@ CrossMark
AIP ADVANCES 7, 055209 (2017) o

Raman detection of single airborne aerosol particles
of isovanillin
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Single airborne aerosol particle of isovanillin were detected using a compact Raman
spectroscopy system. The Raman system consisted of a 10 W, 532-nm cw laser,
a 50x aerosol concentrator, an aerosol flow cell, an f/1.0 single-sided collection
optics, an /1.8 Raman spectrometer with a spectral range of 400-1400 cm™', and
a low-noise CCD camera (1340 x 400 pixels; 20 x 20 um/pixel). The combined
collection and detection efficiency of the Raman system was 1.0%. The diame-
ters of eleven particles were determined to be 3.4, 3.1, 3.5, 3.4, 2.3, 3.1, 2.5, 2.6,
2.5, 3.0, and 3.1um based on the fundamental Raman equation. The accuracy of
the particle diameter is estimated to be +0.1 wm using measured concentration of
the atmospheric CO,. © 2017 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4984226]

INTRODUCTION

Raman spectroscopy of trapped single aerosol particles has been reported previously.!™ How-
ever, detection of single aerosol particles via Raman spectroscopy in a flowing system has not
been yet reported. In this paper, we describe the first detection of single 3 um flowing airborne
aerosol particles flowing through a Raman system, which is a simplified version of the previously
reported system5 with a 532-nm, 10W cw double-pass laser, 532-nm isolator, and double-sided
collection optics. The current system has single-pass laser, no 532-nm isolator, and single-sided col-
lection optics. Previous Raman detection of single aerosol particles has been made using trapped
particles.®8

EXPERIMENTAL

Isovanillin aerosol particles were generated with a small household blender. Details of the Raman
collection system have been given previously.” The laser power was 10 W in the laser beam waist
of 50 um, which was determined by the power transmitted through a pinhole. The transit time
7 of the aerosol particle through the laser beam is equal to the diameter of the laser beam waist
divided by the aerosol particle speed v. The value of v was determined to be 2.4 cm/s as the
ratio of the flow rate of 10 mL/min or 1/6 mL/s and the input cross section of 0.071 cm? cor-
responding to the 3 mm diameter of the inlet into the flow cell. The value of 7 is then equal to
2.1 ms.

Figure 1 shows a schematic of the current Raman system used for the present experiment.

The collection efficiency of the current system is about %2 of that in Ref. 5. The detection sensi-
tivity of the current system is about %4 of that in Ref. 5. The Raman signal scales as the cube of the
particle diameter. Therefore, the detection sensitivity of the current system in terms of the particle
diameter is only (1/4)'3 = 0.63 of that in Ref. 5.

4 Address correspondence to R. L. Aggarwal, MIT Lincoln Laboratory, 244 Wood Street, Lexington, MA 02421-6462, USA.
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FIG. 1. Schematic of the Raman system.

RESULTS AND DISCUSSION

Figure 2 shows two single isovanillin aerosol single particles, which were observed in a
1340x240-pixel region of interest of the CCD camera in an integration time of 10 s. The integration
time of 10 s is the acquisition time of the CCD. However, the Raman signal from each particle is only
coming from an exposure time of 2.1 ms. Only two particles were observed in the acquisition time of
10 s using a cw laser and a CCD camera but not a fast camera or a single laser pulse. The input mass
concentration of isovanillin, as measured by the TSI (Shoreview, MN 55126, USA) optical particle
sizer (OPS) model 3330, into the Raman system was ~ 36 pg/cm>. Raman spectra were collected in
the low concentration range of isovanillin in order to avoid the overlap of single particles on the CCD
in the high concentration range. Raman modes of isovanillin are observed as bright dots at x-pixel
#124 (507 cm!), #875 (1116 cm’!), #1058 (1242 cm!), and #1110 (1275 cm!). Raman modes of
CO,’ are observed as slightly curved lines at x-pixel #1094 (1265 cm!), 1125 (1285 cm’!), and #1291
(1388 cm™!). Raman modes of H,O vapors!? are also observed as slightly curved lines at x-pixel #55
(443 cm™), #70 (457 cm!), #101 (485 cm™), #123 (506 cm™), #179 (557 cm™!), #234 (606 cm™),
#288 (653 cml), and #345 (702 cm™!).

Figure 3 shows the Raman spectrum of isovanillin particle #1and atmospheric CO; at y-pixels
in the #109-123 region centered at pixel #116. The background-corrected Raman signal R; of the
1116 cm™ mode of isovanillin is 918 photons integrated over the 1110.5-1121.1 cm™! region. The
background-corrected Raman signal of 1285 cm™ mode of CO; is 2090 photons integrated over the
1280.5-1288.9 cm! region.

