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I.    INTRODUCTION 

i. 1   Prognim Objectives 

The experimental program described in this semiannual report is designed to 

obtain data on the fundamental optical properties of atmospheric aerosols at DF laser 

wavelengths in the 2 to 4 ^m spectral region. 

Atmospheric attenuation of DF laser radiation is not well defined at present. 

The 3 to 4 /urn region is considered to be an atmospheric window because of relatively 

low molecular absorption.   However, aerosol extinction has been estimated to be 

comparable to or greater tha.i molecular absorption in this region.   Infortunately the 

scarcitv of data on aerosol optical properties makes these estimates unreliable for sys- 

tems evaluation,  although  both scattering and absorption contribute to laser attenuation. 

It is absorption \vhich affects the onset of such deleterious effects as thermal blooming. 

Since the threshold for aerosol induced therrrur blooming is a function of the aerosol 

absorption coefficient it the particular wavelength of interest, there is particular 

interest in the degree of aerosol absorption at DF laser wavelengths. 

The program described in this report and currently underway at Aerodyne 

Research,  Inc., is designed t"> measure the total exiinction (scattering plus absorp- 

tion) and the scattering of DF laser radiation by atmospheric aerosols.   The data will 

yield directlv the corresponding extinction and scattering coefficients, the difference 

of which is the desired absorption coefficient     Such clat;» will permit an accurate 

assessment of the role of aerosols in atmosphovic attenuation and in degradation of 

DF luserbeam profiles. 

An integral part of the program is an extensive effort to characteriz'1 the 

atmospheric aerosols used in tho measurements.   The aerosols will be character- 

ized bv their chemical composition, particle number densitv and mass loading. 

This will provide a means of relnting the optical data obtained in this program to 

aerosols found in other geographic areas. 
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1.2   Technical Approach and Report Summary 

The scope of ^e program includes the design and fabrication of the experimental 

facilities necessary for the measurement of the aerosol extii.ction and scattering coef- 

ficients as well as the collection and analysis of data to determine the aerosol absorp- 

tion coefficient at DF laser wavelengths. 

The extinction and scattering measurements will be performed on ambient 

aerosols sampled at Aerodyne Research, Inc. in Burlington,  Massacusetts. 

Aerosol-laden air will be drawn into the experimental apparatus from a point 

10 ft above the roof of the building.   A continuoush- flowing system will circulate 

the air through a scattering cell and through a folded-path White cell where the 

extinction measurements will be made.   The White cell has been specifically 

designed and fabricated for this program.    Its design includes the unique feature 

of aerodynamic windows which protect the optical elements in the cell from contamina- 

tion by the aerosol. 

The output beam from I pulsed DF laser will be split and directed into both 

cells.   Infrared detection systems will then permit simultaneous measurement   of 
fhc absolute scattered intensity and the extinction produced by the aerosol. 

The aerosol handling system will be equipped with filters which will collect 

the aerosol particles.   These samples vvill be subjected to an elemental chemical 

analysis performed by an outside laboratory.   A commerical particle counter will be 

used to determine the particU number density.   The temperature and relative 

humidity will be monitored continuously, both inside the apparatus and on the roof 

where th" aerosol is drawn into the building. 

At present, the fabrication and assembly of the experimental apparatus are 

Hearing completion.    Component testing and calibration are scheduled to begin shortly. 

The details of the exi>erimental facility are presented in Section 2 of this report. 

The theory of the measurement and the equipment designed to perform the measurenu'iit 

are described for both extinction and scattering.   Calibration procedures, measure- 

ment sensitivity, and accuracy are described.    Finally, a descript: m of the aerosol 

characteri/ation aspect of the program is presented.   Section 2 concludes with Sub- 

section 2. (> which summari/.es the present status of the program ;ud the schedule of 

work for the lollowing reporting period. 

 ^-. 
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2.   EXPERIMENTAL INVESTIGATION 

2.1   Introduction 

The primary objective of the experi icntal program as described in Section 1 

is to determine the absorption coefficient of ambient atmospheric aerosols at DF 

laser wavelengths.   Since the absorption cannot be measured directly, both the 

aerosol extinction coefficient (absorption plus scattering) and the scattering 

coefficient will be measured simultaneously, and the difference of the two will be 

taken to obtain the desired result.   In the ^resent section, we present a detailed 

discussion of the theory of the measurements and the apparatus required to obtain 

the data.   In addition, calibration procedures and predicted measurement sensitivity 

are given for each measurement.   The extinction measurement is described in 

Subsection 2.2, and the scattering measurement is discussed in Subsection 2.3. 

2.2   Extinction Measurement 

2.2,1   Theory of the Measurement 

The extinction coefficient for atmospheric aerosols will be determined by 

measuring the attenuation of DF laser radiation as it propagates through a folded- 

path geometry for a total distance of up to 400m.   In this part of the subsection, 

we describe the theory of the measurements, and the method by which the extinction 

coefficient, k     , is determined from the laboratory data.   The experimental 

apparatus, the calibration techniques, and an error analysis are discussed in the 

succeeding parts of Subsection 2.2. 

The laboratory apparatus is shown schematically in Figure 2.1.   The single- 

line, diffraction-limited output from a DF TEA laser is focused onto the entrance 

plane of a 400m White cell.   Eighty traversals of a 5m path are used to obtain the 

total-path length.   After passing through the aerosol in the cell, the emerging beam 

of intensity I is focused onto infrared detector D , and produces a voltage V.   Ahead 

of the White cell, the laser beam is sampled with a beam splitter.   The reference 

beam of intensity I   is focused onto a second detector D , and produces a voltage Vo. 

HAM "*■—"-—'--—   ■ - i   i ii   i r lit   4 ■ 





For every microsecond laser pulse, two quantities will be measured:   the 

!nce intensity I   and the intens w   o 
coefficient follows from Beer's law 

reference intensity I   and the intensity difference (I   - I).   The extinction 
^   o o 

I  .Ioexp(-kextL) (2.1) 

This relationship assumes that energy is lost from the beam only by first-order 

processes such as single absorption and scattering, and not by higher-order effects 

such as multiple scattering.   Single scattering prevails so long as kext L < 0.1. 

For naturally occurring aerosols, the upper bound on the expected extinction 

coefficient is lO^km'1.   Thus k       L will he, at most, about 10     in the experi- 

ments. 

