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Abstract  12 

The interaction of atmospheric aerosols with radiation remains a significant source of uncertainty 13 

in modelling radiative forcing. Laboratory measurements of the microphysical properties of 14 

atmospherically relevant particles is one approach to reduce this uncertainty. We report a new 15 

method to investigate light absorption by a single aerosol particle, inferring changes in the 16 

imaginary part of the refractive index with change in environmental conditions (e.g. relative 17 

humidity) and inferring the size dependence of the optical extinction cross-section. More 18 

specifically, we present measurements of the response of single aerosol particles to near infrared 19 

(NIR) laser induced heating at a wavelength 1520 nm. Particles were composed of aqueous NaCl 20 

or (NH4)2SO4 and were studied over ranges in relative humidity (40 - 85%), particle radius (1 – 21 

2.2 µm) and NIR laser power. The ensuing size change and real component of the refractive index 22 

were extracted from measurements of the angular variation in elastically scattered light. From the 23 

heating-induced size change at varying NIR beam intensities, we retrieved the change in the 24 

imaginary component of the refractive index. In addition, cavity ring-down spectroscopy 25 

measurements monitored the change in extinction cross-section with modulation of the heating 26 

laser power. 27 

  28 
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Introduction 29 

The ability of aerosols to scatter and absorb solar and terrestrial radiation is governed by particle 30 

size, morphology, mixing state and refractive index (RI). The single scattering albedo (SSA) is an 31 

important optical property in determining the net influence of aerosols on the Earth’s radiative 32 

balance. The SSA is the ratio of the scattering (sca) and total extinction (ext) cross sections of a 33 

particle, with accurate characterizations of these optical quantities of upmost importance for 34 

improving the representation of aerosol in climate models.1 To measure the SSA of aerosol 35 

particles, at least two of the three light attenuation coefficients (scattering, absorption and 36 

extinction) must be quantified. Providing aerosol particles are homogeneous and spherical, the 37 

optical attenuation coefficients and SSA can be calculated using Mie theory for a particle of 38 

arbitrary size, if the complex refractive index is known. The complex RI, m, consists of a real 39 

component (n) that influences the extent of light scattering and an imaginary component (k) that 40 

determines the magnitude of light absorption. For aerosol particles of diameter 150 nm with n 41 

equivalent to that of ammonium sulfate, Zarzana and co-workers calculated that an uncertainty of 42 

± 0.01 in k translates into to an uncertainty of ± 20 % in radiative forcing.2 Moreover, a reduction 43 

in k from 0.05 to 0 for secondary organic aerosols (SOA) has been shown to decrease the estimated 44 

cooling effect of an aerosol by a factor of 3.3 These studies emphasize the importance of measuring 45 

accurate refractive indices to improve the quantification of the direct contribution by aerosols to 46 

radiative forcing. 47 

Aerosol cavity ring-down spectroscopy (A-CRDS) and cavity enhanced extinction spectroscopy 48 

(CEES) have been used extensively to measure the extinction coefficients of ensemble aerosol.4–9 49 

These measurements of aerosol extinction have been used to retrieve the complex refractive index 50 

of a range of aerosol species, such as secondary organic aerosol, inorganic species and mineral 51 

dust.6,10–14 Typical uncertainties for A-CRDS for the real component of the RI are n ± 0.02.9 The 52 

size distributions and number concentrations of the ensemble of aerosols are selected prior to 53 

extinction measurements, commonly with a differential mobility analyzer, the use of which 54 

introduces ~10% uncertainty into the extinction measurements.15–17 Zarzana et al. showed that the 55 

RIs retrieved from extinction-only measurements are too inaccurate to merit use in radiative 56 

forcing calculations.2 The same study showed that when more than one attenuation coefficient was 57 
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measured, the greater accuracy in the retrieved complex RI significantly improved estimates of 58 

radiative forcing.2  59 

Many current research methods combine measurements of extinction, scattering and absorption to 60 

retrieve superior precision in aerosol refractive index.15,18,19 Aerosol extinction measurements 61 

from CRDS have been combined with scattering measurements from nephelometry to allow the 62 

aerosol absorption to be derived from the difference between the two measurements,20,21 resulting 63 

in SSA measurements with an expected associated error of < 2.9%.15 Photoacoustic spectroscopy 64 

(PAS) has been used to measure aerosol absorption,22 with the upper limit of instrument precision  65 

stated as ~ 6%.18 Combining PAS with CRDS has enabled the complex refractive index of SOA 66 

to be studied, with typical uncertainties in n < ± 0.006 and k < ± 0.002.23 Recent measurements by 67 

Bluvshtein and co-authors combined extinction, scattering and absorption measurements from 68 

CEES, PAS, CRDS and nephelometry to obtain the SSA of brown carbon proxies from 300-650 69 

nm.24 70 

Laboratory studies of single aerosol particles allow the fundamental aerosol microphysical 71 

properties to be deduced with enhanced precision. The precise size (to nm accuracy) and 72 

microphysical properties of a single particle with a known composition can be measured, thus 73 

eliminating additional uncertainty associated with ensemble measurements of aerosol size and 74 

number distributions.9 The optical properties of particles of known composition can be probed 75 

with high precision, enabling predictive mixing rules to be compared and assessed.25 Single aerosol 76 

particles have been studied with a number of different experimental techniques. For example, PAS 77 

of an optically trapped single aerosol particle was recently proven to be a potentially powerful tool 78 

for elucidating photochemical reactions that occur in the atmosphere.26 Single particle 79 

nephelometry has been developed to measure the complex refractive index and distinguish 80 

between spherical and non-spherical particles.27 The absorbing properties of single aerosol 81 

particles trapped with aerosol optical tweezers have been retrieved from whispering gallery modes 82 

observed by Raman spectroscopy.28 This technique provided the real refractive index to a precision 83 

of ± 0.0012 (better than ± 0.11 %) and, in a limited number of studies, the technique has been 84 

shown to be sufficiently sensitive to allow the determination of imaginary refractive indices as 85 

small as 1×10-8.28 86 
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Within the atmosphere, aerosols experience varying environmental conditions, such as changes to 87 

relative humidity (RH) which alter the composition of a particle and consequently the 88 

physiochemical properties that affect their radiative forcing. It is therefore imperative to study the 89 

