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I INTRODUCTION

A U,S, capability for remote and point deteoetion of biological
agents has become a rapldly expanding need in view of past and present
Soviet activities., Remote sensing 1s particularly important because
early warning of the presence of these agents can provide oritical time
needed for complete and effective protection,

) The purpose of this research was to establish the fundamental
inéeraction between infrared (IR) radiation and biological materials so
that the feasibility of using active and passive IR techniques for
remote detection and alarm can be evaluated. Datua concerning IR proper-
ties of bloinglecal materials may also be helpful in the development of
techniques for identification of bilological specles,

The objeotives of this work were to: neoeee )
2
) e YMeasure the index of refraction of seyeral blologloal materials
in the wavalength region of 2 o 14 pn.

-oFﬂEstabliah a data base of measured backscatter and extinotion
signatures as funotions of wavelength for scelected biologileal
materials in the aerosol atatej

+ @ Compare measured backacatter and extinction signhatures with
values calculated using standard spherical and nonnpharicral
particle theories to test the ancuracy of these theories in
caloulating the IR properties of biological materials, £

i ® -Investigate the ability to discriminate biologieal pa}ticlas
normally present in the atmosphere by observatlon and suitable
processing of scattering and extinotion data,

We flrst Inveslligated the IR differential scatter (DISC) technique
for remote sensing of blologlcal aerosols, The DISC technique relies on
the fact that aerogol backscatter speotra show features related to the

1 The index of refrac-

wavelength dependence of the index of refraction,
tion, in turn, depends on the composition of the aerosol, Thus, a

measurement of the backscattering spectrum can yield information about

1
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aerosol composition, IR backscattering signatures from aerosols with a
specified size distribution are also uniquely related to composition,
However, based on our results, we concluded that IR DISC does not meet
the U.S. Army's biological aercsol particle detection sensitivity goal
of 5 to 10 particles/liter,

We then investigated circular-intensity differential scattering
(CIDS)2Jfor remote sensing of biologinal mioroorganisms, CIDS is
essentially the differential scattering of light from bhiocloglieal
aerosols that 1s left and right circularly polarized due to the chiral
structure of biologlecal maoromolecules, The CIDS technique showed
promise of meeting the Army's sensitivity goal,
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A, Infrared Differential Scattering (IR DISC)

B |

During the first two years of this project, we investigated the IR

.

DISC technique and performed the following work:

(1) Measured complex refractive indices of five biological
materials.

L)

(2) Measured backsocatter in the 9- to 11-um region for three
biological materials in different concentrations and compared
the measured backscatter with theoretical calculations of
expeoted values based on the measured complex refractive
indices.

RS |

=

(3) Performed sensitivity caloulations based on the measured
backscatter to evaluate the use of IR DISC for remote sensing
of bioiogiocal aerosols,

?:'T
ol

The results of each task are presented below,

1. Complex Refractive Indiages

) Professor Marvin Querry of the University of Missourl measured
complex refractive indices for: (1) lyophilized E. coli, (2) lyophi-

!l lized M. luteus, (3) lyophilized B. subtilis, (4) lyophilized B.

subtilis spores, and (5) aerosolized E. coli., As a first step, near-

normal incldence reflectance spectra were obtalned for the materials.

For lyophilized E. coli and aerosolized E. coli, initial values of the
y b refractive Indices were obtained by Kramers-Kronig (KK) analysis of the
! 8 reflectance data. The values for the refractive indlces in the 9- to l
3 11-um reglon are compared in Figure 1 for the aerosolized and lyophi- '
] QQ lized E. roll samples. Although the magnitudes of the refracstive
Indices differ slightly, theilr variations with wavelength are ncarly
l §§ ldentical, Since the observed differences are within normal experi- -
mental uncertalnty in the measured reflectance spectra, we do not i
! EQ oonsider them significanl,. l
K ’
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FIGURE 1 COMPARISON OF COMPLEX INDICES OF REFRACTION OF AEROSOLIZED
AND LYOPHILIZED E. COL/

We therefore performed all remaining refractive index measurements on

lyophilized preparations bLecause they are less expensive to prepare,

Complex refractive indices based on the combined use of refleciance
and transmittance spectra are generally superior to those obtained with
reflectance spectra only. Therefore, once the reflectance spectra wore
measured, initial values of the complex refrantive indices, N = n + ik,
for each material were obtained by applying the KK methods to the
reflectance spectra. Then transmittance spectra were acquired. The
relative k spectra (the imaginary part of the refractive index) obtained

from the transmittance spectra were then calibrated using the k values
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;' Eg of selectec banc centers obtained from the KK analysis. Values of the :; '
5 real part of the refractive index, n, were then determined by substitu- Ky
é ‘! ting the calibrated k spectra from the transmittance spectra and the %
rl measured reflectance spectra into the appropriate Fresnel reflectance :?

-

§
PE

& equation,
- tl.‘

?‘: The reflectivities and real and imaginary parts of the complex

k: B’ refractive index spectra for lyophilized and aerosolized E. coli, ?\»
;“ ’ lyophllized B. cubtilis, B. subtills spores, and lyophilized M. luteus ,f

% »tgl are compared in Figure 2 for the 9- to 1i-um region. Although all the _

: -U organisms exhibit qualitatively the same refractive index speotra. there -
B is a distinot difference between the spectra of B. subtilis and B. .
F» '¥ subtilis spores, These differences are most pronounced for the i‘

Ahed

f E’ il

imaginary component of the refractive index and are expeoted because of j
differences in the cell-wall constituents of B. subtilis and B. subtilis
spores, it

TS
St

. 2. IR Backscatter from Biologiocal Aeroscls and Comparisen
wich Thecry

5

a, System Description

A

For this study, we constructed a biological aerosol generator and

oYy
P oo o

chamber and breadboarded the necessary optical components and laser for

o ——
-

the backscattering measurements in the 9~ to 11-uym region., Filgure 3

shows the biological aerosol apparatus. The aerosol generator is the

'H

AT
V.

slender plexiglass column at right. The larger plexiglass structure on
the left is the chamber in which the aerosol clouds were dispersed for
the optical measurements. To generate a biological aerosol, a solution

of microorganiasms 1s dispersed frcom syringes at a predetermined flow

3 vy
o J‘

cany g LRI o S

rate to the aeroscl generator, The solution is combined with a stream

' %ﬂ of heated air which evaporates the water, creating a dry aerosol column
;.. in the generato~., The column flows through the optical chamber and is
- P{ contained by air curtains.
L
IR backscattering spectra from the aerusols were measured In the 9-
? ‘Eé to 11-ym region using a CO, waveguide laser., A schematin diagram of the
:
H .
A d
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. FIGURE 3 SRI BIOLOGICAL AEROSOL GENERATOR AND CHAMBER tk:
A optical system and aerosol generator is shown in Figure Y4, The E?
.. ' b
continuous wave (CW) laser beam is chopped at 100 Hz. The chopper also oY
Y
! serves as a beamsplitter to divert part of the beam to a pyroelectric Eﬁ
A ,
[

power monitor., The chopped laser signal is directed up through the

Ta

aeroscl column. Energy backscattered from the column is collected by a

-

oo

7.7-cm diameter oft-axis parabolie mirror and focused onto a HgCdTe

oY 4y 3

detector. The detector signal is amplified and filtered by a lock-in
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anmplifier referenced to the choppiug frequency. The lock-in output is
recorded with the laser poawer on a dual channel chart recorder.

To calibrate the optical system responsivity as a funotion of
wavelength, our first backscattaring measurements were performed on
aerosols of KBr, This material was chosen because its complex refrac-
tive index in the 9~ to 11-um region is well Kknown and essentially
flat, It is also scluble in water, so it can be dispersed by the same
methods as the blological aerosols, Finally, it was empirically found
to form aerosols consisting predominantly of spherical particles, which
allowec for a comparison of experimental data with Mie theory
predictions,

We generated a KBr aerosol cloud using a 1% ccneentration solution
in the syringe pump. A particle cascade impactor was used to measure
the aerosol size distribution at the center of the chember, The size
distribution was found to be log-normal with a mass-medlan diameter
(MMD) of 0 9 pum and a geometric standard deviation of 2,49,

Using these parameters and the KBr refractive indices, we calou~
lated with & Mle ocode the expected backscattering signature over the o,
laser wave.ength regicn, The theoretical results are normallzed to the
value at 10.6 um and plotted as the solid curve in Figure 5. As a
result of the behavior of the KBr reflractive index, the backscatter
curve is essentially flat and therefore forms a good system callbration
baseline. The triangles in the figure denote our measured backsoatter
data from KBr aerosols. These data are also normallzed to the value at
10.6 um,

