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Direct influence of aerosol particles on cavity enhanced spectroscopy: 
Modeling and first experimental results

Felix W. Stollbergera,b , Michael J. Gleichweitb , Gregory Davidb , Ruth Signorellb , and  
Alexander Bergmanna 

aInstitute of Electrical Measurement and Sensor Systems, Graz University of Technology, Graz, Austria; bDepartment of Chemistry and 
Applied Biosciences, ETH Zurich, Zurich, Switzerland 

ABSTRACT 
This article presents the first experimental analysis of the influence of single, micrometer- 
sized aerosol particles on the reflectivity of a resonant Fabry-P�erot etalon (FPE). The results 
are presented along with a theoretical model capable of describing and predicting the par
ticle influence on the transfer function of the etalon. The presence of the particle in the cav
ity alters the etalon reflectivity in the operating point up to several percent. Based on our 
findings, we show that the etalon reflectivity is mainly affected by light extinction by the 
particle. Phase effects due to interference of forward scattered light could not be observed 
experimentally in the investigated size range. However, extrapolations on the presented the
oretical model show a significant dependence of the phase contribution on the collection 
angle of the etalon. Comparable magnitudes of the phase and extinction contribution are 
reached if the etalon geometry is slightly altered. This could be exploited to obtain the 
phase shift of the coherently forward scattered light. Cavity geometries can also be adapted 
to reduce the direct particle effect if it is undesired. In addition, the change in the transfer 
function of the etalon is analyzed and discussed, as it is especially relevant for measurement 
techniques such as photothermal interferometry.
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Introduction

Cavity-enhanced spectroscopy methods are widely used 
in environmental and emission monitoring, chemical 
analysis, process engineering, and healthcare. They 
offer superior sensitivity compared to cavity-free 
approaches. The most notable cavity-based techniques 
include cavity ring-down spectroscopy (CRDS) (Maity, 
Maithani, and Pradhan 2021; Berden, Peeters, and 
Meijer 2010; Wheeler et al. 1998; Mellon et al. 2011) 
with the related technique of Cavity-Enhanced 
Raman Spectroscopy (CERS) (Niklas, Wackerbarth, 
and Ctistis 2021; Wang et al. 2020), Cavity-Enhanced 
Photoacoustic Spectroscopy (CPAS) (Wang et al. 2019; 
Hayden et al. 2019), Cavity-Enhanced Absorption 
Spectroscopy (CEAS) (Fiedler, Hese, and Ruth 2003) 
and Photothermal Interferometry (PTI) (Davis and 
Petuchowski 1981; Krzempek 2019; Jin et al. 2015; Lin 
and Campillo 1985). Off-axis configurations operating 
outside the resonance condition of the cavity have also 

been implemented (Shao et al. 2022). All these techni
ques were originally developed for trace gas detection 
and chemical analysis due to their low detection limit 
and high sensitivity, outperforming conventional spec
troscopic techniques. Because of their high sensitivity, 
cavity-based techniques recently gained interest for 
investigating physical and physicochemical properties 
of aerosol particles down to the single particle level. A 
special focus is devoted to determine the radiative forc
ing potentials of different aerosol species, which are 
still not known with the required precision according 
to the IPCC (Masson-Delmotte et al. 2021; Stocker 
et al. 2013). Especially the evolution of the radiative 
properties due to photochemical aging by atmospheric 
processes and the influence of coatings on highly 
absorbing species are active research fields. A funda
mental understanding of those processes is crucial for 
accurately describing aerosols in climate models. 
Cotterell et al. (2022, 2015) have shown that CRDS can 
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be used to accurately retrieve the complex refractive 
index of single non-absorbing aerosol particles. 
Furthermore, they suggest using CRDS to monitor par
ticle growth and measuring the acceleration of reaction 
kinetics in micrometer-sized droplets. Highly absorbing 
aerosol particles such as soot are usually studied with 
photoacoustic or photothermal methods, which directly 
probe sample absorption without any background sig
nals from scattering (Visser et al. 2020; Radeschnig 
et al. 2021; Moosm€uller, Chakrabarty, and Arnott 
2009). For this purpose, the cavity reflectivity or trans
missivity is monitored to retrieve the sample absorp
tion from the cavity phase change.

Particular caution must be taken when measuring 
particles with cavity-enhanced techniques, as they dir
ectly affect the cavity reflectivity and transmissivity by 
extinction via scattering and absorption as well as 
interference effects. This creates a background signal 
and increases the measurement noise when those cav
ity properties are monitored for sensing purposes. The 
particle effect occurs for both resting or moving par
ticles that are partially or entirely exposed to the 
standing wave inside the cavity. Optically or electro
dynamically trapped particles are not completely at 
rest, as Brownian motion causes random particle 
movement on micrometer scales in a broad frequency 
range (Jones, Marag�o, and Volpe 2015). Lock-in 
detection can significantly reduce this influence in sin
gle particle set-ups but also requires a periodic excita
tion of the particles. Optical forces exerted by 
modulated excitation lasers create again a spatial oscil
lation of the particle at the frequency of the excitation 
laser and its higher harmonics, superimposing the 
undesired particle signal to the signal of interest. 
Hence, understanding the influence of particles on the 
optical properties of a cavity is highly relevant in 
order to increase the accuracy of cavity-enhanced 
spectroscopic techniques. However, this topic has not 
been addressed in literature yet.

