Extinction Cross-Section Measurements of

Bacillus globigii Aerosols

Suzanne C. Walts, Craig A. Mitchell, Michael E. Thomas, and Donald D. Duncan

n a continuing series of experiments designed to determine the spectral extinction
cross section of bacterial aerosols, two White cell transmissometers were constructed to
obtain stable, long path length measurements. A laser transmissometer at 543 nm was
used to calibrate a broadband transmissometer (400-850 nm). Spectral transmittance was
measured as a function of particle concentration, and extinction cross sections were calcu-
lated. Visible band measurements of Bacillus globigii aerosols indicated a slight increase in
the extinction cross section with increasing wavelength. The extinction cross section was
estimated to be 2.58 (£0.25) X 1078 cm? at the 543-nm wavelength.

INTRODUCTION

The need to detect biological aerosol threats exists
both in the open atmosphere and within buildings
and other enclosed spaces. Current sensor technolo-
gies include mass spectroscopy, immuno-assays, lidar,
and infrared radiometry. However, the need for standoff
remote sensing and speed for early detection has placed
an emphasis on optical techniques. A variety of active
and passive optical sensors are being evaluated that
require knowledge of the extinction and volume back-
scatter cross sections as a function of wavelength, parti-
cle size, and chemical makeup (growth media variations
and different aerosolizing procedures).

It is now being recognized that aerosol lidars will play an
important role in the remote detection of biological agents.
Of the remote sensors being considered, aerosol lidars have
the most mature technology. Information obtained from our
measurements is critical to the design of an optimal lidar
system. The significance of these measurements is seen

in the expression for the range-resolved received power,

P . (R), for an aerosol lidar system:
P (R =k MR o NRS. (1)
Here,
E = the source pulse energy,
B.,.= the range-dependent extinction “coeffi-
cient” (or the extinction cross section per
unit volume; B, (R) = C,_ N(R), where C_
is the extinction cross section),
Q = the solid angle subtended by the receiver
telescope,
o0, = the backscatter cross section per solid angle
of the target aerosol,
N(R) = the range-dependent aerosol number

concentration, and
c = the speed of light.
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To properly design and characterize the performance
of the lidar system, the extinction coefficient and back-
scatter cross section of various bacterial aerosols as a
function of concentration and wavelength must be
quantified. Knowledge of the spectral dependence of
these optical properties may allow discrimination of bio-
logical pathogens from naturally occurring background
aerosols such as pollen, haze, and dust.

Past measurements of the anthrax simulant Bacillus
globigii (Bg) have been obtained on films' and in short-
path, high-concentration aerosols.>®> Although these
are useful measurements, the results are more qualita-
tive than quantitative. High concentrations tend to
cause particles to agglomerate into clusters that are not
representative of actual distributions in the atmosphere.
Thus, cross-section measurements are needed on realis-
tic aerosol concentration levels that contain single par-
ticles. Unfortunately, the transmission losses for propa-
gation through such distributions are low, complicating
the measurements.

The tactic we have chosen for improving the mea-
surement precision is to use very long path lengths. Since
the required straight-line path lengths are impractical
in a laboratory setting, we have elected to “fold” these
measurement paths with a device known as a White cell
(named after the designer, J. U. White*).

EXPERIMENTAL CONFIGURATION

In previous measurements of the spectral cross sec-
tion of Bg at APL,> a short path length and an unsta-
ble platform contributed to unacceptable noise levels
for the broadband transmissometer. To address these
shortcomings, broadband and laser White cells were

constructed within the APL bio-aerosol chamber (Fig. 1).
Each White cell consists of three identical 6-in.-dia.
/4 mirrors. In the broadband White cell, light from a
fiber-coupled lamp (Cole-Parmer 9741-50) is brought
to a focus with a 5X microscope objective next to the
field mirror and allowed to expand to fill the first fold
mirror. It is then focused onto the field mirror and
expands again to fill the second fold mirror. After once
more focusing onto the field mirror, the light repeats
this sequence until the last reflection off the second
fold mirror is focused with a 10X microscope objective
onto an optical fiber that leads to an ultraviolet/near-
infrared spectrometer (StellarNet EPP2000C). Output
of the lamp is monitored with a silicon photodetector
(Thorlabs PDAS55) positioned near the output of the
fiber (not shown).