optical properties of aerosol particles at varying humidities. We have developed a single particle 90 

cavity ring-down spectroscopy (SP-CRDS) instrument with demonstrated high precision in the 91 

retrieved real component of the refractive index, with a typical uncertainty of ± 0.003 in n.29 We 92 

recently reported a parameterization of the real RI in terms of both RH and wavelength for  a 93 

variety of inorganic aerosol components.29 The current work presents a novel strategy to measure 94 

simultaneously the extinction and absorption of a single aerosol particle by introducing an 95 

additional heating laser beam into our SP-CRDS instrument. This heating laser beam can be used 96 

to induce a size change from which the change in k (∆k) can be determined. In many ways the 97 

underlying process is similar to the approach used in PAS instruments, except here we report 98 

changes to the particle size directly, rather than probe the pressure wave that propagates following 99 

heat and mass transfer from an evaporating heated aerosol particle. Here, we present the retrieval 100 

of the change in k from single, weakly absorbing aerosol particles at a number of discrete 101 

humidities (from ~ 40 - 85% RH). We model the change in particle size, temperature and vapor 102 

pressure when a particle is illuminated by wavelengths of 532 and 1500 nm, and laser powers of 103 

20 and 50 mW. We present measurements for aqueous aerosol particles containing the 104 

atmospherically relevant inorganic solutes NaCl or (NH4)2SO4.  105 

 106 

Experimental and Computational Methods 107 

Single particle cavity ring-down spectroscopy instrument 108 

Figure 1 illustrates the SP-CRDS instrument, which has been described previously.29–33 In this 109 

work, an additional NIR laser beam is included to induce droplet heating. 110 
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 111 

Figure 1: Schematic diagram of the experimental set up. AOM is an acousto-optic modulator, M1 and M2 are highly 112 

reflective mirrors constituting the ring-down cavity, PZT is a piezo ring actuator, PD is a photodiode, PBS is a 113 

polarizing beam splitter and OI an optical isolator. 114 

A single aerosol particle was optically trapped in a Bessel laser beam (BB,  = 532 nm) while the 115 

surrounding humidity was controlled and held constant. In addition, the particle was continuously 116 

illuminated with a second laser beam ( = 473 nm) with a Gaussian intensity profile, from which 117 

the elastically scattered light was collected. Moreover, the particle was irradiated with a near 118 

infrared laser beam ( = 1520 nm) at systematically varied intensities. Finally, CRDS was used to 119 

characterize changes in the optical cross-section of the particle ( = 532 nm). 120 

The Bessel laser beam optical trap 121 

The BB was formed by passing a Gaussian 532 nm laser beam through a 2º axicon, i.e. a conically 122 

shaped lens. The resulting beam has a circularly symmetric cross-section consisting of a central 123 

core with multiple rings. The BB was focused through two lenses to reduce the BB core to 3-5 µm, 124 

in diameter, and was reflected by a 45º mirror to propagate the beam vertically into the trapping 125 

cell. A plume of aqueous aerosol was introduced into the trapping cell from a medical nebulizer. 126 

A counter-propagating nitrogen gas flow, of controlled humidity and flow rate of ~ 200 sccm, 127 

balanced the radiation pressure exerted by the BB to allow a single aerosol particle to be confined 128 

for several hours. The radii of single aerosol particles studied in this work ranged from ~ 1 – 2 µm. 129 

We ensured that a single particle was trapped in the BB by observing the elastically scattered light 130 
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and cavity ring-down (CRD) time. If, occasionally, more than one particle was trapped, the 131 

trapping cell was evacuated and aerosol was reintroduced into the trapping cell until only a single 132 

particle was trapped. 133 

Retrieval of single particle real refractive index and radius 134 

A Gaussian profile probe laser beam at 473 nm was aligned co-linearly with the BB through a 135 

polarizing beam splitter, before being passed through a lens (f = 50 mm) which weakly focused 136 

the beam into the trapping cell. The probe beam diameter was ~ 8 × the diameter of the BB core. 137 

The alignment of the central core of the BB and 473 nm probe beam ensured the probe beam was 138 

centered on the trapped particle. A camera coupled to a 20 × microscope objective situated 139 

perpendicular to the direction of illumination collected the angular variation in elastically scattered 140 

light, referred to the phase function (PF), from the 473 nm illumination. A 532 nm-laser line filter 141 

located prior to the camera ensured that only λ = 473 nm light contributed to the phase function 142 

images. 143 

PFs were recorded every second and the experimentally measured PFs were fitted to PFs simulated 144 

by Mie Theory. This procedure has been described previously.29,30,34,35 The elastically scattered 145 

473 nm light was recorded as the NIR heating beam irradiated the droplet. The real refractive index 146 

at 473 nm and the particle radius were retrieved by comparing the measured PFs with a library of 147 

simulated Mie theory PFs. The parameters determining the simulated phase functions were varied 148 

according to the equation: 149 

 𝑛𝜆 = 𝑛𝜆,0 +
𝑛𝜆,1

𝑎3
+

𝑛𝜆,2

𝑎6
 

1 

where nλ is the refractive index at the wavelength of illumination, nλ,0 is the refractive index of 150 

pure water at wavelength λ, a is the particle radius, and nλ,1 and nλ,2 are coefficients that were 151 

optimized to achieve a maximum in the mean correlation between measured and simulated PFs. 152 

The optimized values of nλ,1 and nλ,2 were obtained by a systematic search, followed by a grid 153 

search of nλ,1 and nλ,2 around the values associated with the highest mean Pearson correlation 154 

coefficient from the initial search. Comparison of each measured PF with the simulated PF gave a 155 

corresponding correlation value. The entire set of PFs has an associated mean Pearson correlation 156 

coefficient, 𝑐̅(𝑛𝜆), where 𝑐̅(𝑛𝜆) = 1 would equate to perfect correlation between the sets of 157 

measured and simulated PFs. The search parameters were refined to achieve the maximum Pearson 158 
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correlation, with this maximum location defining the best fit parameters of particle radii, nλ, n,1 159 

and n,2. 160 

The RH probe was located ~ 10 cm from the droplet, which is significantly further than in 161 

measurements we have previously reported. The heating beam, at 1520 nm, is focused into the 162 

trapping cell where the RH probe was previously located necessitating a change in RH probe 163 

location. Thus, the measurements of RH were not deemed to be reliable, as the probe was located 164 

too far from the droplet trapping environment. We previously reported average n473 for a number 165 

of aqueous inorganic species with ± 2 % uncertainty in RH.29 Therefore, we instead infer the RH 166 

in this study using the measured n473 in combination with published RI-RH parameterizations. 167 

