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a b s t r a c t 

Elastic light scattering (ELS) from single micron-sized particles has been used as a fast, non-destructive 

diagnostic tool in life science, physics, chemistry, climatology, and astrophysics. Due to the large scatter- 

ing cross-section, ELS can be used to find trace amounts of suspect particles such as bioaerosols among 

complex, diverse atmospheric aerosols, based on single-particle interrogation. In this article, we briefly 

summarized the main computational models and instrumentation developed for ELS, then reviewed how 

properties like particle size, refractive index, degree of symmetry, and surface roughness, in addition to 

packing density, shape of primary particles in an aggregate, and special helix structures in compositions 

can be determined from ELS measurements. Meanwhile, we emphasize on how these parameters ob- 

tained from ELS measurements can be used for bioaerosol detection, characterization, and discrimination 

from atmospheric aerosol particles using different classification algorithms. 

Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The rapid detection and characterization of aerosol particles, 

specially the potential threat from aerosolized biological haz- 

rds/agents, such as the novel coronavirus in the COVID-19 pan- 

emic, has become increasingly important since 9/11. This de- 

and has motivated significant, relevant, fundamental research, 

nd the development of corresponding technologies [ 74 , 127 ]. Real- 

ime detection and characterization of aerosol particles are of- 

en based on detecting chemical signatures, for instance, using 

ass spectroscopy, breakdown/ plasma spectroscopy, fluorescence 

pectroscopy, gas-chromatography-ion mobility spectrometry, ab- 

orption spectroscopy, or Raman spectroscopy [ 74 , 127 ]. In gen- 

ral, each of these technologies can reveal one or a few par- 

icular properties, then provide information from an orthogonal 

iewpoint for the target aerosol particles among the extremely 
∗ Corresponding author at: US Army Research Laboratory, 2800 Powder Mill Rd, 

delphi, MD 20783, United States. 

E-mail address: yongle.pan.civ@army.mil (Y.-L. Pan). 

s

p

m

ttps://doi.org/10.1016/j.jqsrt.2022.108067 

022-4073/Published by Elsevier Ltd. This is an open access article under the CC BY-NC-N
omplex mixture of atmospheric aerosol particles. Laser-induced 

uorescence spectroscopy can reveal the electronic, rovibrational 

tates of molecules within the particles and has been used as 

he main bioaerosol early warning system. Plasma or breakdown 

pectroscopy (e.g. laser-induced-breakdown spectroscopy) and X- 

ay fluorescence spectroscopy can provide elemental compositions 

f the particles, while mass spectroscopy is more widely used in 

hemical analyses for their elemental compositions and molecular 

ragments of the particles. Infrared absorption and Raman spec- 

roscopy provide rotational and vibrational information of molec- 

lar compositions. Biochemical analyses have demonstrated the 

bility to identify bioaerosol particles, but generally require a rel- 

tively large number of samples, expensive analytical reagents, 

nd/or prolonged diagnostic times. These make rapid, in situ anal- 

sis problematic (e.g. [ 74 , 127 ]). ELS and imaging from optical, 

tomic force, digital holographic, and electron microscopes can 

upplement these technologies by providing particle size and mor- 

hology information directly. 

Many bioaerosol point-detection systems are based on rapid 

easurements from single aerosol particles when they are succes- 
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Fig. 1. Spherical coordinates for describing optical light scattering. 
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a

ively drawn through an interrogation volume (e.g. [74] ). An advan- 

age of single-particle, on-line analyses is the capability to detect 

arget bioaerosol particles at low concentration contained within a 

arge number of other atmospheric aerosol particles. Remote sys- 

ems, like lidar, have the advantage of being able to gather infor- 

ation at a distance while interrogating a large volume of the at- 

ospheric aerosol particles. However, a disadvantage of lidar is if 

he targeted aerosol is nestled within a volume containing other 

enign aerosols, the signal from the other aerosols can swamp the 

ignal of interest and make the detection of the potential threat 

ore challenging (e.g. [19] ). 

Comparing the quantum efficiencies, or optical cross sections 

mong these different technologies, ELS has the highest sensitiv- 

ty in obtaining information for aerosol characterization, such as 

ioaerosol detection, via single-particle or multiple particle inter- 

ogation (e.g. [ 31 , 71 , 81 , 107 , 113 , 116 , 129 ]). ELS changes the spatial

istribution and/or propagation direction of the illuminating light, 

ithout modification of the photon energy, which occurs for in- 

lastic scattering processes like laser-induced fluorescence and Ra- 

an scattering. Generally, the spherical coordinate system is used 

o describe the ELS, where light illumination with intensity I o 
ropagates along the z -axis. The scattered light intensity I ( r, θ , φ) 

s designated at a point in spherical coordinates as shown in Fig. 1 .

For large kr , where k = 2 π / λ is the wavenumber, and λ is the

ncident wavelength, the far-field intensity distribution of the scat- 

ered light is conveniently represented as: 

 ( r, θ, ϕ ) = ( kr ) 
−2 

P ( θ, ϕ ) I o (1) 

here P ( θ , φ) is the relative intensity distribution from the scat- 

ering particle. Prior to the development of the CCD, this two- 

imensional scattering function could be captured by placing a 

hotographic plate or sheet in the far field. Note that if polarization 

s considered, the quantities I ( r, θ , φ) and I o represent the scat-

ered and incident Stokes vectors, respectively, and P ( θ , φ) repre- 

ents the ELS Mueller matrix. 

To write I into the Stokes vector format, the polarization state 

f a light beam can be completely described by the four parame- 

ers as [75] , 

 = 

⎡ 

⎢ ⎣ 

I 
Q 

U 

V 

⎤ 

⎥ ⎦ 

= 

⎡ 

⎢ ⎣ 

I ⊥ + I ‖ 
I ⊥ − I ‖ 

I +45 − I −45 

I R − I L 

⎤ 

⎥ ⎦ 

(2) 

Given an input beam S in , the output beam S out after interact- 

ng with an optical or scattering objective can be determined by 
2 
perating a 4 × 4 Mueller matrix (e.g. [24] ) describing the optical 

ystem as M : 

 out = M × S in , or 

 

 

 

I out 

Q out 

U out 

V out 

⎤ 

⎥ ⎦ 

= 

⎡ 

⎢ ⎣ 

S 11 S 12 S 13 S 14 

S 21 S 22 S 23 S 24 

S 31 S 32 S 33 S 34 

S 41 S 42 S 43 S 44 

⎤ 

⎥ ⎦ 

×

⎡ 

⎢ ⎣ 

I in 
Q in 

U in 

V in 

⎤ 

⎥ ⎦ 

(3) 

Experimentally, the Stokes vector S is measurable directly. The 

ueller matrix characterizes the scatterer in a particular ori- 

ntation. While the S 11 matrix element (total scattering inten- 

ity I ) can be determined from a single measurement, other ele- 

ents require multiple measurements of the scattered Stokes vec- 

or [18] , which can be performed simultaneously through the in- 

enious method of polarization modulation [75] . Numerous stud- 

es have shown that the full or partial Mueller matrix, which con- 

ains both intensity and polarization information, can supply more 

ignatures for the characterization of scattering aerosol particles 

 18 , 20 , 24 , 75 , 76 , 110 , 116 , 123 , 138 , 139 ]. In general, the ELS character-

stics contained in M are determined by the size, shape and chem- 

stry of the scattering particle. It also depends on particle ori- 

ntation relative to the illuminating light. The chemical proper- 

ies are contained in the complex refractive index of the parti- 

le n = n r + in i , where n r and n i are the real and imaginary

arts. Most studies assume the refractive index is homogeneous, 

lthough this approximation is not always a good one for hetero- 

eneous particles [37] . While M is determined by the properties 

f the ELS system, it should be emphasized that in many cases the 

ignal is not unique; i.e., different particle systems can produce the 

ame M . This is especially true for complex particle systems [202] . 

t means that it may be difficult to obtain information about a par- 

icle system without having some a priori information. In another 

ords, it is still a big challenge to retrieve the properties or param- 

ters of a particle from its ELS measurements. In this review, we 

ill mainly focus on studies related to the ELS from single aerosol 

articles, particularly in the application of bioaerosol detection of 

icron-sized particles. 

. Theoretical models for light scattering 

ELS studies of atmospheric constituents can be traced back as 

arly as the 17th century when Descartes [41] tried to explain 

he nature of the rainbow. Since then, researchers have under- 

aken thousands of investigations to characterize the atmosphere, 

ncluding characterizing pollutants, determining aerosol loading for 

oth weather and climate applications, and searching for biologi- 

al hazards. Many of these investigations include comparisons of 

easured scattering characteristics with those of model particles 

hose ELS properties are determined computationally. While com- 

utational capacity continues to increase, calculating the scatter- 

ng pattern or Mueller matrix accurately for an arbitrarily shaped 

article remains challenging. To reduce this computational burden, 

pproximations are frequently employed, which can take various 

orms. One approach is simplifying the particle shape to a geome- 

ry for which it is easy to obtain an exact solution (e.g., a sphere 

r spheroid). Another is to use approximate models that are valid 

hen the particles are either much smaller or much larger than 

he wavelength of the incident light (Rayleigh scattering and geo- 

etric optics, respectively). Here we briefly outline the main theo- 

etical methods for computing ELS properties. 

.1. Small-particle approximations 

One of the simplest ELS solutions can be achieved under the 

ssumption that the size of the particle is much smaller than the 
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ncident wavelength and the complex refractive index is not large. 

n this case, the problem can be treated using electrostatic theory. 

ithin this Rayleigh approximation, the ELS intensity is propor- 

ional to V 

2 / λ4 , where V is the volume of the particle. A com-

on misconception is that the ELS phase function of particles in 

his small-particle limit is independent of particle morphology, a 

trict derivation reveals this function depends on the strength of 

he individual dipoles induced within the particle system [21] . Re- 

ardless, it is difficult to retrieve characterizing information from 

iological particles within this size regime. 