For such small values, it is advantageous to expand the exponential in a power 

series. 

exp(-kextL)=l-kextL + 

(k    , L)2      (k    f L):J 
ext ext 

a •   • • • • 

Retaining the first three terms and rearrarjnn.'; Eq. (2.1) yields 

VJ!        .        T      ^ext L)2 

"1   *   kext L 1       ' 
o 

(2.2) 

For values of k       L on the order of 10    , this approximation introduces an error on 

the order of 10'4.   Equation (2.2) forms the basis for determining k    . L in very 

weakly attenuating systems. 

In the experinvmtal arrangement shown in Figure 2.1, the reference signal Vo 

is set equal to the signal V in the absence of an attenuating medium in the White cell, 

in which case the output of the differential amplifier is zero, aside from a noise 

component due to detector-plus-amplifier noise.   With an attenuating medium in the 

White cell, the -.ignal V   is greater thar V. and the differential amplifier output 

becomes V   - V. o 

To determine the aerosol extinction, the difference measurements will IM? made 

in the following three situations:   when the absorption cell is (1) empty, (2) filled 

with filtered air, and (3) filled with aerosol-ladened air.   This will supply a reference 

of zero-attenuation, attenuation due to molecular absorption, and attenuation due to 

molecular absorption and aerosol extinction.   In this way, the molecular contribution 

can be subtracted from the attenuation, leaving only the aerosol contribution. 

L 
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An alternate method would employ several laser lines.    Assuming the aerosol 

contribution is the same for all lines, one can subtract out the molecular contribution 

from the total extinction, leaving the contribution due to aerosol extinction.   This 

technique will be emploved in the measurement program, and the results will be com- 

pared to those obtained using filtered air. 

The apparatus will be calibrated by replacing the aerosol in the White cell with 

a gas whose absorption coefficient is well knoivn.   At present,  CH4 is the prime can- 

didate for this application.   This method will provide a calibration of the apparatus 

at the same attenuation levels as expected for the aerosols. 

2.2.2   Description of the Optical Train and the White Cell 

The DF laser shown in Figure 2.1 is a Model 20;' Li'.monics TEA laser. 

()|)eraling in ai  unstable resonator configuration with a diffraction grating in the 

cavity, the laser can be tuned to give an output consisting of a single line with a 

superradiant background.   In the far field, the single line constitutes the central 

core of the beam and is diffraction-limited, with a divergence of 0 . = o.lfi mrad.   The 

superradiant background forms    Stellita rings around the central spot and has a 

c'ivergence of approximately 1.0 mrad.   With spatial filtering, this background can 

ije removed, leaving a single-mode, diffraction-li nited beam as the usable output 

from the laser.   The beam diameter at the exit ot the laser is typically 3,5 cm. 

The energy output of the laser is typically "IO millijoule    per pulse, and varies 

by iV, from shot to shot.    The temporal width of the pulse is approximately 1 j/sec, 

with an initial spike 0, 2-^sec wide, containing approximately 40^, of   ie total pulse 

energy,   A schematic of the laser pulse shape is si own in Figure L.   . 

Tie spatial filter shown in Figure 2,1 consists of two aluminum coated,  18 

off-axis paraboloids purchased from the Perkin Flmer Corporation,   Indicated as 

M. and M., in the figure, these mirrors have a .'U2 mm (12,.3 in.) focal length, and 

I 88 x 70 mm clear aperture.    The blur circk is quoted to be 0,002 in, (0.05 mm). 

The aperture in the filter is a pinhole supplied by Optimation, Inc,   It consists 

of ar.   perture 100 to 500 ^m in cl ameter drilled in a 0,375 in. diameter stainless 

steel substrate, 0.001 In. thick.   The spatial filter suggested bv Lumonics Uesearch 

is a US mrad system,    F^r the mirrors described alxjve, this corresponds to a 

500 pm aperture. 
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Figure 2.2 - Schematic of DF-TEA Laser Pulse Shape 
Al.Oh- 

To avoid laser breakdown in the vicinity of the focal volume of the spatial filter, 

the pinhole will be placed in a 2,^ in. diameter cylindrical vacuum chamber (; in. in 

length.   The chamber will be fitted with sapphire windows and will be capable of 

holding a vacuum of 0.1 to 1.0 torr. 

The laser beam emerging Lorn the spatial filter is diffraction limited and 

approximately ;'..;'> cm in diameter.    The Ix-am is directed by three flat mirrors, 

M... M., and M. in Figure 2. 1, onto a 7.(1 cm diameter, '> meter focal length 

spherical mirror M ,.    This mirror effectively matches the f-number of the beam to 

that of the White cell (f/l.r)0).   With the aid of two additional flats,  M7 and Ms, tK 

spherical mirror focuses the laser beam on the 1.'. mm enhance aperture of the cell« 

Mirrors M,. through M   have been suppled by PTK Optics, Inc., and they 

consist of a silver-coated pyrex substrate with a thorium fluoiide overcoat.   The 

mirrors are quoted to be flat to   X/10 in the visible. 

■■M 
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Th^ aerosol extinction coefficient will be determined by measuring the attenua- 

tion of the hiser intensity as the beam traverses 80 passes in the White cell.    The 

cell is an j in. diameter (i meter long aluminum tulx- with three aluminum coated 

spherifal mirrors mounted internally.   The cell is being designed and fabricated 

by Dr. John U. White of the White Developr.'. nt Corporation, Stamford, CT. 

Pro\i'jlon has been made for dry nitrogen gas to flow over the mirrors to prevent these 

mirrors from coming in contact with the working mediur   'n the cell.   Thus, the quality 

of the mirror^ will not degrade with tin e due :o dust collecting on the optical surfaces. 

The "gas windows", however, limit the effective optical path in the cell to 5 meters 

per pass. 

The numlx'r of passes in the cell is adjustable in units of lour.   Consequently, 

the total optical path length in the cell will be adjustable to 20, 40, CO, M,   100  

400 meters. The system is being designeri to yield an output image at S. 8 ^m which 

is diffraction limited after 20 passes. The transmission through the cell will exceed 

riO', after 20 passes. 

The entrance and exit windows of the cell are CaF0 windows, and because of 

the design of the system, the windows are insulated from the aerosol by the dry N, 

gas flow. Also included in the cell is a CaF2 45° beam splitter which will split off 

approximately 10% of the incoming beam and direct that portion onto the detector 1), . 