Although the path length within the broadband
transmissometer is significantly longer than that in
previous measurements, it is still desirable to calibrate
the broadband measurement with a laser transmissom-
eter measurement. One reason for doing so is that the
laser source offers significantly higher brightness and a
smaller focused spot on the field mirror. Thus, longer
path lengths can be achieved than with broadband
sources. Another reason is that, to suppress background
noise, the beam must be mechanically chopped and
lock-in techniques used to measure the output power of
the laser and the signal transmitted through the White
cell. Since this cannot be accomplished easily with the
current broadband system (the required integration
time of the spectrometer does not allow the use of a
modulated source), simultaneous laser measurements
(with a HeNe laser at 543 nm) are made in a second

White cell.
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Figure 1. Experimental configuration in the APL bio-aerosol chamber. Particle size distribution and concentration are measured with an
aerodynamic particle sizer (TSI Inc. Model APS 3320). (Figure not to scale.)
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RESULTS

The broadband and laser transmissometers were oper-
ated simultaneously to measure the transmittance as the
aerosol concentration was varied. Each laser transmit-
tance value at 543 nm was calculated according to the
formula

51g/v
_VO/ o’ (2)

sig

where V. is the White cell signal detector voltage and
V. is the laser reference detector voltage. Before intro-
ducmg the aerosollzed part1cles into the chamber, base-
line voltages (V and V f) were recorded. All detector
values were 0bta1gned by averaging data points collected
every 0.7 s for 1 min. For each particle concentration
level, quantities of Bg were introduced into the chamber
and the mixture was allowed to stabilize for several min-
utes. Fans distributed the aerosol uniformly throughout
the chamber.

The single-wavelength extinction coefficient was
then estimated by using the relationship

Bext :_%ID(T) ’ (3)

where L is the path length of the transmissometer. For
this test, a path length of 90 m was achieved with the
White cell. Figure 2 shows the extinction coefficient as a
function of Bg concentration. The measured data points
are indicated in color, and the black curve represents a
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Figure 2. Experimental Bg extinction coefficient collected on two
different dates (indicated in red and green) at 543 nm versus par-
ticle concentration. The line is the least-squares fit to the data and
its slope is the extinction cross section, C,,, = 2.58 X 1078 cm2.

linear fit to these data. The extinction cross section is
the slope of this curve as indicated by the relationship

'Bext
Cext = W ) (4)

where N is the particle number density. For this set of
measurements, the extinction cross section was esti-
mated to be 2.58 (+0.25) X 1078 cm?. The observed
variation could be caused by changes in the chamber’s
environmental condition (e.g., humidity), sample prepa-
ration, sample dissemination, and so on. Variations on a
particular day are often within +2%.

Results from the laser transmissometer were used to
calibrate the broadband laser transmissometer measure-
ments. Figure 3 shows the spectral transmittance for dif-
ferent particle concentration levels. The laser calibra-
tion points at 543 nm are indicated by black boxes. Note
that the transmittances are in the single scatter regime
(see the boxed insert).

Several experimental spectrometer and laser spectral
cross sections are plotted in Fig. 4, representing data over
a l-year period. Also shown is the corresponding Mie
theory prediction.” For this calculation, the bulk index
of refraction was obtained from Tuminello et al.! Even
though the computed extinction cross section is scaled
by a factor of 1.2, agreement with the computed spectral
shape is remarkably good. These spectra indicate little
wavelength dependence throughout the visible. How-
ever, the cross section is expected to change dramati-
cally as the wavelength increases, beginning in the near
infrared.

Cross sections also depend on the particle size dis-
tribution of the aerosolized bacteria. Figure 5 shows a
representative size distribution for Bg particles released
into the aerosol chamber as measured by the APS. The
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Figure 3. Transmittance versus wavelength for varying concen-
trations of Bg. Curves are broadband spectrometer results and
boxes are laser results that calibrate the curves.
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CONFLICTING MEASUREMENT REQUIREMENTS

In making estimates of the extinction of a propagation
medium based on measurements of a beam propagating
through it, we are faced with two conflicting requirements:
(1) the transmission must be sufficiently high that we do not
see any multiple scatter phenomena, but (2) it must be suf-
ficiently low that the error in the estimate is not unduly influ-
enced by errors in the measurement.

