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In this project, a Bessel beam (BB) optical trap is combined with cavity ring down spectroscopy 

(CRDS) to enable the study of the optical properties of aerosols over extended timescales. This 

technique allows confinement of particles in the fine mode size regime (<2.5µm) which bears the 

most atmospheric relevance in terms of light extinction. Fundamental properties of aerosols can be 

derived from this technique such as particle radius, extinction cross-section, refractive index (RI), 

and hygroscopic behaviour. The combination of the BB trap with CRDS has accessed the smallest 

reported measurements of single particle hygroscopic growth, of sodium chloride and ammonium 

sulfate down to a radius of 350nm.1 This single particle technique provides a powerful tool in 

improving our understanding of the optical properties of atmospherically relevant particles. 

Sub-micron Sized (in Radius) Aerosols in the Atmosphere 

The degradation of air quality is one of the greatest environmental threats facing society.2 Particles 

in the atmosphere include those emitted from primary sources, such as soot from burning fossil 

fuels, and those formed in the atmosphere, secondary organic aerosols, such as brown carbon for 

which the reaction mechanisms of formation remain highly uncertain.3 In the present day 

atmosphere, the majority of black carbon, sulfate, nitrate and ammonia are a result of 

anthropogenic activity, whereas most sea salt, mineral dust and biological particles have been 

released naturally.4  

The Earth’s radiative balance describes the overall balance between shortwave energy irradiating 

Earth and longwave energy emitted from Earth. The extent to which aerosols affect the Earth’s 

radiative balance remains one of the largest uncertainties in modelling climate.4 Aerosols affect the 

Earth’s radiative balance both directly, though scattering and absorbing light, as well as indirectly by 

acting as cloud condensation nuclei. Radiative forcing indicates the difference in energy input and 

output from Earth and therefore whether the overall effect is warming or cooling. Studies have 

forecast that in the next century the radiative forcing of nitrate will increase by a factor of 7.4 It is of 

upmost importance to quantify the optical properties of aerosols in order to forecast their impact on 

our future climate.  

Aerosol size distribution is a key parameter that determines aerosols optical properties and ability to 

act as cloud condensation nuclei. Accumulation mode aerosols in the size range of 0.1-1 µm 

diameter are known to be of specific importance in atmospheric optics preliminary because the 

extinction efficiency peaks in submicron size range and they relatively abundant in the 

atmosphere.1,5 It is imperative to be able to access single sub-micron sized aerosol particles in order 

to allow the study of the fundamental processes occurring within the atmosphere. 
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Refractive index, m, is wavelength and size dependent and given by equation 1. The real component, 

n, strongly influences aerosols scattering properties and the imaginary term, k, defines the 

absorption properties. 5 

𝑚 = 𝑛 + 𝑖𝑘       

Studies show for a 200 nm ammonium sulfate aerosol an uncertainty of ±0.06 in n or ±0.01 in k 

correlates to an uncertainly in radiative forcing of 20%.6 It is imperative to obtain accurate RI for 

accumulation mode aerosols in order to significantly improve radiative forcing models. 

There are existing techniques available to probe ensemble and single aerosol particles of various size 

regimes, both in the laboratory and the field. Ensemble methods have been used extensively to 

probe the properties of fine and accumulation mode aerosols. However, ensemble measurements 

are averaged over many particles, deeming the resolution insufficient to examine fundamental 

aerosol properties.1 Conventional single aerosol optical trapping methods are not able to access the 

submicron sized aerosol of particular interest. Electrodynamic balances are limited to a coarse size 

range particles (>5 µm in radius).7 Optical tweezers trap and examine particles of >2 µm in radius.8 

The intensity profile of a BB differs from a Gaussian beam, allowing sub-micron droplets of direct 

atmospheric relevance to be studied.1  CRDS is a highly sensitive technique which does not require 

calibration.5 A BB trap with CRDS allows indefinite confinement and determination of the optical 

properties of single sub-micron particles of direct relevance to radiative forcing. 