To fill this gap, we model and measure the influ
ence of a single aerosol particle on the cavity of a 
Fabry-P�erot etalon (FPE) to increase the accuracy of 
cavity-based measurement techniques. The Fabry- 
P�erot interferometer serves as a well-described model 
for other methods where cavity reflection or transmis
sion characteristics are monitored for sensing pur
poses. An analytical model of the interferometer is 
derived that combines the description of an ideal 
Fabry-P�erot cavity with generalized Lorenz Mie theory 
(GLMT) to incorporate the influence of the inter-cav
ity standing wave on the scattering properties of 

aerosol particles. The model is validated with experi
mental results from single aerosol particles optically- 
trapped in an air-spaced Fabry-P�erot etalon with 
medium-high fineness (F � 450). Very good agree
ment between the model and experiment was 
observed. Finally, the influence of variations of the 
cavity geometry is discussed.

Methods

Fabry-P�erot interferometer

The Fabry-P�erot interferometer was described at the 
end of the nineteenth century by Charles Fabry and 
Alfred P�erot for measuring sub-micron length scales 
(P�erot and Fabry 1899; Buisson and Fabry 1910). 
The concept of a multi-pass interferometer with high 
sensitivity and simple design soon found many appli
cations in metrology, spectroscopy, and astrophysics 
(Vaughan 1989). Compared to other interferometer 
designs, the main advantage is its rigid and simple 
construction, consisting of two plane parallel or con
cave mirrors forming an optical resonator, denoted as 
an optical cavity or etalon. The transmissivity and 
reflectivity of the cavity are governed by the refractive 
index n of the medium inside, the wavelength k of the 
incident light, and the distance d between the mirrors. 
Those parameters define the etalon phase lag UFP, 
which is obtained by a ray propagating with a wave 
vector kz ¼

2p
k 

along the z-axis trough the etalon:

E ¼ E0 � eiðkzzþUFPÞeixt (1) 

The time dependant oscillation eixt of the field is 
omitted for the following considerations and the ini
tial amplitude of the electric field E0 is set to one 
without the loss of generality. The polarization direc
tion of the beam in the x-y plane is not relevant, as 
etalons do not show a polarization dependency, or are 
symmetric upon rotation.

The ideal Fabry-P�erot etalon can be completely 
described using geometric ray optics (Vaughan 1989). 
Consider a ray of light entering the cavity as shown 
in the lower half of Figure 1. Depending on the 
reflectivity R of the mirrors, a part of the ray is 
reflected inside the etalon, and a part is transmitted to 
the outside. Note that there is a difference between 
the intensity reflectivity R and the electric field reflect
ivity r, which are related by jrj2 ¼ R for dielectric sur
faces (Vaughan 1989). The reflected rays gain the 
phase shift UFP each round trip inside the cavity:
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UFP ¼
2p ð2nd cos aÞ

k
(2) 

where d is the distance between the two mirrors and 
a the angle of incidence with respect to the cavity 
axis. The angular dependence can be dropped for near 
zero incidence a � 0: A standing wave is formed 
inside the cavity due to interference, whose amplitude 
is maximized for phase shifts UFP equal to multiples 
of 2p: The out-coupled beams on both sides are com
posed of interfering partial rays with different phase 
lags. Depending on their phase lag, the intensity is 
shifted in forward (transmission) or backward direc
tion (reflection) with respect to the incident beam. 
The reflectivity and transmissivity of the etalon can be 
found by a summation of all partially reflected or 
transmitted rays. This is described by the sharply 
peaked and periodic Airy function. For example, the 
reflected field (Erefl) and the intensity (Irefl) are given 
by Vaughan (1989):

Erefl ¼
ffiffiffi
R
p

e−ip þ
T
ffiffiffi
R
p

eiUFP

1 − ReiUFP
, (3a) 

Irefl R, UFPð Þ ¼ Erefl � E?refl ¼
F sin 2 UFP

2

� �

1þ F sin 2 UFP
2

� � I0 (3b) 

where the coefficient of finesse F of the etalon is 
defined as 4R

ð1−RÞ2 and E? denotes the complex conju
gate. F only depends on the mirror reflectivity. With 
increasing finesse, the Airy functions becomes sharper, 
with correspondingly decreased full width at half max
imum (Dk, FWHM). The phase dependency of the Airy 

function is often referred as the transfer function of 
the etalon. In the absence of losses, the intensity of 
the transmitted beam is given by the energy conserva
tion:

Itrans ¼ 1 − Irefl: (4) 

For measurement purposes, the operating point of 
the interferometer must be selected. The operating 
point defines the etalon phase shift UFP in the absence 
of any external influence, and therefore the initial pos
ition on the Airy curve. It is typically set to the inflec
tion point of the Airy function, where output 
sensitivity and linearity are maximized. A feedback 
stabilization mechanism continuously monitoring the 
etalon transmission or reflection is necessary to com
pensate for ambient pressure and temperature drifts 
driving the etalon out of its operating point. The 
necessary compensation is achieved by continuously 
adapting the laser wavelength.