No focusing optics are required for either detector D   or D   since each is 

within 10 cm of the focused laser beam.   The beam diameter at the focal plane is 

1..") mm for the f/l.r)0 system, while the detector size is 2 mm diameter. 

The alignment of the White cell, as well as the entire optical system, will be 

performed with the assistance of the Spectra Physics Model 155 He-Ne laser shown 

in Figure L. 1.   The output from this 0.5 mw CW laser will be passed through a Iv am 

expander to match the beam diameter and divergence to those of the DF laser.    The 

0.(;a28 urn beam will then be made collinear with tha DF beam with the use of a turning 

flat, M0, and a CaF2 beamsplitter, BSj.   Since the optical system contains no 

refractive elements (excluding the spectrometer), it is ideally suited for alignment 

with the visible beam. 

M 
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The spectrometer shown in Figure 2.1 will be used to calibrate the diffraction 

grating located inside the laser cavitv.   The grating tunes the cavity to the desired 

laser line.   In addition, th„ spectrometer will permit an evaluation of the effective- 

ness of the spatial fll    r in removing the superradiant background from the laser 

output. 

Tentative plans call for the use of a Jarrel Ash Mark V 0.5 meter Kbert 

scanning spectrometer. 

2.2.3   Detection System 

The detectors used in the extinction measurement,  1)   and I)   in Figure 2. 1, 

are Model kT-1120S pvroelectric detectors manufactured by Laser Precision, Inc. 

Each unit is supplied with a Model kTM-SSS preamplifier and a M-uiel kTM-IJOO 

fixed load resistor.   The actiye element size is 2.0 mm diameter.   The electronic 

characteristics for each detector are listed in Table 2. 1.   Although each unit is 

also su' »lied with a yariable load up to    101 fi  .     only the fixed load corresponding 

to a 10 MHz bandwidth is listed.   The recommended maxinu m output from these 

detectors is approximately 1.0 volt.   At higher output levels, the Hcteetors approach 

their saturation levels. 

TABLE 2.1   CHARACTER WTICS OF LASER PRECISION. INC. k'i-n20S 
PVROELECTRIC DETECTORF   WITH kTh-33a PREAMPLIFIERS 
ANDkTM-900 FIXED LOAD MODULES 

Detector 
Current 

Responsivity 
(li amp/watt) 

Capacitance 
(Pf) 

Load 
Resistor 

iü) 

D3 

I), 

1.51 

i.sa 

5S.] 

7t 

270 

200 

Voltage 
Resronsivity 
(volt/watt) 

4.0S x 10 -4 

2.40 x 10 -4 

RC Time 
Constant 

(nsoc; 

14. a 

14.s 

i^M 
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The electronics to be used with these detectors are outlined in Figure 2.3.    The 

output from each kT-1120S/kTH-333 detector-amplifier unit is fed into an Analog 

Devices, Inc. Model r>0K wideband amplifier.   This acts as a buffer amplifier to null 

the difference measurement when no absorl)er Is in the White cell.   The output from 

each buffer la ted into a Tektronix IA8 differential amplifier which performs the 

differencing (V -V).   Here V   is the reference voltage from 1) , and V is the signal 

voltage from D4.   The signal (V -V) il then displayed on a Tektronix 55(1 dual-beam 

oscilloscope.   The reference signal V   u ill also bt displayed on the oscilloscope so 

that for everv laser pulse, the traces can be read and the ratio (V   -\')/V     can be 
o O 

determined 

The oscillograms obtained with this system will provide enough data so that 

(V -V)/V    can be determined for any point during the laser pulse.    The procedure 

will be tedious, however, since two traces must bt read point-by-point and the 

desirei   radio must be calculated bv hand.   Therefore, when it has been amplv demon- 

strated that the detection system is operating properh , the electronics will be 

modified so that {V -V)/V   will be determined elcctronieally.    To do this, the 

output (V -V) from the lA.l differential amplifier and V    from the buffer amplifier 

will be fed into an Analog Devices, Inc. Model 429 wideband divider.    This divider 

is fast enough to take the ratio (V "V)/V   as a function of time throughout the laser 

pulse.    However, at th<' 10 MHz bandwidth neeessary to observe the spike at the 

leading erige of the laser pulse,  the nonlinearity of the divider is approximately 40',' 

fer the anticipated signal levels.   At  1 Mil/, bandwidth, this nonlinearity decreases to 

5'(.   Therefore, the divider will provide an accurate ratio (V  -V)/V   for the long 
0 o 

flat tail of the laser pulse which lasts for f to 2 JJSCC. 

Besides D„ and D  , two auxiliary detectors will be employed in the system 

during the extinction measurement.    Detector D,,.shown in Figure 2.1, is a Laser 

Precision. Inc. kT-1120S detector with a kTH-333 preamplifier and a kTM-!HH) fixed 

load module.   This detector will i)e used in conjunction with the spectrometer to 

monitor the spectral content of the laser pulse. 

In addition, detector I)    is a (len-Tec,  Inc.  Model FI)-20() joulemeter that will 

be used to measure the energy in each laser pulse.    Detectors D   and I),,  will 

provide sufficient diagnostics to monitor the performance of the laser during the 

measurements. 

10 
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2.2.4   Aerosol HaiiLlling System 

An external view of the White cell is shown schematically in Figure 2.4.   The 

entrance and exit f)orts for the aerosol and the dry N„ are surrounded by plenum 

chambers to ensure uniform radial flow.   The aerosol is introduced into the < ell 

through the plenum ch.-imber at the center of the cell.   Inside the plenum chamber, 

the aerosol is introduced into the White cell through eight sample inlet holes equally 

spaced around the circumference of the cell.   The inlet ports for the dry N9 that is 

used for the "gas window'   are ancle sed in the plenum chainbers which are located 

at each end of the White cell.   The exhaust ports for both the aerosol and the dry 

X,, are inside the remaining two plenum chambers. 

The aerosol will be drawn from the roof of the building down through the system 

bv means of a blower located downstream of both the White cell and the scattering cell. 

A schematic of the aerosol and gas handling systems is shown in Figure 2.5.   The 

flow of aerosol through each cell is monitored and balanced using standard flow meters. 

