
 S-1

Supporting Information for 1 

Measurement of Gas and Aerosol Phase Absorption Spectra across the Visible and Near-IR 2 

using Supercontinuum Photoacoustic Spectroscopy 3 

James G. Radney and Christopher D. Zangmeister
*
  4 

Material Measurement Laboratory, National Institute of Standards and Technology,  5 

Gaithersburg, Maryland, 20899, USA 6 

  SUPPORTING INFORMATION 7 

The Supporting Information contains further details related to the characterization of the 8 

supercontinuum laser for photoacoustic measurements such as the beam diameter and output 9 

power density as a function of wavelength and a table containing the specific wavelengths and 10 

bandwidths used and the corresponding limits of detection.  The integrated absorption 11 

coefficients of water vapor for each wavelength at 10 % RH and STP is also included.  We 12 

provide plots of the absorption spectra calculated using the High Resolution Transmission 2012 13 

(HITRAN 2012) database and the overlap of the corresponding output of the tunable wavelength 14 

and bandwidth filter.  The measured and calculated absorption coefficients as a function of RH at 15 

λ = 725 nm and 820 nm is included to demonstrate the linear response of our microphone to RH.  16 

Finally, significant discussion on the determination of nigrosin’s wavelength dependent 17 

refractive index is included.    18 

Tunable wavelength and bandwidth filter output beam diameter.  The 1/e
2
 beam diameter 19 

of the tunable wavelength and bandwidth filter was measured as a function of wavelength and 20 

bandwidth and is shown in Fig. S2.  The beam diameter was measured using a scanning knife-21 
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edge beam profiler (ThorLabs Omega Meter WM100).
1
  The beam width of a laser beam with a 22 

Gaussian profile is 23 

����� � 4�	
� ∗ 16002	μm                (S1) 24 

where f is the rotation speed of the profiler drum (10 Hz) and Tr is the rise time from 16 % to 84 25 

% total power.  As the output of the tunable wavelength filter with variable bandwidth is not 26 

Gaussian, the measured beam diameter was corrected using 27 

����� � ������� �0.81 !" # 1$ % 1&             (S2) 28 

where Mk is square root of the times-diffraction-limit factor (M
2
 = 1.1).  In order to not overload 29 

the profiler sensor, the output of the tunable wavelength filter with variable bandwidth was 30 

passed through an O.D. 3 neutral density filter prior to measurement.   31 

 32 

Figure S1:  Output 1/e
2
 beam diameter of the tunable wavelength and bandwidth filter output as 33 

a function of wavelength for the bandwidths used presently. 34 

Tunable wavelength and bandwidth filter output power density.  The power distribution of 35 

the tunable wavelength and bandwidth filter was measured for each center wavelength longer 36 

than 600 nm using an optical spectrum analyzer (Yokogawa AQ6370C).  The total power was 37 

measured at the center wavelength using a calibrated power meter.  Results are shown in Fig. S2 38 

and Table S1. 39 
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 40 

Figure S2:  Output power density of the output of the tunable wavelength filter with variable 41 

bandwidth. 42 

Table S1:  Bandwidth, average peak-to-peak power, the 5 min. limit of detection and water 43 

vapor absorption coefficient at 10 % RH for each center wavelength used in the collection of 44 

aerosol absorption spectra. 45 

Wavelength 

(nm) 

Bandwidth 

(nm) 

Laser Power  

(x 10
-2

 W) 

LOD  

(x 10
-5

 m
-1

) 

αabs H2O(g) 

(x 10
-6

 m
-1

, 10% RH)* 

500 20 1.8 1.6 1.50 

525 20 1.4 2.1 0.14 

532 20 1.4 2.1 0.43 

550 20 1.6 1.8 0.97 

575 15 1.5 1.9 2.41 

600 15 1.8 1.6 1.68 

625 15 2.1 1.4 0.15 

650 15 2.2 1.3 1.65 

660 15 2.3 1.2 1.10 

675 15 2.7 1.1 0.03 

700 10 2.3 1.2 4.87 

710 10 2.4 1.2 3.58 

720 10 2.4 1.2 23.83 

725 10 2.3 1.2 28.62 

730 10 2.2 1.3 23.29 
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740 10 2.1 1.4 4.81 