Theoretical model

Influence of a particle on a Fabry-P�erot cavity

Particles in optical cavities scatter and absorb parts of 
the standing wave established in the cavity. Scattering 
of a standing wave differs significantly from plane 
wave scattering, as the amplitude of the standing wave 
varies with a sinusoidal profile along the etalon axis. 
Therefore, the observed scattering-cross section varies 
in the extreme case for particles much smaller than 
the wavelength between zero in the standing wave 
nodes (z0 ¼

k
4) and twice the value of plane wave 

Figure 1. Schematic drawing of a Fabry-P�erot-cavity with a particle located at a maximum of the standing wave (z0 ¼ 0). The 
phase function of the particle is schematically indicated in light blue. The scattering loss contribution to the extincted contribution 
(Sext), as well as the forward scattered fraction (Sp) with the particle phase shift (Up) are indicated. The angle of incidence a is 
chosen to be zero, and no reflections of the forward scattered fraction are drawn for better visibility. Furthermore, the etalon 
phase shift (UFP) on the reflected and transmitted rays is not indicated.
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scattering in anti-nodes (z0 ¼ 0) (Miller and Orr- 
Ewing 2007). Larger particles still show a deviation of 
up to 10%, although they average over multiple oscil
lations of the standing wave. This effect has been pre
viously observed and extensively studied in CRDS 
(Miller and Orr-Ewing 2007; Cotterell et al. 2016), 
and is incorporated in the position dependency of 
the amplitude scattering elements S1ðh, u, z0Þ and 
S2ðh, u, z0Þ in our computations. A detailed descrip
tion can be found in Section I. of the supplementary 
information.

The particle-light interaction affects the interferom
eter in two ways. First, a part of the standing wave is 
absorbed, or scattered into angles larger than the col
lection angle X of the etalon, causing an overall inten
sity decrease. We denote this extinct contribution Sext, 
creating the extinction effect. The portion Sp of the 
light scattered toward the etalon (corresponding to 
backward and forward direction) gains a phase shift 
Up proportional to particle radius and refractive 
index, causing interference with the non-scattered part 
of the standing wave. This interference is referred to 
as the phase effect.

The extinct contribution Sext is defined by the ratio 
of the extinct power Wext to the total power P0 of the 
beam. We start by computing the position-dependent 
scattering cross-section rsca>Xðz0Þ for scattering 
into angles larger than the collection angle of the eta
lon X:

rsca>X z0ð Þ ¼

1
k2

ð2p

0

ðp−X

X

jS1ðh, u, z0Þj
2
þ jS2ðh, u, z0Þj

2� �
sinh dh du

(5) 

Adding the absorption cross-section rabsðz0Þ yields 
in the extinction cross-section rextðz0Þ:

rextðz0Þ ¼ rsca>Xðz0Þ þ rabsðz0Þ (6) 

The next step is to evaluate the beam’s intensity at 
the particle’s position. This can be achieved by inte
grating the intensity distribution over the beam profile 
I0ðx, yÞ over the area corresponding to the extinction 
cross-section of the particle at its transversal position 
(x0, y0) in the beam profile:

Wext ¼

ð1

−1

ð1

−1
1rextðx0, y0, z0Þ � I0ðx, yÞ dx dy (7) 

where 1rextðx0, y0, z0Þ is an indicator function, restrict
ing the integration to an area corresponding to extinc
tion cross-section of the particle, located at the 
position of the particle within the beam. The function 
is defined for a spherical particle by:

1rextðx0, y0, z0Þ ¼
1, if ðx − x0Þ

2
þ ðy − y0Þ

2
�

rextðz0Þ

p
:

0, otherwise:

8
<

:

(8) 

The extinct contribution Sext can be now formu
lated as:

Sext ¼
Wext

P0
(9) 

where P0 is the total power of the beam. The compu
tation can be simplified if the beam diameter is sig
nificantly larger than the particle radius. In total, the 
intensity decreases by a factor of ½1 − Sext� during each 
pass in the etalon. This is equivalent to a reduction of 
the electric field by 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½1 − Sext�

p
: Therefore, a cavity 

with a particle that scatters or absorbs light deviates 
from the ideal loss-free case.