This is especiallv important in the operation of the White cell where the aerodynamic 

window flow must be matched to the aerosol flow.   Maximum flow rate is 94 liter/min 

corresponding to an aerosol residence time of 0.9 min in the White cell. 

The meteorological conditions at the time the aerosol is sampled will be monitored 

bv | Meathkit Model 10-1290 weather station.   This instrument will provide the wind 

speed and direction at the point where the aerosol is drawn into the building, approxi- 

matelv 10 ft above the roof.   The barometeric pressure and both the outdoor and indoor 

temperatures will also be recorded. 

The water content in the atmosphere will be measured with a Yellow Springs 

Instrument Company Model 911ir dew point hydrometer.   The lithium chloride 

sensors will be placed on the roof where the aerosol is sampled and at the entrance 

port of the White coll and the scattering cell in the laboratory.    Finally, the tempera- 

ture of the aerosol-laden air will be monitored with Yellow Springs Instrument Company 

calibrated thermistors located on the roof and in each cell.   These sensor locations are 

indicated by II,  T   in Figure 2,"). 

2.2.")   Calibration Procedure 

The experimental apparatus is sensitive enough to measure the attenuation of the 

DF Use " radiation bv atmospheric aerosols. The radiatioi on the primary and refer- 

ence aeto*  or s,   I),  and I),,,   respectively,  is so intense that the signal-to-noise 

12 







4 
ratio in each detector is greater than 10   for each laser pulse.   Consequently, a 

differential amplifier can be employed to its fullest advaiitage so that the attenuation 
4 

can be determined to one part in 10 .   However, to establish the validity of the data 

and to determine the measurement accuracy, a thorough calibration procedure must 

l)e followed.   O itlined in the present section are the methods by which detector 

linearity, i, igrment of the optical train, and la^er stability will be verified.   In 

addition, a dynamic calibration will be described which would allow a direct compari- 

son of the measured aerosol extinction eojffie.ent v.ith the absorption coefficient of 

I gas as measured in other laboratories. 

The Lumonics laser operated with DF can produce 50 millijoule per pulse per 
5 

line with a peak power of 1 x 10   wafs.   With suitable attenuation, the laser can be 

used to calibrate the response of both   let^etON over a dynamic range extending from 

saturation down to the noise level of th: detectors.   Such a measurement will be 

performed with the White cell removed from the system, and with the laser beam 

focused directly into the detectors.   This   will   provide a direct determination of the 

linearity of both detectors, with the critical requirement being that the quantity 

(V  -V)/V   must be constant over the entire pulse.   In fact, linearity itself is not 

critical if the response of each detector is known as a function of incident intensity. 

Any nonlin» arity, if measured, can be corrected in the attenuation data. 

Once the response of each detector has been established over the operating 

range of interest, a similar test can be performed with the empty White cell in the 

optical train, i.e., with the apparatus shown in Figure 2. 1.   Comparison of these 

results with those obtained without the White cell will indicate the degree to which 

the optical system is aligned.   Since the aberrations produced by a properly aligned 

cell are astigmatic, and these can be shown to be negligible* '"* unsatisfactory results 

of this test indicate a gross misalignment of the cell and/or the focusing optics 

before and alter the cell. 

A successful calibration p'-rformed in this manner ensures proper alignmenl 

of the optical systen .    In addition, consistent results on successive pulses is a 

demonstration of the shot-to-shot spatial stabilily of the laser output. 

In addition to the alignment check and the determin;ition of the detector 

response as a function of incident intensity, I dvnamic calibration will be perfoimed 

which will relate the aerosol extinction coefficient to a known ahsorption coeflicient 

of I gas at the same wavelength. 

15 



In cssence,    his calihiation is an attenuation iH'a.iUivnu'iit with the White cell 

filled with a KM waose ■beorpttoa COefflcimri is known at the 1)F laser line.   A In si 

ehoiee for this applieation is Cll  , although other fßsm suc-h as IIIX) oOllld also be 

emploveil.   As with the aerosol measurements, the first step in the Calibration will 

be to take data when the White rell is empty.    This determines a zero rel'erenee, 

and ensures DM of the faei that the measured voltages ran be related to the 

i'Xtinetion coefficient In  Kq.  {-.-).   Otlu'iwi-ie,  that equation would have to be 

replaeed by 

y orT 

IK're,   i and  yare eonstants which aeeount for the presence of Uams,»litters in the 

optieal train,  and for the (eonstant) difference between the responsivitv of the two 

detectors«   Nulling the lignsl v\ith an empty cell simply gusrsnteei that fj/y ■ u 

When the ealünation has been eompU'i'd, the White cell will be filled to one' 

atmospiure pressure with a en   - x., ü.IS mixture«   Ihe absorption coefficieni for 

Cll. in N'., at 2!)s  K is shown in Figure 2.(»as a function of C'llj paitial pressure. 

The values shown applv to the center of the P0(8) line ol 1)1', and are values measured 
fS ) recently by Soencer« 

'i'lu' corresponding attenuation l»v CH. :it the ei'iiti'r of the \\,{^) line is also 

shown in Figure -••' for ■ loom path length«   For en   partial pressures in the range 

of 10      to 10  " atm, the (."II    - N , misture  provides the same attenuation expected i»v 

ai'iosols.     Therefore,  atlei  the deteetor lini'aiitv and the alignment (»I the optical 

train have been checked, the dynamic calibration will i>e performed to verifv that, 

in fact« the entire eyatein is operating properly« 

This ealforatfon, performed at several laser lines,  will achieve (he additiomd 

goal of measuring the sxscl optical path In the white cell.   This path Isagth depends 

crltlcslly upon the location of the interfrace between the absorbing medium and the 

drv N., from the gM windows.    Therefore,  the path length must be determined under 

the flow conditions to be emple\ed in the aerosol measurements 
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The sign;il-tü-noise ratios calculated in this section will use the power at the 

base of the laser spike, so that it should be bo» ne in mind that the results must be 

increased by a factor of four to apply at the peak of the pulse. 
■7 

Using the Jjhnson noise of the detectors and P =8.75 x 10" watts, one finds that 

the signal-to-noise rtfto at detectors D^ and D4 is approximately 5.8 x K)"".    How- 

ever, the sigual-to-noise ratio for the differential measurement is the ratio of 

(V -V) to the largest noise source in the system.   Since the measurement will be 

performed with the Tektronix IAS differential amplifier,  the noise source is the 
-5 

amplifier itself, whose noise a- el is VN =5 x 10 '  volt rms.   Therefore, 

V      (l-ekextL) V   k    fT * y   \    / o   ext I   _   V^ LL^ l   m      0   exi (2.3) 
N   =      VN     - VN " VN 

