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IMAGE DEGRADATION IN AERIAL IMAGERY DUPLICATES

Introduction

Investigators working with JSC Earth Resources Aircraft Program (ERAP)
imagery seldom have access to original camera films for anaiysis. They

work with either a second or third generation duplicate. ,

The procedure for investigators to obtain duplicates, until recently,

was specification of a-second generation duplicate (made directly from the
original) which w&é made and delivered by SSC. The current procedure calls
for many investigators to order thgir duplicates from the £R0S Data Center

(EDC) in Sioux Falls, South Dakota.

JSC delivers a second generation duplicate to EDC therefore many investi-
gators would repeiye a duplicate of that dup11batg, a third generation copy

of the original test fiim,




8 is the angle between the incident light direction and the scattered direction
where polarized light is used, I, is the incident light intensity

K = 2n/), X is the wavelength cf the light being used, V is the

volume of the scattering particle, R is the distance from the
scattering particle to detector, which receives light of intensity

I, and n is the index of refraction of the scattering particle,

the aerosol. It is unfortunate that the term involving n has the
difference between 1 and n therein. A perusal of standard handbooks
of physical properties of elements and compounds shows n varies widely,
from 0.82 for cadmium to 2.78 for thallium iodide. These are some

of the extremes but the variation within these limits is rather wide,
for example some of the elements being studied in the trace element
study by neutron activation have compounds with indices: Pt from

1.89 to 1.97, Hg from 1.43 to 2.45, Hf at 1.56, Pt 1.63 to 1.76 and

so on. PBecause these occur in the term (n-1) the variation is large.
Because this (n-1) term is squared the "error" is doubled.?,3 Very
substantial errors can therefore be introduced using the conventional
approach indicated in Reference 1. Recently there has appeared in the
literature an apparatus using light scattering which purports to cbviate
or minimize this index of rafraction error.* This apparatus, however,
still suffers from the small perticle limitation cited above.

Tnus it seems that it would be advar.tageous in the studies of
suspended aercsols to develcp a methed similar to light scattering
in that it incorporates its advantages vet minirized its shortcomings.

The LADS
A block ciagram for the LADS appears in the figure below.
CASERL = === RORPTICS | === FFRHOTO —~=7] SIGNAL
DETECT. PROCESS

H
H

ACCELER

NOZ ZLE

Each of these will be described now.

I. Laser: this is a standard canmercially available low power (vimw)
continuous wave He-lle laser. Its cost is less than $600. This laser
gives sufficient intensity with careful optical design to "sce" (.481
p particles, by actual light scattering measurements. (No omaller
aerosols -re vet available in this laboratory.) It appears that the
sipnal to nouse ratio with 0.481 u particles will allow detection of
0.2 p particles without significant signal processing (i.e., using
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only a low-pass filter). This limit, with only elementary signal
processing,can be extended downward by simply increasing the power
of the laser. It is, however, better to extend the lower limit by
more sophisticated signal processing, which for reasons to be given
later are not possible in conventional light scattering.

II. Optics and Photomultiplier

98% REFLECTIVE
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This optical system is a heterodyne system. That is, information
about the velocity of the accelerated particles is gleaned from the
difference in frequencies between the light scattered frcm beam 1 and
that from bean 2, when the two are mixed in the optical system following
the particles. A blow up of the intersection of beams 1 and 2 is given
below.
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From the spccial theory of relativity” tine Doppler frequency is

Y = vl F vy, /ey Q1 ¢y, /c)]l,2

for' away/toward where y is the frequency o.’ llght received, y 5
is the frequency of light of the source, v, 1is the speed of
the moving receiver (or socurce) 4n the dir'éctlcn of the light
beam and ¢ is the speed of light in.a vacuum. Ve compute the
frequency of light recei2d by the scattering particle due to
this Doppler shifting.