Near-IR heating of the single particle. 168 

A near infrared laser beam (1520 nm, NTT Electronics, NLK1S5GAAA) was passed through an 169 

optical beam shutter (Thorlabs, SH05) which opened and closed every ~ 20 seconds, thus 170 

repeatedly irradiating the particle. The beam was focused by a lens (f = 40 mm) and then 171 

propagated horizontally into the trapping cell, orthogonal to the PF and BB laser beams, and 172 

towards the phase function imaging camera coupled to a high numerical aperture objective.  173 

The alignment procedure for the NIR heating beam was as follows. When a droplet was trapped, 174 

the elastically scattered light from the 473 nm beam was observed, using a band pass filter to 175 

prevent collection of NIR light. The camera position was optimized to ensure the phase function 176 

was at the center of the camera image. The band pass filter was then removed to allow coarse 177 

alignment of the NIR beam with the 473 nm elastically scattered light. Finally, the filter was 178 

reinstated and the NIR beam alignment was finely adjusted until the change in the positions of the 179 

elastic light scattering fringes in the phase function was maximized upon exposure to the NIR 180 

beam. 181 

During the measurements with a single particle at constant RH, the heating beam was modulated 182 

and the power controlled and varied. The trapped particle was heated for ~ 20 seconds, then the 183 

heating beam was shuttered for ~ 20 seconds before the process was repeated at a different laser 184 

power. The power of the heating laser was varied such that the particle experienced varying 185 

magnitudes of heating, and therefore underwent varying degrees of heating-induced size change. 186 
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The heating laser beam waist was retrieved at the particle location from a series of measurements 187 

and calculations. The beam waist of the heating beam prior to any focusing lenses was measured 188 

by scrolling a razor blade mounted on a micrometer-resolution translation stage across the 189 

Gaussian profile of the heating beam to determine the pre-focus beam waist and profile. The laser 190 

power associated with each position of the blade was measured with a power meter. The NIR beam 191 

was focused through a lens into the trapping cell and the beam waist at the focus calculated to be 192 

3.0 µm from the lens properties and the measured pre-focus beam waist. The distance of the 193 

particle from the focal point along the axis of the heating beam was retrieved as follows. A trapped 194 

particle was moved along the propagation axis of the heating beam by adjusting the position of the 195 

micrometer stage supporting the trapping cell. PFs were measured for the trapped particle at each 196 

position along the propagation axis of the heating beam, from which the particle radius was 197 

retrieved at each associated position. The change in particle radius corresponded to the position of 198 

the particle in the heating beam, with a minimum in radius assumed to occur when the particle 199 

experienced the focal point of the heating beam. This combination of methods allowed the heating 200 

beam waist to be calculated at a given distance of the droplet from the focal point. This process 201 

was repeated a number of times, giving an average beam waist at the particle’s location of 81.6 202 

µm, 0.5 mm from focal point (for more information see the supplementary information).  203 

Single particle cavity ring-down spectroscopy 204 

A fourth laser beam was also centered on the aerosol droplet to provide information about any 205 

change in extinction cross-section from CRDS measurements. The CRDS was conducted at a 206 

wavelength of 532 nm in a spectrometer which has been described previously.29,31,32,36 The particle 207 

was centered in the CRDS beam by optimizing its vertical and horizontal positions. The particle 208 

trapping height was then monitored by a camera, and a feedback loop used to control the BB laser 209 

power to ensure that the particle remained in the same vertical position within the trapping cell. 210 

The phase functions were recorded every second while the particle underwent the modulated 211 

heating, whereas the ring down times were measured at a rate of 5-10 Hz. 212 

CRDS was used to explore whether changes in the extinction cross-section were measurable upon 213 

laser heating. We previously considered the limitations of the detectable changes in the extinction 214 

cross section for a single, absorbing aerosol particle.37  Here, however, the aerosol particle is non-215 
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absorbing at the CRDS laser wavelength and we instead examine the consequences of absorption 216 

at the wavelength of the NIR heating beam for the optical cross-section at the CRDS wavelength. 217 

Modelling the size response of aqueous droplets to laser-induced heating 218 

An aqueous droplet illuminated by a laser beam will be heated through absorption of radiation. 219 

Constant laser irradiation raises the droplet temperature until a steady state is reached, such that 220 

the energy absorbed by the droplet is equal to energy dissipated through the process of collisional 221 

cooling with surrounding gas molecules. At this steady state, there is no net evaporation or 222 

condensation of water at the droplet surface, and the droplet size reaches a new equilibrium value. 223 

We use the droplet heating model described by Miles et al. to predict the size response of aqueous 224 

sodium chloride droplets illuminated by an NIR laser beam of wavelength 1500 nm.28 These 225 

authors successfully predicted sodium chloride droplet size responses in optically tweezed aerosol 226 

particles for a laser wavelength of 532 nm and used their model to retrieve the complex RI values 227 

for single droplets, measuring imaginary refractive indices as small as 10-8. In developing our 228 

experimental set-up, we used this model to select the necessary laser wavelength and power to 229 

drive observable changes in droplet size in this proof-of-concept study. 230 

For an aqueous droplet of radius a illuminated by a laser of constant power P, the increase in 231 

droplet temperature from an initial value T1 to a temperature T2 upon laser exposure is described 232 

by:28,38,39 233 

 
Δ𝑇 =  𝑇2 −  𝑇1 =

𝑎𝑄𝑎𝑏𝑠𝑃

4𝜋𝑤2𝜅𝑎
 2 

Here, Qabs is the absorption efficiency, w is the laser beam waist at the position of the droplet and 234 

a is the thermal conductivity of air (0.026 W m-1 K-1 at 298 K). Mie theory is used to predict Qabs 235 

for an input value of particle radius, RI and wavelength. The absorption efficiency contains 236 

structure from interference and so-called ripple contributions; for illumination wavelengths 237 

smaller than the droplet size, sharp resonances in Qabs can cause large increases in the droplet 238 

temperature. 28,40,41 239 

At equilibrium, the vapor pressure of water above a solution droplet surface equals the partial 240 

pressure of water in the gas phase. Once heated, the solution droplet will evaporate to regain this 241 

thermodynamic criterion for equilibrium: the increase in vapor pressure from heating is 242 

counteracted by a vapor pressure reduction due to the increasing concentration of solutes within 243 
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the droplet with decreasing size. The Clausius-Clapeyron equation relates the change in vapor 244 

pressure of the solution to a change in temperature: 245 

 
𝑙𝑛 [

𝑝(𝑇2)