.2. Soft-particle approximations 

There are several manifestations of the soft-particle approxima- 

ion, also referred to as the Rayleigh-Gans-Debye approximation 

 40 , 52 , 154 ], Born approximation or anomalous diffraction approx- 

mation (ADA). The central premise is that the refractive index of 

he particle is small | n - 1| � 1, so that an incident plane wave

asses through the particle unperturbed. The scattered field can 

e retrieved through an integration over the induced dipole mo- 

ents within the particle volume. Additionally, some versions of 

he approximation require limitations on the size: x|n - 1| � 1, 

here the size parameter x = 2 πa / λ, and a is the radius of a

olume-equivalent sphere. It is possible to obtain analytical expres- 

ions for various simple, non-spherical shapes such as disks, nee- 

les, or a continuous distribution of ellipsoids, which, for example, 

ave been compared with measurements of the clay component 

f mineral dust aerosols [73] . These approximations are all simple 

o implement in a few lines of code and can even be extracted 

rom the discrete dipole approximation (DDA) codes by not includ- 

ng dipole-dipole interactions. They are especially useful for bio- 

ogical samples in solutions, in which the differences in refractive 

ndex between the particle and solution is small [97] . For airborne 

erosol particles, the approximations have limited usage because 

f the much larger differences in refractive index between the par- 

icle and air medium [36] . 

.3. Spherical particles 

Lorenz-Mie theory is the solution to Maxwell’s equations for 

he scattering of an electromagnetic wave incident on a homoge- 

eous sphere. Reviews and derivations can be found in references 

e.g., [ 21 , 176 ]). There are several publicly available codes for the 

alculation of Lorenz-Mie scattering efficiencies and phase func- 

ions as in Fortran [21] , Matlab [105] , Python [151] , C (Prahl &

aques), and Julia [190] , as well as codes that extend to multi- 

ayered spheres. The Lorenz-Mie solution is useful when the size 

f the scattering particles is similar to the wavelength ( x ∼ 1 ). The 

bvious limitation is that not all particles are well-approximated 

y a sphere, however this is sufficient for certain types of aerosols 

uch as cloud droplets. 

.4. Geometrical optics approximation 

When particles are large in size, there are limited methods that 

an be used to calculate their ELS. The geometrical optics approxi- 

ation, also called ray tracing, is a Monte Carlo technique in which 

he incident field is described by rays that are incident upon the 

article at different locations. At each interface, the rays are either 

ransmitted or reflected until they reach the far field, another in- 

erface, or are absorbed by the medium. For this approach to be 

alid, the size of the local surface components and their local ra- 

ius of curvature must be much larger than the wavelength of the 

ncident light. The most familiar application for geometrical op- 

ics is studying the refraction and reflection of light by lenses and 

irrors. It can also be used to describe atmospheric constituents 
3 
uch as large cloud droplets or ice crystals [101] . In this ray-tracing 

ethod, wave effects like diffraction are not included, but can be 

ncorporated separately. 

.5. T-matrix methods 

T-matrix methods can be used to calculate the ELS from ir- 

egularly shaped particles, whose boundary can be expressed as 

 function of ( θ , ϕ). The method relies on separation of variables 

nd each component of the electromagnetic field is expanded in 

 series of vector spherical harmonics. The transition matrix, or T- 

atrix, relates each harmonic of the scattered field to each com- 

onent of the incident field. It is especially useful because rota- 

ion can be operated on the T-matrix to address different parti- 

le orientations and analytical expressions exist to perform orien- 

ation averaging. Lorenz-Mie theory is a special case of a diagonal 

-matrix. The T-matrix can be calculated directly from the particle 

hape, size parameter, refractive index, and orientation [ 115 , 188 ]. 

he T-matrix method has been used extensively to calculate the 

rientation-averaged light scattering from spheroids. These model 

imulations have been used to retrieve the optical properties of 

erosols, including desert dust (e.g., [47] ). 

The greatest challenge in using T-matrix theories is calculat- 

ng the actual T-matrix. One of the most commonly used meth- 

ds is the extended boundary condition method (EBCM) because 

t is greatly simplified for bodies with rotational symmetry (e.g., 

114] ), although there has been a limited amount of work on other 

hapes including triaxial ellipsoids, as outlined in a list given by 

ishchenko [113] . One additional feature is that T-matrices of dif- 

erent particles can be combined to produce a T-matrix of an ag- 

regate system (e.g. [102] . For these cases, T-matrix calculations 

re fast compared to other numerical methods for calculating op- 

ical properties of particles having non-spherical morphology. An- 

ther method of calculating the T-matrix is the point matching 

ethod (PMM). In the PMM, the boundary conditions of incident, 

nternal, and scattered fields are matched at points on the particle 

urface [122] . One issue with calculating the T-matrix is inaccura- 

ies when the particles are large or have large eccentricities. One 

ecent method to calculate the shape matrix resulted from the dis- 

overy that shape dependence could be separated from the size 

nd refractive-index dependence of the T-matrix. The shape matrix, 

r Sh-matrix, contains only information about the particle mor- 

hology [140] . For many systems, like spheroids, Chebyshev par- 

icles, and even arbitrarily shaped particles expressed as a function 

f ( θ , ϕ), this shape matrix can be calculated analytically [145] . The

ize and refractive index can be incorporated into the Sh-matrix to 

orm the T-matrix using analytical operations; thus, a completely 

nalytical method for calculating the T-matrix, and ELS properties 

rom irregularly shaped particles exists. In addition to not suffering 

he issues with inaccuracies of other methods [144] , a further ad- 

antage of this method is that because the size and refractive index 

re incorporated after the Sh-matrix is calculated, particle polydis- 

ersions and spectral studies can be performed at reduced compu- 

ational costs. The shape matrix has been used to find the T-matrix 

nalytically from complex models resembling spores [141] or even 

he coronavirus [147] . 

.6. Finite-difference time domain (FDTD) methods 

Like the DDA, discussed below, the FDTD method uses a dis- 

retization scheme to maximize utility. Unlike all the other sys- 

ems discussed here, the solution is achieved in the time domain, 

ut tracing a pulse through the discretized system using a finite- 

ifference method and a differential form of the Maxwell equations 

197] . In Yee’s method, the E- and H-fields are shifted by a half- 

tep in both the space and time domains, then the equations are 
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olved in a leapfrog manner, where first the E-field values are cal- 

ulated, then the H-field values, and so on until the system reaches 

 steady-state or the transient behavior is evolved. 

One major source of errors has been spurious reflections from 

he edge of the grid, which have been removed using novel appli- 

ations of absorbing boundary conditions [173] . Because of their 

idespread use in other fields, these methods were parallelized 

elatively early and have been applied to the study of aerosols and 

reation of ELS databases for radiative transfer applications [196] . 

ue to the fact that the grid spacing must be small compared to 

avelength, while at the same time the simulation space must be 

arge enough to encompass the particle, the FDTD may require a 

arge number of computation points, limiting its usage for large 

articles. 

.7. Discrete dipole approximation (DDA) 

In the DDA method, shapes are constructed within a 3D grid 

hose lattice points are treated as polarizable dipoles. This ar- 

ay of polarizable points can accurately approximate the response 

f a continuum target on length scales that are large compared 

ith the inter-dipole separation. This idea was developed to in- 

estigate dust aggregates in the astrophysical environment [153] . 

arious codes are publicly available, contributing to the method’s 

idespread use, including DDSCST [46] and ADDA [198] . The ad- 

antage of this method is that the discretized system can repre- 

ent a completely arbitrary, heterogeneous particle. However, the 

omputation time increases with the number of dipoles and can 

e extremely computationally intensive, as to be impractical for 

arge particles. The DDA method has been used, for instance, to 

nvestigate the absorption efficiency of black carbon produced via 

iomass burning [106] . 

While there are several models that can be used to calculate 

he ELS patterns or Mueller matrix of particles in various shapes, 

ach come with accompanying restrictions. Many of these can be 

sed to create an inverse model or lookup table to retrieve size 

istributions and, with the exception of Lorenz-Mie theory, shape 

nformation from field or laboratory measurements. In addition to 

he various codes referenced above, there is a useful repository of 

ublicly available scattering codes [163] . 

. Advances in experimental technologies and instrumentation 

Aerosol is a diverse mix of complex particles. For an appa- 

atus or instrument to be able to obtain the individual particle 

roperties among a large number of mixed aerosol particles, e.g. 

ioaerosol particles within atmospheric aerosol particles, single- 

article measurements are required. However, measuring the ELS 

rom individual micrometer-sized particles is a challenging en- 

eavor. In this section, we outline the amazing advances that have 

ccurred over the last century [ 82 , 88 ]. 

.1. Detecting light scattering at a single fixed angle 

After Ludvig Lorenz and Gustav Mie developed the theory of 

LS for spherical particles [ 99 , 109 ], experimentalists attempted to 

erify the theoretical predictions, and afterward used the 2D and 

D solutions to verify their instrumentation (e.g., [ 13 , 22 ]). The di-

ute solutions (i.e. colloidal suspensions) in which multiple scatter- 

ng by inhomogeneous particle populations could make results dif- 

cult to interpret. It was at this time that scientists started to per- 

orm the ELS experiments on individual particles of smoke. Using a 

amsden eyepiece, they viewed falling individual smoke particles 

y capturing scattered light at a polar angle of 90 ° [137] . The rate

f falling provided insight into the size of the particle, while the 

rightness of the particle was used as a measurement of scattering 
4 
ntensity. It should be noted that this setup was similar in design 

o the one used by Millikan and Fletcher to measure the charge to 

ass ratio of an electron [111] . 

The next advance was the creation of an optical particle sizer. 

his effort was realized by Gucker et al. [61] , who measured the 

ash intensities of scattered light generated from a fine stream 

f aerosol particles traversing through an intense light beam. The 

ash intensities were roughly correlated with the sizes of the par- 

icles. Gucker et al. were able to measure the scattered light at 

ultiple angles. Fig. 2 shows the development of various optical 

chematics for collecting scattered light from single aerosol parti- 

les, it is advanced from (a) to (f), corresponding to the description 

n Sections 3.1 - 3.5 . 

