observed phenom-
ena, and to yield new insight into the underlying reaction mechanisms, which
remain elusive in part. Studying solutions in micrometer sized droplets (at-
toliter volumes) using high laser powers offers the advantage of much higher
sensitivity to photo-induced reactions than typically achievable with bulk
solutions.
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9 Conclusion

Atmospheric aerosols continue to attract much attention due to the compli-
cated role they play in many atmospheric processes. Optical trapping is a
powerful tool to characterize individual aerosol particles in the laboratory,
with the goal to obtain single particle data under well defined conditions.
A particular focus of the present studies is on liquid aerosol droplets, which
often exist in a thermodynamic equilibrium with the surrounding gas phase.

In this thesis, a number of characterization techniques have been used to
explore the properties of single optically trapped aerosol particles, such as
size, shape, refractive index and molecular composition (Chapter 3). These
methods are based on analysis of the light scattering of the trapping beam
by a trapped droplet. They are non-invasive and have a negligible impact on
the thermodynamic equilibrium between the particle and its environment,
hence they are well suited for the study of aerosol droplets.

A method that allows one to access the mass of optically trapped aerosol par-
ticles has been missing so far, and mass measurements of single atmospheric
particles have been traditionally performed using an electrodynamic balance
(EDB) for trapping. A main result of the present thesis is the development
of a new method to measure the mass of single optically trapped aerosol
particles (Chapter 4). Its principle is based on the measurement of particle
dynamics that arise due to a periodic modulation of the trapping forces and
the subsequent retrieval of the particle’s inertia. Similar measurement princi-
ples have been demonstrated before36,41. The new method, however, exceeds
the performance of comparable experiments described in the literature36–41

with regard to several aspects relevant to atmospheric particles, in particular
droplets: It is designed for application at ambient conditions, does not re-
quire light absorption by the particle and allows access to the submicrometer
size range, where most atmospheric aerosol particles reside.
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The performance of the optical mass measurement method has been demon-
strated and its accuracy has been characterized in Chapter 5. We find typical
values of a few % for the total uncertainty in mass for droplets with sizes
in the micrometer range, specifically for radii of 1–2 µm. These values are
comparable to reported accuracies of EDB measurements for larger particles
in the supermicrometer range. Thus, in this size range, the optical mass
measurement method is an alternative to state-of-the-art EDB mass mea-
surements, with the opportunity to extend such measurements also into the
submicrometer range.

Mass is a fundamental property of any particle. Many atmospheric processes
affect the mass of aerosol droplets, hence these processes can be character-
ized by measuring the droplet mass. The new method is therefore expected
to have potential for a wide range of applications. In Chapter 6 we ex-
plore its applicability to measurements of hygroscopic mass growth factors
of sea salt aerosols, one of the most abundant aerosol species in the atmo-
sphere. Conflicting values have been published45,49, which limits the accuracy
of atmospheric models of aerosol absorption and scattering cross-sections for
climate predictions. We obtain new values for the hygroscopic mass growth
factors of single sea salt droplets and use these results to critically review
previously published values. We identified the definition of the dry salt mass
of the droplet, which is used to derive the hygroscopic mass growth factors,
as an issue. Based on the available data, it is argued that the unaccounted
presence of hydrates in the dry salt mass is likely the reason for the observed
discrepancies in previous experiments. It is suggested that reporting the
hydrate mass of the reference dry sample should become part of a new stan-
dard for the determination of hygroscopic growth factors. This is expected
to improve the comparability of the retrieved values and the transferability
to atmospheric models for more accurate climate predictions.