750 10 2.0 1.4 0.29 

775 10 1.8 1.6 0.02 

800 10 2.2 1.3 3.03 

810 10 2.2 1.3 17.20 

820 10 2.1 1.4 34.25 

825 10 2.1 1.4 28.03 

830 10 1.9 1.5 19.72 

840 10 1.6 1.8 4.39 

*nominal H2O(g) mole fraction of 2.76 x 10-3 in 1.01325 x 105 Pa (1 atm) 46 

Calculated water vapor absorption spectra.  The absorption spectra of water vapor was 47 

calculated using HITRAN2012 at each wavelength used and are shown in Fig. S-3 through S-22.  48 

The corresponding laser power distributions are shown for wavelengths longer than 625 nm (the 49 

optical spectrum analyzer used presently only detects wavelengths longer than 600 nm).  50 

Atmospheric conditions at STP with a 10 % relative humidity were used.  All plots have the 51 

same y-axis scale. 52 

 53 

Figure S3:  Calculated absorption spectrum of H2O(g) from 475 nm to 625 nm laser emission 54 

band. 55 

 56 
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 57 

Figure S4:  Calculated absorption spectrum of H2O(g)and measured output power distribution 58 

around the 600 nm laser emission band. 59 

 60 

Figure S5:  Calculated absorption spectrum of H2O(g)and measured output power distribution 61 

around the 625 nm laser emission band. 62 

 63 

Figure S6:  Calculated absorption spectrum of H2O(g) and measured output power distribution 64 

around the 650 nm laser emission band. 65 
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 66 

Figure S7:  Calculated absorption spectrum of H2O(g) and measured output power distribution 67 

around the 660 nm laser emission band. 68 

 69 

Figure S8:  Calculated absorption spectrum of H2O(g) and measured output power distribution 70 

around the 675 nm laser emission band. 71 

 72 

Figure S9:  Calculated absorption spectrum of H2O(g) and measured output power distribution 73 

around the 700 nm laser emission band. 74 

 75 
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 76 

Figure S10:  Calculated absorption spectrum of H2O(g) and measured output power distribution 77 

around the 710 nm laser emission band. 78 

 79 

Figure S11:  Calculated absorption spectrum of H2O(g) and measured output power distribution 80 

around the 720 nm laser emission band. 81 

 82 

Figure S12:  Calculated absorption spectrum of H2O(g) and measured output power distribution 83 

around the 725 nm laser emission band. 84 
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 85 

Figure S13:  Calculated absorption spectrum of H2O(g) and measured output power distribution 86 

around the 730 nm laser emission band. 87 

 88 

Figure S14:  Calculated absorption spectrum of H2O(g) and measured output power distribution 89 

around the 740 nm laser emission band. 90 

 91 

Figure S15:  Calculated absorption spectrum of H2O(g) and measured output power distribution 92 

around the 750 nm laser emission band. 93 
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 94 

Figure S16:  Calculated absorption spectrum of H2O(g) and measured output power distribution 95 

around the 775 nm laser emission band. 96 

 97 

Figure S17:  Calculated absorption spectrum of H2O(g) and measured output power distribution 98 

around the 800 nm laser emission band. 99 

 100 

Figure S18:  Calculated absorption spectrum of H2O(g) and measured output power distribution 101 

around the 810 nm laser emission band. 102 
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 103 

Figure S19:  Calculated absorption spectrum of H2O(g) and measured output power distribution 104 

around the 820 nm laser emission band. 105 

 106 

Figure S20:  Calculated absorption spectrum of H2O(g) and measured output power distribution 107 

around the 825 nm laser emission band. 108 

 109 

Figure S21:  Calculated absorption spectrum of H2O(g) and measured output power distribution 110 

around the 830 nm laser emission band. 111 
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 112 