.2. Detecting light scattering at multiple angles in a single scattering 

lane 

In 1961, a device was constructed to detect multi-angle ELS in 

 single scattering plane that covered the polar angle from 40 ° to 

10 ° with a resolution of 5.2 ° using a photomultiplier tube (PMT) 

n a motor-driven rotation stage from a particle that was electro- 

ynamically levitated [60] . A decade later, an instrument called the 

ifferential II was developed to detect scattered light using solid- 

tate electronics over a larger polar-angle range from 10 ° to 170 °
ith a 2 ° angular resolution (Phillips et al., 1970). This device could 

xtract some information about morphology and refractive index 

rom homogenous spheres, coated spheres, and bacterial spores 

192] . 

The particle levitation requirement greatly restricted the 

hroughput capabilities in measurement. The next step in the mat- 

ration of the instrumentation was accomplished with an ex- 

remely clever design involving an ellipsoidal reflector, a rotating 

isk with a pinhole, and a single PMT. The new instrument was 

ble to measure angularly resolved ELS from individual aerosols in 

 laminar flow [62] . This design was further improved using a pho- 

odiode array, rather than a single detector, which approached a 

ata-collection rate of 10 0 0 particles/sec [12] . 

.3. Detecting light scattering from a range of azimuthal angles 

The instruments discussed so far collect light scattered at a 

xed azimuthal angle. While the scattered light from a symmetric 

ystem, like a homogeneous sphere illuminated by circularly po- 

arized light, will not have an azimuthal dependence. Once this 

ymmetry is broken, there will be an azimuthal dependence to 

he scattered light. Measuring the azimuthal dependence thus pro- 

ides a means of characterizing particle asymmetries, and instru- 

ents were designed to detect light at multiple azimuthal angles 

t a fixed polar angle in an attempt to classify aerosol particles 

y shape. Paul Kaye and collaborators developed a series of instru- 

ents incorporating fast-response PMTs with dedicated electronics 

or data acquisition and classification algorithms, which could de- 

ect and analyze up to 50,0 0 0 particles over a 5-second data collec- 

ion window [ 83 , 85 , 160 ]. Advanced designs utilized different num- 

ers of PMTs at different polar angles which could rapidly classify 

articles based on symmetries. 

.4. Detecting light scattering at multiple polar and azimuthal 

cattering angles 

The DAWN-A instrument was developed to measure the ELS at 

arious azimuthal and polar scattering angles from particles in a 

owing gas stream. In particular, an aluminum spherical chamber 

as designed with 72 ports. The ports were arranged on four great 

ircles with 18 ports on each circle, representing four different az- 

muthal angles. This design allowed a user to measure ELS at var- 
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Fig. 2. The development of various optical schematics for collecting scattered light from single or multiple aerosol particles. 
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t  
ous polar scattering angles at a fixed azimuthal angle or various 

zimuthal angles at a fixed polar scattering angle. Fiber bundles 

oupled to photodiodes were used to capture the scattered light 

rom a particular port and measure their intensities [193] . 

.5. Detecting angle-resolved light-scattering patterns 

The emergence of 2-dimensional charge-coupled device (CCD) 

rovided a pathway to detect angularly resolved ELS patterns. 

n particular, incorporating an intensified CCD into the detection 

lane with an ellipsoidal reflector was able to collect 84% of the 

olid angle of scattered light, the captured ELS patterns supplied a 

etailed image of the angular dependence of the ELS [83 , 86] . The

pparatus detected scattered light over a polar-angle range 30 ° to 

41 ° and azimuthal-angle range 0 ° to 360 ° with a 385 × 288 pixel 

etector. 

The distortions due to aberrations associated with the large col- 

ection angle of the ellipsoidal reflector, prevented the ELS patterns 

rom being quantitatively compared with theory precisely. The de- 

ign was simplified, so that only the forward scattering pattern was 

etected within a cone of ∼30 ° with a high f-number lens to re- 

uce the misalignment effects. In addition, using a photodiode ar- 

ay chip to replace the ICCD detector, similar to Bartholdi’s design, 

ramatically increased the detection rate of particles [81] . 

Lenses as collection optics have been used to capture far- 

eld ELS patterns from spherical and nonspherical particles in the 

970s and 1980s [7] . In the late 1990s, Richard Chang’s group at 

ale University captured high-angular resolution ELS patterns from 

erosol clusters using an f /1.2 camera lens labeled as TAOS (Two- 

imensional angular optical scattering) patterns [69] . 

In the 20 0 0s, Pan et al. [129] incorporated an ellipsoidal reflec- 

or and a 1024 × 1024 pixel ICCD in the apparatus, similar to that 

f Kaye et al. [81] , and increased the detection of scattered light to

ver 2 π steradians in high angle resolution. This was further de- 

eloped to capture patterns that contained scattering light in both 

he near-forward and near-backward directions [ 5 , 50 ]. Aberrations, 

articularly for slightly misaligned particles, could dramatically re- 
5 
uce the quality of the captured ELS patterns. The solution to this 

ssue was an ingenious cross-beam trigger system which only il- 

uminated aerosol particles when located in a well-defined scat- 

ering volume, which is in the depth field of the reflector [ 5 , 134 ].

n the 20 0 0s and 2010s, scientists also began exploring multiple- 

aser illumination to capture simultaneously the scattering patterns 

t different wavelengths [ 3 , 70 , 93 ]. Furthermore, by utilizing optical

rapping to levitate a single particle, Pan et al. [135] was able to 

easure ELS in the backward hemisphere, extended to the exact 

ackward angle ( θ = 167.7 ° to 180 °, φ = 0 ° to 360 °). 

.6. Polarimetry 

The greatest advance in experimental light scattering is un- 

oubtedly the polarization modulation technique of Hunt & Huff- 

an [75 , 76] . This technique allows for the rapid, accurate measure- 

ent of the entire light-scattering Mueller matrix and despite nu- 

erous advances in optical apparatii, has remained unchanged in 

alf a century. The technique employs an optical modulator that 

ycles through the polarization states at typically 50 kHz. This 

reatly reduces experimental error, since any change in the sam- 

le during the measurement of the different polarization states 

ill lead to experimental error. This development actually makes it 

ossible to measure accurately the polarized light scattering from 

 levitated particle or even living cells. After Hunt and Huffman’s 

riginal device, a number of other similar devices were constructed 

sing the same technology. Equipped with a rotating goniometer 

o cover a scattering-angle range from nearly 0 ° to 180 °, a laser, 

lectro-optic modulator on the incident beam and a polarizer, ¼- 

ave plates and a photomultiplier tube (PMT) on the receiving 

nd, these devices could measure the Mueller matrix one element 

t a time (e.g. [ 31 , 107 , 116 ]; Schnaiter et al., 2012). The method

as been employed to verify the theory of light scattering from 

n infinite cylinder [13] and a single sphere [22] . The technique 

as first recognized as a potential biophysical tool by Bickel et al. 

16] and subsequently has been used to characterize cells [17] , bac- 

eria [ 23 , 24 , 177 , 178 ], pollen [ 31 , 54 ], phytoplankton [183] and even
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Fig. 3. (i) Geometry of a simulated blood cell having different biconcave disk shapes and (ii) its corresponding calculated ELS phase function I ( θ ) with different deformation 

degrees q = 2 and q = 9. Reprinted from [100] , with permission under open access Creative Common CC BY license; (iii) Geometry of a simulated spherical cell and (iv) 

its phase function I ( θ ) having three different cell membrane refractive indices m 3 = 1.1, 1.15, or 1.2. Reprinted from Videen & Ngo [180] , with permission under open access 

Creative Common CC BY license. 
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uscle fibers [53] . We note that because of the nature of the go-

iometer, which would require that a single particle remain steady 

uring measurement, most work using the such devices has been 

n multiple particles in a cloud or solution and technically beyond 

he scope of this review; however, the results suggest that such 

olarimetric techniques could be valuable in future studies. 

Finally, we note that the Granada-Amsterdam light-scattering 

atabase is a tremendous resource ( https://www.iaa.csic.es/ 

cattering/index.html ), providing the largest collection of ex- 

erimental light-scattering Mueller matrix elements of aerosol 

articles. The device has undergone many improvements in its 

ver two decades of data collection, providing light-scattering 

ata from numerous samples collected at multiple wavelengths 

117] . Data have been collected from multiple mineral samples, 

ike clays and Saharan dust, that may interfere with the detection 

f bioaerosols [117–119] . The apparatus measures the light scatter- 

ng from polydispersions of particles passing through the beam, 

o these are not single-particle measurements; however, they do 

rovide a reference frame of what average light-scattering Mueller- 

atrix elements look like for various sample types. One primary 

unction of the database is the validation of light-scattering mod- 

ls, so it is necessary to integrate the light-scattering results over 

he size distribution, as well as to take into consideration the 

andom orientation of the particles [ 48 , 182 , 201 , 202 ]. 

. Retrieved information from ELS measurements 

As discussed above, we should be able to calculate the ELS pat- 

erns P ( θ , φ) from virtually any kind of single particles whose size

s comparable to the wavelength of the incident light, and any fine 

hange of the scattering particle should be reflected in the ELS 

attern. These changes can be the overall size and shape, particle 

hemistry that is contained in the complex refractive index, and 

article orientation and position related to the illuminating light. 

ig. 3 gives an example of how the scattering phase function I ( θ )

rom a single cell can change with different deformed degrees of 

hape [ Fig. 3 (ii)], or varied refractive indices of the cell membranes 

 Fig. 3 (iv)]. They are calculated using the FDTD method based on 
6 
 biconcave disk shape for a red blood cell (RBC) [100] , and the

-matrix method of an ideally spherical shape with different re- 

ractive indices from nucleus, cytoplasm, and membrane [180] , re- 

pectively. The calculations show large variations of I ( θ ), even with 

nly a small change of one parameter. The intensity from the two 

alculations show a large difference as the geometrical shapes of 

he cell model are quite different as shown in Fig. 3 (i) and (iii),

lthough the two enveloping curves of the scattering peaks have 

ome similarity. The results presented in Fig. 3 showed how com- 

licated the scattering phase function could be, not to mention the 

cattering patterns under different parameters, shapes and refrac- 

ive index, of a real cell. 