The reference signal V   is ■imply the product of the voltage responsivity, R^ and 

the incident laser power,  P.   Under these conditions, the signal-to-noise ratio is 

approximately 

11  Pk    ,L          (;J x W^MS.TS x 102) k       (0.4) 
S v      ext ^Zii  

H V
N B x 10'8 

that is. 

|   ■   2100kext     ' (2'4) 

where the extinction coelficient is in units of km"1.   This is the achievable signal- 

to-noise ratio per p dse.    For an extinction coefficient of k^ ■ 3 x PI "  km    , a 

conservative lower Iwund on the expected value, the signal-to-noise ratio will be 

S/N M (j. 

The signal-to-noise ratio lor the measurement of V() trom the reference pulse 

ahead of the White cell is the same as the above, except that the factor k^L is 

replaced by lO*1, the fraction of incident power split off onto Dj by the beamsplitter 

at the entrance of the White cell.   Ai so,  the dominant noise is now the Johnson noise 

of the detector,  since the ditferential amplifier is not used to measure V^.    There- 

fore    V    ■ 5 x I0"(i volts, and the corresponding signal-to-noise ratio is 
'     N S 

S/N - 5.3 x 10  . 
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The accuracy with which one can cletcrmine the extinction coefficient from 

this measurement depends upon the signal-to-noise ratio and the accuracy to which 

one can read the oscilloscope traces which display (V -V) and V .   The relevant 

signal-to-noise ratio is given by Eq. (2.4).   The error incurred by reading an 

oscilloscope trace is typically ±5^.   Thus, the error in k    . is the rms value of 

1/2 

these contributions, 

W =  [(S/N)-2MO.or.)2] 

r -7 2 -3l1/2 
=   [2.3x10    /v    .    + 2 5 x 10 0J 

ext 

(2. b) 

This assumes that the ratio (V -V)/V   is obtained electronically.   If, instead, 

(V -V) and V   are read individually, then a factor of 2 should appear before the 
^o o 
first term in the brackets in Eq. (2.5) 

A plot of Eq. (2.5) is shown in Figure 2.7,   A* shown in the figure, the 
-3       -1 

extinction coefficient can be determmed to within 50'' when k       m 10     km    , 
-2       -1 

the lowest value of int -rest.   For k      « 10     km    , the error is *1%, 
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Figure 2.7 - Accuracy of Measured Extinction Coefficients 
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The integration is over the volume V occupied by the Hser beam, and over the 

particle size distrfHution.   n(r).   h   Eq. (2.9),    r is the particle radius;   a is the 

scattering cross section, a function of r and 6 ; and ß . is the solid angle of the 

detector, as seen from the volume element dV.    If v e let x be the coordinate along 

the beam, then dV ■ A« dx.   The total beam power can be written as   P   = I A   , and 
B r o      o  B 

the detector solid angle Is 

A , sin 0 

■■d   x2; z2 
(2.7 

The factor   sin 0   transforms the detector area to the projected area seen from the 

volume element dV.      Inserting these expressions into Eq. (2. (>) yields 

scat 

oo 0(0, r) A^ sin 0 
f      f    n(r)   — 

o     •*-<» 

■ 9 
x   + Z" 

dx dr (2.8) 

By using the relation x = Z cotan 0 to transform from the x- to the 0-coordinate, the 

s;gnal becomes 

PA. 00        TT o    d 
scat Z f    f    n(r)  o(6,r) sin 

Jo   Jo 

0 do dr (2.9) 

Since the scattering cross section is related to the scattering coefficient, •<,, (i bv 

k =2 
scat 

oo TT 

" fcir r 
-'o Jo 

sin 0 n(r)(r (r C^   dß (2. 10) 

one obtains a relation between the signal and the scattering coefficient, 

p   A . 
> =      0    (1   k 
scat 2n Z       scat 

watts (2.11) 

In the ideal case described by Eqs. (2.9) and (2.11), the beam would be 

observed from x = -oo to x = +<^ , or for ihe range of angles from 0=0   to 0" 160 , 

However, this cannot IK? achic ed in tht laboratory because the radiation scattered 

from the side walls and end [ lates would be seen by the detection system.    Instead, 

baffles limit the range of viewing angles from 0. to (IHO    - o ), precluding observa- 

tions of forward and backward scattering.    This corresponds to offsetting the 

detector by the distance Z = .r)..S cm and 11 cm from the bean for 0. ■ 10   and 20  , 

respectively.   This distance should be short in order to minimize 0,. 
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Most of the aerosol particles are contained in the size range less than 1 /jni. 

The scattering cross section o-(0, r),on the assumption of spherical aerosol particles, 
2 

is expected to be only a weak function of scattering angle 0, so that a(«, r) ~ cos   0 

is a good approximation.   Since the scattering cross section does not peak strongly 

at 0° and ISO0, the errors involved in the truncation are not serious, approximately 

10',' and \lc\ for 0, = 10° and 20°, respectively.   Thus, a good measurement can be 

obtained even without observing the forward and backward directions. 

The scattering coefficient is obtained by solving Eq. (2.11), 

2 rZ P      , 
k      .   =       5    .SCat       . (2.12) 
scat P   A . o    d 

2.3.2   Description of the Apparatus 

The experimental apparatus for measuring the atmospheric aerosol-scattering 

coefficient is shown in Figure 2.1.   A beamsplitter directs only a small portion of 

the laser radiation to the White cell.   The major portion of the beam (~90';) passes 

through the scattering chamber.   The chamber is I tube 30 cm in diameter and 

4.5m long, with   the laser beam propagating along its axis.   Annular disc 

diaphragms are placed in the tube to suppress radiation scattered from 

the wallf (see Figure 2,8).   A Santa Barbara Research indium antimonide infrared 

detector is located equidistant from the ends of the chamber to maximize the distance 

to the end windows.   The detector, 2.0 mm in diameter, li placed several centimelers 

away from the beam, and observes radiation scattered from the medium.   The 

detector is fitted with a sapphire hemispherical dome to minimize reflection losses 

at the detector window for rays striking the detector at shallow angles of 

incidence. 