The experimental data and theoretical curve are in excellent
agreement, Our detection system response is essentially flat to within
experimental error in the 9- to 11-um region. Consequently, all of our
blological aerosol backscattvering data are presented assuming a f'lat

system response,
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FIGURE 6 NORMALIZED IR BACKSCATTER FROM KBr AEROSOL
1
b, Baokscatter Measurements
We measured backsnatter from two different concentrations of B. 4
subtilis spores, initially from a 0.1% solution, and later from a 0,3% 4

solution in the ayringe pump. The aerosols generated for the 0,1%
solution were measured with the cascade impantor as log-normal with a vy
1.15~uym MMD and a geometric standard deviation of 2, Theoretinal

i

calculations were performed using our Mie code, the measured size
distributions, and the nomplex refractive indices. The theoretical

results arn plotted as solld curves in Figures 6 and 7 with the

experimental baocksnatter data. All ourves are normallzed to the value

at 10.6 um. The bacoksoatter data measured from the 0.1% solution

|

aerosol (Figure 6) ahow a slight discrepancy from the theoretically
predicted curve, Since the data are normalized in the 10-um region, any

3 o
D]

deviationa will appear to be in the 9-um region., With a higher asrosol

noncentration (Figure 7), the experimental and theoretiral signatures

[ =

are In excellent agreement,
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%:' Similarly, backscatter measurements from 0.1% and 0.3% solutions of
:ﬁﬂ M. luteus aerosol show deviatlion of the experimentally measured values
k}}i from the theoretically computed values for the lower concentration,

-ﬁ‘ Figures B and 9 show data for the 0.1% and 0.3% solutions, respectively,

of M. luteus aerosol. The theoretical values were computed from a
measured saize distribution and the complex refractive indices.
Inocreasing the particle number density as shown in Figure 9 resulted in
good agreement between theoretiocal and experimental values, The back-
scatter from the lower congentration solutions is quite small and
results in a low signal-to-noise ratio (SNR) in the aerosol data, This
can be observed in the amount of soatter in the data in Flgures 6 and 8.
However, the systematic deviation of the experiment from the theory in
the 9-um wavelength region may be due to an impure mode structure of the
wavegulde laser used in the low-conocentration experiments. Subsequent
measurements on the higher connentration aerosols were performed using a
low-pressure disoharge CO, laser, which exhibited a much oleaner mode
structure than the waveguide 002 laser.,

We also measured backsocatter from aerosol samples of the vegetatlive
form of B, subtilis. The experimental data are compared in Figure 10
with the theoretical curve generated as before, using measured si{ze dis-
tributions, Due to the limited amount of material available, we used a

.0.1% syringe pump solution concentration, whioch resulted in a weak baok-

ﬁ :; soatter signal, The large amount of scatter in the data is due to the
AT
3@#@ resulting small SNR.
-_’.\ W
.“l.
o3,
'® 3. IR DISC Sensitivity Limits
",
;ﬁ .“ The IR baokscatter data measured for B. subtilis spores, B.
i:‘ [ subtilis, and M. luteus are oconsistent with the prediotions of Mie

ha! theory when the measured ocomplex refractive indioces appropriate to the
f"' material and the measured aerosol size distributions are used as input,
L)
: f‘ In the speotral reglon considered, the IR bankscatter is relatively

Oy

ﬁﬁh; insensitive to the shape of the particles., The Mie prediotions, whioh
0y
Eﬂgf assume spherical particles, work equally well for B, subtilis (prolate
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& o
) ellipsoid, bacilll) and M., luteus (spherical, cocoi). As illustrated in il
O
;\:" Figure 11 for B. subtilis spores, the backsoatter ocurves are also rela-
:,, tively insensitive to the aontual aernsol size distribution considered, g
.::‘ We also note that the 9- to 11-um backsoatter signatures for aerocsols of
o\
5:: there materials do not exhiblt distinotive features that might be used 83
& for DISC deteation, -
;i The latter polnt has significant implications for IR DISC sensiti- @
{
f‘ vity limits. As derived in Appendix A from the lldar equation, the )
J_\ difference in r.:aivcd power between two laser wavelengths, Pr'(}‘1) and tj
‘."‘ PB(AZ), 13 related to the atmospheric volume baokscattering coeffloient, b'
1- Bﬂ(’k. and the target aerosol backsoatter oross seotlion, o"bok. by: 0
ol :
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.where Pr(An) ls the power received from the backscatter of wavelength

An, and N 1s the target aerosol number density, Sinoe the backsnatter
coeffinient for blologloal aerosols varles slowly with wavelength, a
signifioant differential baoksoatter requires at least 1 uym difference
Over this
the utmospherie volums baoksnattering noeffiolent

changes aignifiocantly (typloally ~-10_8 m*1sr~1). From the lidar

between two probing wavelengths in the 8- to 11=-um region,
wavelength interval,

equation, the baockscatter terms are comparable whan

Nao, - a8 (2)
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f‘ Bl .
For a distribution of B. subtilis spores with a MMD of 3 um and a oY
!ﬁ density of 1 partiole/oe, the differential backscatter is approximately

E “10 =141 "
] 10 m 'sr ', or two orders of magnitude less than the differential o)

atmospheric volume backscatter coefficient, Thus, an IR DISC system ocan

N

4 _
2] deteot the presenaoe nf blologiocal aerosols only if the number density
'4 exoeeds 100 partioles/ca, or 109 partiocles/liter, Considering that the

) U.S. Army's blologloal aerosol partiole deteotion sensitivity goal is in

1 the range of 5 to 10 partiocles/liter, we conoluded that IR DISC is not a

K ‘ viable technique for remote deteoction of biological aerosols, There- kq‘
ﬁ\ fore, we deleted the IR DISC work and began to study the CIDS teochnique, »
;W which appeared to be more promising for meeting the Army's stated

Zﬂﬁ detection sensitivity goals, The CIDS oconcept was Iinvestigated for the Ea
K remainder of the oontraot,

==

‘ﬂ B. Ciroular-Intensity Differential Scattering (CIDS)

h The CIDS teohnlique can achlieve better sensitlvity than IR DISC in
deteocting blologioal aerosols beoause Lt minimizes or eliminates the

. differential signal from the natural aerosol background, CIDS is the
differential soattering of left and right oircularly polarized light,
whioh, in blological materials, results from the ohiral, or helloal,

struoctures of blologioal maoromolecules, primarily DNA, CIDS ls )
~senaltive to the relationship of the pitoh, radius, and length of the .
helioval struotures to the wavelength of the probing light.3"6 Because Yy
the natural asrosol background conslsts mainly of optloally inaotlve,

inorganic dust partioles, the interfering differential signal from this

background is cewaontially eliminated when the CIDS technique {s used.

The CIDS signal is defined as K

A Il(e) - IR(B) .ﬂ
.'r S - 4
. I, (0) + IR(G) !

) y "
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o
,‘“ W where § is the scattering angle and I; and Iy are, respectively, the
Ry
..3| scattering intensities for left and right ceircularly polarized incident
, E light, Based on some preliminary work st Los l\lamos,'?'8 it is bellieved
'*'}J . that CIDS speotra can provide unique slgnatures for the identification
'1’11- f ; ¢t' mioroorganisms and the magnitude of typlcal signals in the 300~ to
-...w 600-nm speatral reglon range from 1073 (for viruses) to 1074 (for
. v
y @ bacteria),
R
?! The IR DISC lidar system discussed in Appendix A can be easily
'l -,
".:,:' h‘ medified to measure CILS., To accomplish this, rather than transmitting
Ny

’ ' two laser pulses at different wavelengths (x1, Aa) and measuring ths
differential baoksocatter, one transmits two pulses at the sane wave-
length but in different eiruular polarization states (AL, XR) and

P77

:.‘ i measures the differential backscatter. Following the analysis of

.:: v Appendix A, one obtains the same result for the differential signal,
4]

ey, bok

i N(R) Ao + a8 """ (R)

:“‘.,g 5 - ~ _ bek ) (4
o i' 2N(R) o *+ 2B, (R)

:\'i However, in the CIDS ocase,

¢

,%; ‘ Ao, = oﬂ(AL) - o'n()‘R)'

K Pﬁ as PRy - 8 "*r, ) - 8 PR, ),

i }JN =
ol G, =Valo (\) + o (A)], and
2 al baok 1 bok bok
2 B, %K) «ats MR, A+ 8 "R, AT
il
t: m The advantage over IR DISC Js that one expects the CIDS from the
¥y w optically inactive natural aerosol, A{S:OK(R), to be easentially zero,
Ay [ Hence, the signal reduces to
: ]
)
)
:, {\f . N(R) Ao“ )
e . - -~ bek '
2N(R) o * 23" (R)
A
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which 18 a measure only of the CIDS-active biologlecal partlcles. Note
also that in a CIDS measurement the atmospheric extinction factor in
Equation (A-3) in Appendix A c¢an be rigorously set to unity, l.se.,

Ak

(r) = Royge (s AL) = Kext (T AR) = 0,

ext
sinoce natural atmospherlc aerosols and gases generally will not
differentially absorb or scatter left and right eiroularly polariced
light.