Extinction Efficiency of Aerosols 

The amount of light that interacts with a spherical homogeneous particle is governed by its 

extinction cross-section, σext, which can differ from the geometric cross-section, σgeom. The extinction 

cross-section has contributions from the scattering, σsca, and absorption, σabs, components. Studying 

the optical extinction of aerosols will reduce the uncertainties associated with how aerosols directly 

interact with solar and terrestrial radiation.5 

 

𝜎𝑒𝑥𝑡 = 𝜎𝑠𝑐𝑎 + 𝜎𝑎𝑏𝑠 

 

 

 

 

 

 

 

 

Figure 1: Illustration of the different cross-sectional areas of light removed by a particle in the far 

field  
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Extinction efficiency, Qext describes how efficiently light is attenuated by a particle. Extinction 

efficiency depends on the size, morphology and RI of the particle and the wavelength of irradiance. 

𝑄𝑒𝑥𝑡 =
𝜎𝑒𝑥𝑡
𝜎𝑔𝑒𝑜𝑚

 

Under high relative humidity (RH), particle hygroscopic growth is characterised by the measure of 

effective water update from the gas phase onto the aerosol surface.9 The hygroscopicity of a particle 

will affect the radius, concentration of solute within a particle, which affects RI. Aqueous aerosol is 

known to have different optical properties to pure aerosol, altering visibility and radiative impacts. 

Therefore, it is important to quantify and understand aerosol hygroscopicity.10 

Bessel Beam Optical Trap 

A BB provides the opportunity to optically confine submicron size regimes which is not possible with 

conventional techniques. The BB is formed by passing an incident Gaussian beam through a conical 

lens, or axicon, which propagates the wave vectors of the constituent beam along a cone. Over a 

given propagation distance, zmax, the interference forms a BB. The cross-section intensity profile of a 

BB is shown (figure 2(b)). Energy is distributed evenly between the central core and concentric 

rings.11  

 

 

                 

 

 

Figure 2(a) Beam with a Gaussian intensity profile passed through an axicon. Constituent beam wave 

vectors propagate along a cone and interfere to produce BB over a macroscopic region, or 

propagation length zmax,11 (b) the cross-section intensity profile of a BB 

The properties of the BB core offer distinct advantages to alternative trapping methods. The core is 

considered to be non-diffracting, maintaining its shape and size over a macroscopic length, much 

further than a Gaussian beam of a similar focal waist.1, 11,12 A particle is irradiated by the central core 

which exerts a radiation pressure force. This is balanced with a Stokes drag force from a counter 

propagating gas flow, providing a stable trap.13 The laser power can be varied, allowing the 

magnitude of the radiation pressure force to be controlled and the subsequent position of the 

particle in the trap be optimised with millimetre precision, the radius can be determined from laser 

power measurements.13 In addition to radiation pressure exerted by the BB core, optical gradient 

forces act in the transverse direction to allow confinement of a sub-micron particle over extended 

timescales.1, 12, 14 The size of particles trapped can be coarsely tuned by varying the laser power and 

the core size of the BB.1 
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Cavity Ring Down Spectroscopy 

CRDS is a highly sensitive, non-invasive technique which uses utilises the Beer Lambert Law to 

determine particle extinction efficiency.5, 15  

 

 

 

 

 

Figure 3 (a) Schematic of a CRDS instrumentation, (b)(i) Ring down event for an empty cavity, τ0,      

(b)(ii) Ring down event when the particle is moved into the CRD beam, τ   

In CRDS, the incident beam is reflected multiple times between two highly reflective mirrors 

(typically R≥0.9999), giving a path length of light of many kilometres which provides sensitivity.5 

Continuous wave (CW) CRDS offers superior minimum sensitivity.5 The laser is focused into the 

acousto-optic modulator (AOM) which splits the beam into a series of diffraction spots. The first 

order diffraction spot is selected and injected into an optical cavity, while the zeroth and higher 

order spots were directed into a beam dump. The laser is injected into the cavity, the intensity 

within cavity increases, or “rings up” until the intensity within the cavity reaches a defined intensity 

and the laser is shut off by the AOM. The intensity of light is measured by a photodiode behind the 

output mirror. After the laser is shut off the intensity in the cavity decays The time taken for the 

intensity to decay to 1/e of the initial intensity is defined as the ring down time (RDT) for an empty 

cavity, τ0. When a particle is trapped within the CRD laser path, light is scattered and absorbed by 

the particle, decreasing the RDT, τ. 