𝑝(𝑇1)
] =

Δ𝐻𝑣𝑎𝑝

𝑅

𝑇2 − 𝑇1

𝑇1𝑇2
 3 

in which Δ𝐻𝑣𝑎𝑝 is the enthalpy of vaporisation of the aqueous solution and R is the molar gas 246 

constant. Assuming changes in the droplet temperature from laser-induced heating are small, 247 

Equation 3 simplifies to: 248 

 
𝑙𝑛 [

𝑝(𝑇2)

𝑝(𝑇1)
] =

Δ𝐻𝑣𝑎𝑝

𝑅

Δ𝑇

𝑇1
2 4 

with Δ𝑇 described by Equation 2. The absolute vapor pressure depends on the activity of water in 249 

the solution droplet, aw, which decreases as water evaporates and the droplet decreases in volume. 250 

We incorporate the dependence of vapor pressure on aw, and define T1 = Ta, the ambient 251 

temperature Ta in the absence of laser heating, to obtain the vapor pressure of the heated droplet: 252 

 
𝑝(𝑇2) = 𝑎𝑤𝑝𝑠𝑎𝑡(𝑇𝑎)𝑒𝑥𝑝 [

Δ𝐻𝑣𝑎𝑝

𝑅

Δ𝑇

𝑇𝑎
2] 5 

Here, 𝑝𝑠𝑎𝑡(𝑇𝑎) is the saturation vapour pressure of water above a flat surface at ambient 253 

temperature (3235 Pa at 298 K). We used the E-AIM model to describe the dependence of droplet 254 

size and solute concentration on aw.42,43 We then used calculations from E-AIM to relate the radial 255 

growth factor (the ratio of the radius for the solution droplet to that corresponding to the dry salt) 256 

to aw. This allowed simulations of p(T2) at all values of aw (and hence radii) over which the solution 257 

droplet exists, i.e. from the efflorescence water activity (~0.45 for sodium chloride) to 1.00.  258 

Here, we first verify our model by comparing predictions for  = 532 nm with previous data 259 

reported by Miles et al., before considering the influence of NIR illumination ( = 1500 nm) on 260 

particle heating. The model calculations were validated against the simulations of Miles et al. using 261 

the parameters for their  = 532 nm optical tweezer experiments.28 The initial droplet size was set 262 

as 3913.3 nm at a corresponding water activity of aw = 0.9775 to represent typical droplet 263 

conditions in the experiments. Δ𝐻𝑣𝑎𝑝 was set to 44103 J mol-1 (i.e. close to the 44.24 kJ mol-1 264 

value for a saturated salt solution), Ta was fixed at 300 K and w = 4 µm. The simulations by Miles 265 

et al. use Mie-Debye spherical aberration theory to predict Qabs for a focused Gaussian beam, while 266 



  11  
 

we used Mie theory to simulation Qabs. We described the real RI of the sodium chloride solution 267 

droplet and its dependence on aw using the parameterization we reported recently,29 although Miles 268 

et al. used a parameterization based on electrodynamic balance measurements,44 and set the 269 

imaginary RI to 2.510-9. Figure 2(a) shows our calculations of T for λ = 532 nm and a laser 270 

power of 20 mW, which gives a temperature elevation of 10s of millikelvin, depending on starting 271 

droplet size. Based on these temperature perturbations, Figure 2(b) shows the calculated change in 272 

droplet vapor pressure for laser powers of 0, 15, 18 and 20 mW with change in droplet size. The 273 

introduction of the laser heating beam induces significant changes to the vapor pressure with 274 

resonant enhancement by whispering gallery modes at particular droplet sizes. Our calculations of 275 

vapor pressure agree well with those reported by Miles et al.  276 

 277 

Figure 2: Simulated droplet heating behavior for an aqueous NaCl droplet at an initial aw = 0.9775, irradiation 278 
wavelength  = 532 nm, and beam waist w = 4 µm. (a) the variation in T with droplet radius for P = 20 mW; (b) 279 
calculations of the vapor pressure variation with droplet radius for values of P of 0, 15, 18 and 20 mW; (c) the predicted 280 
change in droplet radius (radius) for the cases of a decrease in laser power from 18 mW to 15 mW (black line) and 281 
an increase in laser power from 15 mW to 18 mW (red line). 282 
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We also calculated the change in radius (radius) expected when the laser power is modulated 283 

between 15 mw and 18 mW. The radius values are calculated from an isobaric line on the vapor 284 

pressure – radius plot (Figure 2(b)) linking two curves corresponding to different laser powers. 285 

The droplet radius axis in Figure 2(c) corresponds to the initial radii of a number of simulated 286 

droplets before stepping the laser power and the induced heating. Once equilibrated in size, the 287 

droplet has the same vapor pressure before and after the step in laser power, but this vapor pressure 288 

is a combination of different degrees of elevation (by heating) and reduction (from solute effects 289 

associated with droplet size changes). Figure 2(c) also shows the radius for the opposite case of 290 

increasing the laser power (heating) by 3 mW, demonstrating the non-reversible changes in 291 

radius caused by the resonance structure. There are multiple radii at which equal vapor pressure 292 

is attained, and the radius change achieved will differ depending on whether the particle is cooling, 293 

and the radius is increasing from condensational growth, or the particle is being heated, and the 294 

radius is decreasing from evaporative loss. 295 

Having verified that our laser-induced droplet heating model correctly predicts changes in droplet 296 

size, we then used it to investigate whether we could resolve changes in droplet size induced by  297 

