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Stability of aerosol droplets in Bessel beam optical traps under constant

and pulsed external forces

Gregory David, Kivang Esat, Sebastian Hartweg, Johannes Cremer, Egor Chasovskikh,

and Ruth Signorell®

Laboretory of Piresical Chemistry, ETH Zirich, Viadimir-Prelog-Weg 2, CH-8093 Ziirich, Swiizeriand

(Received 23 January 20135; aceepled 22 March 2015; published online 20 April 2015)

We report on the dynamics of aerosol droplets in optical traps under the influence of additional
constant and pulsed external forces. Experimental results are compared with simulations of the
three-ditmensional droplet dynamics for two types of optical traps, the counter-propagating Bessel
beant (CPBB) trap and Lhe gquadruple Bessel beam (QBB) Lrap. Under the inflluence ol a constant gas
Now (constant exlernal oree), the QBB trap is found o be maore stable compared with the CPBB Lrap.
By contrast, under pulsed laser excilalion with laser pulse durations ol nanosceonds (pulsed cxternal

[oree), the Lype of trap is of minor importance for Lhe droplel stability. Tt Lypically needs pulsed laser

[orees thal are several orders of magnitude higher than the optical Torces (o induce escape of the

droplet [rom the trap. I the droplet strongly absorbs the pulsed laser light, these escape lorces can be

strongly reduced. The lower stabilily of absorbing droplels is a resull of secondary thermal processes
Lhat cause droplel escape. © 2015 ATP Publishing £LLC. [hup:/fdx.dol.org/10.1063/1.4917202]

I. INTRODUCTION

Single particle optical trapping allows Tor the inves-
Ligation of acrosol particles under contact-free and well-
controlled (temperature and relalive humidity) condilions.
Single particle studies are inportant Lo avoid cnsemble
averaging.! Tn contrast lo ensemble measurcments, Lhey
allow one (o accuralely guanlify the particle size, which is
crucial lor size-dependent studies. Conlact-lree condilions
are particularly important for studies on acrosol droplets
or niclastable states of acrosol particles, which play an
important role in atmospheric processes. To characterize
optically trapped particles or to control the conditions in their
surroundings, additional external torces are often applied (see
Refs, 2-12 and references thereinj. These can bhe constant
forces or short-duration pulsed forces, such as, for example, a
constant gas flow that is used to control the relative humidity
of the particle’s surroundings or a pulsed laser that is used tor
ablation studies or speciroscopic investigations of particles,
respectively, External torces strongly influence the dynamics
of the trapped particles. They typically reduce the particle
stability in the trap hindering such investigation. This can
be improved by using the proper Lype of oplical Lrap, Lhe
choice of which, however, needs a detailed understanding of
the dynamics.

In the present work, we study Lhe dynamics of acrosol
droplets in optical traps under the influence of addilional
constant and pulsed external Torces with the goal Lo beller
understand Lthe inflluence of the type of trap and external loree.
For this purpose, we combine experiniental results with Tull
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three-dimensional simulations of the droplet dynamics.' Two
Lvpes of optical traps thal consist of multiple Bessel beans
(BBs) arc compared: the counter-propagaling Bessel beam
(CPBDB) trap and the quadruple Bessel beam (QBB) Lrap.
BB raps arc versalile. For example, submicron-sized acrosol
particles and multiple acrosol particles can be trapped or
acrosol particles can be guided using BBs. > 1% Furthermore,
in BB wtaps, all oplical componenls can be placed several
cenlimelers away (rom the trapping region, which allows
for an optimal control ol the conditions (lemperature) in the
particle’s surroundings.’® This is more dillicult using optical
tweezers, which typically have working distance shorter than
1 mm.'? Dual-beam optical tweezers have been reported that
also can provide working distance of a few millimeters'®'” or
centimeters,’' which is closer to the working distance of BB
traps. 1t has not yet been investigated how BB traps and such
dual-beam optical tweezers compare, Such a comparison is
bevond the scope of the present paper. The CPBB trap consists
of two counter-propagating BB arms (left panel in Fig. 1).
It was first proposed by Cizmir ef ¢.'® and later used for
single aerosol particle studies (see Refs. 9, 19 and references
Ltherein). The QBB Lrap {middle panel in Fig. 1) is composed
of two identical CPBB wraps arranged perpendicularly Lo cach
other. Tt has been proposed by Thanopulos er a1 but not
vel realived experimentally. Simulalions reveal thal acrosol
particles in a QBB trap should be more stable and much better
conlined compared with a CPBB trap.'* Furtherniore, the QBB
Lrap is less sensilive Lo imperlections in Lhe oplical alignment
and ils perlformance can be better predicled. Tn this paper,
we usc 4 conslant gas [low o nuimic Lthe conslant exlernal
[oree, which acls on the droplels [rom lwo dilTerent spatial
directions as indicated in Fig. 1. These external forces are
used to determine the stability and confinement of the droplets

22015 AIP Publishing LLC
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FIG. L. Tell: o CTRB rap consisting of bwo BB arms, BRI and BBE2. Middle:
2 QBB inp consisting of two CPBBs, CPBB1 and CTPRBR2. CTPEB1 consists
of B3] and B132 only and CPBB2 consists of BB3 and B34 only. Right:
axis system and symbals for the external forces. The bloe arele symbolizes
the trapped droplel. The green thick arows indicate the individual BBs. The
Lo crossed civele stands Lor a constanl exlernal lorce thal acis along the X
dircction (refened to as M external force™). The rown thin arvow indicates
cither & comstant cxternal force or a pulsed external foree that acts in the Y2
plane al an angle of 457 with respect. (0 the BBs (relerred 1o as 7457 external
loree™).

in QBB and CPBB Lraps. Shorl-duration (nanosceonds) laser
pulses mimic the pulsed external force. These pulsed force
experiments are performed for two types of droplets: droplets
that do not absorb at the wavelength of the pulsed laser
and droplets that strongly absorb at this wavelength. The
OBB and CPBB experimental setups are explained in Sec. 11,
Section III presents the simulations of the three-dimensional
droplet dynamics under constant and pulsed external forces,
The resulis for the constant and pulsed external forces are
presented in Secs. 1V and V| respectively.