Figure S22:  Calculated absorption spectrum of H2O(g) and measured output power distribution 113 

around the 840 nm laser emission band. 114 

Microphone responsivity.  The response of the microphone to water vapor was measured at 115 

the peak absorption wavelengths of 725 nm and 820 nm and is shown in Fig. S23.  The humidity 116 

was measured in the increasing direction on one day and then both increasing and decreasing 117 

directions on another day.  Figure shows the average of those 3 scans.  Error bars are 2σ.  RH 118 

was allowed to stabilize for 5 min before the absorption was measured.  The relative responses 119 

are 1.04 ± 0.04 and 0.97 ± 0.04 at 725 and 820 nm, respectively. 120 

 121 
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Figure S23:  Microphone response as a function of RH at the peak absorption wavelengths of 122 

725 nm and 820 nm.  Grey line corresponds to 1 to 1. 123 

Determination of Nigrosin Refractive Index.  The refractive index of nigrosin aerosol at λ = 124 

405 nm and 660 nm was determined by measuring the number concentration and extinction mass 125 

distributions at multiple particle diameters, calculating the corresponding extinction cross 126 

sections and fitting these cross sections with Mie theory.  The block diagram for this experiment 127 

can be seen in Fig. S24. 128 

 129 

Figure S24:  Block diagram of the experimental setup to determine the refractive index of 130 

nigrosin. 131 

The use of a tandem DMA, aerosol particle mass analyzer (APM), cavity ring-down 132 

spectrometer (CRD) and CPC for the isolation of a single particle charge of interest was first 133 

demonstrated in Radney et al. (2014).
2
  Briefly, aerosols are selected by electrical mobility by a 134 

DMA.  The voltage of the APM (Kanomax 3601) is ramped at a constant rotation speed to 135 

generate a distribution of particle masses at a given electrical mobility.  The number 136 

concentration and extinction are continuously measured by a CPC and CRD, respectively, during 137 

the scan.  From the measured distributions, Cext as a function of mass is calculated in order to 138 

isolate the particle distribution of interest (charge of + 1) from others present (i.e. those 139 

possessing equivalent electrical mobility and charge > 1) via the slope of Cext as in Radney et at 140 

(2014)
2
; see the Supporting Information for a description of the calculation.  The number 141 

concentration distributions are fit using a number of Gaussian distribution functions 142 

corresponding to the number of charges present  143 
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' � ∑)*,, ∗ exp 0123134,56789:,57 ;             (S3) 144 

where AN is the peak amplitude, mp is the average mass and σN is the e
-1/2

 half width of the 145 

distribution.  An identical equation can be derived for extinction by replacing N with αext.  The 146 

subscript q denotes the number of charges on the particle.  From the Gaussian fits of the 147 

distributions of concentration and extinction versus mass (Eq. 5 in manuscript), the effective 148 

density (ρeff) is calculated as 149 

<�== � >3?,@A��B                 (S4) 150 

where Dm is the mobility diameter set by the DMA.  The average extinction cross section is 151 

C�DE � F G�HIJ � KL�HI9L�HIK:9:               (S5) 152 

The calculated Cext are within 3 % to values calculated using Mie theory when using ammonium 153 

sulfate aerosol.
3
  The refractive index is then calculated by minimizing the merit function χ

2 
154 

where
4
 155 

M8 N, O$ � ∑ PQR�HI,���STU�V1R�HI,W�XWTX�I�V 3,Y$Z[
7

9�HI,[7 \J]^_                    (S6) 156 

Here, σext,i represents the k = 2 uncertainty in Cext at a given mobility diameter and mass 157 

combination i.  From these calculations, the uncertainty (k = 2) in our refractive index was 158 

approximated from the locus of values satisfying  159 

χ
2
 – M�`a8  ≤ Mb�`E8                (S7) 160 

at a 95% confidence interval for the given degrees of freedom where χcrit
2
 represents the upper-161 

tail critical value.  Particles spanning 100 nm ≤ Dm ≤ 450 nm were measured at 50 nm intervals 162 

for λ = 405 nm and 150 nm ≤ Dm ≤ 325 nm were measured at 25 nm intervals for λ = 660 nm.  163 