Fig. 4 showed ELS measurements of intensity I ( θ ) from individ- 

al single RBCs at different controlled orientations during stretch- 

ng using a double-beam tweezers (left), which are in good agree- 

ent with theoretical simulations [90] ; Another example from the 

ngularly resolved ELS patterns measured from individual single B. 

ubtilis spores also showed good agreement with the simulations at 

ifferent related orientations and polarizations of the incident laser 

eam as indicated in (a), (b), (c), and (d), respectively (right, [9] ). 

hese calculations reproduced the experimental observations with 

elatively precise detailed structures of the patterns. In another 

ords, the advanced computational ability is able to calculate the 

LS patterns from a well-defined particle (shape, size, refractive in- 

ex etc.) to replicate the experimental observations. However, it is 

till a big challenge to retrieve the properties or parameters of the 

cattering particle from its scattering patterns, i.e., the reverse pro- 

ess. In the sections below, we will review what we can get from 

he measurements, particularly on how we can use ELS to detect 

nd characterize bioaerosol particles. 

.1. Size and refractive index 

Numerous instruments have been developed to size particles 

ased on their ELS measurements. These can be based on ELS mea- 

urements obtained as individual particles pass through a beam or 

rom a suspension of many particles, most often in solution. Typ- 

cally, they can measure particle sizes ranging from 10 nanome- 

https://www.iaa.csic.es/scattering/index.html
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Fig. 4. Left: Measurement of near forward I ( θ ) from individual RBC with different shapes and orientations illuminated by a 632.8 nm He-Ne laser polarized at 22 ° from the 

vertical position [89] . Reprinted with permission of The Optical Society. Right: comparison of calculated and experimental ELS patterns from single B. Subtilis spores with 

different orientations and polarizations of the incident laser beam [9] . Reprinted with permission of The Optical Society. 
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Fig. 5. ELS intensity varies with particle size ( n = 1.5, absorption = 1.82 × 10 −9 ) 

illuminated by a vertically polarized Gaussian beam (532 nm, waist diameter = 40 

μm) at different detection positions ( θ= 7, 30, 90, 173 ±5 ο and φ= 90 ±5 ο). The max- 

imum intensities of all curves are normalized to 1 for easy comparison. 

 

[ 1 , 11 , 65 , 80 , 91 , 125 , 152 ]. 
er to a few tens of micrometer using a single photoelectronic de- 

ector or multiple detectors as described in Section 3 . These in- 

truments include the laser aerosol spectrometer or optical parti- 

le sizer from TSI, multi-angle light scattering (MALS) detectors for 

ano-size particles from Wyatt Technology, particle size analyzers 

rom Anton Paar, or particle size analyzers from ATA Scientific In- 

truments. These instruments generally are calibrated using mea- 

urements of NIST traceable Polystyrene Latex (PSL) microspheres, 

nd the scattering particle size obtained are those of a PSL micro- 

phere that has the most similar scattering response as the mea- 

ured particles. If the particle is closer in shape to a spherical par- 

icle with a refractive index similar to that of PSL, the measured 

article size could be more accurate. One issue with such instru- 

ents is that the response functions may not be monotonic, poten- 

ially leading to erroneous results even if the particles being mea- 

ured are spherical with the refractive index of PSL [68] . 

.1.1. Spherical particles 

While very few classes of particles resemble homogeneous 

pheres, we discuss them in this section because so many studies 

se Lorenz-Mie theory to simulate the ELS. The reason for this pri- 

arily is the convenience of having the codes widely available and 

he rapidity with which such calculations can be made. Because 

f their symmetry, the ELS from spheres is characterized by very 

trong angular resonances, which makes their scattering signifi- 

antly different from all other particles. As such, unless the parti- 

les under study are nearly spherical in shape, the usage of Lorenz- 

ie theory to simulate their ELS is likely a poor choice. We illus- 

rate the strong angular resonance structure in sample calculations 

hown in Fig. 5 , produced using the free MiePlot program provided 

y [94] . A few general conclusions about ELS from a sphere can be

ummarized as follows: 

1. The ELS patterns formed by spheres illuminated by unpolarized 

or circularly polarized light appear as concentric circles, which 

oscillate along θ . Their frequency increases as sphere size in- 

creases, providing a simple means of sizing. As shown in Fig. 5 , 

if a detector is placed at a specific angle θ , the light inten- 

sity oscillates with the increasing particle size, and there is no 

scattering angle θ where a simple monotonic intensity change 

occurs with increasing particle diameter, making sizing using 

a single detector a problem plagued by non-uniqueness. The 

structure of the oscillations depends on scattering angle. Light 

scattered at small scattering angles in the very near-forward di- 

rection is dominated by diffraction; whereas, at larger angles 

reflection and refraction, and interference effects play a greater 

role. These effects have a greater dependence on refractive in- 

dex and absorption. In general, multiple detectors with multiple 
7 
illumination wavelengths are necessary to obtain more accurate 

size determination [ 1 , 152 ]. 

2. With a detector placed at a set scattering angle θ , the intensity 

generally follows an oscillating curve as the real part of refrac- 

tive index changes and follows an exponentially decaying curve 

as the imaginary part of refractive index (absorption) increases. 

Therefore, it is more challenging to retrieve the particle size ac- 

curately when the particles have absorption different from the 

PSL spheres used for calibration [ 3 , 63 , 77 , 184 ]. 

3. Particle size can be determined accurately using optical 

whispering-gallery modes (WGMs), also known as morphol- 

ogy dependent resonances (MDRs). Spheres are excellent res- 

onators and when resonance conditions are met, their extinc- 

tion can increase dramatically [ 6 , 8 , 32–35 , 179 ]. The periodicity

of the resonances depends strongly on size and refractive in- 

dex, so it is possible to characterize these properties by mea- 

suring the distances between resonances as size parameter x 

is varied. This can be done by illuminating the sphere with a 

broadband source or by monitoring the intensity as a liquid 

sphere evaporates [ 65 , 80 , 120 ]. Another method is to examine 

the WGM resonance peaks in Raman or fluorescence spectra 
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Fig. 6. (a) Linear correlation between the diameter of aggregates and the average speckle width, regardless of particle composition; (b) Integrated scattering intensities 

change with cluster diameter, indicating different absorptions of aggregates. Reprinted from Walters et al. [184] , with permission of Elsevier ( www.elsevier.com ). 
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.1.2. Non-spherical, irregular-shape particle 

For several reasons, characterizing non-spherical particles is 

ven more difficult than spherical particles. The scattering intensity 

istribution from a non-spherical particle does not form symmet- 

ic rings, but depends on both the polar angle θ and the azimuthal 

ngle ϕ, in addition to the orientation of the particle. The latter 

ependence can hamper retrievals based on diffraction. For exam- 

le, if the particle is non-spherical the positions of the interference 

inima will depend on the orientation. If the sizing is of a popu- 

ation of particles, in solution for example, scattering structure will 

mooth, making it difficult or impossible to size using minima po- 

itions, as these may not even exist. 

One method that has been used successfully is to examine 

he separations of the speckles/islands that appear in the single- 

article ELS patterns. This speckle has a strong linear correlation 

ith the overall size of the scattering particle. For instance, Holler 

t al. [71] showed there is a correlation between the mean number 

f the peaks and valleys in the scattering patterns and the diam- 

ter of aggregates formed of micro-spheres. Similarly, it was re- 

orted that the median surface area of intensity peaks is inversely 

roportional to particle size with particles having rough surfaces 

nd complex structure, including mineral dust, spores, pollen, ice 

nalogs and sphere clusters from 4 to 88 μm in size. The averaged 

peckle size can be expressed as 

s ≈ 4 λz/πD (4) 

here z is the distance between the particle and the detection 

lane, and D is the diameter of the uniformly illuminated area, 

quivalent to the 2-D size of the scattering particles [175] ; Another 

nding is that the dimensions of a particle can be obtained by an- 

lyzing the central peak of the 2D-autocorrelation of the speckle 

attern [25] , and the overall size of an irregularly shaped parti- 

le (2 ̠10 μm in diameter) is inversely proportional to the nominal 

idth of the speckle ( �θ ) [184] , or 

θ = 37 /D (5) 

here D is the equivalent diameter of the cluster. This formula 

orks regardless of particle absorption. In addition, Walters et al. 

184] found that the integrated scattering intensity is inversely cor- 

elated with the imaginary part of the refractive index of the con- 

tituent spheres in the cluster ( Fig. 6 (b)). Based on these studies, 

he overall size of an irregularly shaped particle can be obtained 

rom the average size, number, or nominal width of the speckles, 
8 
nd then, the absorption can be retrieved from the integrated scat- 

ering intensity. 

ELS has been used to characterize particle size in bioaerosol de- 

ection, which has been used to normalize the fluorescence inten- 

ity to obtain the quantum efficiency or the cross section of fluo- 

escent aerosols [ 87 , 128 , 131–133 , 156 ]. It was also able to character-

ze shape by comparing the asymmetrical factor ( Af ) with those of 

ioaerosol particles [ 4 , 84 , 157 , 162 ]. Using the combined signatures

rom the illuminations of two laser wavelengths (261-nm and 351- 

m), the excited fluorescence spectra and the ELS intensities have 

een used to discriminate target bioaerosol particles, like B. subtilis 

pores, against natural atmospheric aerosols over 25 h of contin- 

ous measurements from ambient air [132] . Such measurements 

an also supply information for distinguishing different pollens and 

ungal particles [131] . Bioaerosols, including aggregates formed of 

irus or bacteria with sizes ranging from a few tens of nanometers 

o a few microns, have real parts of refractive index of n r ∼1.2–1.6 

ith the imaginary part ranging from n i = 0.00 to 0.30 [ 59 , 191 ].

he overall shapes of the aggregates appear spherical in shape with 

ough surfaces as revealed by the SEM images [ 2 , 71 , 129 ]. For at-

ospheric aerosols, the real part of the average refractive index 

as found to be between 1.52 and 1.57, the average imaginary part 

aried between 0.031 and 0.057 from the analysis of 15,500 parti- 

les in the size range of 0.1 to 25 μm. These particles were classi- 

ed into 10 different groups: ammonium sulfates, calcium sulfates, 

ea salt, metal oxides/hydroxides, carbonates, silicates, soot, biolog- 

cal particles, carbon/sulfate mixed particles, and rest of carbon- 

ich particles [49] . Note that all n r and n i values are dependent on 

he illumination wavelength. 