The diameter of isovanillin particle can be determined using the Raman signal of the 1116 cm™!
mode and the basic Raman equation

Rs=®menaTs) ogNw (Pt /hvy) (D

Here 7. is the collection efficiency; 1, is the CCD detection efficiency; Ts is the Raman system
transmittance; o-g (cm?) is he Raman cross section of the 1116 cm™! mode of isovanillin; N,, is the
number of isovanillin molecules (cm™2); Py is the laser power incident upon the isovanillin particle; 7 is
the transit time of the isovanillin particle through the laser beam; vy is the laser photon energy. Using
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FIG. 2. Two isovanillin aerosol single particles observed in an integration time of 10 s.
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FIG. 3. Raman spectrum of isovanillin particle #1 and atmospheric CO;.

values of 5.1x1072 for 7, for f/1.1 single-sided collection, 0.42 (measured) for 174, 0.48 (calculated)
for Ty, 3.3x1072% cm? for g, 3.18x10'7d cm™ for N,, (d is the diameter of the isovanillin particle in
units of um), 4.0x103d?> W for Py, 2.1x107 s for 7, and 3.73x10°'° J for hvy, Eq. (1) becomes

Ry, =24.3d° )

Using a value of 918 photons for R,, we obtain a value of 3.4 pm for the diameter d of particle #1.

Figure 4 shows the Raman spectrum of particle #2. The value of R; for particle #2 is 738 photons,
which yields a value of 3.1 um for its diameter.

Figure 5 shows the Raman spectrum of particle #3. The value of R for particle #3 is 1035
photons, which yields a value of 3.5 um for its diameter.

Figure 6 shows the Raman spectrum of particle #4. The value of Rs for particle #4 is 947 photons,
which yields a value of 3.4 um for its diameter.

Raman spectra of other particles #5-11 are similar to those of Figs. 2-5. The diameters of particles
#4-11 were determined to be 2.3, 3.1, 2.5, 2.6, 2.5, 3.0, and 3.1 um, respectively. Table I lists the
values of Ry for the 1116 cm™' mode of isovanillin and particle diameter for all the eleven particles
reported here.

The accuracy of the particle diameter is estimated to be +0.1 um based on the accuracy of the
measurement of the CO, concentration as discussed below. The accuracy of d is similar in magnitude
based on the angle-and size-dependent characteristics of Raman scattering by microspheres.'!

The basic Raman equation for the 1285 cm™! mode of CO; is

Rs=(cnaTs) orNwL (PLT/hvL) 3)
0w oo
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FIG. 4. Raman spectrum of isovanillin particle #2 and atmospheric CO;.
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FIG. 5. Raman spectrum of isovanillin particle #3 and atmospheric CO,.
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FIG. 6. Raman spectrum of isovanillin particle #4 and atmospheric CO;.

Here o (cm?) is the Raman cross section of the 1285 cm™ mode of CO,; N, (cm™) is the molecular
concentration of CO,; L is the length of the laser beam that is used in Fig. 2. Using values of 5.1x1072
for n., 0.42 for 14, 0.48 for T, 4.5x1073° cm? for ok, 187.5 um for L, 10 W for Py, 10s for 7, and
3.73x10°'° J for hv;, Eq. (3) is written as

R,=2.32x10713N,, 4)

TABLE I. Raman signal and diameter of eleven isovanillin particles.

Particle # 1116 cm™ Raman Signal (Photons) Particle Diameter (um)
1 918 34
2 738 3.1
3 1035 35
4 947 34
5 290 2.3
6 692 3.1
7 383 2.5
8 404 2.6
9 369 2.5
10 649 3.0
11 744 3.1




055209-5 Aggarwal et al. AIP Advances 7, 055209 (2017)

Using the value of 2090 for Ry in Fig. 2, Eq. (4) yields a value of 9.0x10'> ¢cm™ for N,,, which
corresponds to 367 ppm compared with the value of 470 ppm measured by a CO, probe located
outside the Raman system. The Raman concentration of 367 ppm is 22% lower than the value of
470 ppm measured by the CO; probe. We assume the accuracy of the CO; concentration to be +22%,
which corresponds to an accuracy of +2.8% in the diameter of the isovanillin aerosol particles because
the Raman signal of a particle scales as the diameter of the isovanillin particle. Hence, the accuracy in
the diameter of the aerosol particles is estimated to be +0.1 um. The estimated accuracy of the particle
diameter is independent of the accuracy of the collection efficiency 1., CCD detection efficiency 74,
and the Raman system transmittance 7'y because the same values of 7., 4, and T's are used both in
the determination of the particle diameter and the concentration of CO;.