Based on these oonaiderations, SRI proposed to discontinue the IR
DISC studies and ooncentrate on CIDS in the final year of this project.
We proposed initially to measure CIDS from liquid suspensions of
blologliocal mioroorganisms over the 300- to 600-nm spectral region at
fixed socattering angles of 90° and 180°, If the spectra appeared to
provide a unique signature of the mioroorganisms, we would then proceed
with backsocattering measurements of bilological aercsols using the
aerosol chamber. SRI received psrmission from ARO to prooeed with this
work in September of 1984,

1. Experimental Method

Two methods exist for collecting CIDS spectra on liquid suspensions
of mioroorganisms. The first method uses a fixed-frequency light
source, usually a laser, and measures CIDS as a funotion of scattering
angle, The second method fixea the scattering angle and measures CIDS
as a funotion of the wavelength of the inocldent light. We chose the
latter for our studirs since it is the only method that ocan be
implemented in a single-ended (baokscatterlug) system for in-situ
monltoring of biologleal aerosol olouds,

Figure 12 is a schematic diagram of the system SRI constructed, set
up for 30° scattering., A 300-W xenon light source illuminates the
entrance allt of a soanning monochrometer. The slit width (2 mm) is
chosen to yleld approximately a 4~nm bandpass over the 300- to 600-nm
spectral reglion, Light from the monochrometer exit slit is linearly

18
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Bz

o3
-Tf: &f polarized at +U5° by a Glan-Thompson prism polarizer and directed
-',"f’_jl through a photoelastic¢ polarization moc.lulat.or'9 that agts as a 50-kHz !
an ii periodically varying retardation plate. As a result, the polarization
;;Y‘ state of the light emerging from the modulator alternates between left
j:\ 'r-H and iright circular at a 50-kHz rate. This polarization-modulated light
}' & is next focused by a fused silica lens into a quartz cuvette containing

a suspension of the material under investigation. Lignt scattered at

S
Zan

-,,'.:" : 9C° is collected by a second fused silica lens and focused onto the -
photocathcde of a photomultiplier (PMT) tube with a quartz end window, ]
If the suspension of particles differentially scatters left and right

Lo 3
T Tt
LA e
I,'J—'_,.

™y c¢ircularly polarized light, the photocurrent will contain a 50-kHz

T

pF TR

component that is phase-sensitively detected using a lock-in amplifier

‘- ‘_r‘:‘
S oFoll
7

relferenced to the modulator.,

‘}ié :? CIDS spectra are obtailned by measuring the ratio of the lock-in

,": output to the average PMT photocurrent and recording the resultant

J'f* E$ signal on a chart recorder driven synchronously with the scanning "
*&f& ' monochr.meter. During a spectral scan, the PMT voltage is adjuste' by

F\a . an active circuit %o maintain a nearly constan® average photoecurr:nt,
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To check our CIDS speotrometer for measurement artifacts, we
renorded spectra at both 90° and near-180° from liquid suspensions of
polystyrene miorospheres, Since polystyrene microapheres are optiocally
inactive, they should not give rise to a CIDS signal., Figure 13 shows
the signal obtained from a suspensicn of 0,087-um polystyrene micro-~
spheres in water at a concentration of -1011/00. The signal varies
monotontoally from +6 x 1073 at 350 nm to +3 x 10”3 at 600 rm. The
origin of this relatively large artifaot signal is the linear bire-
fringence associated with the cuvette windows and fused silioca foousing
lens, We have found that rotating the cuvettes to expose new entrance
and exit faoces, changing sample cuvettes, or changing the focusing lens
will change the overall magnitude of this artifaut signal, but not its

shape as a funotion of wavelength,

The magnitude and shape of the observed signal also depends on
polystyrene particle size., Figure 14 shows the backscattering signal
obtained from a suspension of 1.09-um polystyrene miorospheres, The
ourve exhibits a pronounced series of maxima and minima and varies in
magnitude from +5 x 1072 at 350 nm to +3 x 104 at 600 nm. This ourve
looks just like thYe normal Mie scattering from 1.09~um polystyrene
miorospheres. The shape of the curve is qualitatively different from
the one obtained for the 0.087-um spheres and its maximum signal ls

.about an order of magnitude smaller,

For a given particle size, we find that the shapes of the artifact
speoctra are similar for both 90° and near-180° scsttering., However, the
magnitudes of the measured signals are quite different., Typically, the
near~180° siznal 1s one to two orders of magnitude smaller than the 90°
signal at any given wavelength,

All of these features of the observed artifact spectra can be
explained by a 2areful analysis of the Stokes vector of the light beam
as it propagates through the various polarization-sensitive elements in
our CIDS spectrometer, This detailed analyals i3 presented in Appendix
B, which conecludes that the artifaot signal 1s caused by a mixing of (1)
the residual linear birefringence in any optical materials placed
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between the photoelastic modulator and the scattering solution, and (2)
the normal Mie scattering of the particle suspension. In the configura-
tion of Figure 12, these optieal materials include both the fuuusing
lens and the cuvette entrance window. Appendix B also explaina why the
artifact spectra are essentially just Mie scattering from the 1,09~um
and 0,087-um microsphere suspensions, and why the 90° signal ia much
larger than the near-180° signal in each ocase.

2. CIDS Spectra from Suspensions of Mioroorganisms

The Stokes veotor analysis of our CIDS speotrometer discussed in
Appendix B is extended in Appendix C to cover the case in which the
socattering suspension oconsists of biological microorganisms. This
analysis shows that the 50-kHz component of the detector photocurrent
measured by our instrument 1ls a mixture of CIDS from the blologioal
suspension and linear birefringence from the cuvette entrance window and
foousing lens, Hence, for these measurements, it is important to seleat
focusing lenses and cuvettes with a minimum of linear birefringence, 1In
our 90° scattering experiments we found that we oould eliminate the
fused silioa fcousing lens entirely by simply moving the cuvette as
close to the modulator as po: .ible., In the near-180° scattering experi-
ments, the light beam was focused using a spherical mirror with the
cuvette located ~12° off-axis. This configuration is illustrated in
Figure 15, Hence, in our experiments the limiting source of linear
birefringence is the cuvette entrance window. However, we were unable
to obtain quartz cuvettes with windows having no measurable linear
birefringence, and therefore selected, out of six cuvettes, two having
che minimum window birefringence, and used only these in our subsequent
experiments,

We measured CIDS spectra at scattering angles of 90° and 168° from
suspensions of T2 and TU viruses and from E. coli in phosphate-buffered
saline soluticona. 'The viral samples were obtained in lyophilized form
from American Type Culture Colleotion (ATCC) and dispersed in solution

as needed. The E, Coli (ATCC 14948) were grown in standard tryptic soy
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broth (Difco), harvested by continucus oentrifugation, washed with

deionized water, and then disparsed in solution, We were unable to b
colleot data on suspensions of microorganisms in their growth media

baecause the relatively strong fluorescence exhibited by the growth media
always greatly exceeded the elastloally scattered light from the
suspended particles, We therefore performed all CIDS measurements from

[

ST

supervisons in phophate-buffered saline, which is non-fluoresacent.

P |

-

Referenge speotra were obtalned from suspensions of polystyrene mioro-
spheres in water in the same quartz cuvettes used t¢ measure CIDS from
the biologlioal suspensions. High-c¢oncentration samples were required in
our experiments because of the relatively low intensity in our incident
light beam (typiocally I°‘¥ 100 pW). Use of a brighter light source
would allow for measurements on samples of muoh lower concentration, 3

5 A =2
2 poscosaa

Figure 16 shows the 90% CIDS from Sample 1, a suspension of T2
virus of oconcentration 1,5 x 1019700 (top curve) and the 90° CIDS ?
'

Eeld

artifact from a suspension of 0,087-um polystyrene microspheres at a
concentration of 10'%/qc (bottom ourve)., The 0.087-um sphares wereg
chogsen as a reference bacause they approximate the aotual size of the T2

virus particles (viral head ~600 A in diameter, tail ~1000 A in length). ﬁ
Fq These measurements were performed using the same cuvette in the same ag
(R orlentation (i.e,, with the same entrance and exit windows), and the W
scan in wavelength is from 350 nm to 600 nm. The T2 CIDS is olearly b
E distinguishable from the artifact speqtrum, T

Figure 17 shows the artifact curve and CIDS speotrum from Sample 2, N
9

—ETE
rox e

e

a suspension of T2 virus at a lower goncentration (~5 x 10°/¢c). Again, 5;

both the artifact and CIDS spectra were taken from the suspensions in -

Eﬁ the same quartz cuvette in the same window orientation. As was the ovase ;z
’ with the first sample, the T2 speotrum is olearly distinguishable from %