. EXPERIMENTAL

A. BB setup, droplet generation, and sizing

Fig. 2 presents a scheme of the experimental selup. The
beam radius of the Gaussian beam [rom the 532 nm continuous
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wave laser (Laser Quantum, Opus 3, typical power range
used 500-1500 mW) is expanded from 0.8 nun to 1.6 mumn
by a telescope composed of two lenses with 30 mm and
100 mm focal lengths, The expanded beam is split into two
orthogonally polarized laser beams of identical power using
a half-wave plate (,/2) and a polarization beam splitter cube
(PBC). Two CPBB traps, CPBB1 consisting of BB1 and BB2
and CPBB2 consisting of BB3 and BB4 (Figs. 1 and 2},
respeclively, arc formed from Lhese two laser beams. For cach
CPBB, a BB is created rom the incident Gaussian beams
by an axicon wilh an apex angle of 178" and split into two
orthogonally polarized BB arms ol idenlical power using a &./2
plate and a PBC. Typical powers per BB arm arc in the range
between 100 and 300 mW. Each of the two BB arms of a CPBR
iy then mapped Lo the centre of the trapping cell (lrapping
region) by a telescope composed of lwo lenses of 300 mm and
75 mm [ocal lengths, which resulls in BB core radii ol 3.36 pm.
The power in the core typically varies between 3 and 8 mW. For
each CPBB trap, the corresponding two BB arms are aligned to
be parallel and to have their cores overlapping in the centre of
the trapping region to form a stable CPBB trap of several kT
trap depths'? (% is Boltzmann's constant and 77 = 293 K is the
temperature). The latter requires the relative positions of the
intensity maxima of two counter-propagating BB arms to be
shifted along the direction of the laser propagation by distances
dZ and dY tor CPBB1 and CPBB2, respectively. These d7. and
dY shitts do not influence the alignment of the core of the BB.
As outlined in Rel. 13, the qualily of Lhe alignment is crucial
because in particular small relative Lilts {on the order of 17)
can strongly reduce the stability of a CPBDB Lrap.

The QBB Lrap is simply composed of two perpendicularly
arranged CPBB traps (CPBB 1 and CPBB 2). To form a slable
QBB Lrap, the lwo CPBBs arc aligned o be in the same planc
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FIG3. 2. Schemntic ol the optical layoul
with teapping cell and external forces.

Axicon The optical setups used for deoplet siz-
r ing Congle resolved light seallering”
Zﬂ PBC arel “lrondbond Lgln seatlering™ are
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(YZ) with all tour BBs arranged perpendicular to each other
so that the cores of the four BBs overlap in the centre of
the trapping region, According to the simulations results from
Ret. 13, the alignment of a QBB trap is much less critical tor
the stability compared to a CPBB trap.

Experiments are performed tor saturated aqueous (H;O,
Merck Millipore, Lichrosolv®) NaCl (Merck Millipore,
EMSURE®) droplets and [or DOP (bis-(2-cthylhexylyphtha-
late, Merck Millipore, purity »99%) droplels. A medical
ncbulizer (PART LC SPRINT Ncbulizer) and nilrogen gas
(Na; Pangas, nitrogen 5.0, 299.995%) arc used lor droplet
generation. Single droplels are caplured in the optical Lraps
[rom a plume of dispersed acrosol gencrated by Lhe nebulizer.

Two dilTerent lighl scattering methods are used Lo deler-
mine the radius of the droplets in the traps, which are relerred
Lo as “angle-resolved light scallering” and “broadband light
scallering,” respectively. As regards the sive accuracy required
for the present study, both methods provide equivalent results
so that for a certain experiment we simply use the one that
is more convenient in terms of space for optical components
and simplicity of data processing. For the angle-resolved light
scattering, the light from the trapping laser that is elastically
scattered by the droplet is collected with an objective
(Newport M-10X, working distance = 3.5 nun, NA = 0.23)
as a tunction of the scattering angle & over the range
75,537 « b « 104.53" and detected by a CMOS camera (Thor-
labs, DCC1645C). The scattering phase function is retrieved
[rom the camera images and the droplet radius # is determined
by filling the experimental phase [unclions lo Mie theory.
More delails can be [ound in Refs. 9 and 20. Details of
the broadband light scatlering selup will be the subject of
a lortheoming publication (sce also Refls. 21-23). Briclly, Lhe
particle is illuminated by a [ocussed broadband light source
(fibre coupled Xe lamp; Ocean Oplics), which covers Lhe
wavelength range [rom about 250 1o 2000 nm. The broadband
light scaltered by the particle around a scallering angle of
0 ~90° (75.5" < 0 < 104.57) is collected and locused on a
fibre which is coupled to a CCD spectrometer (Ocean Optics,
Maya pro, 200-1100 nm). The droplet radius is determined by
fitting the measured wavelength-dependent scattering cross
section to the calculated wavelength-dependent scattering
cross section using Mie theory.”™*! The dispersion is assumed
tobe m( ) = iy + #11/ A as suggested by the Cauchy equation
(s is the real part of the index of refraction at wavelength
A, iy 1s the non-dispersive part, and s is the dispersive
part of #°%). Fig. 3 shows an example for broadband light
scattering. Overall, the agreement between experimental and
fitted spectrum is good. The major deviation comes [rom
differences in Lhe wavelength-dependence ol the bascling,
which, however, does not inflluence the litled radius. These
deviations arise from Lhe divergence and the chromalicity of
Lthe broadhand light source and [rom oplical aberrations. To
minimize Lthe chromaticily, we use refllective objeclives and
collimators.