.2. Q -space analysis and power-law 

The diffraction process can be viewed as a Fourier-transform 

peration that maps a system’s spatial frequencies. To utilize this 

rocess, Q -space analyses consider the intensity as a function of 

he scattering wave vector q = ( 4 π
λ

) sin ( θ2 ) on a log-log plot. The

ntensity in Q-space corresponds to the magnitude of the spatial 

requencies q in the scattering system. Q -space methods are used 

or analyzing surfaces with the bidirectional reflectance distribu- 

ion function (BRDF) [121] , sizes of particles in solutions in dy- 

amic ELS applications, and also to size and characterize single 

articles [15] . In the latter application, the scattering intensity can 

e described in terms of power laws with quantifiable exponents 

http://www.elsevier.com
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Fig. 7. (a) Normalized Lorenz-Mie scattering phase functions I ( θ ) for n r = 1.5 spheres of different size parameters kR ; (b) same as (a) but plotted logarithmically versus qR 

with a line having slope of −2 from Sorensen [170] , printed with permission from Elsevier ( www.elsevier.com ). (c) and (d) Q -space plots of phase functions I ( θ ) as a function 

of q with 15 different aerosol particles, reprinted from Sorensen et al. [171] with permission under open access Creative Common CC BY license. 
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170] . Fig. 7 (a) shows an example of Lorenz-Mie scattering phase 

unctions from n r = 1.5 spheres of different sizes expressed in size 

arameter kR . The dominant features are the angular resonances 

nherent for highly symmetric spheres. Fig. 7 (b) shows the same 

ata plotted as a function of dimensionless parameter qR. These 

lots appear to be related in a more coherent manner. Although 

he angular resonances still exist, a power law can be used to de- 

cribe the envelopes of the plots at large qR [170] . For a sphere of

rbitrary size and real refractive index, the scattering phase func- 

ion can be divided into five major regimes in Q -space: (1) the for- 

ard scattering lobe (the Rayleigh regime with qR < 1 ); (2) the 

uinier regime ( qR ≈1 ); (3) the power-law regime at large qR ; (4)

he hump; and (5) the glory regime [ 170 , 171 ]. Envelopes of inten-

ities in some regions can be characterized by the following: 

I ≈ ( qR ) 0 , when qR < 1, 

I ≈ ( qR ) −2 , for the tangent line connecting the Guinier bend to 

he hump, 

 ≈ (qR ) −3 , in the region preceding the hump , (6) 

I ≈ ( qR ) −4 , in the region following the Guinier bend for the

ayleigh-Gans-Debye limit: ρ′ < 1, where ρ′ = 2 kR | n 2 −1 
n 2 +2 

| is 

he phase-shift parameter. The Q -space analysis provides a rapid 

eans of sizing a sphere by finding the intersection of the lines 

nveloping the first two regions. 

Q- space analysis has been applied to a number of particles 

ther than spheres, including soot fractal aggregates [172] , and 

any irregularly shaped particles such as dust [187] , ice crystals, 

lay, ash and over 50 different sam ples [ 66 , 162 ]. Spheres are great

esonators and their Q -space plots have features that are not ap- 

arent in those for irregularly shaped particles. For instance, irreg- 

larly shaped particles do not have a hump and typically only dis- 

lay one form of power-law decay. While the power-law index for 

pheres appears to take on integer values, this exponent can take 

n non-integer values for irregularly shaped particles and is dif- 

erent, depending on the sample. Fig. 7 (c) and (d) show Q -space 
9 
urves measured from different samples. These curves have much 

ess structure than those of spheres. It is much easier to obtain a 

ower-law index from these curves than for spheres, as they can 

t a line to the linear portion of the curve, rather than enveloping 

he curve. Also obvious in these curves is the intensity surge that 

ccurs at large values of q. In these curves the forward-scattering 

obe are not shown. In this case the particles are too large for the 

etector system to measure this lobe, making it impossible to mea- 

ure the particle size from these particular samples. These studies 

how that this simple and comprehensive description of scattering 

n terms of quantifiable power laws can be used to differentiate 

cattering by particles of different shape [ 66 , 171 ]. Q -space analy-

is provides a different perspective in describing and understand- 

ng ELS. It reveals power-law functionalities of the wave vector q 

roviding means for analyzing length-scale dependencies. It sys- 

ematically describes the magnitude of the scattering and the in- 

erference ripple structure. We expect such Q -space analyses will 

lso be applied in bioaerosol discrimination against other aerosol 

articles. 

.3. Degree of symmetry in particle shape 

Any irregularity in particle morphology will result in an asym- 

etrical scattering intensity distribution around the azimuthal 

ngle φ. At small scattering angles, the ELS is dominated by 

iffraction, which has a Fourier-transform relationship with the 

article [ 82 , 86 ]. The asymmetrical factor ( Af ) was introduced to

haracterize the shape of a particle from the diffraction compo- 

ent. Many bioaerosols, especially bacterial spores and cells, have 

hapes similar to capsules, i.e., a finite cylinder covered by two 

emispheres at its ends. The diameter of the cylindrical portion is 

ypically around 0.5–1 μm, and the length varies from 1–4 μm de- 

ending on the growth media and preparation conditions [ 9 , 67 , 78 ].

iruses are much smaller, having dimensions from a few 10 s 

f nm (e.g. adeno-associated viruses and MS2) to a few hundred 

http://www.elsevier.com
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Fig. 8. Scatter plot of the fluorescence amplitude normalized to the elastic scattering intensity as a function of Af for PSL spheres, gypsum particles, and B. subtilis var. niger 

( BG ) spores. Reprinted from Kaye et al. [84] , with permission of the Optical Society. 
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anometers (e.g. coronaviruses and poxviruses). These commonal- 

ties in dimensions result in specific Af s for each different kind of 

ioaerosol particles, which can help to differentiate them. Initially, 

he Af was used to separate spherical from non-spherical particles, 

ut it was found useful in discriminating between different types 

f non-spherical particles as well [ 5 , 82–84 , 86 , 157 , 162 ]. 

Fig. 8 shows how Af provides an effective means of particle dis- 

rimination among different sizes of florescent and non-fluorescent 

SLs, gypsum particles, and the B. subtilis var. niger ( BG ) spores as- 

ociated with fluorescence and scattering intensity [84] . Here, the 

f is defined as, 

f = C 

[ 

n ∑ 

i =1 

(
Ē − E i 

)2 

] 1 / 2 

/ ̄E (7) 

here n is the number of pixels in a ring along φ of constant θ , 

 is the measured scattering intensity from each pixel from a spe- 

ially designed circular sensor, Ē is the average intensity of all E , 

nd C is a normalizing constant to render the maximum possible 

alue of Af to be 100. Ideally, spherical particles should generate 

qual scattering intensity at each pixel in the azimuthal ring and 

roduce an Af = 0. In other cases, a parameter named sphericity 

ndex ( SPX ) was introduced to describe the measured aerosol par- 

icles [ 43 , 161 ]. For a spherical particle, the value of SPX was de-

igned to be 1. Another similar parameter to SPX is the degree of 

ymmetry ( D sym 

), expressed as 

 sym 

= 1 −
∑ 

pixel subset 

∣∣∣∣∣ I N ( θ, φ) − I N 
(
θ, φ + 180 

o 
)

2 

∣∣∣∣∣ (8) 

here I N ( θ , ϕ) is the normalized single pixel intensity at ( θ , φ).

or a spherical particle, the two pixels at ( θ , φ) and ( θ , φ+ 180 o )

hould have the same scattering intensity, and the D sym 

should be 

qual to 1 as SPX . In addition, if the aerosol has an axis of rota-

ional symmetry that is pointed either parallel or perpendicular to 

he incident polarization, the scattering pattern will also have 180 °
otational symmetry, again resulting in a D sym 

value of 1 [ 2 , 5 ]. 
10 
Fig. 9 shows how D sym 

depends on particle shape over a 

ide range of scattering intensities indicated by the mean num- 

er of photoelectron counts (proportional to scattering intensity) 

er pixel on the abscissa. These values of D sym 

and scattering in- 

ensities were calculated from the ELS patterns recorded in the 

ackward scattering hemisphere from PSL spheres (39 patterns), 

roplets of dioctyl phthalate (200), particulate matter in diesel 

xhaust (288), single or small clusters of B. subtilis spores (97), 

nd ambient aerosol particles (5993). It is not a surprise to learn 

hat both the PSL spheres and dioctyl phthalate droplets have the 

ighest D sym 

( > 0.75) as they are expected to be nearly spherical. 

he majority of the particulate matter in diesel exhaust have D sym 

alues above 0.70 with a maximum of 0.85. This suggests that 

he diesel exhaust formed into sphere-like aggregates during the 

erosolizing process, rather than fractal aggregates observed from 

he direct emission. The particles of B. subtilis spores could be com- 

osed of a single spore or a cluster of spores with a sphere-like 

hape. As a result, the measured D sym 

values were scattered from 

.15 to 0.83. As would be expected, the greatest variance in values 

as for the ambient aerosol particles. Within this population, there 

re more sphere-like shapes among the small sizes, whose popula- 

ions are roughly split between sphere-like and irregularly shaped 

articles with D sym 

< 0.7. As particle size increases, the population 

f spherical particles decrease and virtually all large particles have 

 sym 

< 0.7. This is confirmed from a correlation analysis of over 

0,0 0 0 ELS patterns from ambient aerosol particles, which show 

he percentages of spherical particles diminishing with increasing 

article size [4] . 