The photovoltaic detector is liquid nitrogen cooled and has a D* of 

2.4 x 1010 cin-H/.    "/watt at 3.S \xm.  This corresponds to a NEP of 2.3 x 10'1 watts 

for a 10 MHz bandwidth. 

Baffles placed near the detector eliminate the stray light scattered from the 

walls of the chamber and from the windows in the end walls.    The disc baffles 

closest to the detector are 1m away on each side.    These discs perform the major 

baffling of the light, while inner secondary baffles on the detector side remove the 

light scattered from the closest discs. 
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The reference intensity for the scattering measurement will he determined hy 

detector D5 shown in Figxire 2.1.   Th... is a Laser Precision, Inc. Model kT-152()S 

pyroelectric detector with a 2 mm diameter element.   The detector's capacitance Is 

25 pf, and current responsivity ofl.M ^amp/watt.    For a öüft load, this corresponds 

to an RC time constant of 12.5 nsec and a voltage responsivity of 8.3 x lü~5 volt-} 

watt.   For a 10 MHz bandwidth and a 50ß load, the self-noise is 3 x 10~(> volts or 

0.03(5 watt. 

Approximately 10r, of the laser intensity is directed onto Dr bv a CaF . beam- 
5   " 2 

splitter,  BS4, located in front of the entrance to the scattering cell.   As for the 

detectors used in the extinction measurement, detectors D. and D. will be aligned 

with the assistance of the He-Ne laser. 

As for the White cell, the aerosol will flow through the scattering cell during 

the measurement.   Coming from the same manifold which supplies the White cell, 

the aerosol will enter the scattering cell at the center near detector D , and will 

flow out of the cell at each end.   Flowmeters at the exit ports will control the flow 

rate.   As mentioned in Subsection 2.2.4, the temperature and water vapor content 

will be monitored inside the cell. 

2.3.3   Calibration Procedure 

In order to perform measurements of absolute scattered intensities, one must 

determine the solid angle and sensitivity of the detector, the gain of the electronics, 

and the beam diameter and power density of the laser.   In principle, thesi quantitics 

can be calculated, determined from manufacturers' specification, or in the case of 

the laser power, measured in the laboiatory.   Alternatively, if a source of known 

intensity at 3.8^m is available which has the same geometric shape as the scattering 

volume, then the measurement of the signal strength from this source will yield an 

overall responsivity of the detection system.   This responsivity will contain all the 

unknown factors in the system, and will eliminate the need for the error-prone 

analysis indicated above. 

An example of such a source is the 3. 8 ^n fluorescence from a known molecular 

system following absorption of DF laser radiation.   In this case, the same DF laser 

is used so that the source geometry is identical to that for the scattering measurement. 

Moreover, if the fluorescence measurement is performed in the first few micro- 

seconds following the laser pulse, then the calibration is carried out over a time 

scale comparable to that for the scattering measurement. 
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Initially, it was proposed that the moleeular system eonsist of a properly 

ehosen mixture of DF and CO.,.   The DF would ansorb the laser energy and transfer 

the bulk of it to CO   by collisions.   The CO- would then radiate in its intense 4.;{ ^jm 

band.    The intensity is a ealeulable quantity expressed in terms of the DF absorption 

coefficient and the CO., radiative lifetime. 

Unfortunately, such a scheme require! additi'/nal equipment in the form of a 

mixing chamber for the gases.   Moreover, since the available scattering chamber 

has a relatively large volume (~^r)() liters), and this kinetic scheme icquires DF 

partial pressures of ~10     atm, a substantial amount of toxic DF gas would IK
1 

required. 

To avoid these difficulties, the DF-CO., system has been replaced by pure N.,(). 
f 9) The absorption coefficient for N.,0 has been measured previously        at several !)!■' 

laser lines.    The data indicate that at the P2(U) ( X= 3.9158 um)and the 

P.(8) (X= .'{. !)l27l2^m) laser lines, absorption fay N'.(0 is streng enough to permit the 

calibration to be   performed at g:is pressures in the range of .")() to 200 torr.   At 

these levels, collisional quenching of N9O(20 9), the upper level in the absorption 

process,  is insignificant dining the laser pulse.    Consequently, at the end of the 

pulse,  the population of the radiating state is given by 

[N.,opo".ii]   =    [v/lpi""")] <T.   ,p    (jjjj eiqi (-1/7) 

Here   a and k   ■   |N90(00 0)J o. are the absorption cross section and al)soiption 

coefficient,  respectively,  F    is the laser pulse energy, and hc/X is the laser photon 

energy.    The quantity r 's die time constant for the relaxation of the N9O(90 9) l)oth 

by collisions for  ) and radiative decay (r   ).     Thus, r      = r        -r i       .    The time t is 1 o' r o t 
measured from the end of the laser pulse. 

In the measurement geometry shown in Figure 2.6, the InSb detector is 

oriented 90   to the laser axis and has a field-of-vicw of approximately 170 , 

i.e., 0   ~ 5  .    Under these conditions,  the K«0 emission is given fay 

/   fcrf   fa  ^    (|v,)| 

kr ^ {" I ■      - 

(2. 13) 

PN,0 Vol X    1 
(2. 14) 
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where the integration is performed over the gas   volume irradiated by the laser 

beam.   Kxprt-ssing solid angle and the v. lume tdcment in terms of x, o, and '/., one 

can evaluate the integral and obtain for the NjO emission incident on the detector 

N90 
[N20<2o0oj]    he-   ^B^, 

T X       2*Z 
(2. IS) 

With Kq. {2. IS), the fluorescence signal strength can IM.' ex|)ressed as 

PN20 

k      E    A . 
r      o    d , ^    v 

T 27T7~ exp{     T)     Wa tS (2,16) 

Therefore, the calibration intensity is a simple function of the measurable parameters 

E  , A ,, and Z, and of the radiation parameters k , and T  . 