= 532 nm laser heating from the Bessel beam optical trap in our SP-CRDS instrument. The change 298 

in power density that we can induce in our BB optical trap is comparable to those achievable in 299 

the optical tweezer experiments of Miles et al. However, we are limited to a maximum RH of ~ 300 

80% in our instrument, caused by the dilution of ambient air by the dry N2 gas purge flows that 301 

pass over the CRDS mirrors. Compared to the RH values of 97.75% used in the experiments of 302 

Miles et al., our SP-CRDS measurements occur within a regime where the radial growth factor 303 

has a very low sensitivity to aw. Using w = 2 µm, a change in laser power from 30 mW to 35 mW 304 

(a typical range achievable for the Bessel beam core power), an initial NaCl particle radius of 2000 305 

nm (the largest typical size we trap in our SP-CRDS instrument) for an initial aw of 0.8, our heating 306 

model predicts radius of < 2 nm. This change is too small to resolve with the precision of size 307 

retrievals from PFs. Therefore, we now investigate the effectiveness of laser-induced heating using 308 

a NIR laser emitting at a wavelength matching a strong absorption band for water in inducing size 309 

changes sufficient for detection with PF measurements.  310 

 311 

The NIR laser heating experiments reported here drive water evaporation from an aqueous sodium 312 

chloride or ammonium sulfate droplet confined in the BB trap of an SP-CRDS instrument. The 313 
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heating laser has a much broader focus than in the optical tweezers measurements of Miles et al., 314 

and the droplet is smaller in size. Instead of investigating the optical absorption in the visible, we 315 

measure the imaginary component of the refractive index at 1500 nm. Figure 3(a) shows the 316 

variation in the complex RI components with wavelength for water.45,46 The imaginary RI 317 

increases by ~ 3 orders of magnitude from a wavelength of 532 to 1064 nm, and increases by a 318 

further 2 orders of magnitude from 1064 to 1500 nm, with a value of k = 2.5710-4 at  = 1500 319 

nm. The simulations reported below correspond to a NIR heating beam with  = 1500 nm.  320 

 321 

Figure 3: (a) The variation in the real RI45 and imaginary RI46 for water over the wavelength range 400 – 1800 nm. 322 
Lines are to guide the eye. (b) The calculated vapor pressure for an aqueous NaCl droplet with an initial radius of 323 
1800 nm at an initial aw of 0.8 upon illumination with a  = 1500 nm, w = 100 µm laser beam using P values of 0, 20 324 
and 50 mW. (c) The calculated radius using the simulations in (b), for a droplet heated from an initial state 325 
corresponding to P = 0 mW. 326 

We performed simulations of the droplet vapor pressure and radius for  = 1500 nm and w = 100 327 

µm. For these simulations, we used the aforementioned heating model parameters and methods. 328 
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To describe the complex RI of aqueous NaCl droplets at IR wavelengths, we used the RI 329 

descriptions for pure water as reported in Figure 3(a). The real RI was set to 1.319 and the 330 

imaginary RI set to 2.5710-4. The reference droplet radius was selected to be 1800 nm at an initial 331 

aw of 0.8 equal to an environmental RH of 80 %, representing typical values for a droplet confined 332 

in the SP-CRDS instrument at high RH. We repeated the simulations for the three laser powers of 333 

0, 20 and 50 mW. Figure 3(b) shows the predicted vapor pressure curves over the droplet radius 334 

range 1800 – 2200 nm. Unlike the shorter wavelength simulations, there is an absence of resonant 335 

structure in the vapor pressures curves because of the long wavelength of the NIR beam compared 336 

to the droplet radius, and the much larger value of the imaginary RI, which damps resonant 337 

coupling into whispering gallery modes. We calculated radius in the heating direction, from a 338 

starting droplet with no heating to a droplet illuminated at powers of either 20 or 50 mW. Figure 339 

3(c) shows the expected change in droplet radius upon exposure to the heating beam, with 340 

representative values of radius of 13.5 nm and 32 nm for P = 20 mW and P = 50 mW, 341 

respectively. These size changes are sufficient for detection by PF imaging. 342 

 343 

 344 

Results and discussion 345 

Near-IR heating of single aerosol particles at high relative humidity 346 

Single aerosol particles composed of both aqueous ammonium sulfate and sodium chloride have 347 

been studied. Each particle was trapped, and held at (near) constant RH to retrieve k as a function 348 

of RH. The heating laser beam irradiated the particle while the power was modulated and 349 

systematically varied in power. Laser illumination of the droplet caused the droplet temperature to 350 

increase, thus driving evaporation of water, and an associated heating-induced size change was 351 

measured. At each laser power, the 1520 nm laser irradiated the droplet for ~ 20 seconds, which 352 

was sufficient time to allow the particle to achieve a steady size, with no further net condensation 353 

or evaporation. Figure 4(a) shows the radius response of a single aqueous sodium chloride particle 354 

to heating. Upon initiation of heating, the droplet evaporated to its new equilibrium size within 1 355 

second, the limiting detection timescale of PF measurements. A strong correlation can be seen 356 

between the incident laser power and the volume of water lost from the droplet, in Figure 4(a) and 357 
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(b). The radius of the particle reverted to the original size once the heating beam was attenuated to 358 

zero power (black points). 359 

 360 

 361 

Figure 4:  Irradiation of an aqueous NaCl droplet with a 1520-nm laser beam. (a) Changes to the radius of the single 362 

aerosol particle as the laser power is varied (indicated by the colored data points). (b) The average change in particle 363 

radius as a function of heating laser power. The error bars indicate the standard deviation in the derived radius. 364 

 365 

Comparing the simulated NIR heating-induced size change to the measured size change  366 

The heating-induced size changes measured from PFs were compared to the modelled size 367 

changes. The simulations required inputs of beam waist (81.6 µm, estimated with the method 368 

outlined earlier and described more extensively in the Supplementary Information) and initial 369 

water activity (aw = 0.89, for the particles in Figure 4). The particle radius was 1836 nm without 370 
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1520 nm irradiation and the maximum laser power used was 33 mW. However, the calculated size 371 

change was approximately double the experimentally measured size change at 33 mW and this 372 

was found to be the case for all particles studied. This discrepancy (of ~ 41 nm, for the particle 373 

presented in Figure 5) is significantly larger than the uncertainty of ± 0.5 nm associated with PF 374 

analysis, suggesting that one of the parameters required for the heating simulation was not correct. 375 