'Qﬂ the artifact spectrum., 1In additlion, it is different from the T2 CIDS i}
: regorded from the first sample. Since CIDS is, in principle, indepen- _.‘

'3 dent of concentration, we should have obtained the same spectrum from :’%
£ the two T2 samples., The reason we did not is, we believe, due to the :$
faot that the higher oconcentration sample was quite turbld and exhiblited ' ?N
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J}\\ a significant degree of multiple scattering. CIDS measurements on a L
,\ lower oongentration (-109100) T2 sample yielded essentially the same
f apeotrum shown in Figure 17, demonstrating that thls 1s in fact the
%:Eé:oz correct single scattering CIDS spectrum from T2,
:§E}§ CIDS speotra were collected from these two T2 samples (Sample 1
'-‘20:.‘,’0: with a ooncentration of ~1,5 X 1010/00. and Sample 2 with a oconcentra-
;;;,E;H tion of <5 x 109/00) over a period of several days following their
:!e!g{ preparation to cheok reproducibility and reaord any changes, Although
:::,E::d both samples were initially quite turbid, the turbldity decreased
':&!"9:' substantially over the course of several days, indicating a deorease in
ey the ooncentration of the scattering particles., Figure 18 is the 90°
5. CIDS ampeatrum from Sample 1 reocorded two days after its preparation,
E:. Note that it is qualitatively different from itis apectrum (Figure 16)
"u'&'j reccrded on the day of preparation, and similar to the speotrum first
8 :j‘-d reocorded from Sample 2 (Figure 17). Apparently, the deocrease in
" /)! turbidity of Sample 1 with time brought it into a single soattering
i ; regime, Figure 19 ls the 90° CIDS spectrum from Sample 2 recorded one
L -'!: day after its preparation, For oomparison, also plotted is the 90°
::::: 3 artifaot curve from 0.087-um polystyrene miorospheres, Note that the
:.‘:?.: two ourves are almost identical, and that the CIDS ourve i{s qualita-
-:": tively different from the one reoorded for this sample on the day of its
":': preparation (Figure 17)., Apparently, the T2 virus partioles lyse after
E;,'). approximately one day in the phosphate-buffered saline solution, and
}' N their protein skeletons are all that remain to sgatter light. Sinoce the
.'j\\ protein skeletons are not helical struoctures (they contain no DNA) and
'- are muoh smaller than the wavelength of light, they give an artifact
“,‘\f& signal essentially ldentical to that from the polystyrene miorospheres.
.‘_ﬁ: Thus, we are confldent that the T2 90°¢ CIDS speotrum shown in Figure 18
)ﬁ*kl is in fact due to the DNA In the viral head,
'.N‘i CIDS spectra colleoted at 168° from these T2 suspensions are
:gw& approximately one order of magnitude smaller than those obtalned at
,E:',:.::: 90°. The 168° CIDS from the T2 Sample 1 1s shown in Figure 20, Thias
4::5':25, curve 18 different from both the 90° CIDS curve and the 168° artifaoct
e
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Ki curve from the polystyrene microspheres, The 168° CIDS from T2 is much !
less pronounced than the 90° curve and does not possess any signiflioant
speatral features that might be used for identification purposes.

Both 90° and 168° CIDS speatra were colleocted from simllarly
prepared samples of T4 virus in phosphate-buffered saline soultion, The

AR

speatra obtained were in all cases ldentical to those from the T2

suspensions and are therefore not presented here, This is not suprising :
since the only difference between the T2 and TU DNA is the genetioc code
sequence, whioch does not affeot the DNA ohiral structure (l.e., DNA 1
helix pitch, radius, and length), and therefore shouid not affeot the '

=

.

:m C1Ds. 1
H CIDS spectra from suspensions of E. coll microorganisms concentra- E
! tion (~106/co) are shown in Flgure 21 for 90° scattering and Figure 22 ;
ﬁb for 168° goattering, Note that the two speqtra are qualltatively :
{J different from each other and from the T2 speotra. Agaln, the 168° sig~ ;
W nal 1s approximately one order of magnitude smaller than the 90° signal 3

and axhlbits a muoh less pronounced shape. For comparison, Figure 23 g
ii shows a 168° artifact aspectrum from a suspension of 2,02=-um polyvinyl

toluene miorospheres. These were nhosen beoatise they approximate the b
aotual size of E., coll baoteria,

[ B gt
: ke 9
—

3, Discussion and Conolusions

Shal

The CIDS spectra oollected from the viruses T2 and T4 and the

——

bacteria E. voll over the 350~ to 600-nm region at scattering angles of
90° and 168° do not exhiblt distinctive features whioh might be used for
remcte or lonal In-situ DISC deteotlion, For example, the data collected

———

e

s% from the T2 and T4 viruses are indistinguishable and relatively rlat
over the measurement speotral range, 1In faot, the artifact speotra from 1
Eg optioally inantive suspensions of miorospheres exhibited more interest- %
Ing structure than the biologlcal suspensions, Such artifact signals 3
Eﬁ are expected to be present to some degree in any remote or local in situ 7

optiocal sensor, We also note that the near-backscattering CIDS spectra

I from the microorganisms, which are the most relevant from the polnt of

3 ;
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:‘\\\\’ view of remote and local in situ sensing, are the smallest in magnitude k“‘
‘ and least interesting of the curves. In addition, since the bLest SNRs ;%
i! obtained with modern DIAL/DISC systems seldom allow a differential ;
: measurement much smaller than one part in one thousand, it is unlikely {
] that a pulsed DISC/CIDS lidar system could even detect the 1073 to 10_ll ﬁ
o EQ CIDS signal from a biological aerosol cloud, E
Several methods can be considered for surmounting these problems.
!Q One technique is to measure simultaneously several Mueller matrix
‘ elements.'2" ¥ (Recall that CIDS is Just one element of the 4x4 Mueller __
Eg scattering matrix, which has in general 10 independent elements.) By k
| measuring, for example, four or elght elements as a function of wave- ‘E‘
gg length at a fixed scattering angle, one may recover erough information 3
to uniquely specify the spattering material. Unfortunately, for 180° s
§§ scattering, symmetry considerations show that the Mueller matrix reduces f.
to a very simple form aontaining only four independent elements, of ;
3 [;{ which CIDS is the only off-diagonal slement (see Appendix C). This ﬁ
! i sharply reduced information content makes it unlikely that differential b
’ baokscatter will ever allow detection and disorimination of biologiloal J
H aerosols in situ, '
@ﬁ An alternative approach to the blological aerosol point-detection b .
problem 18 simply to collect and preconcentrate aerosol particles from f
the suspeot region. The 72ollected particles may then be suspended in a
g convenient liquid medium and placed in a cuvette. One may then perform
A a varlety of scattering weasurements, elther at fixed angle va, wave- "
?j length or at fixed wavelength vs. angle. In this manner, enough a
" information may be obtained to snecify the nature of the sgattering t
»@ particles. The success of this approach will depend on whetherr the 4
K Mueller scattering matrix contains enough information to provide a S"'
K unique scattering asignature; however, more laborateory work is neqessary §
Qg to determine this and would require an instrument considerably more '
. sophisticated than the one used in our experiments, For example, an {
%3 instrument using two or four modulators would allow the simultaneous i
| measurement of four or eight scattering matrix elements, }
i
o 3 :
e »
. - )
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III PUBLICATIONS AND TECHNICAL REPORTS

Six interim technical reports were prepared during the course of
this work on Contract DAAG29-82-K-0126. All are entitled "Infrared

Properties of Bilological Materials of Interest to the Army."
numbers, authors, and reporting periods are listed below.