The forward scattered fraction Sp is computed by 
evaluating Equation (5) for scattering into angles still 
collected by the etalon. This is fulfilled by forward 
and backward scattering by the particle and is also 
expressed in terms of a scattering cross-section:

rsca<X ¼
1
k2

ð2p

0

ðX

0
ðjS1ðh, u, z0Þj

2
þ jS2ðh, u, z0Þj

2
Þ sinh dh þ

 

(10) 

þ

ðp

p−X

jS1ðh, u, z0Þj
2
þ jS2ðh, u, z0Þj

2� �
sinh dhÞdu

(11) 

Both contributions are summed up due to the sym
metry of forward and backward scattering in the max
ima and nodes of the standing wave. The so-obtained 
cross-section for forward scattering is again integrated 
over the product of its indicator function (1rsca<X 

ðx0, y0, z0Þ) and the beam profile and divided by the 
total power P0 to define Sp:

Sp ¼
1
P0

ð1

−1

ð1

−1
1rsca<X

x0, y0, z0ð Þ � I x, yð Þ dx dy (12) 

where Sp is defined for the forward scattered energy. 
Correspondingly, a fraction of 

ffiffiffiffiffi
Sp

p
of the electric 

field obtains a phase shift of Up during each pass 
through the particle. The phase shift is calculated 
based on a linear phase model. It is considered to be 
directly proportional to the particle radius a and the 
refractive index difference between the particle and 
surrounding medium Dn (Pettit and Peterson 1982; 
van der Hulst 1981). Based on the very small scatter
ing angles, the phase front is assumed to be planar, 
and phase differences due to propagation under differ
ent angles are neglected. The phase model was vali
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dated by comparing it with results obtained using 
GLMT for scattering a linear polarized standing wave.

Analytical model for an etalon with a scattering 
particle

The analytical model is derived following the same 
concept as for an ideal Fabry-P�erot interferometer, 
with additional extension for the extinction and phase 
contribution. We restrict our considerations to the 
reflected intensity, as the transmitted intensity can be 
easily found using the same principle. The particle 
position is incorporated in the model through the 
position dependency of the factors Sextðz0Þ describing 
the extinction of the standing wave, and Spðz0Þ

describing the forward scattering by the particle in the 
standing wave. For a more concise notation, the expli
cit position dependence of the factors Sextðz0Þ and 
Spðz0Þ are omitted from now on. The following sec
tion summarizes the most important steps of the der
ivation of the model.

The magnitude of the reflected electric field can be 
expressed as a series of all partially reflected rays, 
gaining the etalon phase lag UFP per round trip. The 
intensity of the rays decreases by ½1 − Sext�

2 per round 
trip in the cavity, which is equivalent to a decrease of 
the electric field by ½1 − Sext�: The forward scattered 
fraction 

ffiffiffiffiffi
Sp

p
gains a phase shift Up due to the pres

ence of the particle:

Erefl ¼ E0
ffiffiffi
R
p

e−ip þ E0T
ffiffiffi
R
p

eiUFPð 1 − Sext½ �

� 1 −
ffiffiffiffiffi
Sp

p
− Sp

h i

þ
ffiffiffiffiffi
Sp

p
eiUp þ Spe2iUp

� �

þ

þReiUFP � 1 − Sext½ �
2
� 1 −

ffiffiffiffiffi
Sp

p
− ::: − S2

p

h i
þ

ffiffiffiffiffi
Sp

p
eiUp

�

þ:::þ S2
pe4iUpÞþþ R2e2iUFP � 1 − Sext½ �

3
� ð:::Þ þ :::Þ:

where T ¼ 1 − R: The factor ½1 −
ffiffiffiffiffi
Sp

p
− :::� is neces

sary to account for the fraction of the beam interact
ing with the particle. However, we neglect multiple 
passes through the particle as they are proportional to 
OðSpÞ �

ffiffiffiffiffi
Sp

p
: Introducing a summation over all 

passes yields:

Erefl ¼ E0
ffiffiffi
R
p

e−ip þ E0T
ffiffiffi
R
p

eiUFP 

�
X1

m¼0
½½1 − Sext��½1 −

ffiffiffiffiffi
Sp

p
� þ

ffiffiffiffiffi
Sp

p
eiUp � � ReiUFP 1 − Sext½ �

� �m
:

This can be simplified to the final expression of the 
complex reflected field by expressing it as a geometric 
series:

Erefl ¼ E0
ffiffiffi
R
p

e−ip þ E0T
ffiffiffi
R
p

eiUFP

�
1 − Sext½ � � 1 −

ffiffiffiffiffi
Sp

ph i

1 − Rei/FP 1 − Sext½ �
þ

ffiffiffiffiffi
Sp

p
eiUp

1 − ReiUFP 1 − Sext½ �

0

@

1

A
:

(13) 

From comparing Equation (13) to Equation (3a), it 
becomes clear that the presence of a particle alters the 
Airy function of the etalon. Two contributions can be 
identified in the brackets affecting the initial Airy pro
file. The first term expresses the extinction effect, 
causing a signal reduction dependent on the extinc
tion cross-section of the particle. The second term 
creates the phase effect, responsible for interference 
effects proportional to the scattering magnitude of the 
forward scattered light. The result must be multiplied 
with its complex conjugate to retrieve the reflected 
intensity IreflðR, UFP, Sext, Sp, UpÞ from the complex 
electric fields.