B. External forces and escape forces

To compare the droplel stabilily in a CPBB versus a QBB
trap, two different types of torces, a constant force and a pulsed
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FIG, 3. Lxperimental broadband light scattering cross acction (orange foll
liney and fited broadland light seatering cross section {Mack dashed line)
a5 function of the wavelength for an agqueous NaCl droplel with a radius of
F=1575nm.

force are exerted on the trapped particle. The constant force
is realized by a continuous humidified N» gas flow that is
either directed in the YZ plane at 457 with respect to the BBs
(referred to as “43" external force™) or along the X direction
(referred to as “90" external force™) as indicated in Figs. 1
and 2. These constant force experiments were performed on
saturated aqueous NaCl droplet. The magnitude of the constant
force can be varied and is controlled by a flow controller
(Bronkhorst, B-201CV). To retrieve the constant force from
Lhe gas How, we usc Slokes law

I = 6myry, (1)

where = 1.82 - 107 Pa s is the viscosity of the surrounding
gas, r is the particle radivs, and ¢ is the velocity of the
gas at the droplet location. r is determined from the light
scattering experiments (Sec. II A). The velocity v is derived
from simulations performed with COMSOL Multiphysics.™
For these simulations, the shape of the trapping cell and
the geometry of the connecting tubing are modelled Lo
reproduce the experimental setup as accuralely as possible.
The simulation slarls with a Ny gas [low cqual Lo the
cxperimental N- flow al Lhe inlet ol the nitrogen Mow tubing
which is propagated inside Lhe Llubing and the trapping cell.
Simulations are performed for all different cxperimental N-
flows and all different Llubing geomeltrics. (Nole thal [or the
45" and 907 Torce cxperiments, dilTerent lubing geometrics
arc uscd.) The velocily v is extracted Trom these simulalions
al the location of the droplel and the corresponding loree is
calculated from Eq. (1), These forces are used to characterize
the stability of a trap (see “escape force” below).

A pulsed ultraviolet (UV) laser (Quantel, 266 nm wave-
length, 7 ns pulse duration, and repetition rate <20 Hz) is
used to apply a short-duration pulsed force to the droplets. The
pulse repetition rate of ~().5 Hz ensures that the single droplets
reach a stable state after each pulse before being excited by
a next pulse. These pulsed force experiments are pertormed
for two types of droplets, for DOP droplets, which strongly
absorb 266 nm light, and for aqueous NaCl droplets, which
do not absorb 266 nm light. The UV laser beam is slightly
[ocussed on Lhe droplet with & lens of 1000 mm [ocal length,
resulting in a 0.5 mm UV beam radius at the droplel location.
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All pulsed experiments are performed with the laser beam in
the YZ plane at 437 with respect to the BBs (457 external force
in Figs. 1 and 2). The laser power can be varied by about a
factor of ~10 between (.45 and 3.3 mJ per pulse by changing
the Q-switch time of the UV laser. The force F acting on the
particle is determined from the experimental light intensity /
from?*:26

F = HCut — Cyea (COS 0))/c, (2)

where C,, is the extinction cross section of the droplet,
Cieq 18 the scattering cross section of the droplet, (cos0) is
the asynumetry parameter (average cosine of the scattering
angle), and ¢ is the velocity of light. 7 is calculated trom the
experimental laser pulse energy, from the laser pulse duration
(7 ns full width half maximum (FWHM)), and the laser
beam radius at the particle location (0.5 mm). It typically
varies between / = 0.13 and 1.13 J s '\um~2. C.,, Gy and
(cos 0) are calculated with a T-matrix code,”” which enables
one to accurately compute these properties for particle size
parameters (a = 2mr /L) up to a = 70. We use a refractive
index of m =1.42 -0+ for the aqueous NaCl droplets®
and a refractive index of m = 1.486 —0.01-i for the DOP
droplets. The imaginary part of the DOP refractive index
was determined from spectroscopic measurements of DOP
solutions at our analytical service facility and the real part of
the refractive index is taken from Ref. 29,

To characterize the stability of a trap, we define an
escape force Fo. It corresponds to the external force at
which the droplet either escapes from the trap or shifts by
more than 100 gm from its initial trapping position, F.. is
determined trom Eq. (1) tor the constant force experiments
and from Eq. (2) for the pulsed force experiments by
gradually increasing the continuous gas flow or the laser
power, respectively, and by determining the escape velocity
Uuse and the escape intensity I, respectively, at which the
droplet escapes [rom the trap or shills by more than 100 gm.
Stability cxperiments arc performed [or droplets of different
sive and composition and lor dilferent powers of Lhe BB
arms, namely, Tor 100, 200, and 300 mW per BB arm
(Sce. T A A shill of more than 100 gm is considercd
lo be equivalent to an escape [rom Lhe Llrap because after
such a pronounced shift the droplel can longer be observed
or characlerized by scatlering or speclroscopy. Such shifly
instead ol proper escapes are somelinies observed for CPBB
traps but nol for QBB traps as [urther outlined in Sece. TV
A (Fig. 4 (Multimedia view)). Experimentally, the particle
escape and shift are measured with a microscope objective
(Newport M-10x) and a CCD camera (Thorlabs DCC1643C).
The size of the camera image is calibrated to quantify the
particle shitt. For that purpose, a trapped particle is first
shifted from the centre of the camera image by applying a
constant Na flow, Then, the translation stage (Newport Y003-
XYZ) holding the objective and the camera is moved until
the droplet is again in the centre of the camera image. The
displacement of the droplet is then determined from the shift
of the translalion slage. This is done Tor dillerent droplet
displacements Lo calibrale the whole range ol Lhe camera
image.