Quantifying the asymmetry of a particle through its ELS pattern 

rovides an additional parameter that can assist in the classifica- 

ion process. While Af, SPX , or D sym 

could be valuable parameters 

o assist in particle differentiation, it is important to note that their 

alue may diminish with particle size. The frequency of structure 

n ELS patterns increases with size, which may not be reflected in 

he values of these parameters, reducing their usefulness. In ad- 

ition, clusters of particles may aggregate into a spherical form 

hich may not be detectable for the shapes of their primary par- 

icles using these techniques. 
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Fig. 9. D sym as a function of the mean number of photoelectron events per pixel (proportional to the scattering intensity) for various aerosols having different morphologies. 

Reprinted from Aptowicz [2] . 
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Fig. 10. (a) A spherical particle; The spherical particle was roughed at different 

degrees of (b)-(d) Gaussian roughness. Reprinted from Li et al. [95] with permis- 

sion of Elsevier ( www.elsevier.com ); (e-f) 2-D Chebyshev; and (g-h) 3-D Cheby- 

shev particles. Reprinted from Kahnert et al. [79] , with permission of Elsevier 

( www.elsevier.com ). 
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.4. Surface roughness and fine structures 

In addition to particle size, shape and refractive index, surface 

oughness can affect a particle’s ELS patterns significantly. The ef- 

ect of roughness can be studied theoretically by calculating the 

LS Mueller matrix elements from particles with a quantifiable 

mount of surface roughness. One common method of doing so is 

o insert Gaussian roughness onto the particle. A sphere with such 

oughness can be specified as [95] , 

 ( θ, φ) = r o 
[
1 + α Ae −�θ2 / 2 σ 2 ]

(9) 

n which the roughness is uniformly centered at randomly chosen 

oints on the sphere surface. In this equation, r o is the radius of 

he unperturbed sphere, A is a random number in the range (- 

 ≤ A ≤ 1), so that peaks and valleys can be either outward or 

nward pointing; 0 ≤ α ≤ 1 is a preset parameter; �θ is the rel- 

tive angle between the radial vectors pointing to the center of 

he Gaussian peak and its reference point; and σ is the standard 

eviation of the Gaussian distribution used to control the size of 

he peaks. This type of surface roughness has also been applied to 

ther shapes of particles [ 58 , 95 , 98 , 124 , 195 , 199 ]. 

Another type of particle that is inherently rough is the Cheby- 

hev particles described as 

 ( θ, φ) = r o [ 1 + ε cos ( nθ ) cos ( nφ) ] (10) 

here n is the order of the Chebyshev polynomial, and ε repre- 

ents the deformation parameter. The ELS from an axisymmetric 

D or a non-axisymmetric 3D surface perturbation can be fully 

alculated [ 10 , 79 ]. While the DDA provides more flexibility in the

orphologies it can address, the T-matrix solution provides greater 

ccuracy, especially when coupled with the analytical means of 

alculating the light-scattering Mueller-matrix elements averaged 

ver orientation [ 89 , 112 ] to compare the effects of different levels

f surface roughness [79] . To perform orientation averaging with 
11 
he DDA requires brute force, calculating the light scattering from 

umerous randomly selected particle orientations until the stan- 

ard deviation is below a set level. The number of calculations 

epends greatly on particle size and shape, the particular Mueller 

atrix element and even the scattering angle. T-matrix methods 

re generally hampered by convergence issues that depend pri- 

arily on particle size and the level of surface irregularity of the 

article; however, recent work to calculate the T-matrix from the 

hape matrix appear to be free of these issues. An analytical solu- 

ion to the ELS from particles described by Chebyshev polynomials 

as even been developed using the Sh -matrix technique, which are 

ree of the convergence issues that plague other T-matrix method- 

logies [142] . Fig. 10 shows the differences in these two types of 

oughness. The Gaussian roughness can appear much spikier than 

he roughness of the Chebyshev particles. 

http://www.elsevier.com
http://www.elsevier.com
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Fig. 11. Phase matrix elements computed for ka = 50 spheroids with different levels of surface roughness indicated by w . Reprinted from Zhang et al. [199] , with permission 

of Elsevier ( www.elsevier.com ). 
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Based on the simulations from spheres, spheroids, hexagons, 

nd other irregular shapes of particles with roughed surfaces 

 58 , 79 , 95 , 98 , 108 , 124 , 143 , 146 , 164 , 181 , 195 , 199 ], it was found that 

1. The effect of surface fine structure or roughness on the ELS pat- 

tern and Mueller matrix cannot be considered independent of 

the initial particle. There is a nonlinear relationship dependent 

upon the particle’s size, shape, absorption, and surface rough- 

ness. In general, the impact of surface roughness increases with 

the particle’s size, especially in the large particle size range 

( x > 20). 

2. The diffuse scatter from a rough surface smooths any sharp ELS 

features from those of a smooth particle of the same shape. As 

the roughness increases, the smoothing of the scattered field 

increases, lowering the relative intensity variations, and eventu- 

ally resulting in relatively featureless curves for all Mueller ma- 

trix elements, particularly in the forward-scattering directions. 

3. All Mueller matrix elements are more sensitive to the surface 

roughness in the backscattering directions. This is because the 

forward direction is dominated by diffraction, which is rela- 

tively insensitive to the roughness. 

4. The intensity phase function I ( θ ), or S 11 , is less sensitive to sur-

face roughness than the polarization Mueller matrix elements. 

Therefore, it is more effective to measure polarization or depo- 
12 
larization than the intensity phase function in studying surface 

roughness. 

5. In some cases, the surface roughness and irregularization of 

facial geometry generate similar influences on the scattering 

phase matrices as shown in the simulations for hexagonal 

columns. 

Fig. 11 shows a typical example of the computed ELS Mueller 

atrix elements for spheroids with an equivalent particle size pa- 

ameter ka = 50. It demonstrates how the matrix elements change 

ith increasing surface roughness parameter w , which is equal 

o the standard deviation σ with a mean zero roughened by the 

aussian spikes described by Eq. (7) [199] . 

Experimentally, it is difficult to isolate the contribution of sur- 

ace roughness on the observed ELS patterns from other factors, so 

here are limited reports about the impact of surface structure or 

oughness. Fig. 12 illustrates how backscattering patterns depend 

n surface roughness, which increases from left to right. The four 

articles have similar sizes, so the differences in the scattering pat- 

erns would be due predominantly to the differences in surface 

oughness. For the polystyrene microsphere with a smooth surface 

nd the glass microspheres with minor surface perturbation, we 

ee the concentric rings that we expect from spherical particles 

ith only minor variations. When the surface roughness increases, 

hese rings became broken and distorted. Johnson grass spores 

http://www.elsevier.com
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Fig. 12. Top row: Backscattered intensity patterns ( θ= 167.7 °–180 °, φ= 0 °–360 °, with circular polarization 465-nm laser illumination) obtained from single laser-trapped 

particles with different surface roughness. Middle Row: optical images of the particles captured when the ELS pattern was recorded. Bottom Row: SEM images of the sample 

particles. The columns correspond to a polystyrene microsphere, a borosilicate glass microsphere, a Johnson grass spore, and a volcanic-ash particle (left to right). All particles 

are approximately 8 μm across. Reprinted from Fu et al. [51] with permission of Elsevier ( www.elsevier.com ). 
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ave an inhomogeneous density distribution and much rougher 

urfaces, but largely retains a spherical shape, so the pattern still 

etains evidence of the concentric ring structure, but with signif- 

cant intensity variations. In the very center of the pattern, we 

an see that the ring structure has disappeared and left islands 

f speckle. It appears that all three approximately spherical par- 

icles contain 4 high intensity rings along the polar scattering an- 

le, i.e., the oscillation frequency of the scattering is dominated by 

he overall particle size, while the particle surface roughness con- 

ributes to strong intensity deviations along the azimuthal scatter- 

ng angle, decreasing the integrated intensity of the ring and re- 

ulting in a lower-contrast phase function. These experimental re- 

ults corroborate the modeling results for rough particles. Once the 

article shape is far from a sphere, no more concentric rings re- 

ains as demonstrated by the volcano ash particle [51] . 

The influence of surface roughness on ELS patterns was also 

tudied in observations of 8 μm sphere-like aggregates formed of 

olystyrene with primary 0.202, 0.988 and 2.9 μm diameter micro- 

pheres, B. subtilis spores, and NaCl crystals. The different primary 

articles formed different degrees of surface roughness, which in- 

rease with the size of the primary particles, for the aggregates 

ith similar overall sizes. The increasing roughness also resulted 

n less ELS intensity difference (or features smoothing) as theoret- 

cally predicted [9] . 

While a spherical droplet is a relatively simple system to ob- 

ain the size by comparing the measurement with the calculation 

 1 , 65 , 80 , 152 ], any small deformity or impurity of a sphere distorts

he ELS pattern, and makes the characterization much more dif- 

cult [ 164 , 181 ]. While experience allows us to see features in the

LS patterns indicating the nature of the deformity, training a com- 

uter to do this can be challenging. Haddrell et al. [64] has suc- 

essfully developed such an algorithm to differentiate among four 

ifferent morphologies of droplets ranging in size from 5 to 30 μm 

n radius: homogeneous, core/shell, with inclusions, and non- 
p

13 
pherical/inhomogeneous ( Fig. 13 ). The method relies on the mea- 

urement of the near-forward scattering pattern (32 ° < θ < 58 o ) 

f the observed droplet, and was established through the qualita- 

ive analysis of over one million individual phase functions of var- 

ous particle morphologies. 