Extinction cross sections were calculated using a homogeneous sphere Mie routine based upon 164 
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Appendix A of Bohren and Huffman (1983),
5
 with the refractive index (n = m + ik) treated as the 165 

fitted parameter.  The best agreement was found to be for a refractive index of (1.63 ± 0.02) + 166 

(0.18 ± 0.01)i (M�`a8  = 11.48, Mb�`E8 = 12.592, N = 8) and (1.70 ± 0.02) + (0.28 ± 0.01)i (M�`a8  = 167 

22.65, Mb�`E8 = 15.507, N = 9) at λ = 405 nm and 660 nm, respectively. These measured refractive 168 

indices correlate well with others found in the literature: 1.78 + 0.19i (λ = 360 nm)
6
, 1.70 + 0.31i 169 

(λ = 532 nm)
7
, 1.72 + 0.28i (λ = 532 nm)

8
 and 1.7 + 0.24i (λ = 670 nm)

9
.   170 

 171 

Figure S25:  Fit of nigrosin refractive index at λ = 405 and n = 1.63 + 0.18i.  Inset shows the χ
2
 172 

minimization of the data.  Error bars are 2σ. 173 
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 174 

Figure S26:  Fit of nigrosin refractive index at λ = 660 and n = 1.70 + 0.28i.  Inset shows the χ
2
 175 

minimization of the data.  Error bars for 2σ measurement uncertainty have been included but are 176 

smaller than the corresponding data points. 177 

For the real component of nigrosin’s refractive index, we assumed that m varied linearly 178 

between 405 nm and 660 nm.  For wavelengths longer than 660 nm, we assumed m was equal to 179 

1.70 (the λ = 660 nm value).                         180 

In order to calculate the imaginary component of the refractive index for nigrosin across the 16 181 

wavelengths measured, the UV-Vis absorption spectrum of 5.0 x 10
-3

 mg mL
-1

 nigrosin solution 182 

was measured under acidic (0.01 M H2SO4), basic (0.01 M NaOH), and neutral (DI H2O only) 183 

conditions.  From the average measured aerosol effective density (1.34 g cm
-3

) the solution MAC 184 

spectrum was calculated using the Beer-Lambert law: 185 

MAC � K
fg                (S8) 186 

where A, c and l are the UV-Vis absorption, mass concentration and path length, respectively. 187 



 S-16

 188 

Figure S27:  MAC spectrum of 5.0 x 10
-3

 mg mL
-1

 nigrosin solution in acidic (red), basic 189 

(green) and DI H2O (blue).  Black circles correspond to the calculated solution MAC from 190 

measured refractive indices at λ = 405 nm and 660 nm. 191 

From the calculated refractive indices at λ = 405 nm and 660 nm, the MAC of a 1 nm particle 192 

was calculated and compared to the measured UV-Vis MAC; i.e. the MAC of the 1 nm particle 193 

and solution should be comparable; i.e. Rayleigh limit of particle absorption.
10

 The best 194 

agreement was obtained between the basic absorption spectrum and MAC.  The imaginary 195 

component of the refractive index was extrapolated from the basic solution spectrum assuming 196 

that the nigrosin solution behaves as a bulk material, the absorption coefficient (αabs,bulk), the 197 

imaginary component of the refractive index (k) and the wavelength can be related by
5
 198 

h��i,�jk" � lmY
n                           (S9)  199 

Thus, it follows that 200 

Go@Go7 � Y@n7Y7n@ � Ko@Ko7             (S10) 201 

The calculated imaginary component of the refractive index can be seen as the in Fig. S28. 202 
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 203 

Figure S28: Calculated real (black) and imaginary (red) components of nigrosin’s refractive 204 

index as a function of wavelength.  205 
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