The ± 2% uncertainty associated with the retrieved RH only accounts for ± 0.5 nm of size change. 376 

The modelled heating-induced size change was more sensitive to the values of beam waist or laser 377 

power. Figure 5 shows the sensitivity in the simulated change in radius to these model inputs for 378 

the single highest power measurement. In Figure 5(a), the simulated value of the laser power was 379 

varied from 5 – 33 mW with the beam waist set at 81.6 µm. In Figure 5(b), the simulated 1520 nm 380 

beam waist was varied from 75 – 88 µm while the laser power was held constant at 33 mW. The 381 

resultant changes in radius predicted by the model are compared to the measured change in radius 382 

of 33 nm recorded at the highest level of NIR power, P = 33 mW (indicated by the blue dashed 383 

line). 384 

 385 

Figure 5: The variation in the modelled heating-induced size change (with inputs of initial size = 1836 nm, aw = 0.89, 386 
initial laser power = 0 mW) as the following input parameters were varied: (a) final laser power (mW), with the beam 387 
waist set to 81.6 µm and (b) beam waist (75 – 88 µm), with the final laser power set at 33 mW. The experimentally 388 
measured size change of a droplet of 1836 nm at aw = 0.89 and laser power 33 mW is indicated by the dashed blue line. 389 

From Figure 5, the simulated heating-induced size change is significantly more sensitive to 390 

changes in the input laser power than the input heating beam waist. The range of values of beam 391 

waist chosen corresponds to the uncertainty associated with the measurements of the NIR beam 392 

waist. Therefore, we deduce that the particle must be sampling less than the expected fraction of 393 

the full laser power (33 mW) calculated by comparing the beam waist and the particle radius. 394 
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Instead, we must base our analysis on inferring changes in absorption and k with RH and size 395 

relative to measurements for a droplet at one reference RH, chosen here to be the highest RH. At 396 

this reference RH, we assume that the value of k is equal to that of pure water at the highest RH 397 

and calculates the effective laser power that gives the observed size change at this RH. This 398 

retrieved value of effective laser power is then input for measurements at lower RHs while k1520 is 399 

varied in the model simulations. 400 

For the data presented in Figure 4, the derived effective total laser power incident on the trapped 401 

aqueous NaCl droplet corresponds to 11.0 mW, which is a third of the value expected based on 402 

the measured total power output from the 1520 nm beam. This scaling of the actual to effective 403 

laser power was retained in further model simulations for all subsequent particle measurements at 404 

lower humidities. The scaling accounts for the imperfect transverse and axial positioning of the 405 

droplet in the focused Gaussian beam; although a more exact model could be implemented, the 406 

current challenge is one of experimental alignment. A particle of ~1 m size held within a 407 

vertically propagating Bessel beam core of similar size and co-propagating beam for PF 408 

determination, must be aligned simultaneous with a horizontally propagating CRD beam of waist 409 

~200 m, the orthogonally propagating NIR laser beam with a focal waist estimated an <10 m. 410 

For particles at lower humidities (i.e. all particles other than the initial reference particle from 411 

which the effective laser power was calculated), the value of k1520 input into the model was varied, 412 

thus allowing a relative change in k1520 from that of pure water to be calculated. This approach 413 

does enable the relationships between k1520, droplet size and RH to be examined.  414 

Figure 6 shows the outcome of experimentally varying the laser power on the value of n473 415 

retrieved from the PF measurements at 473 nm, and the modelled temperature and vapor pressure 416 

for two aqueous NaCl droplets held at 89 % and 70% RH. As the NIR laser power illuminating 417 

the particle increases, n473 also increases, as expected for a decreasing droplet size and increasing 418 

solute concentration. Similarly, the retrieved n473 of the particle at 70% RH is higher than that of 419 

the particle at 89% RH, again due to the higher concentration of solute at lower RH. The 420 

concomitant changes in vapor pressure and temperature for each particle were retrieved from 421 

model simulations (at the appropriate conditions of e.g. RH). The simulated change in particle 422 

temperature is always < 0.1 K, but is larger for higher NIR laser powers, as expected.  423 
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 424 

Figure 6: The effect of 1520 nm laser power (scaled to an effective power, as described in the main text) on the average 425 

(from up to 7 measurements at each laser power) real refractive index retrieved from fitting PFs at  = 473 nm to Mie 426 

theory predictions (black data points), and the simulated vapor pressure (red data points) and corresponding 427 

temperature change (additional axis) for 2 different aqueous NaCl particles held at different humidities. 428 

We report average values of n473 in Figure 6, retrieved from multiple measurements of n473 at each 429 

effective laser power as the power was systematically increased and decreased and repeatedly 430 

modulated; a standard deviation of < ± 0.00006 is indicated by the error bars. At any one laser 431 

power, there is variation in n473 because the particle was exposed to each laser power multiple 432 

times (shown in Figure 4) over ~2000 seconds. Over the course of the measurement, drift in RH 433 

alters the particle composition and thus the retrieved n473. Considering the timescale of the 434 

experiment and slight variations in RH, the modest standard deviations in retrieved n473 values 435 

illustrate the precision of our technique. The changes in temperature and vapor pressure (red data 436 

points in Figure 6) are inferred from the model simulations. 437 

 438 

Retrieving the imaginary component of the refractive index of aqueous NaCl and (NH4)2SO4 439 

aerosol particles with varying humidity 440 

Single particles composed of aqueous NaCl were held at a discrete RH while the laser power 441 

irradiating the particle was varied. The heating-induced size-change was normalized by converting 442 

it to a change in growth factor which allowed the variation in size change as a function of RH to 443 
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be examined over many droplets of different absolute size. The radial growth factor is defined as 444 

the ratio of the wet droplet radius to the dry particle radius and the change is growth factor (∆GF) 445 

is given by:  446 

 Δ𝐺𝐹 =
𝑎0 − 𝑎𝑥

𝑎𝑑𝑟𝑦
 6 

where a0 is the radius of a given particle when not illuminated by the NIR beam, ax is the radius 447 

of the same particle at a given NIR laser power of P = x mW, and adry is the dry size calculated for 448 

each particle. The variation in the radial growth factor with RH was calculated from the E-AIM 449 

model.42,43 Then, from comparing the calculated growth factor dependence on RH with the 450 

experimental variation in wet droplet size with RH in the absence of the NIR beam, the dry particle 451 

size was determined. Finally, the change in growth factor on illumination was calculated from 452 