J. Ghem. Phys. 142, 154506 {2015)
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FIG3. 4. Typical droplet dynamics in QBB (upper panel) and in CPBB (lower
panely traps under the inlluence of 2 constanl 457 external force ol increasing
magnitude., Upper snapshot: droplet is in the contee of the QBB teap. Lower
snapshet: droplet is slufted by 130 gm away from the contee of the CPBR
trap. Same view as sketched in Fig, 1. The horizontal direction (7, direction)
corresponds 1o the axial direction of the CPBE trap (CTBBI in Fig. ).
Mulimedia view) |[URL: htp:fidz.dod.org/10.1063/1.4917202.1| |URL:
httpefidx.ded.ovp/10.1063/1 4917202 2|

ll. SIMULATION OF DROPLET DYNAMICS

To compare experimental results with simulations, we
calculate the dynamics of droplets inthe CPBB and QBB traps
from the Langevin equation as described in Ret. 13 but in the
presence of additional external Torces F (Bgs. (1) and (2)),

AR _ dR

T = —F? + Fr,p;(R\J/f)"/f + F(l]jM + ;(l}‘\f Z.k,r,'.-'T,’M,
i 1)
(3)

where R are the Cartesian coordinates of a droplet with respect.
tothe (X, Y, Z) axis system indicated in Fig, 1 with the origin
of the coordinate system in the centre of the trap. I is the
damping constant of the surrounding gas (calculated from the
viscosity given in Sec. 11 B), #,,; (R) is the total optical torce
that acts on the particle, M is the mass of the droplet, §(t)
denotes Gaussian noise with zero mean and unit variance, kp
is Boltzimann's constant, and 7 is the temperature (7 = 293 K).
Fop (R) 1s calculated by integrating Maxwell’s stress tensor
over a closed surfaced containing the trapped particle. For
details, sec Refl. 13. We assume thal F,,,, (R) is Lhe incoherent
sum ol the optical forces arising lrom the individual BB arms.
This is consistenl with the experimental setup in Fig. 2, lor
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which the lengths of the different BB arms are different to avoid
interference. The simulated BBs have the same properties as
the experimental ones, namely, a wavelength of 332 nm, a core
radius of 3.36 gm, a diffraction-free propagation distance of
Lz = 4.1 mm, powers of 100, 200, or 300 mW per BB arm,
and the same polarization as the experimental beams (Fig, 2).
The retractive indices of droplets are given in Sec. [ B, Optical
lorees are caleulated Tor perlectly aligned and lor lilled CPBB
and QBB traps with 17 relative tilt between the two BBs (sce
Rel. 13 Tor details). Other imperfections in the alignment of
the BBs, such as the relative slips belween BB arms, are not
Laken into account here because Lhey have been shown o be
much less inportant for the rapping stability.!

The F{#) lor the 457 and 907 external Torce simulalions
are described in See. 1T B. For the pulsed loree, cither a 7 ny
boxear loree or a 7 ns FWHM Gaussian foree is modelled in
agreement with the 7 ns FWHM duration of the UV laser pulse
in the experiment. Essentially, identical results are obtained for
the boxcar and the Gaussian pulse shape. The repetition rate
of the simulated pulses equals 2 Hz to allow the droplet (o
return to a steady state before being excited again by a new
force pulse in agreement with the experiment.

The Langevin equation is solved using a Verlet algo-
rithm.™ A minimum time step of 1(X} ns is used. This time
step is decreased to (1.1 ns during 1 us following the beginning
of the pulsed force to ensure numerical smooth change of the
force. The position of the particle is recorded every 10 ms
[or Lthe constant [orce simulations and every 100 ps Tor Lhe
pulsed loree simulalions Lo oblain a trajeclory. The Lrajeclory
endy al a presel maximum Lime or with the eseape ol Lhe
droplet, whichever comes lirst. Maxinum simulation times
arc on Lhe order of many hundred seconds. To delermine Lthe
eseape [oree £, Lhe Tollowing crileria were used. Tn the CPBB
Lrap, Lhe particle is considered Lo have escaped rom the Lrap
il it 18 shilled by more than 4.5 gm rom the centre of Lthe
Lrap in laleral dircetion (XY planc [or CPBBI in Fig. 1) or
il it is shifted by more than 100 gm along Lhe axial direction
(Z direction for CPBB1). 4.5 pum is more than the lateral
trap dimension of a CPBB. 1n the QBB trap, the particle is
considered to have escaped from the trap if it shifts by more
than 4.5 gm from the centre of the trap in X, Y, or Z direction,
i.e., by more than the trap dimension. Note that droplets in
CPBB traps are much less confined along the axial direction
(typical confinement on the order of 2.5 g for a 1.4 pm
particle without external forces) compared with QBB traps
(typical confinement on the order of 30 nm for a 1.4 pm
particle without external forces).

IV. CONSTANT EXTERNAL FORCES
A. Experimental resulis

Fig. 4 (Multimedia view) shows typical droplet dynamics
observed in QBB (upper panel) and in CPBB (lower panel)
traps under the influence of an external force of increasing
magnitude. At the beginning, no external force is applied. The
particle in the QBB trap without external force is well-confined
in the centre of the trap. Wilh increasing external [orce, Lhe
droplet remains stable in Lthe centre of the QBB Lrap until Lthe

J. Ghem. Phys. 142, 154506 {2015)

particle suddenly escapes from the trap when the external
force equals the escape force. The dynamics in the QBB
trap is reproducible and not very sensitive to the particular
trap alignment. This is due to the strong gradient forces that
act in all directions in a QBB trap and is consistent with
the modelling prediction from Ref. 13. The dynamics in the
CPBB trap is ditferent. Even with no external force applied, the
droplel in the CPBB Lrap may wobble by lens of micrometers
in axial direclion (dircction ol laser propagalion) around its
slable position as a consequence ol Lhe weak conlinement of
a4 CPBB trap in axial direclion. As soon as the external lorce
is turned on, Lhe droplel immediately shills in axial direclion
where the optical Torce originales [rom a [ragile balance of
scattering forees. The displacenment of the droplet increascs
gradually with increasing cxlernal force. This displacement
scems Lo be lincar with the increase ol the low and hence Lhe
external foree. Tn some experiments, the droplet stops shilling
with increasing external force and then suddenly escapes from
the trap (not shown in the video) for displacements of the
droplet from the trap centre of less than 100 gm. In these
cases, the escape force F,. is determined from the external
force applied at the moment of escape (Eq. (1)). In other
experinients, as the one shown in the lower panel in Fig. 4
(Multimedia view), the droplet is shifted by more than 100 gm
away from the trap centre without escaping. Here, we use the
external force needed to induce a shift of 100 gm to determine
F.. In contrast to QBB traps, the droplet dynamics in CPBB
Lraps is nol very reproducible and depends strongly on the Lrap
alignment in agreement with the maodelling prediction [rom
Rel. 13. This is mainly a conscquence of Lhe [ragile balance
of scattering lorees Lhat act in axial direclion. Strong retaining
gradient [orees only acl laterally in & CPBB wrap. The droplet
dynamics [or the 457 external loree and the 90° exlernal Torce
is qualitatively similar. In both cases, the droplet shifts along
Lhe Z-axis when the [orce is applied. For the 907 [oree, this can
be explained as [ollows: the 907 foree in X-dircclion moves
Lhe droplet slightly away rom Lhe exact center ol Lthe trap so
that the scattering forces from the BBs are no longer equal
due to polarization effect. Hence as only the balance of these
scattering force confines the droplet along the Z-axis in the
CPBB trap, the droplet is shitted along Z-axis as soon as
the force is applied. However, for the same external force,
the absolute displacements of the droplets are smaller for the
90 case compared with the 4537 case and it needs higher values
for the 907 external force to remove the droplet from the trap.