𝜎𝑒𝑥𝑡 =
𝐿𝜋𝑤

2𝑐
(
1

𝜏
−
1

𝜏0
) 

CRDS provides the extinction cross-section measurements with respect to time when the inter-

mirror distance, L, beam waist, w, and c, the speed of light are known.  
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Experimental Description 

The experimental apparatus is summarised in Figure 4. A 532 nm Gaussian laser beam (532 nm, 

Verdi Coherent 5 W) is passed through a half wave plate (λ/2 at 45°), which rotates the polarization 

of the light which enables more laser power to form the BB. The beam passed through a polarizing 

beam splitter (PBS), producing two beams. One path of the beam is passed through a pair of lenses 

to illuminate the 2° axicon, over a propagation distance of 1 m, a BB is formed. The core of the BB is 

initially 50 µm, too large to trap fine mode particles, so it is passed through 2 lenses in order to 

reduce the core size to 3 µm. The BB is directed into the trapping cell and propagates vertically. A 

counter propagating nitrogen gas flow, with a flow rate of 100 sccm, counteracts the radiation 

pressure to enable optical trapping. The gas flow also acts to purge excess aerosol from the chamber 

which ensures the mirrors cleanliness is maintained. The RH of the nitrogen gas is controlled and 

measured, which enables hygroscopic growth to be studied. A camera (Thorlabs) coupled to a 20x 

long working distance objective with a numerical aperture of 0.42 collects the angular variation in 

the elastic scattering of light, phase functions (PF). Initially, PF were measured from BB illumination. 

In more recent experiments, a probe laser (473nm, Laser Quantum Ciel 350 mW) was added to 

provide PF measurements. An additional PBS and a notch filter and polarizing filter were added in 

front of the camera to ensure only measurements at 473nm and of the correct polarisation (parallel 

polarisation with respect to the imaging plane) were collected. 

The CRD beam is formed from the remaining beam from the first PBS. This is gently focused into the 

AOM (ASM-1101LA65) and then directed into the cavity where it forms a standing wave between 

the mirrors (>99.99% reflectivity at 532nm, Layertec). The photodiode measures the intensity of light 

decay from the cavity. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Schematic of the experimental set up, indicated in red, are addition components added 

when the 473nm laser was added 

Aerosol is introduced into the cell via a medical nebuliser (Omron). Once a particle is trapped, its 

position is optimised horizontally and vertically within the CRD beam. The particle is identified as 

being at the centre of the CRD beam by a minimum in RDT. Once in an optimised position, the laser 

feedback is initialised. This automatically adjusts the laser power required to maintain the particle’s 
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position in the CRD beam centre, while the radius and RI change over time. The PF and RDT are 

saved from which the optical properties can be calculated. 

Characteristic variation in elastically scattered light with scattering angle, PF, are collected over the 

duration of the experiment and converted to a 1D plot of relative intensity with scattering angle. The 

intensity of scattered light is affected by the radius, polarization and wavelength of illuminating light 

and RI of the particle.5 PF have been used to determine shell thickness and core diameter of particles 

with various morphologies.16 

The measured PF are compared to a library of Mie theory PF and the mean correlation coefficient is 

maximised across all measured PF. In an experiment where the RH% and RI does not change the 

variables of RI, n0 and radius, a are optimised in PF calculations. In a hygroscopic experiment where 

RI changes with size and RH, both n1 and n2, parameters related to particle size and RI, and the 

radius, a are varied. Furthermore n∞ is set to the RI of water at the wavelength of irradiance. The 

maximum mean correlation values produce estimates of refractive index, n, and radius, a.  

 

 

Figure 5: Flowchart of PF simulations 

The CRDS measured σext can be associated with an estimated radius, a, and estimated RI, n, derived 

from the PF calculations. The radius and RI are further refined by systematic comparison to a library 

of cavity standing wave (CSW) Mie theory calculations, the best fit provides particle optical 

properites.17 

An optically trapped particle moves within the BB core due to Brownian motion and it can 

experience difference regions of the CSW. Two simulated Mie theory curves account for when the 

particle is centred either on a node or anti-node of the CSW. This forms and envelope in which the 

CRD data falls. The extent to which the envelope fits the CRD data is expressed as a merit function. 