While the performance of the optical mass measurement setup is comparable
to EDB setups for micrometer sized droplets, a few advantages of the optical
mass measurement are worth highlighting at this point. First, EDBs do not
provide access to submicrometer particles. Mass data reported in the litera-
ture45,49 has only been obtained for particles with radii R > 2 µm. Below this
size range, mass data of single levitated droplets at ambient conditions have
not been reported so far. The performance of the optical mass measurement
setup for large submicrometer droplets (R ≈ 0.5 µm) has been demonstrated
in Chapter 6. The relative accuracy is slightly less than for larger droplets.
But with a typical total uncertainty still below ±10 %, this method can pro-
vide reliable mass data in a range that was previously inaccessible. It is
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anticipated that the extended size range for optical mass measurements fa-
cilitates new single particle studies of size dependent effects, for example the
size dependent hygroscopicity112 of atmospheric aerosol particles. Secondly,
the optical mass measurement method is straightforward to implement in
existing counter-propagating tweezers (CPT) setups, as shown in Chapter 4.
In contrast to EDBs, this method does not require a specific trapping cell
design, thus offering more flexibility in the experimental setup. As an addi-
tional advantage, its measurement principle is not only applicable to trapping
in the gas phase and vacuum, but also in liquid environments. The optical
mass measurement method therefore also holds potential for application to
liquid phase trapping. This avenue has been explored for micrometer sized
glass spheres trapped in water in Chapter 7. These glass microspheres serve
as a proxy for biological particles with similar sizes and masses, such as bac-
teria and other prokaryotic cells. Essentially the same experimental setup
and procedure as for trapping in the gas phase was used to measure the mass
of the trapped microspheres. It has been found that the current accuracy of
the setup is not sufficient for measurements in the liquid phase due to the
large damping of the particle and the resulting low signal amplitude of the
particle oscillation.

The damping of the particle oscillation is characterized by the damping rate
Γ0 = 1

2π
γ
m

(Chapter 4, Eq.(4.11)). For trapping in water, the limitation of the
accuracy due to large damping and low oscillation amplitude is a consequence
of the large drag coefficient γ of water. However, a similar limit is approached
in the gas phase when trapping small particles (m → 0). Currently, a ra-
dius of R ≈ 0.5 µm is the approximate lower limit for mass measurements
with accuracies of < 10 % in the gas phase. As shown in Chapter 7, these
accuracies are limited by systematic biases in the measurement electronics,
in particular the position sensing photodiode used for particle tracking. The
fundamental limit of the particle position detection, i.e. the random fluc-
tuations of the particle due to Brownian motion at room temperature is,
however, not relevant for the current measurement accuracy. It is therefore
expected that an upgrade in the position sensing hardware will yield a sub-
stantial improvement over the current state of the mass measurement setup.
Such an improvement is unlikely to suffice for the measurements in the liquid
phase, where an improvement of at least 3 orders of magnitude is required.
However, in the gas phase, it is expected to push the lower size limit of
the method. As a current perspective, mass measurements of single large
nanometer sized droplets (R ≈ 200–300 nm) appear feasible, though further
studies are needed for demonstration.
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A limitation of the current setup is the restriction to particles that are ap-
proximately spherical in shape. This is a consequence of the Gaussian beam
profiles of the CPT that only allow stable trapping and manipulation of such
particles. Many aerosol particles are approximately spherical in shape, in
particular all droplets. Nevertheless, application of the mass measurement
principle to universal dual beam traps, which allow trapping of a wider range
of particle shapes, is an interesting prospect and would broaden the appli-
cability of this method. Future studies are needed to demonstrate whether
the current measurement principle is applicable to CPTs with other beam
shapes, in particular hollow beam shapes used in universal traps42, and to
assess the measurement accuracies that can be achieved.

Single optically trapped aqueous glycine droplets have been characterized
in Chapter 8. Photo-induced shrinking of the trapped droplet has been ob-
served, which could be unambiguously attributed to the exposure to the light
of the trapping beams at 532 nm. This previously unexpected photochem-
ical reaction has been linked to the presence of light absorbing mesoscopic
glycine clusters intrinsic to aqueous glycine solutions. Although some aspects
of the observed phenomenon remain elusive, our results indicate a previously
undiscovered photochemical pathway for glycine, which is photochemically
inert at visible wavelengths in the molecular form. These photochemical
pathways via the formation of molecular aggregates may be of particular
importance for the chemistry of atmospheric aerosol droplets. To elucidate
the exact mechanism of the observed reaction, further data is needed with
regard to the volatile reaction products. Future mass studies with the new
mass measurement method could be helpful here.
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10 Appendix

10.1 Optical force calculation using far field

expressions

In this section, a derivation is presented for Eq.(2.28). This equation is
equivalent to

∫

S

d3r∇ · σ =
1

c
(Wabs +Wscat) · ẑ −

∫

∂S

d2r
ε0
2
|Es|2 r̂ (10.1)

in the far field limit, i.e. for a sufficiently large sphere S.