The experimentally observed droplet dynamics is quanti-
fied in Fig. 5. It provides the normalized experimental escape
[orees Fu, Tor the 437 exlernal Torce {upper panel) and Lhe
90" cxternal lorce (lower panel} as a [unclion ol Lhe droplet
radius. fi., in Fig. 5 is normalized (o a laser power per BB
arm ol 200 mW. Individual experiments are performed wilth
dillerent laser powers per BB arm of 100, 200, or 300 mW. Ay
expecled, Fy. is found Lo be proporlional Lo Lhe laser power per
BB arm so that normalization of the data is appropriale (data
nol shown). As explained in Sce. 1T B, f,,, is retricved [rom
Eq. (1) by simulating Lhe N» gas velocity atthe particle location
during its escape. The calculated N3 gas velocities during the
particle escapes vary between 0.26 and 9.3 mm s~ (for flow
rates at the tubing entrance of 0.8 and 19.3 standard cubic
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cenlimelers, respectlively) depending on the trap and particle
size. Al a cerlain flow rale, the COMSOL simulations show
Lhat the N3 gas velocity changes by less Lhan 1% in the volume
over which the droplet moves during the experiment. Fig. 5
summarizes the data Tor F,,. Tor the QBB and the two CPBR
raps CPBBland CPBB2 (Fig. 1). The plotted error bars arc
delermined [rom the uncertainly in the determination ol Lthe
particle radius. The latter is around 130 nm when the scattering
phase function is used to size the particle® (upper panel) and
around 2 nm when broadband light scattering is used to size
the particle™ (lower panel). A first prominent trend in Fig. 5
is the increase in the trapping stability (F..) with increasing
droplets size tor all three traps. Furthermore, a comparison
of the upper and the lower panel in Fig. 5 shows that for the
same trap and the same droplet radius, the normalized F.. is
indeed higher for the 90* external force compared with the
457 external force, consistent with the qualitative observations
described above. The third obyious rend in Fig. 5 is the higher
stability of the QBB trap compared wilh an averaged CPBB
Lrap. The normalized £, of the QBB is larger than the average
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of the normalized F,,. of CPBB1 and CPBB2. The comparison
of CPBRI and CPBB2 in Fig. 3 also illustrates that CPBB
traps that should be identical according to the experimental
layout can in reality behave quite differently. As discussed
in Thanopulos ef of.,'” this is most likely a consequence of
the sensitivity of the CPBB traps to small imperfections in
the alignment, which can neither be avoided nor accurately
specilied in Lhe experiment.

B. Simulation results

Typical resulls of the droplet dynamics oblained [rom
simulations (See. TITy are displaved in Figs. 6 and 7. The two
cxamples summarize data [or 45° and 907 conslant cxlernal
forees, two droplet sizes (1.4 pm and 2.8 um), a perlectly
aligned QBB (relerred o as “perfect QBB™), a perlectly
aligned CPBB (relerred Lo as “perlect CPBB™), and for a QBB
and a CPBB with minor relative Lilts of 17 belween the BBy
(referred to as “tilted QBB and “tilted CPBB,” respectively).
The droplet dynamics is visvalized for the 457 external torce
by the average Y and average Z positions of the droplet and
for the 90 external force by the average X and average Z
positions, and by their respective standard deviations (5TDs).
The average droplet positions and the corresponding STDs are
calculated along the whole simulated trajectory. An average
position of zero means that the droplet has escaped before the
first sampling point (i.e., within 1{ms). The axis system refers
to Fig. 1 and the axial direction of the CPBB is chosen along
Z.

In both the perlect and the Lilted QBB Lraps, shifts in the
average Y position of ~1.5 gm result in the immediale cscape
of the droplel from the trap. Tn the upper lell panel ol Fig. 6,
[or example, such an immediale cscape is indicated al ~3600
[N by the sudden drop of the average Y position o zero as
Lhe droplet escapes [rom the trap wilhin less than 10 ms. Tn
Lthe lower left panel of Fig. 6 and in the two lell panels in
Fig. 7, the droplets need more than 10 ms 1o Tully eseape
[rom the trap. Here, the droplel moves along a more or less
straight line towards the edge of the trapping region, with a
correspondingly increased STD of the position, 1n the lower
left panel of Fig. 6, e.g., this happens at ~11 300 tN. For the
QBB traps, the behaviour in Z direction is very similar to that
in Y direction: i.e., shifts of ~1.5 gm cavse the immediate
escape trom the trap. Note that the details of the dynamics
in Z directions are not visible in the right panels of Figs. 6
and 7 because of the different scales of the average Z position
(several 10} to several 100 gm). The droplet dynamics of the
pertect and the tilted QBB traps is almost identical, not only
qualitatively bul also quantilatively. DilTerenees occur between
Lhe difTerent [oree dircetions {4537 in Fig. 6 and 907 in Fig. 7). Au
907, larger escape lorces are needed than at 45°—olherwise
the QBB shows Lthe same qualilalive behaviour for the two
dillerent Toree directions.