1. Interim Technical Report #1
Covering the period 30 May 1982 to 31 December 1982

By: David E. Cooper
Edward R. Murray

Published: April 1982
2. Interim Technical Report #2
Covering the period 1 January 1983 to 30 June 1983

By: D, E. Cooper
E. R. Murray
R, M. Miao

Published: June 1983
3. Interim Technical Report #3
Covering the period 30 June 1983 to 31 December 1983
By: D. E. Cooper
Published: December 1983
4, 1Interim Technical Report #U
Covering the period 1 January 1984 to 30 June 1984
By: David E. Cooper
Published: June 1984
5. Interim Technical Report #5
Covering the period 30 June 1984 to 31 December 1984
By: David E. Cooper
Published: December 1984
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L 6. Interim Technical Report #6 e

‘ Covering the period 1 January 1985 to 30 June 1985

U.‘ By: David E. Cooper ..,‘z“'

R Published: June 1985

oy &

8 5

l;';: A technioal paper discussing the complex refractive indices

.": measurements and the IR DISC measurements is currently in preparation,

()

-y

%‘ A presentation of this work, entitled "Differential Light

;ﬁ Socattering from Biological Aerosols," was given by Dr, David E. Cooper g

1,5 ‘:

Loy at the Third Workshop on the Deteotion of Biologlioal Agents in L

Operational Environments, 25~26 April 1984, Raleigh, North Carolina,
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ﬁ. IV PARTICIPATING SCIENTIFIC PERSONNEL
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by Biographies of the following participating personnel are included
in this seotion:

|

N {\4 E. Murray
Ry - D. Cooper
. D. Powell
L]
:':E ) C. Witham
o [73 J. van der Laan
@ P. Holland
L
o ) Two consultants, Prof. Milton Kerker of Clarkson College and Prof.
N Marvin Querry of the University of Missouri, also partiocipated in this
o ﬁ project.
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EDWARD R. MURRAY

Director
Eleoctru-Optics Systems Laboratory
System Technology Division

SPECIALIZED PROFESSIONAL COMPETENCE
Management of large, multidiscipiinary programs; design and construec-
tion of infrared lidar systems; remote sensing of gases and aerosols,
tunable lasers; infrared optical aystems and detectors; molecular
spectroscopy; optiocsl properties of aerosols

REPRESENTATIVE RESEARCH ASSIGNMENTS AT SRI (Sinoce 1974)

Project leader for remote sensing of NBC agents

Principal investigator on NSF grant on properties of aerosols

Project supervisor on use of DIAL aystem for field measurements

Prinoipal investigator on NSF grant for remote measurement of air
pollutants

Projeot leader for CO, laser radar to measure properties of smoke and
dust at Dugway Provfng Ground, Utah

Project leader on application of laser remote sensing to oll and gas
exploration

Design, construction, and use of CO, laser radar range-resolved
measurements of ethylene, ozone, and temperature

Design and testing of DF laser lidar to measure path-integrated
ooncentrations of HC1, CHY4, and N20

OTHER PROFESSIONAL EXPERIENCE
Research fellow, Stanford University: measure gain and vibrational
temperatures in 002 lasers; developed model for CO, laser
Mechanioal engineer, Harry Diamond Laboratories: deafgn and testing
of batteries and high-pressure gas guns
Research fellow, George Washington Univeraity: analysis of effect of
radiation on flow around a hypersonic reentry vehiole

ACADEMIC BACKGROUND
B.S.M.E, (1967) and M.S.M.E. (1969) spevializing in fluid mechanics,
George Washington University; Ph.D, in laser physios (with distine-
tion, 1974), Stanford Univeraity

PUBLICATIONS AND PRESENTATIONS
Ten professional Jjournal articles; guest lecturer, Stanford
University; numerous presentations at professional symposia;
numerous SRI reports

PROFESSIONAL ASSOCIATIONS AND HONORS
Sigma X{, Tau Beta Pi, Optical Soclety of America; Optical Society of
Northern California
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DAVID E. COOPER
g Senior Research Physicist
Electro-Optics Systems Laboratory
§3 System Technology Division
SPECIALIZED PROFESSIONAL COMPETENCE
éq Applied experimental physios; visible, ultraviolet, and infrared

lasers; picosecond spectrescopy, wonlinear optios and light
' scattering; remote sensing of the atmosphere using llidar and passive
\ infrared aystems; frequency mcJdulation spectroscopy

REPRESENTATIVE RESEARCH ASSIGNMENTS AT SRI (Since 1982)
Development of infrared frequency modulation speotroscopy for ultra
B§ sensitive detection of gaseous molecular species using tunable and
fixed frequency laser souroces
Infrared properties of and light scattering from biological materials
Eg and natural aerosols
Circular-intensity differential scattering (CIDS) from suspensions and
aerosols of biological materials
gg Remote detection of nuclear, biologiocal, and chemical contamination in
the atmosphere
Passive infrared remote sensing technology
Point detection of atmospherioc trace gases using tunable diode laser
W derivative specotrosocopy '
High PRF CO, laser heterodyne lidar systems

f?" OTHER PROFESSIONAL EXPERIENCE

v Technical Staff Member, Los Alamos National Laboratory: development
of advanced optical characterization techniques in the visible and

E! infrared for laser fusion targets; phase modulation interferometry;
light scattering by small glass and metal shells; ellipsometry and
Fourier transform optiocs

Graduate Research Assistant, MIT: oconstruction of pasaively mode

Eﬁ locked CW dye laser; studies of molecular orientational dynamios in
liquids; magentism in sollds and low temperature physics

3

ACADEMIC BACKGROUND
B.S. in Physics (magna cum laude, 1974), University of California, Los
Angeles, CA

v Ph.D. in Physies (1980), Massachussetts Institute of Technology,
5 Cambridge, MA

‘- FHROFESSIONAL ASSOCIATIONS AKD HONORS

ﬁw American Physical Sooclety; Optical Society of America; Soclety of
AL Photo-Optical Instrumentation Engineers; Karl Taylor Compton

Graduate Fellow (MIT); Sigma Pi Sigma
‘\)
(

Y
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PUBLICATIONS OF DR, DAVID E. COOPER

Cooper, D, E., and T, F, Gallagher, "Double Frequenay Modulation
Speotrosoopy: High Modulation Frequency with Low-Bandwidth
Detectors," Applied Optios, Vol, 24, p., 1327, 1985

Cooper, D, E., and T. F. Gallagher, "Frequency Modulation Spectroscopy
with a Co2 Laser: Results and Implications for Ultrasensitive Point
Monitoring of the Atmosphere," Applied Opticas, Vol, 24, p. 710, 1985

Hawley, J. G., D. D. Powell, and D. E, Cooper, "Absorption Coefficient
of Ammonia for Laser Remote Sensing of Atmospheric Trace Quantities,"
paper WC28 in Optical Remote Sensing of the Atmoaphere, Techniocal
HDilgest, January 15-18, 1985, Incline Village, Nevada

Cooper, D, E., and T. F. Gallagher, "Frequency Modulation Spectrosgaopy
with a Multimode Laser," Optics Letters, Vol, 9, p. 451, 1984

Cooper, D, E., and E. R, Murray, "Differential Light Scattering from
Biologloal Aerosols," presented at the Third ARO Biodeteotion
Workshop, Raleigh, North Carolina, April 25-26, 1984

Hawley, J. G., D. D, Powell, T, F, Gallagher, R, E, Warren, and D, E.
Coopar, "Remote and In-Situ Deteotion of Atmospheric Trace Gases,"
EPRI Contraat RP~1370, Final Report, Novembar 1983

Cooper, D. E. Dau-8ing Wang, and M, Kerker, "Scvattering of Light by

Lager Tusion Targets with Small Defeots," Applied Optics, Vol., 22,
p. 83, 1983

Cooper, U, E., "A Phase Modulation Interferometer for ICF Target
Charaoterization," J. Vao. Sol. Technol, 20(4), p. 1075, 1982

Cooper, D, E. and J. D. Litster, "Moleoular Orlentation Dynamios in Gels
and Critical Mixtures," in "pPicoseoond Phennmena II," R. Hochstraaser,
W, Kalser and C. V. Shank, aditors, Springer-Verlag, Berlin,
Heldelberg, New York, 1980
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e DIANE D, POWELL

i

: ,o‘ E@ Research Engineer

ok Electro-Optics Systems Laboratory

'.a‘b:‘ ﬁ System Technology Division

X SBPECIALIZED PROFESSIONAL COMPETENCE

;g' Remote sensing of gases, aerosols, and surface contamination

j using Differential Absorption Lidar (DIAL) and Differential
g 0 Scatter Lidar (DISC). Fourier Transform Infrared (FTIR)
bed Spectroscopy.