As mentioned above, k   has been determined in other lalxwatories.   The 

radiative lifetime, T  , can be calculated directly from previous band intensity 

measurements/4 ' and is found to be T , ■ KW msec for the K.O(M ())-(()() 0) band 
1 0 

at ;{.9(H/m.   The rate constant for collisional deexcitation of N./)(20 !)) in pure N./) 

is estimated to be k   =:  10       cm" -sec    , so that the time constant for collisional 

quenching is 

4 x 10 
-(i 

Te  'p 
sec. 

N20 

where PN2ü is the gas pressure in atmospheres.    Therefore, the   ime ,    istant in 

Eq. (2.1(5) is given by T~T ..    For M 5 PN () 5   200 torr, (i.e., 0.0(1(1 $ pN Q K 

0. 2(13 aim), j assumes values in the range of U < T < MfiMO«   Consequcntly7 iluring 

the measurement of the N20 fluorescence, (0 5 t < 2 usec), collisional quenching is 

insignificant, and the signal strength may be approximated by 

k     E   A. 
r     0    d 

N20    Tr    2*2 
watts. (2.17) 

This analysis applies to the measurement conditions provided the N.,0 gas 

pressure is chosen so that saturatt     absorption is avoided.    Ihis condition is 

satisfied if 

2a   Ä *< 1 r 
(2. I«) 
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where <T   = k ./[N.,O(00 0; J)\   is the absorption cross section, 

ft =   rN.,O(0000; J) 1 / rN./,u(0000)l is the ratio of the population in the lower absor'uing 

level to that in the levels strongly coupled to the absorbing level , and 4- is the total 

laser photon flux in photons/cm2.   In the expression for ö, J is the rotational quantum 

number of the absorbing level.    For the scattering measurement, the laser pulse 

ene-gy is 50 millijoule and the beam diameter in the scattering cell is 3.5 cm, so that 

* ~1017 photons/cm".   The quantity 2a6$ then reduces to 

a6*=   H x 10"3 Pr 

1       -1 
at 300 K.   Here,  P   = k /p    n is the spectral absorption coefficient in cm     atm    . 

The inequality in Kq. (2. It) requires that P . <   125 cm      atm     to avoid nonlinear 

saturation effects.   Spencer's datav    ' for N20 absorption coetlicicnts at the DK 

laser lines show that this requirement is satisfied at all the intense laser lines for 

all N.,0 gas pressures of interest (i.e., < latm). 

The ratio of the aerosol scattered intensity to the N20 fluorescence obtained 

from Fqs. (2. 11) and (2.17) is 

P P /T   \ 
scat    _   _o  ,. fill /•>  IM 

p—    -   E     Kscat     k J {-']) 

N.,0 0 \   r/ 

Settimr P   ■ P   . where P., is the peak laser power given in Subsection 2.2.(J as 
fi        M M 

3.5 x 10° E   watts, this becomes o 

P -k      , 
seat 1>7xl0'   sea» (2.20) 

P -    '• • - ••      c 
N20 

The N 0 absorption coefficients as measured by Spencer at the P2(ll) and P3(8) 

I)F laser lines are shown in Figure 2.9.   Also indicated are the points at which 

D -P        fork = lO-3 km"1 and lO-2 km-1.   This essentiallv defines the 
1 seat        N20 scat 

N. O pressure range at which the calibration will be run. 

This procedure can also be run at other DF laser lines for which there I i 

substantial NO absorption.   The P2(10) and P^T) lines are obvious candidates. 

The selection of the particular line to be used will be determined by the choice of 

laser lines for the scattering measurement.   Approximately eight laser lines are of 

sufficient intensify for the scattering measurements, and at least four of these are 

absorbed by N20, 
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Figure 2.9 - N„0 Absorption Coefficient and Operating Levels for Scattering 
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2.3.4  Measurement Sensitivity 

Based upon the expressions developed in SuJisection 2.3.1 and the instrument 

parameters listed in Subsection 2.3.2. one can estimate the signal-to-noise ratio for 

the scattering measurement.   Assuming Po ■ 1.75 x lO0 watts, the peaJ< power for 

50 mj incident on the scattering cell, Eq. (2.11) yields 

Pscat =   1-73xl()',3kscat     wattS' 

if the detector is located I cm from the axis of the laser team.   Compared to the 

NEP of 2.3 x 10"8 watts for D(., the InSI) detector, this gives a signal-to-noise ratio 

of 

S/N   -   7..;xl.)tkscat        . CM« 

where k is in km"1.    For k    of - K)"^ km"1, I factor of ten less than the value 
scat scat _, 

expected for the extinction coefficient, the signal-to-noise ratio is S/N »   7(..    Ihus 

with a single laser pulse, one can obtain -\ measurement of the scattering coefficient 

at 'he lower range of interest for the experiment. 

The accuracy to which the scattering coefficient is determined by this measure- 

ment depends upon the signal-to-noise ratio given by Eq. (2.21) and the systematic 

errors involved in reading the signals from detectors D- and 1)(..   In addition, it is 

elear from Eq. (2. It) that the accu-acy of the scattering coefficient also depends upon 

the accuracy to which tf/tji !■ **** for N2Ü-   Assumin-- this is +20':,. then the 

error in k .    , is the rms of all these contributions, i.e., 
scut 

e =       (S/N)  *♦ 2(0.05)-+ (0.20) 
scat L J 

"    [7-^1,rlXcat:i+t-xl,,i 
where k        is in km"1.   Implicit in this relation is the assumption that the outputs 

from detectors D. and D(. ean be read to ttfj from oscilloscope traces. 

For k -  10",} km"1, the error is insensitive to the magnitude of k 
scat "1  ■ 

and is approximately ±21r;; i.e., the error is due primarily to the uncertainty in 

the calibration. 
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2.4     Accuracy of Absorption Coefficient Deterrninaticn 

The values of the measured aerosol extinction and scattering coefficients are 

of interest in themselves.   However, the primary objective of the measurement 

program is to obtain values for the absorption coefficient k .   .   This follows 

directly from the data and 

abs ext      scat 

The error, t .   , in k .    determined in this way is given by 

so that 

k .     (1 ± € .   )       k    . (1 x e    J - k      t (! * *      J abs x abs' ext x ext        scat v scat 

abs 

k    ^ e    ^ + k      t e 
ext   ext      scat   scat 

k    . -k " ext      scat 

Consequently, the error .n k ,    can be expressed in terms of the ratio of the scatter- 

ing to the extinction coeificient. 

abs 

c       + (k      ./k    .) e 
ext        scat    ext7    scat 

'  scat:    ext 

(2. 28) 

As expected, the error grows rapidly as the relative contribution of the absorption 

to ihe total extinction decreases, i.e., as k   . tA , ,t approaches unity. 