.5. Depolarization in light scattering 

As discussed in the previous section, the backward scattering 

ntensity and polarization degree are more sensitive to the change 

f surface roughness and morphology of the scattering particle 

han that in the forward direction. The linear polarization of light 

cattered by a particle is generally characterized by 

 = 

I ⊥ − I ‖ 
I ⊥ + I ‖ 

(11) 

here I ⊥ and I ‖ are the intensity of the scattered light polarized 

erpendicular and parallel within scattering plane, respectively. In 

he near-backward direction, the degree of linear polarization for 

npolarized incident light is negative for many particles. This phe- 

omena of negative polarization was intensively studied, and has 

een suggested as a means of sizing particles within an aggregate, 

hich could also be useful in discriminating bioaerosol particles 

rom other aerosol particles [ 57 , 155 , 167 , 168 , 174 , 200 ]. 

The ELS from aggregates composed of different oblong primary 

articles were calculated using the DDA to see how the negative 

olarization branch would depend on the shape and orientation of 

he primary particles. The modeling suggests that increasing the 

spect ratio of the primary particles increases the amount of inter- 

ction between the particles, leading to a more prominent negative 

olarization branch. Decreasing the refractive index, packing den- 

ity and polydispersity of the primary particles in the aggregate 

an reduce the amplitude of the negative polarization for these 

articles, as well as increasing the randomness of the particle ori- 

http://www.elsevier.com
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Fig. 13. Measured ELS phase functions from individual droplets composed of (a) water, (b) dodecanol-water, (c) ethylene glycol with polystyrene nanospheres, and (d) dry 

sodium chloride. Theoretical fitted curves are also shown in (a) and (b) in dashed-lines. Reprint from Haddrell et al. [64] . 

Fig. 14. (Left) Models of aggregates composed from different primary particles, all with refractive index n = 1.59, size parameter x = 10, and packing density ρ = 0.25. 

(Right) Intensity and polarization as functions of scattering angle for the corresponding aggregates. Reprinted from Zubko et al. [200] with permission of the Optical Society. 
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ntations. The modeling also suggests that the negative polariza- 

ion branch can be used to size the primary particles composed of 

he aggregate, which could be a valuable method for discriminat- 

ng clusters of spores from other aerosol particles [200] . 

Experimentally measured polarized ELS distributions of aggre- 

ates composed of different primary particles in near-backward di- 

ections (155 °–180 °) demonstrate various degree of negative po- 

arization ( Fig. 15 ). The aggregates are formed from spherical PSL 

icrospheres, B. subtilis spores, Arizona road dust, and tryptophan 

articles. The experimental results suggest that the degree of neg- 

tive polarization is more pronounced in more densely packed ag- 

regates as predicted in the theoretical calculation. These results 

ndicate that the polarization in the near-backward direction could 

e used as a fingerprint to discriminate aggregates having differ- 

nces in their constituent primary particles [ 58 , 155 , 167 , 174 , 200 ],

r to classify different irregular shapes of particles and bioaerosol 
b

14 
articles [ 23 , 24 , 96 , 139 , 169 ]. The depolarization is also a key pa-

ameter in atmospheric LIDAR applications. The single particle re- 

ults obtained in the laboratory could be useful in the interpreta- 

ion of LIDAR observations for the detection and characterization 

f airborne bioaerosol particles [29 , 159 , 194] . 

.6. Circular intensity differential scattering (CIDS) and helix 

tructure in DNA 

In this section, we discuss measurements of circular polariza- 

ion, specifically the circular intensity differential scattering (CIDS), 

.e. the normalized Mueller matrix element -S 14 /S 11 , which has ex- 

ibited an ability in detecting cells and spores, even discriminating 

etween different species and strains [ 26–28 , 136 , 166 , 169 , 189 ]. 
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Fig. 15. (Left) Sample SEM images of 5 aggregates composed of different primary 

particles. The scale bar is 1 μm. (Right) Averaged linear polarization (S 12 /S 11 ) of the 

aggregates from 200 measurements. The red dotted lines represent the experimen- 

tal data, and the solid line is a smoothed fit along the polar angle ( θ ). The error bars 

indicate the 95% confidence interval after averaging over 200 aggregates. Reprinted 

from Redding et al. [155] with permission of the Optical Society. 
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For right- and left-hand circularly polarized light input in 

q. (3) , the S vector incident on the system is 

⎡ 

⎢ ⎣ 

1 

0 

0 

1 

⎤ 

⎥ ⎦ 

and 

⎡ 

⎢ ⎣ 

1 

0 

0 

−1 

⎤ 

⎥ ⎦ 

, re- 

pectively. Then, the output intensity after illumination of the cir- 

ularly polarized light is I out, R = S 11 + S 14 and I out, L = S 11 –S 14 , re-

pectively. The resulting 

IDS = −S 14 / S 11 = ( I out,L − I out,R ) / ( I out,L + I out,R ) (12) 

CIDS measurements were reported to be able to distinguish chi- 

al properties in particles, whether they be material or structural 

s the helix structures of DNA molecules in biological systems. 

uch measurements for CIDS or Mueller matrix elements were car- 

ied out using the polarization modulation technique developed by 

unt and Huffman [ 75 , 76 ]. Because the polarization is modulated, 

ypically at 10 s of kilohertz, a finite amount of time is required to 

ake these measurements. This technique has been used to mea- 

ure the ELS from static systems, like substrates, particles in sus- 

ension, or in a group of aerosol particles, but to date, there is no 

eport that the matrix element was obtained from a single aerosol 

article in a flow. 
15 
There has been a long history in the study of helical structures 

sing the measurement of matrix element S 14 or CIDS [ 45 , 75 ]. The

IDS (-S 14 /S 11 ) measurements on suspensions of helical sperm cells 

f Eledone cirrhosa provide information on the long-range chiral 

tructures of samples in solution [ 104 , 165 , 166 , 189 ]. These exper-

mental results are in reasonably good agreement with theoret- 

cal simulations based on the first Born approximation [189] , or 

oupled-dipole approximation [166] . The Born approximation sup- 

lied a simple method for calculating S 14 , but had difficulty in ob- 

aining other matrix elements accurately. While the coupled-dipole 

pproximation model had broader applicability in calculating all 

atrix elements [ 165 , 166 ]. Fig. 16 shows similarly distinguishable 

eatures of the results from the two research groups. 

Another application of CIDS measurements showed the study of 

ntracellular polymerization of hemoglobin S in the suspensions of 

ickle cells, which demonstrated that the S 14 amplitude increases 

ith deoxyhemoglobin concentration, and S 14 was able to be used 

o estimate the effect of oxygen tension, cell density, and osmotic 

tress on intracellular hemoglobin polymerization [56] . The com- 

ined measurements of S 14 and S 34 could supply more geometric 

arameters of the super-helical structures in nucleosomes, chro- 

atin and nuclei, which were extracted from rat hepatocytes [42] . 

he differential distinction (scattering + absorption) intensity from 

ight- and left-hand circularly polarized light at different deep UV 

avelengths was also used to study biological macro-structures, 

he circular dichroism measurements on the disrupted T2 virus 

uspensions, and purified T2 phage DNA. They showed high sen- 

itivity on the detection of the special geometry [45] . 

Although CIDS has shown the ability to detect the chiral proper- 

ies often indicative of biological systems for about half a century 

 45 , 75 ], there is limited advancement and application since these 

nitial studies. One key barrier is the requirement for precise opti- 

al components and highly accurate alignments in the experiment, 

s well as being able to measure the very weak signals. CIDS in- 

ensity was estimated to be in the order of 10 −3 to 10 −6 for most

iological systems, so the sum of polarization anisotropy caused by 

he light source, optical components, and any artificial effects pro- 

uced during the light and signal-propagating processes including 

he detector itself must be controlled to be well below 1%, and it 

s extremely difficult to correct system error through the calibra- 

ion process [189] . Nevertheless, without considering the polariza- 

ion anisotropy caused by other optical surfaces, the ellipicity, i.e. 

 I max - I min )/( I max + I min ) of the circularly polarized light could be ≥
.2% for the best commercially available quarter-wave plate with a 

etardation tolerance of λ/500, assuming perfect alignment can be 

chieved. The quarter-wave plate is the optical component required 

o produce circularly polarized light from a linearly polarized light 

eam, λ/500 retardation tolerance will cause | δ−90| ≥ 0.72 °, which 

s equivalent with an ellipicity of 1.2%, where δ is the retardance of 

he wave plate. This shows how challenging it is to constrain the 

olarization anisotropy to below 1% experimentally and provide an 

ffective measurement of CIDS. 

.7. Algorithms for discriminating bioaerosol from other aerosol 

articles 

Aerosol particle properties of size, shape, fine structure and 

omposition can provide distinctive ELS features that may pro- 

ide a means of distinguishing and detecting bioaerosol parti- 

les. Various algorithms have been developed to classify particles 

sing the ELS measurements, for instance, using Fourier trans- 

orms, auto-correlations, multivariate analyses, and machine learn- 

ng [ 39 , 44 , 72 , 128 , 130 , 131 , 149 , 147 , 186 ]. 

The purpose behind Fourier and correlation analyses is to try to 

xtract frequencies of high-intensity scattering peaks of particles 

o obtain deviations of the complex frequencies from an equiva- 
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Fig. 16. Similarly distinguishable CIDS features from experimental measurements and theoretical simulations of sperm cells of Eledone cirrhosa . Reprinted from Wells et al. 

[189] and Shapiro et al. [166] with permission of The Optical Society. 