The minimum in the figure of merit corresponds to optimum values of n and w.  
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Preliminary Results 

532nm generated PF: 

Initially experiments were conducted with the 532 nm laser which produced the CRDS beam and BB 

from which the PF were collected. This system was used to trap inorganic salt solutions of NaNO3, 

(NH4)2SO2 and (NH4)HSO4. The particles were trapped at high relative humidity (80% RH) which was 

decreased to examine hygroscopic growth.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6(a) CSW Mie theory in red fitted to Qext measurements of NaNO3 in black, (b) CRDS and PF 

simulated RI vs RH 

The PF did not provide an accurate particle radius and RI. The Mie theory simulations do not fit the 

CRDS data well and the CRDS and PF calculated RI are very poorly correlated. This is owing to the 

intensity profile of a BB. Mie theory assumes plane wave illumination which is not achieved with a 

BB beam.  
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473nm generated PF: 

In order to improve the PF data fitting with Mie theory a Gaussian probe laser at 473nm was added 

to the system. Mie theory assumes plane wave illumination. A BB core is 3 µm in diameter, 

whereas a Gaussian beam is  50-100 µm in diameter and therefore provides a more representative 

plane wave.  

1,2,6-Hexanetriol has been used previously to benchmark the BB-CRDS system since the RI remains 

constant and is well documented allowing the capability of the system to be examined.1, 17  

 

Figure 7: Correlation between the PF collected from elastic scattering at 473nm and Mie theory 

calculations 

Figure 7 shows the correlation between the Mie theory simulations and the PF data collected for 3 

droplets of 1,2,6-hexanetriol which tended towards the same RI where n473=1.4805 ±0.0012. The 

correlation is very high, consistently >0.99 and the standard deviation is very low. The correlation is 

much higher than previously when the BB was used for the PF collection. This indicates the addition 

of the probe laser at 473nm has improved correlation of experimental data to Mie theory 

simulations.  

 

Figure 8: PF generated radii of 1,2,6-hexanetriol droplets 
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Figure 8 shows the evolution of the PF generated radius from three 1,2,6-hexanetriol droplets which 

decrease in size to approximately 400 nm. This shows that the BB trap enables droplets to be 

confined and studied in the appropriate size range of atmospheric relevance.  

The estimated radius and RI are combined with σext measurements from CRDS. These values are 

optimised and compared to CSW Mie theory to produce the best fit plot below. 

 

 

 

 

Figure 9(a) CSW Mie theory in red fitted to CRDS measurements of 1,2,6-hexanetriol (droplet 2), 

(b)Contour plot, blue indicating a minimum, red a maximum 

Figure 9(a) clearly fits much better with the CSW Mie theory compared to figure 6 where the PF data 

was acquired from the BB. The contour plot shows a region in which the merit function is a 

minimum. Errors incurred from the fitting method can be extrapolated from midpoints between the 

contour line where the minimum rises above then background noise.17 The fitting procedure yielded 

an offset in n0 0.0042 ±0.0003, the radius offset is -0.6nm ±0.01.  

Fitting Mie theory to the CRDS measurements provides the optical properties of an aerosol including 

the radius, RI, extinction efficiency, extinction cross-section and geometric cross-section, as a 

function of time and RH. 

The RH was set to a constant low level (<1 %) therefore it is assumed there is no water content in 

the droplet and it is pure 1,2,6-hexanetriol. The average RI from the three droplets is n532=1.4752 

±0.006 this compares favourably to literature n523=1.4759.17  
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Conclusion and Future Work 

The BB trap with CRD has been shown to be an appropriate technique to retrieve the optical 

properties of sub-micrometre aerosols. The addition of the 473 nm probe laser to collect phase 

functions has significantly improved the system. The system will be used to identify the refractive 

index of inorganic salt solutions, such as ammonium nitrate, while varying the RH. Mixing rules will 

be examined for mixed component inorganic salt solutions. Furthermore mixed component mineral 

dust and organic acid aerosol will be examined. The above measurements are of upmost importance 

to provide vital information to climate modellers in order to reduce the significant uncertainty in 

aerosols contribution to radiative forcing. 
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