The incident electric and magnetic fields are given by

E0 = eikzx̂

B0 =
1

c
eikzŷ

(10.2)

where B0 is obtained from E0 using Eq.(2.3). The scattered electric and
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magnetic far fields are given by Eq.(2.12) and Eq.(2.16), respectively:

Es =
∑

l,m,p

il
2l + 1

l(l + 1)

(
as
lmp ·M lmp − ibs

lmp ·N lmp

)

=
∑

l,m,p

il
2l + 1

l(l + 1)
h

(1)
l

(
as
lmp ·mlmp + bs

lmp · nlmp
)

Bs =
−i
c

∑

l,m,p

il
2l + 1

l(l + 1)

(
as
lmp ·N lmp − ibs

lmp ·M lmp

)

=
1

c

∑

l,m,p

il
2l + 1

l(l + 1)
h

(1)
l

(
as
lmp · nlmp − bs

lmp ·mlmp

)

(10.3)

where Bs is again obtained from Es using Eq.(2.3), and the properties of
the vector harmonics listed in Eq.(2.5) and Eq.(2.6) were used. From the
orthogonality relations Eq.(2.10) it can further be seen that

r̂ ×Es = c ·Bs (10.4)

that is, r, Es and Bs are pairwise orthogonal in the far field limit. Introduc-
ing the Poynting vector

S =
1

2
· 1

µ0

E × B̄ (10.5)

with the prefactor 1
2

due to time averaging and µ0 the vacuum permeability,
we find for incident and scattered Poynting vector

S0 =
1

2
· 1

µ0

E0 × B̄0 =
ε0
2
c |E0|2 ẑ =

1

2µ0

c |B0|2 ẑ =
ε0c

2
ẑ

Ss =
1

2
· 1

µ0

Es × B̄s =
ε0
2
c |Es|2 r̂ =

1

2µ0

c |Bs|2 r̂
(10.6)

where ε0 is the vacuum permittivity and |E0| = 1, |B0| = 1
c

was used for S0.

We start in Eq.(10.1) by applying the Gauss divergence theorem:

∫

S

d3r∇ · σ =

∫

∂S

d2rσ · r̂ (10.7)

where it was used that r̂ is normal to the surface ∂S. Evaluating σ · r̂ using
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the definition of σij in Eq.(2.24) yields

∑

j

σij · r̂j =
1

2µ0

(
1

c2
Ēi(E · r̂) + B̄i(B · r̂)−

(
1

c2
|E|2 + |B|2

)
r̂

)
(10.8)

where E = E0 + Es and B = B0 + Bs. If S is sufficiently large (radius
RS � w incident beam width), then the incident wave vanishes everywhere
on the surface ∂S except in forward (θ = 0◦) and backward (θ = 180◦)
direction (again consider the Gaussian beam in Eq.(2.25) for an incident
wave that is spatially confined in x and y and has a defined momentum
along z). At the two poles the surface normals are r̂ = ẑ (θ = 0◦) and
r̂ = −ẑ (θ = 180◦) and therefore, they point parallel to the incident Poynting
vector S0 and perpendicular to E0 and B0. Furthermore, it was already
shown that the scattered Poynting vector Ss is parallel to the surface normal
r̂, and therefore Es and Bs are perpendicular to r̂. Since incident and
scattered wave are perpendicular to r̂ or vanish for all points on the surface
∂S, Eq.(10.8) simplifies to

∑

j

σij · r̂j = −
(
ε0
2
|E|2 +

1

2µ0

|B|2
)
r̂

= −
(ε0

2
|E0|2 +

ε0
2
|Es|2 +

ε0
2
EsĒ0 +

ε0
2
E0Ēs

+
1

2µ0

|B0|2 +
1

2µ0

|Bs|2 +
1

2µ0

BsB̄0 +
1

2µ0

B0B̄s

)
r̂

= −1

c
(S0 + Ss + S0s)