Equation (6).  453 

Figure 7(a) shows the change in GF for 7 different droplets held at RHs in the range 59 – 89 % 454 

while the power of the NIR beam was varied. The magnitude of change in GF can be seen to 455 

depend systematically on RH. The RH is indicative of the composition of the particle: at lower 456 

RHs, the particle solute concentration is higher (aw is lower), and greater laser power is required 457 

to drive the same amount of water evaporation, compared to an equivalent sized particle at higher 458 

RH. Therefore, the relative magnitude of change in GF is smaller as the surrounding RH decreases.  459 

The variation in the imaginary component of the refractive index with RH was retrieved by 460 

simulating size changes for a range of ∆k1520 values, and comparing the changes in simulated and 461 

measured size changes with laser power at each RH. The retrieved value of k1520 represents the 462 

change in k1520 (∆k1520) from that at the reference RH rather than an absolute value, shown in 463 

Equation 7:  464 

 ∆𝑘1520 = 𝑘1520(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑎𝑡 𝑅𝐻) − 𝑘1520(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) 7 

where k1520 (reference) is the imaginary component of pure water that is input in the reference 465 

measurement at the highest humidity, from which the effective laser power is determined. In this 466 

analysis, the other input parameters were kept constant while ∆k1520 was varied. The results are 467 

shown in Figure 7(b). Although this method does not give the absolute value of k1520 it does enable 468 

the dependence of ∆ k1520 on RH to be examined. 469 
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 470 

Figure 7: (a) Variation in the change of growth factor for aqueous NaCl particles as a function of the effective heating 471 

laser beam power for RHs from 59-89%. The lines correspond to the model prediction of the particle heating-induced 472 

size change converted to the GF domain; (b) the retrieved change in k1520 for aqueous NaCl particles as a function of 473 

RH. The x-axis error bars correspond to the ± 2% uncertainty in RH, and the y-axis error bars represent the uncertainty 474 

associated with the retrieved size from PF fitting.  475 

The data plotted in Figure 7(b) suggest a change in k1520 for aqueous NaCl droplets as the humidity 476 

decreases. This trend is indicative of the particle composition, which is in equilibrium with the 477 

surrounding gas phase: as the humidity decreases, the water content of the particle also decreases, 478 

which increases the solute concentration. We assume that the light absorption responsible for the 479 

observed ∆k1520 is caused by impurities in the NaCl solute, because NaCl does not absorb at 1520 480 

nm, and this absorption is additional to that of pure water (which is already accounted for in the 481 

initial simulations of the reference particle).47 Miles et al. also studied the light absorption of single 482 

aqueous NaCl particles at 532 nm with Raman spectroscopy.28 Their retrieved values of k532 were 483 
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larger than that of pure water, and this difference was also attributed to the presence of absorbing 484 

impurities.28  485 

The error bars in Figure 7(b) represent the uncertainty associated with the inferred RH and the 486 

retrieved particle size. Fitting the measured PFs with Mie theory yielded the radius and n473 values 487 

for each particle. Measurements were only included in this work when 𝑐̅(𝑛473) > 0.99. The 488 

uncertainty in the size of the particle retrieved from PF measurements was ± 0.5 nm. The impact 489 

of this uncertainty in the retrieved value of ∆k1520 was assessed by fitting ∆k1520 to the 490 

experimentally measured size change ± 0.5 nm. The resulting uncertainties in the retrieved values 491 

of ∆k1520 are shown in Figure 7(b). The smaller the initial size of the droplet, the larger is the 492 

uncertainty in ∆k1520.  493 

Figure 8 shows the variation in the ∆k1520 for a single aqueous (NH4)2SO4 particle over a range of 494 

RHs, with the highest RH measurement again serving to provide the reference point for the scaling 495 

needed to deduce the effective NIR laser beam power. Unlike the case of aqueous sodium chloride 496 

aerosol shown in Figure 7, these measurements were made on the same particle and clearly show 497 

that ∆k1520 increases as RH decreases. The magnitude of the change in k1520 with RH is comparable 498 

to that of aqueous NaCl. The variation of kλ with wavelength for (NH4)2SO4 crystals was reported 499 

previously, and the nearest value to our measurement wavelength is at λ = 1500 nm where 𝑘1500 =500 

3.4 × 10−5.48 This is of the same order of magnitude as our reported change in k1520 from that of 501 

water with decreasing RH. Measurements of the absolute imaginary component of the refractive 502 

index are of greater interest than a relative measure of ∆k1520. However, here the importance of 503 

measuring the variation in ∆k1520 with RH, even for very weakly absorbing species, is highlighted. 504 

Further work will endeavor to measure kλ directly as a function of RH, for a wider range of droplet 505 

compositions, to parameterize the dependence of kλ on RH. 506 
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 507 

Figure 8: The change in the relative value of k1520 for a single aqueous (NH4)2SO4 particle held at a range of humidities.  508 

Measurements of the extinction cross-section of a heated single particle  509 

Single particle cavity ring-down spectroscopy measurements were performed for each particle as 510 

it was irradiated with the heating beam, and a section of a measurement is shown in Figure 9(a) as 511 

an example. The cavity ring-down times, τ, are used to determine the extinction cross-section of 512 

the single particle, where: 513 

 
𝜎𝑒𝑥𝑡 =

𝐿𝜋𝑤2

𝑐
(

1

𝜏
−

1

𝜏0
) 8 

where L is the length of the optical cavity, w is the beam waist (of the CRD beam, and estimated 514 

as 0.24 mm in later estimates of σext), and τ0 the cavity ring down time of the optical cavity in the 515 

absence of the droplet.49 CRDS measurements were made at a wavelength of 532 nm, where the 516 

particle is non-absorbing. Figure 9(a) shows variation in τ as the particle was heated by the NIR 517 

laser beam, and illustrates the sensitivity to changes in the particle extinction cross-section induced 518 

by the heating. The changes in the recorded cavity ring-down times increase as the power of the 519 

heating beam increases. The fluctuations in  are a consequence of Brownian motion of the aerosol 520 

particle within the BB trap.32,50 521 

 522 

 523 
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 524 

Figure 9: (a) The cavity ring-down times, τ, of a single aqueous NaCl particle as it was heated by a 1520 nm beam 525 