YR

_@ﬁ Eﬁ REPRESENRTATIVE RESEARCH ASSIGNMENTS AT SRI (Since 1979)

.r& COy laser reflectance measurements and FYIR measurements of !

| X diffuse reflectasuce from surfaces

WY Remote messurement of backscattered signatures frou aarosols

wh COy lidar studies near 10 um for ambient temperature
determination

lono:o measurement csalibrated concentratiouns of DMMP with CO,

lidarx

Remote messurement of NHy absorption coefficient at 1084 cem~1
vith COy lidar

Hydrocarbon concentration messurements with a Nd:YAG-pumped dye
laser and nonlinear mixing in LiNbO3

CO, DISC measurements of SF-96 seroscl backscattuved radiation

COy DISC measuremsntes of backscatter from dusts

OTHER PROFESSIONAL EXPERIERCE

Operaticon and characterization of Fourier transform
spactrometer for remote sensing of pollutante in the infrared
region for Environmnonital Protection Agency, Research Tiriangle
Park, North Carolins

Operation of spectrometer for Raman-scattering study of Cd~-
doped Cuz0 at Kansss State University

ACADEMIC BACKGROUND
M.8. Physics (1976), B.S. Autronomy (1974), Univerwity of
Oklabhoma

PUBLICATIONS AND PRESENTATIONS
Author and co-author of several client-private publiications for
, S8RI Internstional clients
y Co-suthor “Absorption Coefficiect of Ammonia for Laser Remote
Sensing of Atmospheric Trace Quantities" to be published.
Co-author "Measurament of Average Atmospheric Temperature Using

a coaALalor Radar,” Applied Optics (June 1980)
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. Author New Methsd for Measuring the Normal Fluid Deasity
[} of Liquid %He," Thesis, Univarsity of Oklahona (2976)
Ky " Co~gvchor “Raman-Scattering Study of Ion-Impl:utation-Frcduced
ﬁ; }% DPamage in CuaU" Physe, Rev.B(July, 1975)
J4
fﬁ k: PROFESSIONAL ASBOCIATIORS
¢ ! Optical fociety of America, Sigma Pi Bigma (Netiomal Physics
;V Henor Bocieiy), Toartmasters Internacional
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RAYMOND M, MIAOQ

Senlor Blochemist, Cell Bilologlst
Molecular Blochemistry Program
Biomedical Research Department
Life Solences Division

SPECIALIZED PROFESSIONAL COMPETENCE

Tissue oculture with emphasls on mutagenization, isoclation, and char-
acterization of cells,cell fusion, and cell biology (regulation of
differentiation and growth); blochemistry and genetics of animal cells
(hematopoletic cells and epidermal/epithellzl cells) with emphasis on
the role of plasma membrane compenents and protein kinases on cell dif-
ferentlation and. growth; DNA-mediated transformation and chromosome-
mediated gene transfer in animal cells in culture; biochemistry, immu-
nology, and genetios of oncogenlc viruses (DNA and RNA viruses): new
drug development with emphaslis on developing rapid in vivo and In vitro
assay systems; in vivo and in vitro chemical and viral carcinogenesls
and tumor promotion; nucleio acld blochemiatry (integration, recom-
bination, and replication); bacterial genetics; animal eell-virus
interactions; mummalian chromosome structure-function relationships;
molooular aspects of eukaryctic and viral gene exprassion; baoterial
transformation; genotlios and blochemistry of Treponema pallidum

INITIATED FOLLOWING RESEARCH PROGRAMS AT SRI

Development of In vitro transformation assays for chemical carcinogens

Devalopment of mammallan oell mutagenesls assay for chemlecal carcinogens

Analysis of the in vitro metabolic activation of procarcinogens

Studies on the regulation of erythroid and leukemic cell differentiation

Developnent of procedures for the isolation and cultivation of primary
epldermal basal cells (stem cell of skin)

Genetio studles of proervthrold cells using cell fusion technlques

Studins on the mechanism of aotlon of tumor promoters in vivo and
in vitro

Studias o! the relatlonship be.ween tumor progression and immune system
functions in vivg

Development and in vivo and in vitro evaluation of chemopreventive
anticancer crugs

Development of drugs which induce cellular differentiation

Development of new immunomodulatory drugs

Establish plant cell blotechnology program (market analysis, product
development, initiate and supervise cell culture laboratory)

Determination of the genetlic relationships tetween T, pallidun and other
pathogenig and nonpathogenioc treponemes

Biochemical and biophyaical analyses of unscheduled DNA asynihesls {in
tlasue culture cells

Determination of nucleio acid sequence homology

Development of procedures for labeling DNA with '2%I tou high speuiflic
activity
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Tissue culture including establishment of primary cultures from mouse
organs, hamster embryos, and chemiocally and virally induced rat tumors

Develop molecular electronic devices (blosensors, bloelrocuits, and
ultimately blocomputers)

=D L mih SO wed 45 RRY S R
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OTHER PROFESSIONAL EXPERIENCE

Research assoclate, Department of Microblology, Upstate Medlcal Center,
Syracuse, NY; immunologlcal, blochemical, and biological techniques
relating to avian oncornaviruses and human papovaviruses

Poatdoctoral fellow, Wistar Institute, Phlladelphia, PA; studies on the
biochemistry and genetics of RNA tumor viruses irncluding the enzymol-
ogy of viral-assoclated, RNA-dependent DNA polymerase; development of
a system for the lsolation and uptake of functional metaphasa
chromosomes in tlssue oculture cells (chromoscme transfer)

ko S ol S A

s

ACADEMIC BACKGRUOUND
A/B. in chemistry (1965), Queens College, CUNY; Ph.D. in biochemistry
(1971), Duke University

PUBLICATIONS
Author or coauthor of 12 techniocal publications
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CLYDE L. WITHAM

Manager

Fine Particle Tachnology Program
Chemical Engineering Laboratory
Physical Sciences Division

SPECIALIZED PROFESSIONAL COMPETENCE
Fine particle technology; aerosnl generation technology: air pollution
control; equipment design 6

REPRESENTATIVE RESEARCH ASSIGNMENTS AT SRI (eince 1973)
Development of aerosol generation techniques for fine particle research 8
80,, NO, scrubber srudies u
Rosaarcﬁ on mechanisms of fine psrticulate removal in wet acrubbers
Inhalation toxicology of numerous gaseous and aarosol materials I3
Design of inhalation exposure facilities !
Blological aerosol detection techniques, point and remote sensing
Alr pollution studies in the stesal and pesticide manufacturing industries
Ailr pollution studies on agricultural-refuse-fired boilers g.
Environmental emigsions from the mining and minerals iandustry
Deavalopment of methods for aerosol particle size measurement
Davelopment and evaluation of methods of fugitive emissions measurement
Industrial hygiene surveys in the pesticide and aluminum industrias }
Aasessment of industrial hygiene and dust generation problems in the

solid waste recovery industry

Production of novel screening smokes
Powder feeding and dispersion techniques
Comminution and energy consumption
Particulate collection characteristics of negative lon generators .
-Aerosol drug dulivery
Alr purifying respirator effectiveness

-

OTHER PROFESSIONAL EXPERIENCE
Kennazott=Copper Corporaticn and Brigham Young University: monitoring of
SO_ stack emissions from copper smeltars
Thermochemical Research Center, Brigham Young University: study f Lo
thermodynamic properties of multicomponent, two-phase systems

ACADEMIC BACKGROUND
B.8. in chemical engineering (1973), Brigham Young University;
M.S. in environmental engineeriug (1977), Stanford University

PITBLICATIONS
Author or coauthor of more than twenty-five papers, reports, and )
ptesentations on aerosols, aerosol generation and monitoring, bilological
1erosols, powder diapersion, and air pollution control.

PROFESSIONAL ASSOCIATIONS AMD HONORS
American Institute of Chemical Engineers; American Chemical Soclety,
American Assoclation of Aerosol Research; Tau Beta Pi '

LANGUAGE PROFICIENCY

Spanish ;
pante 46 :
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JAN VAN DER LAAN

ppuns

Senior Regearch Engineer
Electro-Optics Systems Laboratory
System Technology Division

SPECIALTZED PROFESSIONAL COMPETENCE
Fiber optic communication techniques; design and construction of high-
energy infrared (IR) lamer and dye laser systems for laboratory and
lagser radar (lidar) applications, ionosphere scunder systems; radio
communications; radar systems

Xl

REPRESENTATIVE RESEARCH ASSIGNMENTS AT SRI (Since 1964)
ﬁg Project leader for remote gensing techniques for chemical agent \
detection
Project leader for (0, lidu. meagsurements of IR properties of
‘ battlefield dust and amoke
&@ Project leader for IR lidar design and construction
Task leader for design of three~wavelength lidar control, receiver,
and auto tracking system
ﬁﬁ Principal investigator on optical TDR system IR&D development program
for fiber optic waveguide
" Task leader on several lidar development programs for remote meagure-
; (ﬂ nment of gaseous pollutants and atmospheric constituents
b Task leader for coaxial dye luser development program for lidar
applications
ny Technical consultant to the Military R&D Center of Thailand
hi Several electromagnetic pulse (EMP) data collection, interpretation,
and susceptibility programs
Several ifonospheric and communications research programs

X
.
t% OTHER. PROFESSIONAL EXPERIENCE
Vitro Services: supervision of field personnel during high~altitude
!! nuclear test series; ionospheric research program in New Jersey; 5
communicat{ons evaluation program in South Vietnam