Fig. 17. (a)-(b) Autocorrelation from the ELS patterns of 16 individual C6 and Y79 cells as a function of �θ at �φ= 0 and �φ at �θ= 0, respectively. The inset shows the 

correlation peak positions vary from cell to cell as �θ increases. (c) The spatial frequency of scattering peaks from solid NaCl particles at various sizes as a function of the 

equivalent edge length of a cube. (d) Scattering plot of the first two principal components of confocal back scattering spectra of a normal cell and cancerous cell. Reprinted 

from Pan et al . [130] , Berge et al . [14] , and Wang et al . [185] . 
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ent sphere to estimate the non-sphericity of arbitrary-shaped par- 

icles. The resulting size and shape information is used to discrim- 

nate aerosol particles from each other [e.g. 14 , 25 , 38 , 130 , 150 , 158 ].

ig. 17 (a)-(b) shows the autocorrelation parameters extracted from 

he individual ELS patterns obtained from two kinds of cells. The 

esults demonstrate classification of cells in a label-free flow cy- 

ometry by autocorrelation analysis. Although the two kinds of 

ells are hard to distinguish by their morphologies and ELS pat- 

erns using visual examination directly [130] , they are easily distin- 
16 
uishable through the autocorrelation analysis. Fig. 17 (c) shows a 

ourier analysis results of solid NaCl particles at different sizes and 

emonstrates a linear relationship between the spatial frequency 

f the scattering peaks per angle and the equivalent edge length 

f the NaCl cube [14] . 

Multivariate techniques, such as principal component analysis 

PCA), extract information from large sets of data by minimizing 

ata redundancy, but keeping the most important information. In 

CA, a set of reduced variables obtained from a large matrix of 
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Fig. 18. Calculated ELS intensity S 1 1 (in logarithmic scale) and the degree of lin- 

ear polarizations −S 1 2 /S 1 1 (0 ° ≤ θ ≤ 90 °, 0 ° ≤ φ ≤ 360 °) for particles of a typi- 

cal rectangular prism, ellipsoid, cylinder, aggregate debris, cluster of microspheres, 

cluster of bacterial spores, and soot fractal aggregate. All particles have a volume- 

equivalent size parameter x = 5, refractive index n = 1.5 + i0, and are illuminated 

by unpolarized light. Reprinted from Piedra et al. [149] with permission of Elsevier 

( www.elsevier.com ). 
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orrelated data are generated. This new orthogonal principal com- 

onent data, which are eigenvectors of the covariance matrix of 

he original data set, is in fact a linear combination of the original 

ariables. The application of PCA works much better at recognizing 

arge sets of high dimensional data in this new coordinate projec- 

ion formed by orthogonal principal components, which indicates 

he data in terms of the differences and similarities between them 

127] . Fig. 17 (d) shows a notable example that normal cells and 

ancerous cells are well-discriminated via PCA analysis from their 

onfocal back scattering spectra [185] . 

With increased computational capabilities and development of 

athematical algorithms, machine learning (ML) has greatly im- 

roved pattern recognition capabilities. ML technology has been 

idely used for pathologic analysis in the medical field [ 55 , 103 ],

orphological classification of galaxies in astronomy [30] , discrim- 

nation in land cover [126] , and the classification of ELS patterns 

39 , 44 , 148 , 149] . The classification of ELS patterns through ML is a

rocess of image information extraction followed by sorting. First, 

he ML algorithm is provided with a training set to extract com- 

on features from a group of patterns that are measured or cal- 

ulated from a group of similar scattering particles (e.g. a group 

f B. subtilis particles), as well as all common features from other 
17 
ndividual groups of aerosol particles (e.g. groups of pollen, dust, 

oot, aggregates of atmospheric aerosol particles). The ML algo- 

ithm identifies common representative features among patterns 

rom the different individual groups, especially the target group of 

ioaerosol particles from the other groups (e.g. B. subtilis against 

thers). This training procedure is generally based on an estab- 

ished mathematical and computational algorithm such as convo- 

utional neural networks or successive subspace learning, which 

ave demonstrated accurate classification for 2D and 3D datasets 

92 , 148 , 149] . Once this training procedure is finished, a complete 

atabase and a classification algorithm are created which can be 

sed to classify unknown aerosol particles. Any measured ELS pat- 

ern is compared with the known features extracted from the dif- 

erent groups of aerosol particles in the database to examine and 

valuate which group it belongs to most closely. 

ML has been tested using different scattering properties, in- 

luding different elements of the Mueller matrix. Piedra et al. 

 148 , 149 ] generated 1070 model particles in each of 7 different

orphological groups (total 7 × 1070 particles): rectangular prisms 

boxes), ellipsoids, finite cylinders, aggregate debris, clusters of mi- 

rospheres, clusters of bacterial spores, and soot fractal aggregates. 

he 1070 particles in each group had randomized dimensions and 

rientations relative to the illuminating light, but retained the 

ame volume-equivalent size parameter x = 5, and refractive in- 

ex n = 1.5 + i0. The ELS Mueller-matrix intensity (0 ° ≤ θ ≤ 180 °, 
 ° ≤ φ ≤ 360 °) were calculated for all particles. Fig. 18 shows a 

ypical calculated pattern ( S 11 and –S 12 / S 11 ) in the forward direc-

ion (0 ° ≤ θ ≤ 90 °, 0 ° ≤ φ ≤ 360 °) for each group of particles. 

ased on the calculated patterns, 70 sets of S 11 and −S 1 2 / S 1 1 from

ach group were randomly selected as the training set for com- 

uter training based on a convolutional neural network learning 

rocedure. The trained neural network was then presented with 

0 0 0 data sets from each particle group for examination and clas- 

ification. The results turned out to be very promising: the classifi- 

ation accuracies were approximately 99% for the regularly shaped 

articles (rectangular prism, ellipsoid, and cylinder) and above 97% 

or the highly irregularly shaped particles (other four groups). For 

he clusters resembling bacterial spores, in particular, classification 

ccuracy reached better than 99% [148] . Similar classification ac- 

uracies were obtained when the total intensity S 1 1 and polariza- 

ion element S 1 2 were used. Piedra et al. [148] used class acti- 

ation mapping to identify the locations in the ELS pattern from 

hich the classifications were made. Interestingly, the class acti- 

ations mapping revealed different types of particles utilized dif- 

erent portions of the ELS patterns. For instance, unsurprisingly, 

lassifications of all particles based on the total scattered inten- 

ity were made predominantly from the forward-scattering region; 

owever, classifications using matrix element S 1 2 utilized the mid- 

ange scattering angles of the scattering patterns to classify the 

phere and spore clusters. The forward scattering is dominated by 

iffraction, which is responsive to particle shape; whereas the mid- 

ange scattering angles are more sensitive to roughness features. 

he aggregated spheres and clusters have similar overall shape, but 

heir surface roughness has different spatial characteristics. 

Performing ML on imagery captured through ELS experiments 

as many complications that do not exist in modeling. Experi- 

ental data always includes unexpected artificial fluctuations and 

oise from the light source, detector, optical components, and posi- 

ion of particle to the illuminating light that creates the ELS signal. 

or instance, in the training process the same class of particle is 

ntroduced into the system repeatedly to collect a training dataset. 

f there is any minor artificial fluctuation from the measurements, 

or example caused by a random reflection of stray light, it could 

ix with the ELS signal. Any artifacts in the measurements can re- 

ult in a less accurate classification of the observed patterns than 

or the modeled particles, as the ML algorithm may distinguish 
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Fig. 19. Measured ELS patterns (75 ° ≤ θ ≤ 135 °, 0 ° ≤ φ ≤ 360 °) from single aerosol particles having different sizes (increasing from ∼1 μm to ∼5 μm, left to right) 

including laboratory-generated particles (top row): single PSL microsphere (1.034 μm), dioctyl phthalate droplet ( ∼3 μm), and aggregate of B. subtilis spores ( ∼5 μm), and 

various ambient aerosol particles (rows 2–6). Reprinted from Aptowicz [2] and Aptowicz et al. [5] with permission of John Wiley and Sons ( www.wiley.com ). 
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he particles based on these artifacts rather than the ELS signal. 

espite these complications, ML has extracted features using dis- 

rete cosine Fourier transform and some nonlinear operations on 

ore than 30 0 0 measured ELS intensity patterns (75 ° ≤ θ ≤ 135 °, 
 ° ≤ φ ≤ 360 °). These patterns were measured from individual 

erosol particles in the size range of 1–50 μm in size. The inter- 

ogated particles for the study were primarily sampled ambient 

erosol particles with the addition of laboratory generated parti- 

les such as single or small clusters of B. subtilis spores, PSL micro- 

pheres (1.034 μm), droplets of dioctyl phthalate, particulate mat- 
18 
er in diesel exhaust, and Arizona road dust [ 2 , 39 ]. Fig. 19 shows

ypical patterns from these particles. The aim of the classifica- 

ion process was to discriminate patterns of B. subtilis from other 

mbient airborne aerosol particles and interferents such as diesel 

oot particles. Although the patterns were extremely diverse and 

omplicated, especially those from the real ambient aerosol parti- 

les, it resulted in only 20% false-negative and 11% false-positive 

ates for the assignment of particles composed of B. subtilis spores 

39] . The results suggest that ML is a very promising technique 

or bioaerosol classification. The authors also suggest additional re- 
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earch necessary to reduce the false classifications, like incorpo- 

ating the use of multiple Mueller matrix elements simultaneously 

148] and the incorporation of fluorescence and Raman signatures 

ith the ELS information [ 84 , 131 , 132 ]. 

. Summary 

Because of the large scattering cross-section and relatively sim- 

le and inexpensive instrumentation, ELS has been widely used in 

eal-time analysis for the detection and characterization of aerosol 

articles, in both point and remote-sensing systems. ELS is sensi- 

ive to a number of parameters including particle size and shape, 

rientation and position related to the illuminating light, surface 

oughness or fine structure, the size and shape of the primary par- 

icles or molecules that form and aggregate, the distribution or 

acking of the primary particles or molecules within the parti- 

le, and the complex refractive index including real refractive in- 

ex and absorption. Different techniques have had varying degrees 

f success in retrieving these parameters from ELS measurements. 

ince the ELS signal is non-unique, it will be necessary to incor- 

orate other information, such as fluorescence and Raman scatter- 

ng, in order to make accurate classifications or characterizations 

f aerosol particles with more chemical information, especially in 

ioaerosol sensing. While initial ML programs appear promising, it 

s a major task to train such algorithms with experimental data, 

t might be requisite to do this for every instrument separately. 

hile a great number of studies have been made over the last five 

ecades, the study of ELS from bioaerosols is still in its infancy. 
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