(10.9)

where Eq.(10.6) was used in the last step and we have introduced the Poynt-
ing vector of the interference between incident and scattered wave

S0s =
ε0c

2
EsĒ0 +

ε0c

2
E0Ēs +

c

2µ0

BsB̄0 +
c

2µ0

B0B̄s (10.10)

The Poynting vector of the interference vanishes everywhere on ∂S except
in forward and backward direction. The intensity Es in backward direction
is typically much weaker than in forward direction. Thus, as an additional
approximation, the interference in backward direction is neglected in the
following. This approximation corresponds to the observation that the light-
particle interaction only affects the segment of the beamE0 after the particle.
The beam segment before the particle is not influenced by the presence of the
particle in very good approximation. As a corollary the following identity is
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obtained
∫

∂S

d2rS0s · r̂ =

∫

∂S

d2rS0s · ẑ (10.11)

As additional input in the derivation, the conservation of energy is discussed
here. The energy flux through the surface ∂S has to be equal to the negative
absorption rate Wabs of the particle. Denoting S the Poynting vector of the
total electromagnetic field, one obtains

Wabs = −
∫

∂S

d2rS · r̂

= − 1

2µ0

∫

∂S

d2r (E0 +Es)× (B0 +Bs) · r̂

= −
∫

∂S

d2rS0 + Ss + S0s · r̂

= −Wscat −
∫

∂S

d2rS0s · ẑ

(10.12)

where in the last step we have identified the scattering rate in Eq.(2.29) and
the integral over S0 vanishes for symmetry reasons. We now have all the
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pieces to proceed from Eq.(10.7) to obtain

F =

∫

∂S

d2rσ · r̂

= −1

c

∫

∂S

d2rS0 + Ss + S0s

[

∫

∂S

d2rS0 = 0]

= −1

c

∫

∂S

d2rSs −
1

c

∫

∂S

d2rS0s

[S0s ‖ +ẑ]

= −1

c

∫

∂S

d2rSs −
1

c



∫

∂S

d2rS0s · ẑ


 ẑ

= −1

c

∫

∂S

d2rSs +
1

c
(Wabs +Wscat) ẑ

(10.13)

substituting Eq.(10.6) for Ss yields Eq.(2.28).

10.2 Holography reconstruction

Many algorithms have been used in the literature193 for reconstruction of
the original scattered wave from a recorded hologram, and a review of these
techniques is not within the scope of this chapter. Here an algorithm for
efficient evaluation of Eq.(2.37) is presented, which uses comparably few,
well justified assumptions. The algorithm is in part derived in previous arti-
cles33,53,194. The complete derivation of the algorithm however has not been
presented elsewhere to the best of our knowledge.

We assume the hologram screen A in Eq.(2.37) is a rectangular screen posi-
tioned parallel to the x, y plane such that the center lies on the z axis. The
reconstructed scattered field Eh inside A is given by Eq.(2.36). For an inci-
dent spherical wave originating at O = (0/0/0), the reconstructed scattered
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field takes the form

Eh(s) = h(s) · αe
iks

s
(10.14)

where s = (u/v/L) are the screen coordinates and s = |s| is the distance
of s with respect to O. Here L denotes the z coordinate of all points of A,
which corresponds to the distance between the center of the screen and O.
The scaling factor α is not relevant for the hologram reconstruction and is
neglected in the following (α = 1). Using this, Eq.(2.37) can be rewritten as

Eh(r) = − 1

4π

∫

A

d2s h(s)

(
eiks

s

∂

∂n

e−ik|s−r|

|s− r| −
e−ik|s−r|

|s− r| ·
∂

∂n

eiks

s

)

= − 1

4π

∫

A

d2s h(s)
eiks

s2

e−ik|s−r|

|s− r|2 ·

((
−ik − 1

|s− r|

)
s(L− z)−

(
ik − 1

s

)
|s− r|L

)

(10.15)

where ∂
∂n

is the derivative along the normal of A, which coincides with the
z-axis, and z is the corresponding component of r = (x/y/z). Note that ∂