U.S. Army; radar and computer maintenance

L
[

ACADFMIC BACKGROUND
U.S. Santa Barbara fiber optic communications course; schooling in
radar and computer systems (1958), U.S. Army; attended University of
Florida

b
L

PRESENTATIONS AND PUBLICATIONS
Optical Fiber Technology presentation at Electro-78 Professional
Symposium (May 1978); coauthor of 6 professional journal articles
pertaining to lidar and remote sensing; author or coauthor of 3
professional journal articles pertaining to ionospherics and radio
propagation; author or coauthor of numerous SRI reports and classified

il @

nae P
R B

reports
Fg PROFESSIONAL ASSOCIATIONS
FCC Firat Clase Radiotelephone with Ship Radar endorsement; Optical
Society of America
E\\‘; 47
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! PETER L. HOLLAND
A
;‘, Rasearch Frgineer
- Eleotro-Optics Systems Laboratory

L Syatem Technology Division

SPECIALIZED PROFESSIONAL JOMPETENCE
Remote sensing of gases; construction of lidar systems; microprocessor
'"ﬂ. applications; softvere and hardware development of deliverable
systems

REPRESENTATIVE RESEARCH ASSICNMENTS AT SRI (Since 1982)
Analysis of infrared laser radar data for chemical agent deteotion
Field operation of an infrared laser radar measuring ohemiocal agent

% einulants
o Design and implementation of a real-time data acgquisition, processing,
" }' and Jdisplay system for &n infrared laser radar
gl Usc of an infrared apectrophotometer to analyze spectral reflectance
! modifications of surfaces ocuntaminated with & chemical agent
~ simulant
o Field operation of an ultraviclet laser radar messuring air pollution
_1j CO, DISC measurements ui biological aerosols

x ACADEMIC BACKGREOUND
. B.\. in Physics, University of California, Berkeley (1982)
i Graauate work in Applied Physies, Stanford University

N PUBL1CATIONS
Coauthor of annual SRI report to CRDC: coauthor of SRI report on IR
N DISC studies

i PROFESSIUNAL ASSOCIATIONS
a0 Onticai Soclety of America
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Appendix A

SENSITIVITY LIMITS OF IR DISC FOR BIOLOGICAL AEROSOL DETECTION

An astimate of the sensitivity of IR DISC to a biocloglical aerosol
eloud can be cbtained from the lidar equation as follows, Imagine the
situation depioted in Figure A~1. An infrared lidar system transmits
two light pulses at wavelengths A’ and A2 and measures the backscattered
return from a binloginal aerosol qloud of depth AR, loocated at range
R. The lidar equation gives the power returned from the cloud at
wavelength A as

A, -2 é Koyt (P41) dr s
P (X,AR) = k(AR) — P_(X)B_(R,))e ’
r R2 t L
where
k = ovarall optical system efficlienocy faotor
A, = aperture of recelving optics
P = transmitted power at wavelength A
Bﬂ(R,A) =« total aerosol backscattering coeffiocient
Kext (ryA) = atmospheric extinction coefficient,

We now define our signal, S, as the difference between the power

normalized returns at wavelenglhs A1 and A2 divided by their sum:

Pu(RyAy) PL(RyAy)
TR TELOLY

5 & gpi—r] t 2 (A-2)
PR, %) PR.,)

. - + e e et oot b
P (h,) P (1)
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FIGURE A-1 IR DISC LIDAR SYSTEM

By use of the lidar eguation, this signal reduces to

R
- ~2 f Ak__. (r)dr
s . B"(R.X1) Bﬂ(R’AZ) e o  ext

! (A-3)
(r)dr

R
-2 | Ak
£ ext

B"(R.A1) + Bﬂ(R.Az) ]

where
Akenn;(r) s kext(r'H) - kext(r’xz)'

We will now assume that the atomspheric extinctlon can be ignored,

i.e., Akext &0, This is, in general, a clearly invalld assumption;
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3 u3 however, ignoring it in our expression for S ylelds the maximum
I..

differential signal that we oan expeot from our aerosol cloud, Hence,
the sensitivity estimate obtained using thls assumption is a best-case
estimate. With Akext(r) = 0, our signal becomes simply

A

B, (RuA,) = B_(R)A,)
B(RA)+B(RA) ' (A=4)

Now the total backscattering coefficient, B“, can be separated into a
sum of two terms: the first term is the backscattering eontribution
from the target biological aerosol ocloud, and the seocond term is the

ocontribution from the atmcspherio background asrosol. Explieitly, we
write

i

PR e A

v bok _
B (R\A) = H(R)g (M) + 8 "% (R,1) (a-5)

&=

where

-

N(R) = biological aerosol cloud number density >

o _(A) = average backscattering cross seotion of the biologleal
m aerosol particles

bok

By (R,A) = atmospheric aerosol background contribution,

P
;, - : - i..

'
i

This gives our final result for the DISC signal as

sids

bak
N(R) AGTT + ABTl (R)

-q S =~ — . ' (A—6)

b 2N(R) T + 2B °°K (R)
W where i
Ag = o (A ) = a“(kz)

bvk bok
(R) = (Rody) - B (R,A2)

RO [ X
=

bOk

(2 =
R
sl
=3

|}

1/2L01T(A1) +a (3,)]

bek

ok 1 2 bok
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The complex refractive index data and aerosol backscattering data }
obtained at SRI for biological materials show that the backsocattering
oross section for biological aerosols varies quite slowly with wave-
length in the 8~ to 12-um atmospheric window transmission region,
Furthermore, obtaining a significant backscattering differential, Aoﬂ,
requires a wavelength differential of several miocrons, However, over an
interval of AA & 1um, the atmospheric volume backscattering coefficient
usually changes signifiocantly, i.e., AB:°k=‘ 10°8 m~'ar~1, For
comparison, based on SRI's data, a 3-um MMD aerosol of B. subtilis
spores with a density of 1 particle/ce would give a maximum differential

backscatter of Aaﬂ_“ 10710 m™1gr™1 for a wavelength differential of

-

E

1 um in the 8- to 12-um region., Hence, the bicloglecal aerosol oloud and
atmospherio background aerosol differential backscatter terms are
oomparable (1.e., Nao_ & a8 °°¥) only for N® 100 partioles/co. This
best~case detection limit far exceeds the Army's desired detection
sensitivity limits of 5 to 10 particles/liter {0.05 to 0.10 partiacles/
oc) for blologlical aerovsol clouds.
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Appendix B

B I

ORIGIN OF CIDS ARTIFACT SIGNALS

28

An understanding of the cause of the artifact signals in our
experiments follows from a detailed analysis of the Stokes vector of the

. . MBS AR A e

| S5

light beam as it propagates from the source through the modulator and

acattering suspension to the photodetector, The effect of each element
in the optical path on the polarization state of the light beam can be
represented by the Ux4 Mueller matrix of the optical element operating

=

on the four-component Stokes veotor.'0 If we consider the optleal
configuration shown in Figure 12 with the quartz cuvelte assumed to
contain an optically inactive suspension of polystyrene microspheres,
then the Stokes vegtor of the detected scattered 1light is given by
matrix multiplication as

== B == Ex

I Votmg + my) Yolmg = my) 0 0 1 0 0 0 1

Q YVotmg = my) Volmy +my) 0 0 o1 0 0 0|,
ul ~ 0 0 S21 Day|l 0 0 ocos s sins|li]o
v 0 0 D.: Sai 0 0 -sin§ ooy §{|0

Vo (my + my)
Vo (mg = my)

= | S;;008 8§ + Dyy8in 8| 1
D,,008 § -~ S,,3in §

(B-1)

B 2 =n e

The [1,0,1,0] column vector is the Stokes vector for light linearly

=,

_~._=,__
Sainc

L Rl T 2 N e L N I S K A T

polarized at +45° and represents the output of the'Glan-Thompson prism

polarizer, The first Mueller matrix represents the effect of the
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photoelastio polarization modulator with its induved opticu axis oriented
at 0%, and S = A 3in wt, where w 1s the modulation frequenocy (w/2w =

50 KHz)., The second Mueller matrix is essentlally the Mle scattering
matrix for spheres taken fromn van de Hulst.11 who gives detailed
expresslons for the coefficionts mi, ma, Sai, and Diy, all of whioh
depend on soeattering angle. The essentlal result of this ocaloulation is
that the intensity of the deteoted light is simply I w bb(m; + M),
which 1s olearly not affected by the polarization modulation and
therefore containa noc time-varying (ac) oomponents,

In our soattering experiments on suspensions of polystyrene mioro-
apheres using the above aonfilguration, we routinely observed first-
harmonic (w) snd second-harmonic (2w) components on the soattered
light, Henoe, the above treatment is an inocomplete description of the
apparatus bocause some additional polarization effeots are not lneluded.
The vssential effaot left out of the above caloulation is the linear
birefringence of the foousing lenses and the ocuvette windows. The
Mueller matirix of a general elliptiocal retarder of any retardance, ¢,
and azimuthal angle, §, ocan Lo written in the form