We evaluated the model numerically for droplets in 
the size range from 100 nm to 6 lm and with the 
refractive index of tetraethylene glycol (TEG) at the 
wavelength (k ¼ 1550 nm) of the interferometer 
nTEG, 1550 ¼ 1:443þ 1:37 � 10−3 (nþ ik) (The Dow 
Chemical Company 2007). The amplitude scattering 
matrix was computed for homogeneous, spherical par
ticles located at z0 ¼ 0 and z0 ¼

k
4 of the standing 

wave, corresponding to its maximum and node. All 
other possible particle positions lie in between those 
two positions. The etalon geometry and interferometer 
parameters represent the conditions of our experimen
tal setup. The operating point was set to the inflection 
point of the Airy function by choosing the etalon 
phase lag UFP correspondingly. Calculations with Mie- 
theory for the model evaluation were implemented by 
using the framework of Sch€afer, Lee, and Kienle 
(2012) and Sch€afer (2011). Extending the model to 
non-spherical or inhomogeneous particles requires the 
use of more advanced techniques as FDTD or the T- 
matrix formalism for evaluating the position depend
ent scattering matrix elements. See the work of 
Gouesbet (2010, 2014) for more details.

Experimental setup

The theoretical model was experimentally validated by 
measuring the direct particle effect created from single 
aerosol droplets interacting with a Fabry-P�erot cavity. 
The cavity used in the experiment was a modified, 
commercially available fiber-coupled Fabry-P�erot 
interferometer (Xarion Laser Acoustics, Eta250 Ultra) 
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operating in reflection mode. The cavity has a coeffi
cient of finesse of F � 450, uses a 1550 nm laser with 
a Gaussian beam with a waist radius (rbeam) of 
approximately 115 lm and an etalon collection angle 
of X ¼ 0:3 mrad: The beam waist diameter was deter
mined experimentally with an oscillating, optically 
trapped particle. The collection angle was defined 
based on the etalon geometry to contain approxi
mately 100 consecutive reflections within the plain 
parallel mirrors. The operating point of the interfer
ometer, defines the etalon phase shift without any 
external influence. It is continuously stabilized with a 
cutoff frequency set to 10 Hz compensating for ambi
ent pressure and temperature variations. The stabiliza
tion was done by an internal feedback mechanism, 
which varied the laser emission wavelength. 
Wavelength shifts are typically induced by varying 
the temperature of a fiber Bragg grating attached to the 
laser diode (Morton and Morton 2018). However, the 
exact mechanism used in the commercial Fabry-P�erot 
interferometer is not known.

The interferometer was mounted in counter-propa
gating optical tweezers (CPT) to trap and manipulate 
single aerosol droplets. The CPT consists of two 
cross-polarized beams of a 660 nm continuous-wave 
laser (Laser Quantum opus 660) formed by the com
bination of an electro-optical modulator (EOM, 
Conoptics 350-50-01) with a polarization beam-split
ter cube and a half-wave plate. The laser emission 
power was set to 1 W: Two aspheric ZnSe lenses 
(Edmund Optics 39-477) with 25 mm focal length 
focus the beams into the trapping cell holding the 
interferometer. A 2 mW continuous wave infrared 
laser (QCL, AdTech optics, 7:83 lm) is brought into 
the trapping cell collinear with one of the trapping 
beams. The laser is targeted at an absorption band of 
the trapped droplets to speed up their shrinking rate 
by evaporation. The laser is pre-defocused with a 
CaF2 telescope to compensate for the dispersion of 
the ZnSe trapping lens. A drawing of the optical setup 
and the trapping cell is given in Figure 2. For a more 
detailed description of the optical trap see Diveky 
(2022) and Cremer et al. (2016).

The experiments were performed in a dry nitrogen 
environment with tetraethylene glycol (TEG) droplets. 
The TEG droplets were generated using a medical 
nebulizer (Pari XLent) and compressed nitrogen. After 
generation, the droplets agglomerated in the trapping 
region of the tweezers, and the remaining aerosol was 
flushed with dry nitrogen. During the experiment, the 
flow was set to zero and the particle oscillation was 
enabled. The oscillation was induced by sinusoidally 

modulating the power balance ratio of the two trap
ping arms between approximately 45:55 and 55:45 
using the EOM in combination with a polarization 
beam-splitter cube. This method is also used in optical 
balances, and a more detailed description can be 
found in Reich et al. (2020). The TEG droplets were 
spatially oscillated with 90 Hz perpendicular to the 
standing wave formed in the FPI using the optical 
tweezers. The amplitude of the oscillation was 
approximately 80 lm, centered around on one side 
of the Gaussian profile. Therefore, during one oscilla
tion, the particle probed regions with high intensity 
close to the beam center and regions with low inten
sity in the tail of the beam profile. Oscillating the par
ticle into the standing wave allows to measure the 
effect of the particle by recording the interferometer 
signal with a lock-in amplifier at the modulation fre
quency (Zurich Instruments MFLI, 100 ms time 
constant).

During the measurement, the particle was shrunk 
while oscillating from several micrometers to less than 
a micrometer in radius over half an hour by exposing 
it to the colinear infrared laser. Measurements were 
conducted with and without the IR laser, and no 
influence by the IR laser on the interferometer signal 
was observed. The particle was also continuously 
imaged with a microscope objective and a camera. 
The integrated scattered intensity detected by the 
camera was fitted with Mie theory for size retrieval 
(David et al. 2019).