The dynamics in the CPBB lraps is more versalile
comparcd with the QBB Lraps. As described, the latter shows
only immediate escapes. In a perlect CPBB (rap and under
a4 45" external Torce (Fig. 6), the droplet [irst expericnces &n
increasing shift in Z dircetion with increasing foree but keeps 4
well-defined Z position (small STDs). At an even higher force,
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the droplet does no longer reach a well-defined Z position
before it escapes, which is indicated by the sirong increase
in the STD for theses forces. As explained above, a strong
increase in the STD indicates the onset of the escape from the
trap. For the 1.4 gm droplet, this happens at an external force
of ~BO N and a shift in position relative to the trap centre of
~=370um. The corresponding values tor the 2.8 pm droplet
lic between 1000-1200 N and ~—400pm, respectively. The
corresponding Y positions (left panels in Fig. 6) change only
slightly. Tn summary, [or the 457 Toree, we obserye instead of
immediale escapes as in the QBB Lraps [irst very pronounced
Z shills {much more than our cutolT eriterion of 100 pm [or
froe, Sce. IT B) before the parlicles completely escape. For
Lhe 907 Torce and perfect CPBB raps (Fig. 73, Lthe Lype of
dynamics is again similar o Lhe ones found in the QBB traps;
i.c., immediate cseapes in X direclion arc observed al shifts in
Lhe X position of ~1.5 gm. For the 1.4 gm droplet, this happens
at an external force of ~25(X) fN and for the 2.8 gm at ~3000
fN. The major qualitative difference compared with the QBB
traps is the tact that at the same time, also an appreciable shift
in Z. direction is observed with increasing external force, For
the 2.8 g droplet and tor both the 457 and the 9° cases, the
dynamics inthe tilted CPBB traps is qualitatively similar to the
ones observed in the pertfect CPBB traps. The only ditference
is that the tilted traps tend to be less stable, The 1.4 ym droplet
in the tilted CPBB traps is a special case. This droplet is not
stable, not even at zero external torce (see also Table I3, which
is indicated in the lwo upper Lraces of Figs. 6 and 7 by Lhe
huge STDs in the droplel positions and the large shills away
[rom the trap centre (X =Y = Z = () {or all external lorces.
Table T lists the normalized cscape [orees oblained [rom
Lthe difTerent simulations as delined in Sce. 1. The lollowing
three trends can be extracted rom this lable. The stability
(Fos) Increases with increasing droplel radius Tor all difTerent
Lypes of traps. The stabilily is higher [or the 907 extemnal lorce
comparcd with the 457 extemal [oree Tor the same droplel size
and Lhe same Lrap type. And [inally, the QBB Lrap is clearly
more stable than the CPBB trap. (Note that only data tor one
CPBB trap are listed because CPBB1 and CPBR2 are identical
in the simulations in contrast to the experiment.) The data in
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Table 1 also demonstrate that the QBB trap is much more
robust against small misalignment of the BBs compared with
the CPBB trap. The extreme case is the 1.4 pm particle, which
in the tilted CPBB trap is not even stable in the absence of
external forces so that Fo, = () (see Figs. 6 and 7).

C. Comparison experiment and simulation

The comparison of Fig. 5 and Table T reveals that Lhe
same qualitative trends are observed in the experiment and
the simulations. The first trend, the increase in slability with
increasing droplel radius, is conmmon Lo all dilTerent Lypes of
raps. Qualilatively, this is an effeet of the increase ol Lhe
oplical lorces with increasing polarizability which roughly
scales with the droplet volume. However, the quantitalive
agreement belween cxperiment and  simulation is rather
poar, which is likely a consequence ol imperleclions in the
alignment of Lthe oplical componenls in the experimental setup.
That small imperfections can have a strong influence on the
stability are demonstrated by the 17 tilt simulations in Table L.
We would like to note here that the specific experimental
imperfections in the alignment are unknown and thus cannot.
be modelled accurately, so that we can only demonstrate their
principle influence,

The second trend, the higher stability for the 907 external
force compared with the 457 external force, is also tound in
both experiment and simulation. For the CPBB traps, this trend
is expected because the 90° external force acts mainly in X
dircction (Fig. 1}, where strong gradient forces can slabilize
Lhe droplel to some extent. The 457 exlernal [oree, by contrast,
has onc conponent that points inlo the dircetion (2 and Y
dircctions for CPBB1 and CPBB2, respectively) where Lhe
[ragile balance of scallering lorces delermiines the stability.
For the QBB, the higher slability under the influcnce of
Lhe 907 Torce might not be so obvious at first sight because
gradient Torces acl here in all direction. Tt has, however, a
simple explanation. The gradient foree in X direction (Fig. 1)
is approximately two limes stronger than Lhe gradient forees
that act in the Y or the Z direction because the force in X
direction is the sum of the gradient forces of CPBB1 and

TABLE I. Nonnalized simulated escape Torees Fy Lor constam, 457 and 907 external lorees enleulale Tor two

different. droplet radii ¥ in a QBB irap and o CTBB trap. Resulls are provided lor perfect traps (L= 07), lor

imperlect traps with ilted BBs Qilt=17), and Tor traps with two different relative distances d7 of the inlensity

maxima of counter-propagation 33 arms.

Fese (PN)
Fxlernal loree r {gem) Tiliin deg dZ. {prm) BB CT'RB
457 1.4 0 50 3.55 0.0275
457 14 l 50 345 0
457 2.8 0 50 11.8 0.24
457 2.8 l 50 1.6 0.07
457 2.8 0 100 11.8 0.26
457 2.8 l 100 1.6 0.09
90" L4 0 50 5.05 1.8
90" L4 l 50 5.05 0
90" 2.8 0 50 17.0 R.2
90" 2.8 l 50 17.0 2.6
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CPBB2. Despite the QBB being approximately two times
stronger than the CPBB1, again, noreal quantitative agreement
between experiment and simulation is tound. In particular, the
dramatic increase in stability for the CPBB trap predicted by
the simulations is not reproduced by the experiment,

The higher stability of the QBB trap compared with the
CPBB trap is the most important trend that is clearly visible in
both experiment and simulation, albeil to dilferent degrees. For
Lhe 2.8 pm droplel, the simulations predict 457 escape [orces of
11.8 pN and 0.24 pN [or perfeet QBB and CPBB Lraps, respec-
Lively {Table T). This contrasts with corresponding cxperi-
mental values of approximately (4.25 £ 0.20) pN and (1.02
= 0.05) pN {averages of CPBB1 and CPBB2). For the 1.4 pym
droplet, Lhe predicted 907 escape [orces o 3.05 pN and 1.8 pN
[or perfecl QBB and CPBB traps, respeclively, compare with
cxperimental values of (2.25 £ 0.01) pN and (0.75 + 0.01) pN
{averages of CPBBI and CPBB2}. Compared with the cxperi-
ment, the simulation overestimates the gain in stability of QBB
vs, CPBB trap for the larger droplet, while for the smaller
droplet, the relative increase in stability is comparable. The
lower stability of the CPBB trap simply arises from the absence
of strong gradient forces in axial direction. By contrast, in the
OBB trap, strong gradient forces act in all direction.