The mass concentration of isovanillin may also be determined with the basic Raman Eq. (3) as
used for CO,. Using values of 3.3x102® ¢cm? for o of isovanillin, and 0.3 cm for L, the volume
concentration of isovanillin is given by

R,=2.73x 107N, (5)

Using the value of 1656 for R, photons, which is equal to the sum of the Raman signals of 918 and
738 photons for particles #1 and #2, respectively, Eq. (5) yields a value of 6.06x10'?> molecules/cm?
for the concentration of isovanillin in the Raman system. The mass of an isovanillin molecule is
2.53x10°'0 pg. The mass concentration of isovanillin inside the Raman system was 1.53x10? pg/cm?,
which corresponds to the input mass concentration of 31 pg/cm? considering the aerosol concentration
factor of ~ 50 for the aerosol concentrator in the Raman system. This value of 31 pg/cm? is consistent
with an input mass concentration of ~36 pg/cm? measured by the OPS. This implies that the diameters
of the isovanillin particles measured by the Raman system are consistent with those measured by the
OPS.

SUMMARY

One, two, or three single particles of isovanillin were detected in 10 s by Raman scattering
spectroscopy. The diameters of eleven particles were determined to be 3.4, 3.1, 3.5, 3.4, 2.3, 3.1,
2.5,2.6,2.5,3.0, and 3.1um with an accuracy of +0.1 wm using the basic Raman equation. Also, the
concentration of CO, inside the Raman system was determined to be 367 ppm, which is 22% lower
than the value 470 ppm measured by a CO, probe located outside the Raman system.

ACKNOWLEDGMENTS

We thank Dr. William Herzog for discussions regarding this work. This material is based upon
work supported by the Defense Threat Reduction Agency through the Edgewood Chemical Biological
Center under Air Force Contract No. FA8721-05-C-0002. Any opinions, findings and conclusions or
recommendations expressed in this material are those of the author(s) and do not necessarily reflect
the views of the Defense Threat Reduction Agency.

1G. Scheweiger, J. Aerosol Sci. 21, 483-509 (1990).

2G.G. Hoffmann, B. Oelichmann, and B. Schrader, J. Aerosol Sci. 22, S427-S430 (1991).

3A.K. Y. Lee and C. K. Chan, Atmospheric Environment 41, 4611-4621 (2007) (2007).

4N. P. Ivleva, U. McKeon, R. Niessner, and U. Poschl, Aerosol Sci. Technol. 41, 655-671 (2007).

SR.L. Aggarwal, S. Di Cecca, L. W. Farrar, A. Shabshelowitz, and T. H. Jeys, Aerosol Sci. Technol. 49, 753-756 (2015).
0Y. L. Pan, S. C. Hill, and M. Coleman, Optics Express 20, 5325-5334 (2012).

7B. Redding, M. J. Schwab, and Y. Pan, Sensors 15, 19021-19046 (2015).

8 C. Wang, Y. L. Pan, S. C. Hill, and B. Redding, J. Quantitative Spectroscopy & Radiative Transfer 153, 4-12 (2015).
9R.G. Dickinson, R. T. Dillon, and F. Rasetti, Phys. Rev. 34, 582-590 (1929).

100G, Avila, G. Tejeda, J. M. Fernandez, and S. Montero, J. Mol. Spectrosc. 220, 259-275 (2003).

117, Veselovskii, V. Griaznov, A. Kolgotin, and D. N. Whiteman, Appl. Optics 41, 5783-5791 (2002).


http://dx.doi.org/10.1016/0021-8502(90)90126-i
http://dx.doi.org/10.1016/s0021-8502(05)80129-6
http://dx.doi.org/10.1016/j.atmosenv.2007.03.040
http://dx.doi.org/10.1080/02786820701376391
http://dx.doi.org/10.1080/02786826.2015.1065955
http://dx.doi.org/10.1364/oe.20.005325
http://dx.doi.org/10.3390/s150819021
http://dx.doi.org/10.1016/j.jqsrt.2014.11.004
http://dx.doi.org/10.1103/physrev.34.582
http://dx.doi.org/10.1016/s0022-2852(03)00123-1
http://dx.doi.org/10.1364/ao.41.005783