The interferometer signal was recorded for ten 
droplets and averaged over the individual measure
ments to obtain an ensemble average. The corre
sponding ensemble variance was also computed (see 
Results and Discussion section). Furthermore, a linear 
transformation was applied to the data based on a 
least mean square approach with the interferometer 
model. This step was necessary as the bias and gain of 
the photodiode in the commercial Fabry-P�erot inter
ferometer were unknown.

Results and discussion

Analytical model

We evaluated our analytical model in MATLAB for 
the aforementioned experimental configuration. The 
phase and extinction effects were computed individu
ally as a function of the particle radius for particles 
located at the maxima (z0 ¼ 0) and the node (z0 ¼

k
4) 

of the standing wave. The model computes the 
reflected intensity of the etalon, which needs to be 
normalized by the reflected intensity in the absence of 
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a particle (IreflðR, UFPÞ) to better study the particle 
influence. By doing so, we define the relative phase 
effect (RPE) and the relative extinction effect (REE) as 
follows:

RPE ¼

IreflðR, UFP, Sext, Sp, UpÞ − IreflðR, UFP, Sext, Sp ¼ 0, Up ¼ 0Þ
IreflðR, UFPÞ

(14) 

REE ¼
IreflðR, UFP, Sext, Sp ¼ 0, Up ¼ 0Þ − IreflðR, UFPÞ

IreflðR, UFPÞ

(15) 

TRRC ¼ RPEþ REE (16) 

Both effects are depicted in Figure 3 as a function 
of particle radius and position in the standing wave. 
The sum of both effects corresponding to the total 
relative reflectivity change (TRRC) is shown in Figure 
4 and compared with experimental data.

Phase effect

The relative phase effect (Figure 3a) creates an oscilla
tory component with increasing amplitude for increas
ing particle size. The oscillations originate from the 
interference of the coherently forward scattered light 
with the non-scattered part of the standing wave. The 
spatial period of the oscillation is directly proportional 
to the phase shift of the scattered wave and, therefore, 
inversely dependent on the refractive index difference 
between the particle and medium (Dn ¼ 0:443). The 
phase effect exhibits no dependence on the position 

within the standing wave. The small sharp peaks 
superimposed on the oscillatory structure arise from 
enhanced forward scattering when morphology- 
dependent resonances (Mie-resonances) are excited 
(Bohren and Huffman 1998). The amplitude of the 
phase effect increases strongly with particle radius and 
is directly proportional to forward scattering (not 
shown). Nevertheless, the amplitude of the phase 
effect is approximately two orders of magnitude 
smaller than the extinction effect (Figure 3b) for the 
investigated particle size range. Furthermore, for our 
experimental configuration, the phase effect drops 
nearly to zero for particles smaller than 1:5 lm: This 
is also consistent with the strong decrease of forward 
scattering when the particle size gets close to the 
wavelength of the probe beam (1550 nm). The par
ticle size dependence shows that the reflectivity 
change of our FPI for small particles is essentially 
dominated by extinction.

Extinction effect

The relative extinction effect (Figure 3b) dominates 
the reflectivity change of the interferometer over the 
studied size range. It exceeds the phase effect by two 
orders of magnitude for our experimental setup. The 
extinction effect shows a clear dependence on the par
ticle position, with the locations of Mie resonances 
undergoing shifts of several 100 nm between the max
ima and minima of the standing wave. This effect has 
previously been documented in cavity ring-down 
spectroscopy (Cotterell et al. 2016) and is expected 
due to the position dependency of the effective 

Figure 2. Detailed sketch of the trapping cell (a), the tabletop setup (b), and the microscope tower (c). Pre-defocusing was applied 
with the CaF2 telescope to the IR laser to ensure its focal point overlapped with the trapping beam. (b) adapted from Diveky 
(2022).

AEROSOL SCIENCE AND TECHNOLOGY 395



scattering cross-section. Due to the small collection 
angle of the etalon, the extinction effect is closely 
related to the scattering cross-section of the particle 
and its magnitude continuously increases with increas
ing particle radius. Due to its negative sign, the REE 
in Figure 3b decreases with increasing particle radius. 
Due to the low absorbance of the TEG droplets at the 
interferometer wavelength (k ¼ 10−3), no absorption 
effects could be observed.

Experimental results

The comparison between experimental results obtained 
from our setup and the theoretical model in Figure 4
shows very good agreement within the investigated size 

range. The relative error is in the insert is defined as the 
relative difference between the fitted experimental TRRC 
data and the results from the model evaluation. The larg
est relative error (40%) was observed for particles with a 
radius of 2:3 lm: For other radii, the error was typically 
less than 20%. As the exact particle position was not 
known, the error was computed for particles between the 
maximum and the node of the standing wave (z0 ¼

k
8). 

Our measurements represent the first direct and size- 
resolved measurement of single micrometer-sized particles 
with a Fabry-P�erot-interferometer. The size fitting error 
on the radius axis is not indicated as its magnitude is 
typically below 10 nm (David et al. 2019).