V. PULSED EXTERNAL FORCES

External Torees of shorl duration (nanosceonds or less)
can, in principle, have a dillerent influence on the dynamics
of droplets in optical traps compared with constant external
forces. Because of their short duration, the spatial displace-
ment of the droplet away from the trapping position during
the time the force is applied (referred to as “force pulse™)
is very small (less than mn) compared with the trap dimen-
sion. It is therefore not unreasonable that the droplet does not
escape from the trap during the pulse and relaxes quickly after
the torce pulse is over. To test this hypothesis, we perform
experiments with a 7 ns FWHM pulsed UV laser (266 nm)
as external pulsed force and two different types of droplets,
aqueous NaCl droplets and DOP droplets (Sec. IT A). Aqueous
NaCl droplets do not absorb 266 nm light (m = 1.42 -0-1i)
while DOP droplets strongly absorb at this wavelength
(m = 1.486 — 0.01 - i). For the aqueous NaCl droplets and for
light intensities of up to 1.13 J s~ um 2 (corresponds to 3.3
mJ per pulse for a 7 ns FWHM Gaussian pulse with a 0.5 mm
radius), we observe no escape of the particles from the traps
even though these pulsed laser forces are several orders of
magnitude higher than the trapping forces (tens of nN versus
pN). Note that a light intensity of 1.13 J s~ um~2 corresponds
to an external pulsed force of F' ~ 35 nN for a 2.8 ym radius
droplet (Eq. (2)). The laser pulse has also no other observ-
able effect on the non-absorbing droplets. These experimental
results are in agreement with simulations of aqueous NaCl
droplets (Sec. II1), which confirm that the droplets should not
escape from the trap under the influence of these pulsed forces
(data not shown). The simulations predict that much higher
external forces (more than several ten times higher) would be
needed for the droplets to escape from the trap.

Unexpectedly, the experimental observations for the
absorbing DOP droplets are completely different. These
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droplets already escaped from the traps at average light
intensities of only f. ~ (L4 ) s p111‘3 for both the QBB and
the CPBB traps. This average light intensity is determined
from individual experiments with ~00 droplets (30 for the
QBB and 30 tor the CPBB) with radii between 1.7 and 2.4 gm.
It corresponds to an average escape force of Fg ~ 31 nN
for a 2.8 pm particle. Escape from the traps is not the only
observable elTect alter pulsed laser excilation ol DOP droplets.
Partial ablalion/evaporation ol the droplets caused by the laser
iy another phenomenon that is visible afler laser excilalion.
This is illustraled in Fig. 8, which shows the scattered light
[rom the droplet and a plume ol ablated/evaporaled material
just above the scatlered light ol the droplel. This plume Forms
immedialely after the laser pulse and disappears quickly after
Lhe pulsc is over. Tn addition, the patlern ol the scattered light
iy dilferent helore and aller the pulse (not shown), which
would be consislenl with a change in droplel sive caused by
ablation/evaporation. The quantification of this size change
was not possible within the precision of our phase function
measurement.

To elucidate this behaviour, we have performed simu-
lations of the droplet dynamics. Fig. 9 sununarizes the
corresponding results fora 1.4 gm (upper panel) and a 2.8 pm
(lower panel) DOP particles after pulsed laser excitation for
perfect and imperfect QBB and CPBB traps (Sec. 1), The
escape probability of a droplet per laser pulse is shown as
a function of the external force (lower abscissa) and the
laser intensily (upper abscissa) [or a pulsed foree with boxcar
shape. Tt is delined as the ratio of the number of droplets that
escape and Lhe number ol laser pulses. Tn the Tollowing, o5
and the intensity %y s correspond o Lthe foree and inlensity,
respeclively, for which the escape probabilily has a value of
0.5. Fig. 9 shows Lhat larger droplels are more slable {larger
Fo.5) than smaller droplets. This is an elfect of the higher
mass of the parlicle, which Tor Lthe same [orce moves less.

FIG. 8. Snapshot of a DOP particle in a QBB trap just afler excitation by a
266 nm laser pulse. The bright irregular pattern is the lisght of the trapping
lascr that is scattored by the deoplet. ‘The faint shadow above the droplet
(indicated by while arrow) corresponds 1o a plume o ablatedfevaporated
imalenial afler Inser excitation.
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LG, 9. Lscape probability per laser pulse for a 1.4 gm {(upper pancly and
a 2.8 pnin ower panel) droplet as o function of the external pulsed force F
(lower abscissa) and the laser inlensity T {upper abscissa) lor o pulsed laser
force with boxcar shape of 7 ns duration and 266 nm wavelength, Most data
arc given for perfect and imperfect QBB and CPRD traps with 200 mW power
por BB arm. The loweer panel also contains data for 100 mby por BB arm.