The expressions for t i . and t _,       are given by Eqs. (S.5) and (2.22), 

respectively.    The quantity c    . is a function of k      , while as stated in Subsection 2.3.4 
t   A I « L A I. 

e      . -■ 0.21 for all k      . > ID"-5 km    .    Therefore, the error in the absorption 
scat scat 

coefficient is determined principally by the ratio k      .A    ..    The dependence upon 
* scat    ext 

the absolute magnitude of k       is of secondary importance. 

These features of the l)ehavior of t  .    are apparent in Figure 2.10 where c 
abs abs 

is plotted versus k ^ ¥   A       for several values of k      .    For the range of extinction 
SCJlI CXl ,, - CXl 

coefficients of interest, k    . > ',i \ 10 "  km    , the error in k .     is less than a 'ext ' abs 
factor of 2 when scattering represems less than 70'; of the total extinction.    For 

-2-1 
the more realistic values k    . -  10     km    , the error in k ,    is less than a factor ext alis 
of 2 when k      .A    . s O.Hi). 

scat    ext 
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TADLE 2.2 - SOURCE MATRIX OF KEY ELEMENTS CONCENTRATIONS 

Aerosol Soure 1 

Element Sea Salt Soil Dust Auto Exhaust Fuel Oil 

Na 30.6 2.5 5 

Mg a. 7 1.4 0.06 

Al 8.2 0.8 

CI u 6.8 

V 0.006 7 

Mn M 0.06 

Fe 3.2 0.4 <l 

Br 0.19 7.9 

Zn 0.006 0.14 0.02 

TABLE 2.3 - METROPOLITAN BOSTON AERUirOL 
(Source:   Gorden, etal. , 1974) 

Element 
Concentration 

(ng/m3) 

Na 1480 

Al 1630 

CM 590 

V 980 

Mn 30 

Fe 1480 

Rr 224 

Zn 260 

Total observed     HIM ng/m" 
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These results seem eompatible with the windy, winter eonditions prevailing during the 

collection. 

Atmospheric aerosols are highly hygroscopic with resultant rapid size increase 

at relative humidities greater than 70-80'/? . Humidity and temperature measurements 

will be made at the sampling stack entrance and in each experimental cell. 

A portable Royco aerosol particle counter is being obtained on loan from 

AFWL.   It will be used to provide relative particle concentrations during the course of 

these experiments as well as to check for possible aerosol concentration changes betv^een 

the sampling stack entrance and the experimental cells. 

2.6   Program Status and Future Work 

This past reporting period has been one of design, specification, fabrication, 

and assembly of the laboratory apparatus necessary for the experimental program. 

The details of the system and the specifications of most of the components have been 

listed in Subsections 2.1 through 2.5 of this report.   Where possible, the current 

status has been indicated. 

The system, as it has been outlined, can be divided into six subsystems-   «he 

scattering cell, White cell, optical train, detection system, laser system, and 

aerosol handling system.   Briefly, the scattering cell has been designed and fabri- 

cated.   Its associated vacuum system has been assembled, and the cell is presently 

being connected to the aerosol handling system.   With the exception of a stray-light 

baffling system, the scattering subsystem is virtually complete.   The White cell has 

been designed and is being fabricated by Dr. John U. White of White Development 

Corporation.   The unit is scheduled for completion by mid-December 1974, and for 

installation at ARI within the following month.   This includes the cell, its associated 

optical components, and the plumbing for both the aerosol and the gas windows. 

The design of the optical train required to direct the laser beam into the White 

cell and scattering cell is complete.   All necessary optical components are on hand, 

and the assembly has begun.   The spatial filter, the most critical component of this 

subsystem, has been designed.   The vacuum chaml)er that will enclose the spatial 

filter and will eliminate air breakdown is currently being fabricated. 
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The detection system for both the scattering and extinction measurements has 

been designed, and the necessary electronic components have been purchased. 

Check-out and preliminary calibration of the several detectors are scheduled to 

begin in the immediate future. 

The Lumonics TEA laser to be used in the program was originally a Model 10.5 

C00 laser. Conversion of the unit to a Model 20;j HF/DF system has been completed 

by Lumonics Research,  Ltd., and the laser is ready for operation at AHI. 

The design of the aerosol handling system is complete.   Work is well underway 

on the extensive plumbing required to carry the aerosol from a point ten feet above 

the roof of the building into »he laboratory.   An access hole in the roof has been con- 

structed, and the ducting is being assembled.   Completion is anticipated before the 

end of the calendar year.   This includes the meteorological instrumentation described 

previously. 

Thus, the major fabrication and assembly for the program should be completed 

by the end of 1974. The only exception to this will be the integration of the White cell 

into the system. 

A milestone chart outlining the anticipated schedule over the next reporting 

period is shown in Figure 2,12.   Alignment and preliminary calibration will occupy 

the better part of the first three months of 1975.   It is anticipated that calibrated 

measurements of the aerosol scattering will begin by March 1974.    Because of the 

late delivery of the White cell, calibrated extinction measurements will .iot begin 

until a month later.   At that point, the first of April 1975, the aerosol characteriza- 

tion instrumentation and chemical analysis program will have been assembled and 

initial analyses performed.   Consequently, by April 1975, it is anticipated that data 

acquisition will begin for simultaneous scattering and extinction using atmospheric 

aerosols. 
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MISSION 
of 

Rome Air Devehpment Center 

RADC is the principal AFSC organization charged with 
planning ana executing tne USAF exploratory and advanced 
development programs for information sciences,   intelli- 
gence,  command,   control  and communications  technology, 
products and services oriented to the needs of the USAF. 
Primary RADC mission areas are communications,  electro- 
magnetic guidance and control,   surveillance of ground 
and aerospace objects,  intellicence data collection and 
handling,  information system technology, and electronic 
reliability, maintainability and compatibility.     RADC '• 
has mission responsibility as assigned by AFSC for de- %< 
monstration and acquisition or  selected subsystems and M 
sysi-ems in the intelligence,  mapping, charting,  command,       <^ 
concrol and communications areas. % 
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