1 0 0 0

0 a; a, a,

0 b, b, b, . (B-2)
0 o, 0, o,

The detulled relationships between the matrix elements a., aa, as,....
and ¢ and ¢ are given by shuroliff.'0 If such a matrlx is inserted
before and after the scattering matrix in Eq. (B-1), one obtains

I 1 0 0 0 [[Vo(mmy) Vo(mg-my) 0 0 I 10 0 0 1

Ql _ 10 ry ry o ry|[o(mpe-my) Vo (mpemy) O 0 0 a, &, a,|| 0 1 ,

u 0 9, S, 9, 0 0 Sil "Da] 0] b\ bz bg Qo8 § o]

v 0 tl ta t; 0 0 Dg[ Sg] 0 (83 Q, Cs -8in § ,
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ry re ral | Vo (memmy) + 15 (m2+m1)(a 008 § - a,sin §)
8, 8, S2,(ba0038 § - bysin §) - D, {c008 § — 0,8in ¢§) I,

0 0 0 Vo (my+my) +1/p (my~m; )(a,cos 6§ ~ a,sin §) :
i
(]
t, ty ty D,,(bycos § - b,sin §) + 8;,(c008 6§ = g,48in §)

1§
(e N oo R
[69]

(B~3)

From this, we observe that it is only the birefringence of the focusing
lens and cuvette entrance window, represented collectively by the matrix

(B~2), that give rise to ac components in the scattered intensity, ﬁ
| Ia= Ioﬂlg(m,+ml) + Vo (my=m,) (8,008 § - a,sin §)]. Birefringence in the s
) ea exit windows of the ouvette or in the ocolleotion lens does not glve rise ﬁ
to artifact signals, Using the Bessel funotion expansions for cos § "
134 ¥,
ﬁq and sin &, :
t '
0 |
N - - ¢
0@ 0085 = cos (A sin wt) = J_(A) + 2 }1: Jon(A) cos 2nut N
. (B-4)
' 8ins = sin (A sinowt) « 2 & J (A) sin [(2n+1)wt] .
Eé 0 2ri+1

ii We oconeclude that the intenslty of light scattered from a suspension of
spheres in the presence of linear birefringence will contaln ac compo-

$€ nents at both the even and odd harmonlas of the modulation frequenay.

. Furthermore, an analysis of the coefflclents az and as glven by
Shuroliffr!? shows that a, = ¢2 and a, ¥ ¢, Henoce, the odd harmonio

B

oomponents are expeated to be stronger than the even harmonic components {—
sinoe ¢ << 1, Thit i3 in faot what we observe in our measurements, In ‘{
addition, van de Hulst11 shows that in the Rayleigh limit (i.e., A >>

partiole oiroumference), the faotor'Vg(mz-mx) simply reduces to sinze,

which is a maximum at 8 = 190° and vanishes at & = 0° or 180°, Thls :
axplains why our artifact signals are smaller for baoksoattering than
for 90° aoattering (sin2 90° = 1, sin’ 168° ~ 4x1072), Also, in the

Rayleigh limit, the shape of the artifaot curves should not change

as o varles from 90° to 180°; only the overall magnitude should change E
as diotated by the sinze faagtor,
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Appendix €

CIDS FROM SUSPENSIONS OF BIOLOGICAL MICROORGANISMS

=n

The Stokes vector treatment of our light-scattering apparatus,
disoussed in Apper . .x B, can easlly be extended to cover the case in
which the scattering suspension consists of biological miorocorganisms.

(==

However, additional complexity is introduced because the scattering

Mueller matrix now contains more non-zero elements, According to van de

el

-,
e am

Hulst,11 the most general form of the Mueller matrix for sczttering at

-

--

l-.&-

-
)

gz any arbiltrary angle has ten Independent parameters and is given by

=

—ry -
A

a, 81 B: Bs

B Q3 By Be -
¥ “Bs =B Qs B2 ) (€~1) .
Bu Be "32 By :

==

Substitution of this socattering matrix for the one used in Eq. (B~3) of
Appendix B gives, for the scattered Iintensity,

5

ot

I = [a; + (B,a, + B,by + BgQy) 008 § = (B;ay + Byby + Bya,) 8in §] Io .

S |

(c-2)

From the expressions given in Shureliff, it can be shown that

a,® b, ™ ¢ and o, = 1, Since the residual linear birefringence,

¢, 18 small, we expect cs >> as or bs so that we might expeot the g,0q,

T

term in the voefflioient for sth § to be the dominan’ term. This i3 In .
Qﬂ fant the term of interest saince it can easily be shown that 1t is the
b
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z

e
" \ Bs =lement in the Mueller matrix (C-1) that gives rise to differentlal
4% scatlering of left and right ociroularly polarized light. The remaining
' terms, B,a, and B,b,, result from linear birefringence in the focusing
':QQ optics and nuvette entrance window, Henoce, in the presence of this
i; ? linear birefringence, the measured signal at the fundamental of the
;5? modulation frequency, w, is a combination of CIDS and linear birefrin-
’%F% gence, Whether CIDS or linear birefringence dominates the signal
'&ﬁﬁl depends on the magnitude of the birefringence, ¢, and the relative
f?“h magnitude of the matrix elements g, B,, and By.

1n the case of baokscattering, a great simplification ir this

P analysis results f'rom symmatry arguments, as disoussed by van de Hulst,

‘EJ I1f the suspension of socattering partioles exhibits rotational symmetry
,Eﬂ (i.e,, the distribution of the particles in all possible oriertations
- R

f.‘. doea not change 1f the entire suspension 1s rotated about tha scattering
aw@ axis), then the Mueller matrix for backsoatter reduces tec the simple
By

:i}:‘,l.' form

oo

gl
-, 0

PN By al o 0 Bl

‘ ;d, ’ 0 d; 0 0
¥ N 0 0 =a; O . (c-3)
i Bs 0 0 o

4:

,,-'.‘Vé.

‘ .

d. Using this socattering matrix in Eq. (B~3) glves, for the scattered

;5.&: intensity,

Wl

4

1 = [0, + Bs0,008 § = By0yain 6 | I, (c~u)

P

Hence, for Laoksocattering (0 =~ 180°), there is no significant contamina-
tion from linear birefringenge, In addition, one would expect that for
near-backsoattering anglas (8 ~ 170°), the linear birefringence artifaot

@ =
BP

e

“}VT should be small. This 13 one advantage that CIDS backscatter measure~
1
ey ments have over CIDS measurements at other angles,
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1

!ﬁj In our experlment, the component of the intensity that oscillates
at the modulation frequency, w, is divided by the dc¢ component to glve

l‘ the signal, S. From (C-4) and (B-4) the result is

AN
Eg ~2J,(A) Bsay sin wt

S = . (C-S)
Q,

i .. Using the Stokes veators for left and right ciroularly polarized light,
&y [1,0,0,1] and [1,0,0,-1], respectively, and the scattering matrix, fq.
. (C-3), it is easily shown that
B
-0 E: . ihfe) - IR(S) L Al (c-6)
a o - LY F T T o3
3 E,\l
g is the CIDS signal defined in Eq. (3) of the main report.
N An estimate of the minimum Jeteotable differential signal can be
obtained by comparing the detector photoourrent power at w to the shot
E{I nolse power. From Eqs. (C~4) and (B-4), the photocurrent component
-t at w is given by
1= ~g =2 I @ye, 2J,(A) sin wt (c-7)
g g hV o . | 1 w ] 4

where
g = photodetector gain
n = photodeteotor quantum efficlency

e

v = light frequenay

¥

X
) S8 SEC AN

e and h fundamental aonstants,

CoXTT,

The mean-square signal power 1s therefore

S
. A A

2 2 an ! 2 2

(4 61
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The mean-square shot noise power is given by
2 2 2 IO
Ugp> =28 en | = | &f oy, (C-9)

where Af 1s the detection bandwidth, Hence, the SNR is given by

2 2 2 2 2 2
g > nlJs (A) By Oy nI s (A) (AI) oy oy
SNR & —g - - , (C~10)

—
<isn> hv * Af °® a, UALT hv

where the last step follows from Eq. (C-6), Defining the minimum
detectable CIDS signal as that signal giving a SNR of unity, Eq. (C=10)
can be inverted to glve

1
- - |: h\a’.Mr:I/Z (c~11)
2I min nlJs (A) o, o,
In our experiment, typlcal values for these parameters are:
n® 0,25
v e 6.7 x 10 Hz
Af = 1 Hz,

0y oI % 1079 W
] 1 o

J1(A) - 0-58.

Inserting these in Eq. (C-11) gives [AI/2I] min= 7.25 x 10'5. Thus,
the minimum CIDS signal that we should expeet our instrument to deteoct
is about 7 parts in 105. In actual experiments, we found our typioeal
1imiting sensitivity to be in the range of 5 x 10°° to 10‘“, in

agreement with the above analysis,
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