The variance of the experimental data can be attrib
uted to two main sources. First, the particles probe 
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Figure 3. Computed relative phase (a) and extinction (b) effect as a function of the droplet radius for the experimental setup and 
TEG droplets between 500 nm and 6 lm: The two particle positions are indicated individually in each plot.
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randomly different positions within the standing wave 
due to the limited lateral confinement of (2–3 lm) 
within the optical trap. The simulations act as an enve
lope for this position variability, containing all possible 
particle positions between the maximum and node. 
Second, particle movement along the z-axis causes a 
variation in the oscillation amplitude of the particle 
between the individual measurements. This variation in 
amplitude directly transfers into a fluctuation of the 
demodulated particle signal. The experiment was per
formed without a feedback stabilization, which would 
keep the amplitude of the spatial oscillation constant for 
all particle radii. Therefore, a part of the observed meas
urement uncertainty is likely created by variations in 
oscillation amplitude. Higher particle confinement by, 
e.g., a stronger focus of the trapping beam, could effect
ively reduce both effects. In addition, implementing 
feedback stabilization in the optical trap reduces 
unwanted particle movement and allows to precisely 
control the oscillation amplitude. Ultimately, morph
ology-dependent (Mie) resonances should become 
apparent in the particle signal when both effects are suf
ficiently reduced.

Variations of cavity geometry

The magnitude of the scattering and phase effect can 
be tuned by varying the etalon geometry. To assess 
the geometry dependence, we investigated the influen
ces of small changes in the beam waist radius rbeam 
and the collection angle X: Calculations were per
formed for two beam waist radii (the original and half 
of its value) and five different etalon collection angles. 
Table 1 lists the calculated changes of the phase and 
extinction effect relative to the original geometry with 
X ¼ 0:3 mrad and rbeam ¼ 115lm, for three different 
particle radii of 0:1 lm, 3 lm, and 6 lm.

The simulation results indicate that variations in 
the beam waist radius simultaneously influence the 
scattering and phase contribution. Reducing the beam 
waist radius by a factor of two causes up to a fourfold 
signal increase for the extinct contribution and a two
fold increase of the phase effect. The difference arises 

due to the square root dependency of the reflected 
electric field Erefl on the forward scattered fraction 
(Sp), and the linear dependency on the extinct fraction 
(Sext, see Equation (13)). In contrast, the variations of 
the opening angle mainly influence the phase contri
bution. These changes scale proportional to the vari
ation of X, causing a fourfold signal increase for four 
times the initial angle. The effects of changes in the 
collection angle and beam waist radius are multiplica
tive. This is directly linked to the computation of the 
phase and extinction effect where the area of integra
tion scales quadratic with X (see Equation (5)). 
Furthermore, the scattered and extinct power depend 
on the beam intensity, which varies quadratic with the 
beam radius (see Equation (7)). The simulations also 
show that the enhancement due to the beam waist 
radius reduction is weaker for larger particles. This is 
caused by increased forward scattering of large drop
lets. The collection angle of an etalon could be signifi
cantly increased by using confocal resonators, which 
provide higher tolerance toward off-axis rays (Siegman 
1986). In such a geometry, values of 15 mrad (¼
50 X) should be achievable. For this example, our 
model predicts up to a 100-fold signal enhancement of 
the relative phase effect for half the original beam 
waist diameter. Both effects show comparable magni
tudes in this configuration, and the interference struc
ture of the phase effect should be visible in the 
measurements.

Another important parameter in the etalon design 
is the mirror reflectivity R. It defines the quality of 
the optical resonator, which is quantified by the coef
ficient of finesse F. Increasing the etalon finesse 
decreases the width of the resonance peaks, enhancing 
the phase sensitivity in the operating point. At the 
same time, the etalon becomes more prone to losses 
and imperfections, dampening the resonance and 
changing the Airy profile (Hernandez 1985). The eta
lon employed in our study had a medium-high coeffi
cient of finesse (F � 450) and exhibited a clear, direct 
particle effect. The effect becomes even more signifi
cant for cavities with higher finesse, where smaller 
particles will already significantly disturb the Airy 

Table 1. Effect of variations in the interferometry geometry evaluated for three different particle radii.
RPE change REE change

Beam Size X
2 1 X 2 X 4 X 50 X

X
2 1 X 2 X 4 X 50 X

rbeam
2

0:1 lm 1 2 4 8 100 4 4 4 4 4
3 lm 1 2 3.87 7.75 97 3.53 3.53 3.53 3.53 3.5
6 lm 0.82 1.63 3.27 6.53 80 2.78 2.78 2.78 2.78 2.74

rbeam

0:1 lm 0.5 1 2 4 50 1 1 1 1 1
3 lm 0.5 1 2 4 49.9 1 1 1 1 0.99
6 lm 0.5 1 2 4 49.3 1 1 1 1 0.98
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profile. Strong disturbance of the transfer function 
can alter the phase sensitivity in the operating point 
by changing the slope at this point. This influence 
should be considered when cavities with high finesse 
are used, or particles with very high extinction are 
studied. More details on the change of the transfer 
function are given in the supplementary information, 
chapter III.