Note that fr,. is higher for the large droplet although £, is
lower for the large droplel (sec data [or 200 mW per BB)
because the absorption and scallering cross seclion are larger
[or the larger droplel. All probabilily curves exhibit a very
similar general behaviour. For small [orees, the droplets cannot
escape because Lheir displacement away rom the cenltre of Lhe
Lrap causcd by Lhe pulse is only minor. (Nole thal an escape
probability larger than zcro al low lorces [or the 1.4 pm
particle in the Lilled CPBB trap ariscs because Lhis droplet
is not stable in the trap even at zero external force.) As for
the NaCl droplets, this demonstrates that pulsed laser torces
that are several orders of magnitude higher than the trapping
forces do not necessarily lead to droplet escape. For somewhat
higher forces, the escape probability suddenly increases from
0 to 1 over an increase of the pulsed torce of less than 3%
(Fig. 9). At this point, the pulsed force is suddenly high
enough to induce droplet displacements (on the order of the
trap dimension) that result in direct escape. Fig. 9 also reveals
that the type of trap has a comparatively weak influence on
Lhe absolute values of the probabilily curves and thus on fy s.
This is because the pulsed Torees are anyway much higher
Lthan the trapping [orees and thus dominale the dynamies. The
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slightly but systematically higher stability of the CPBB traps
compared with the QBB traps that is tfound in the simulations
has the following reason: the axial dimension of the CPBB
trap is much larger {(~100gm) than that of the QBB trap (a
few gm). To escape, the droplet must travel a longer distance
in the CPBB trap, during which its motion is damped by the
surrounding gas. As a consequence, the droplet is slightly
more stable in the CPBB trap. The dominance of the pulsed
[oree over the trapping [orees is also exemplified by the minor
diflerence between the simulations [or 100 mW per BB am
and 200 mW per BB arm in the lower pancl in Fig. 9. A
decrease in the power ol the trapping beam ol a laclor of 2
results in a decrease in f4.5 of only ~10%.

I contrast Lo the NaCl droplet casce, the simulation and the
cxperimental resulls for DOP droplels do not agree with cach
other. Tn the experiment, the droplets escaped [rom Lhe Lraps
al eseape intensilics of foy. ~ 0.4 57 ,um_g. The simulation
predicts that it needs at least an fps of 11 J §7! ,um‘l, which
is 30 times higher than cbserved. This discrepancy together
with the results for the Nall droplets implies that it cannot.
be the aptical force exerted by the pulsed laser on the DOP
droplets that causes the escape of the droplets. We believe
that secondary processes induced by the absorbed light are
actually driving the droplet out of the traps. In contrast to light
scattering, light absorption can induce different secondary
thermal effects. They can range from photophoretic forces™
to evaporation or ablation of the droplets. The light absorption
may lead Lo non-uniform heating of the particle. The resulling
lemperalure inhomogeneity creates a pholophoretic loree,
which can be much higher than the photon pressure and
hence could explain the observed cllects.™! Tn addition, as
menlioned above, signs of strong ablation/evaporation arc
indeed observed lor DOP droplets (Fig. 8). Such sccond-
ary thermal processes can cause “uncontrolled” momentum
transfer from the ablaled/evaporaled matter Lo the renaining
particle and thus result in droplel escape. Indications [or
ablationfevaporation are not observed Tor NaCl droplets
consistent with the fact that they do not absorb 266 nm
light. This prevents the escape of the NaCl droplets under cur
experimental conditions in agreement with the simulations,

V1. SUMMARY AND CONCLUSIONS

We compare Lhe dynamics and in particular the stabilily
of acrosol droplels in counter-propagaling and in quadruple
Bessel beam oplical raps when Lhese droplels arc under
the influcnee o an additonal external Torce. The laller is
simulated by a conslant gas [ow or a short-duration pulsed
laser, respectively, i.c., by two Lypes of [orces thal are relevant
to single aerosol droplet studies, Experimental results are
compared with simulations, which calculate the full three-
dimensional droplet dynamics and which also take into
account the influence of imperfections in the alignment of
optical traps. We also present the first experimental realization
and characterization of a QBB trap.

For a constant external force, the escape force (lowest
external force that is needed to cause droplet escape from
the trap) is on the same order of magnitude as the trapping
forces (typically pN). The stability of a droplet thus sensitively
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depends on the details of the optical trap used. Droplets in a
QBB trap are found to be more stable under the influence of a
constant external torce than droplets in a CPBB trap. Escape
forces in the QBB trap are up to several ten times higher than
in a CPBB trap for droplets with radii between 1 and 3 gm.
The reduced stability of the CPBB trap mainly arises from
the difficulties in balancing the scattering torces in axial trap
dircction. The QBB Lrap does nol have this defliciency because
strong gradient forees act here in all direclions. This is also Lhe
reason why the droplet conlinement is much better in the QBB
Lrap. Both experiments and simulations show a mullifaceled
droplet dynamics. Tn the QBB (rap, Lhe droplets immediately
escape [rom Lhe trap when Lhe external [oree reaches Lhe cscape
l[oree. The displacement of the droplel [rom Lhe Lrap cenlre at
Lthe point of cscape is on the order of the BB core size (less
Lthan a few gm). Tn the CPBB Lraps, the droplels always shilt
by scveral ten Lo several hundred gm in axial dircclion helore
they finally escape. The QBB trap is much more suitable to
pertorm constant force experiment on single droplets because
of the higher stability, the better confinement, and the lower
sensitiveness to imperfections in the optical alignment.

For the pulsed external force, the type of trap has only
a minor influence on the droplet stability for laser pulses of
several ten nanoseconds duration, The pulsed escape forces
are several orders of magnitude higher than the trapping torces
(tens of nN versus pNJ. The escape forces are so much higher
than the trapping forces because the droplet only escapes if it
can do so more or less ballistically, i.c., belore the damping by
Lhe surrounding medium can relax and restabilize it. We [urther
ind non-absorbing droplets Lo be signilicantly more stlable
comparcd with strongly absorbing droplels. The comparison of
experiments and simulations indicales that seccondary thermal
processes such as photophoresis, droplel evaporalion, or
ablation are responsible lor the reduced stability of absorbing
droplets.

In summary, the QBB trap is more suitable for exper-
iments with external forces even for pulsed external [orce
where no pronounced difference in stability between QBB
and CPBB traps exists. Its performance is more predictable,
it is less sensitive to imperfections in the optical alignment,
and the confinement of the droplets is much better. The latter
is particularly important tor droplet characterization, e.g., by
light scattering where the quality of the scattering pattern
hinges on tight droplet confinement,
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