∂n

acts on s, but not on r. In the far field limit, we have ks� 1. Furthermore,
we place the particle sufficiently close to the origin O, such that s� r for all
points of interest for the reconstruction (points that are in the local volume
of the particle). With this, Eq.(10.15) is simplified to

Eh(r) = − 1

4π

∫

A

d2s h(s)
eiks

s2

e−ik|s−r|

s2
· (−2iksL)

=
ik

2π
L

∫

A

d2s h(s)
e−ik(|s−r|−s)

s3

(10.16)

The terms in the exponential are approximated by a Taylor expansion in the
limit r

s
→ 0

−ik(|s− r| − s) = ik
s

s
· r − ikr

s
· r +O

(
kr
r2

s2

)
(10.17)
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Truncating the Taylor series after the first non-vanishing order yields

Eh(r) =
ik

2π
L

∫

A

d2s h(s)
eik

s
s
·r

s3 (10.18)

This integral can be transformed using a non-linear coordinate transforma-
tion, s = (u/v/L)→ t = (p/q/L) defined by

p =
u

s
q =

v

s
(10.19)

with the reverse transformation

u = L
p

(1− p2 − q2)
1
2

v = L
q

(1− p2 − q2)
1
2

(10.20)

Note that p and q are dimensionless and p2 + q2 < 1. The determinant of the
Jacobian of this transformation is

det(J) =
s4

L2
=

L2

(1− p2 − q2)2
(10.21)

Therefore the differentials transform according to d2s = L2

(1−p2−q2)2
d2t. Using

this we omit the constant prefactor ik
2π

and arrive at the final expression

Eh(x, y) ∼ L

+W∫

−W

+H∫

−H

d2s h(u, v)
e
ik ux+vy+Lz

(u2+v2+L2)
1
2

(u2 + v2 + L2)
3
2

=

+W ′∫

−W ′

+H′(p)∫

−H′(p)

dpdq eik(px+qy)·

(
1− p2 − q2

)− 1
2 eikz(1−p

2−q2)
1
2 h(u(p, q), v(p, q))

=

+W ′∫

−W ′

+H′(p)∫

−H′(p)

dpdq eik(px+qy) · h̃(p, q)

(10.22)

where H and W are half the height and width of the screen A, H ′ and W ′

the respective dimensions in the transformed space, and

h̃(p, q) =
(
1− p2 − q2

)− 1
2 eikz(1−p

2−q2)
1
2 h(u(p, q), v(p, q)) (10.23)
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is the transformed hologram. Due to the non-linear transformation, the
transformed area limited by p = ±W ′ and q = ±H(p)′ is no longer a rect-
angle. It can be shown using Eq.(10.19) and Eq.(10.20) that the the trans-
formed area is the overlap between two ellipses (see also Latychevskaia et
al.195), which are described by

(
1 +

L2

W 2

)
p2 + q2 = 1

p2 +

(
1 +

L2

H2

)
q2 = 1

(10.24)

This is equivalent to stating that

W ′ =
W

(W 2 + L2)
1
2

H ′(p) =





(
1− p2

(
1 + L2

W 2

)) 1
2
, if |p| > W

(W 2+H2+L2)
1
2(

1−p2
1+ L2

H2

) 1
2

, if |p| ≤ W

(W 2+H2+L2)
1
2

(10.25)

The advantage of Eq.(10.22) over Eq.(2.37) for computation is that it repre-
sents a 2d Fourier transform of h̃, which can be efficiently calculated using
a fast Fourier transform (FFT) algorithm. Therefore, instead of evaluating
Eq.(2.37) for a 3d grid of r values, a 2d slice of the particle can be recon-
structed in one step using Eq.(10.22). The 3d particle is then obtained by
repeating this step for different grid points along the z axis. To make use of
the FFT algorithm, h̃ has to be sampled on equidistant points in a rectangu-
lar area. The rectified h̃rec is obtained by defining a 2d grid with dimensions
W ′

rec ×H ′rec = W

(W 2+L2)
1
2
× H

(H2+L2)
1
2

, which is the smallest rectangle that en-

compasses the transformed area, and

h̃rec(pi, qj) =

{
h̃(pi, qj) if point (pi, qj) is inside transformed area
0 otherwise

(10.26)
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