Implications and outlook

The good agreement between theory and experiments 
validates the appropriateness of our theoretical 
approach. Our results indicate that the observed 
reflectivity change of the Fabry-P�erot interferometer 
employed in this study is primarily caused by the scat
tering of the particle. Interference effects inside the 
cavity were insignificant in the investigated size range. 
Consequently, similar experimental designs will pri
marily exhibit a particle signal proportional to the 
extinction cross-section. The interference contribution 
becomes relevant for larger particles or cavities with a 
larger collection angle. A generalized model allows us 
to extrapolate the influence of such geometry changes 
on the interferometer signal. The extrapolation sug
gests that the RPE can be significantly enhanced by 
increasing the collection angle of the etalon. In com
bination with changes in the beam waist diameter, the 
amplitude of RPE and REE should reach comparable 
magnitudes, making the phase effect experimentally 
accessible. However, the errors due to the simplifica
tions made in the model derivation will increase with 
increasing collection angle. Especially phase shifts due 
to propagation length differences of off-axis rays 
inside the etalon create a complex fringe pattern 
(Hercher 1968) if the collection angle is set too large. 
This has not been accounted for in the model so far. 
Such effects must be considered if collection angles 
significantly larger than the values presented are 
investigated.

Understanding the interaction between particle and 
cavity is relevant for various research methodologies, 
e.g., photothermal interferometry, cavity-enhanced 
absorption spectroscopy or continuous wave cavity 
ring-down spectroscopy. In those techniques, the dir
ect influence of particles on the cavity transfer func
tion is unwanted and contributes to the observed 
measurement uncertainty by creating a background 
signal. This problem becomes especially apparent 
when aerosol particles are studied on a single-particle 
level. Our results show that this unwanted direct 
interaction can be reduced using a cavity with a small 

collection angle and large probe beam diameter. 
Furthermore, the contribution can be completely elim
inated when the particle is not interacting with the 
cavity beam, e.g., for particles located outside the 
intra-cavity standing wave. The ability to mathematic
ally describe the particle influence allows also to cor
rect measurements from the direct particle signal in 
post-processing. However, a necessary requirement for 
this data correction is precise and continuous moni
toring of the particle radius and position within the 
standing wave.

We propose that the particle signal could also be 
exploited to characterize aerosol particles without 
needing an additional characterization method. Based 
on our findings, the dominant extinction effect makes 
particle extinction easily experimentally accessible. 
Probing particle extinction directly with a cavity 
would follow a similar approach to CRDS but does 
not require a pulsed laser and a fast photodiode. The 
phase effect was not accessible with the investigated 
geometry due to its small magnitude. However, we 
expect a significant enhancement with small changes 
in the cavity geometry. Furthermore, with such an 
adapted experimental design, the phase and extinction 
effects should be experimentally distinguishable by 
concurrently measuring the reflected and transmitted 
intensity of the cavity. In this case, the sum signal of 
both channels is reduced by the extinct contribution, 
whereas the difference signal can be related to the 
phase effect. By using such an adapted cavity geom
etry, the phase of the coherently forward scattered 
light could be retrieved from the direct particle signal. 
The detection of phase information from the interfer
ence of forward scattered light opens new possibilities 
to infer information about the complex refractive 
index of the particles if their size is known.

Conclusion

With this study, we describe the influence of a single 
micrometer-sized particle on the reflectivity of a Fabry- 
P�erot cavity and model it analytically. The model incor
porates the cavity geometry, particle properties, and the 
particle’s position within the standing wave. We find 
that the direct interaction of a single particle with the 
standing wave inside a resonant Fabry-P�erot cavity 
changes the cavity reflectance by several percent. The 
effect can be separated into two contributions: a phase 
effect and an extinction effect. The latter depends on 
the particle position within the intra-cavity standing 
wave formed in the etalon. Furthermore, the extinction 
effect is about two orders of magnitude larger than the 
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phase effect for the experimental setup investigated. The 
phase effect shows an explicit oscillatory behavior fol
lowing the interference of the coherently forward scat
tered light of the particle with the non-scattered part in 
the cavity. The analytical model was successfully vali
dated with experimental data obtained from measure
ments on isolated tetraethylene glycol droplets optically 
trapped within the cavity of a Fabry-P�erot interferom
eter with medium high finesse. We demonstrate that 
the effect of the particle on the interferometer reflectiv
ity was mainly based on light scattering, and no inter
ference effects could be observed in the size range 
investigated. Extrapolations based on the theoretical 
model show that small geometry changes of the cavity 
can significantly enhance or reduce the phase and scat
tering contribution. These results can be used for cav
ity-based measurement techniques such as 
photothermal interferometry or cavity ring-down spec
troscopy to minimize and correct for the unwanted sig
nal directly created by the particle. In addition, the 
effect could be exploited in a specifically designed cavity 
to measure particle extinction or forward scattered 
phase shift.
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