(red points) decrease compared to when the 1520 nm beam was blocked (black points). The 1520 nm effective laser 526 

power is indicated with red labels. The average τ values at each effective laser power are shown by large red squares, 527 

and when the NIR beam is off by the large black diamonds. The average (large red and black) points also correspond 528 

to the average estimated σext indicated on the corresponding y-axis. (b) The measured τ values and the associated 529 

estimated change in σext are shown as a function of the particle size change, retrieved from PF measurements, as a 530 

result of modulated heating. 531 

Figure 9(a) shows the average measured ring-down time τ, which decreases as the particle is 532 

irradiated with increasing NIR illumination. As the particle size decreases, its smaller geometric 533 

cross section might be expected to cause an increase in the τ value. However, the τ value is 534 

determined by the extinction cross section, not the geometric cross section. These two parameters 535 

are connected by the extinction efficiency, Qext, in which is defined in Equation 9. Qext is a function 536 

of the size parameter, χ (shown in Equation 10). 537 

 𝑄𝑒𝑥𝑡 =
𝜎𝑒𝑥𝑡

𝜎𝑔𝑒𝑜𝑚
 9 
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𝜒 =

𝜋𝐷

𝜆
 10 

Here, D is the particle diameter and λ is the wavelength of illumination. The extinction efficiency 538 

varies with size parameter; thus, as the particle is heated and the size parameter changes, the 539 

particle will exhibit different extinction efficiencies. In the size parameter range of the particle 540 

considered in the current example, as the particle is heated the extinction efficiency increases with 541 

decrease in size. The resulting increase in σext causes the observed changes to τ values upon heating.  542 

The rapid heating-induced size response was generally recorded more rapidly by CRDS than by 543 

the PF measurements, and observed before the change in the electronic signal reporting the status 544 

of the shutter controlling the heating beam was registered. Both the PF and shutter status data were 545 

collected every second. This effect is particularly evident in Figure 9(a) at times around 1210 546 

seconds, where the τ values have changed, but the data points are still color-coded as black. Thus, 547 

the CRDS data illustrate the rapid size response of the droplets to irradiation by the heating beam, 548 

and indicate the benefits that would derive from measuring PFs and the shutter status at intervals 549 

of < 1 second.  550 

Figure 9(b) shows the consequences of changes in the power of the heating beam for measured τ 551 

values, and change in σext values from CRDS and droplet sizes measured from PFs. There is a clear 552 

correlation between the changes in τ, σext and particle size change induced by droplet heating, each 553 

of which is retrieved from separate measurement techniques (CRDS and PFs respectively). This 554 

trend reinforces the sensitivity of both phase function measurements and cavity ring-down 555 

spectroscopy to changes in the size of single aerosol particles, and further illustrates the 556 

complementary use of these techniques. Here we have demonstrated the possibility of providing 557 

concurrent extinction cross-section measurements by CRDS when exploring optically induced 558 

heating. A fuller analysis of this approach will be the focus of a subsequent paper. 559 

 560 

Conclusions: 561 

Droplet heating by a NIR laser has been combined with our previously reported single-particle 562 

trapping and observation methods to measure RH-dependent changes in complex refractive index 563 

of weakly absorbing single aerosol particles. The absorption of 1520-nm laser radiation by single 564 

particles composed of aqueous NaCl or (NH4)2SO4 has been reported at a range of discrete RHs. 565 
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The size and real component of the refractive index of the particle were retrieved from phase 566 

function measurements, and the absorption of a particle relative to a water droplet was calculated 567 

from the change in particle size upon heating. The positioning of the single particle in the heating 568 

beam proved to be crucial in quantitatively accounting for the size change upon heating and this 569 

challenge must be addressed in future work, despite the critical tolerances in aligning multiple 570 

laser beams with a trapped droplet that must be achieved. However, here we have developed a 571 

method to scale the incident laser power to quantify the actual power irradiating the particle and 572 

to retrieve relative changes in absorption. Multiple measurements of single particles of aqueous 573 

NaCl, and a single aqueous (NH4)2SO4 particle showed an increase in k1520 relative to that of water 574 

with decreasing RH. This greater absorption at 1520 nm at lower RHs was attributed to impurities 575 

in the solute. The measurements illustrate the capability of the system to retrieve ∆k1520 values for 576 

very weakly absorbing aerosol. Despite determining a relative change in k1520 rather than an 577 

absolute value, the data highlight the variation in the absorption of aerosol particles with RH, thus 578 

emphasizing this dependence as an additional factor to be considered when including aerosol 579 

optical properties in radiative transfer models.  580 

The detection of changes to the extinction cross-section of a single particle of radius 1-2 µm as the 581 

heating beam was modulated demonstrates the sensitivity of our SP-CRDS technique. The changes 582 

in geometric cross-section derived from phase function measurements, and changes in extinction 583 

cross-section from cavity ring-down spectroscopy, illustrate the complementary nature of these 584 

analysis methods. In addition, the CRDS measurements can be made with extremely high time 585 

resolution. Such measurements could be invaluable in measuring kinetic parameters for water 586 

condensation/evaporation, for example in retrieving the value of the mass accommodation 587 

coefficient from measurements on single particles that are much smaller than previously 588 

studied.51,52 In addition, these measurements will allow us to look at the mechanism inherent to 589 

photoacoustic spectroscopy, potentially allowing us to study the ambiguities that arise in PAS 590 

measurements at elevated RH when the photoacoustic signal is a product of mass transfer from an 591 

evaporating droplet as well as heat transport.53 Further applications will include retrieval of 592 

complex refractive index information for more strongly absorbing aerosol species for inclusion in 593 

radiative transfer models.  594 

 595 
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Supporting Information  596 

The Supporting Information provides further description of the heating laser beam waist retrieval, 597 

and further discussion on the retrieval of the effective laser power. 598 
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