The basic measurement concept uses the so-called Bou-
guer-Lambert law.® This is a model for attenuation due
to scatter and absorption of a beam propagating through a
medium of path length L. The relationship between the input
intensity I and the output intensity I is expressed as

1= IOE_BCXtL : (1)
where B, is the extinction per unit length or extinction
cross section per unit volume. (It is often simply called the
extinction “coefficient” but since it has the units of inverse
length, it cannot be considered strictly a coefficient.)
Equation 1 is often expressed in terms of a transmittance,

T=L=e_B°“L. (2)
10
This model for beam attenuation is predicated on the
assumption of single scatter; i.e., it is assumed that in propa-
gating a distance L, an individual photon is scattered, at most,
one time. For the number of scatter events N, the probability
of more than one scatter is given by

P(N>1)=1—-P(N<1)=1-P(N=0)—P(N=1). (3)

Treating the number of scatter events as a Poisson dis-
tributed phenomenon yields the probability of more than one
scatter as

P(N>1)=1—e"Bl— BRe AL . (4)

O = laser transmissometer
= broadband transmissometer
—— = Mie calculation
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Figure 4. Spectral extinction cross section for Bg covering the
visible and near infrared. Both long-path (90-m) and short-path
(17-m) broadband measurements are plotted. The red curve is the
Mie calculation scaled by 1.2.

EXTINCTION CROSS-SECTION MEASUREMENTS OF Bg AEROSOLS

From Eq. 4 we see that if we restrict our interest to situa-
tions in which the probability of more than one scatter is no
more than 10%, then we must have a transmittance of no less
than 0.59.

We next consider the competing requirement of a suf-
ficiently low transmittance. The single particle extinction
cross section is given by

_Bex (5)

- )

ext N

where N is the total number density per unit volume within
the propagation medium. Equation 5, the relationship
between extinction coefficient and concentration, is known
as Beer’s law (Eq. 1 is often erroneously identified as such).
If we combine Egs. 2-5, we can determine the effect of mea-
surement errors on the error in the estimate of the extinction
cross section as

ACy _ L AT
C. InT T’

ext

(6)

where AT represents a small change in the measured trans-
mittance and AC__ the corresponding change in the esti-
mated cross section.

Another way of expressing this relationship is in terms of
signal-to-noise ratios:

SNR =|InT|SNR (M

estimate measurement *

This result states that the error in the estimate is amplified
by the error in the measurement. As an example, for a trans-
mittance of 90%, a 30-dB measurement SNR yields a 3.16-dB
estimate SNR. Put another way, a 2% measurement error pro-
duces a 19% uncertainty in the cross-section estimate.
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Figure 5. Bg particle size distribution function measured with the

APS (N = 565 cm™3).
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average effective diameter is about 1 pym. Note that the
Bg particles are not spherical but more bean-shaped;
however, since there is no preferred orientation of the
particles, an assumption of a mean effective diameter
sphere is not unreasonable. This supposition is borne
out by Mie calculations that were performed assuming
spherical particles.

DISCUSSION

Laser and broadband transmissometers using White
cells built at APL demonstrate high SNR and stability.
The data yield an extinction cross section of aerosolized
Bg in the visible region of approximately 2.58 X 1078
cm?. Mie theory calculations agree with the observed
spectral shape of the extinction cross section but are
lower in amplitude by a factor of about 1.2. These cal-
culations require information on the complex refractive
index of the aerosol constituent as well as the particle
size distribution. Unfortunately, data on the refractive
index of Bg are limited and of uncertain quality. In addi-
tion, there is some ambiguity in the specification of the
equivalent spherical particle size distribution.

The APS device actually measures aerodynamic size
rather than physical size. These two are related through
the expression

8

d =d |2 5)
PoX

where d_and d, are, respectively, the aerodynamic and
equivalent volume diameters, p and py, are, respectively,
the actual and reference densities (a reference density

equal to that of water is assumed, 1 g/cm?), and y is the
dynamic shape parameter.

We assumed for Bg a cylinder of aspect ration 2:1.
For such a cylinder averaged over all orientations, x =
1.09. This shape parameter is larger for a more complex
shape, so if particle agglomeration is an issue, there will
be a greater disparity between particle size distribution
as measured by the APS device and the physical particle
size distribution as required for the Mie calculations. We
are continuing to quantify these effects and bring mea-
surements and calculations into agreement.
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