For beam i1, the par'tlcle has a velocity v. = v cosdy.
Hence the frequency that is received by the particle due to beam
il is

1/2
¥us yo[(l + %cos:bl)/(l - _Z_cosq;l)]

(the pair of sign that are chosen are due to the particle's moving to-
ward the source).
For bec #2, the received signal similarly is

. 1/
Yy = Yo[(l -% cos¢,)/(1 + E_cosdwz)]

Some simplifying algebra, plus the excellent approxirmation vi?«:l
so that v? can be ignored with respect to 1 permits writing
c2

Y, Yo(l + v cos¢>1)

c
Yy = Yo(l - cos¢2)
e
The particle ncw scatters these two frequencies, but the scattered light
is also Doppler shifted, and in this Doppler shifting the "y," is the

"o

Yy or Y, received from the original laser source. llence for beam "a

Yy' = Yl[(l + Z(.ow PAGIoE ::/ cos 03)]

which when the expression for y X above 15 substituted, lecomes

§ e = o
= Yo(l +Vv co..ol)(] + Vv co~,¢3)

Y
i c c
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when terms on the order of v? with respect to unity are ignored.

c?
Similarly when we consider the lipght scattered from beam #2 in

the direction of beam a, we get to the same approximation
Y2' = Yoll - v cos¢,)(1 4+ v cosy)
c c

The subsequent optics combine these two beams and "beat" them topether
giving the difference frequerncies into the photomultiplier (p.m.).
Hence the signal to the p.m. is

Y;' = ¥p' = (1 + v cosdy 4 v cosdy + v? cos¢,cosé,)
c c ct
Yo

- (1 + v cos¢y - v cosé, - v? cos,cosd,)
c 2

v
= c

Hlaking the same approximations as above, we get

Y|" - Yz' = !coscpl +v cost,
o RS c
Yo

If we let Yg = y" - y’_' , where yp is the beat frequency, then

g = YoV (cos¢1 + cos¢2)
c

But y,/c = 1/ is the vacuum wavelength of the original laser
radiation, then

Yg =V (cosdy '+cos¢>2)

Ao

Note the important result that no matter what anple throuph which

the scattering occurs, the heterodyne cor beat fre-ucnhcy 15 the same.

This permits studies of much smaller particles than are pessible in
M 3

conventional Lirnt scatserins cince llcht scatteroa con be ool lected

— e Pa— ->—

over a large solid anple, instoad of tinvuph a@ narrow s1it as

in conventlonal light scattering.

Hence we may determine the particle velocity from this final
expression solved for v ;

vV = XOYB
cosd) + Co:‘..:ul{



III. Part:lcle Accelenator
It is desired here to accelerate partlcles in such a way that

~ the final velocity of these particles is some known function of their

size. Thus we can measure this final velocity using the hetemdynmg

technique described above, and consequently infer the particle size.

* There are some theoretical difficulties here. The transport

v - of perftic;es by a gas stream e.g. through a nozzle accelerating the
. gas flowhas not been settled in the literature, i.e, one using

different treatments, gets different results. Thus T will report
the unpubllshed results of Yanta, which he has checked against
experiments for sphemca1 particles, that are accelerated through

a small supersomc nozzle, such as shown in Appendix I. These
results are seen in the following graph, where on the ordinate

has been plotted the particle velocity, and on the abscissa, the
diameter of the particle in microns. Thus in use ore would measure
the frequency, .perform the calculation indicated in the akove
equation to find v, go to the graph or interpolate into the tables
from which the graph came, and find the corresponding pu"tlcle size. .
These results were computed for spherical oil droplets of density
assumed equal to 1 gm/cm®. Ve are currently working on still smaller
nozzles, which will provide for higher Mach numbers achieved in
shorter distances. The one currently under constructicn will be
capable of imperting to the gas molecules acceierations up to 9
million "g's"! The particle lag and therefore the particle size
differentiation should be significantly greater than shown below

in the Yanta work.

A 6 8
DIAMETER OF PARTICLE
IN MICRONS
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It is 1mpor'tant to advert to the 1 gm/cn’ as assumption. .In effect it

states that the particle size determined by this fmethod isthat—— —— — —

of the equivalent sphere of density Al gm/an’®., This is a limitation
iri this method but perhaps not as serious a-one as say, the assumption
mde in conventional light scattering, of the atmespheric aerosol
having the same index as the cal:.bretmg polystyrene. - To see this,
we need refer to one of the published theories for the Dynamics of
Dusty Gases’. ,

w0y 114 ‘
'Z,. Ypdg ’

m—-

vwhere u, Q) is the first ordar caqulat:Lon of the difference “e’we-n
the gas Svelocity and the par ticle velocn.ty, called the part.ucle slip,
a%: J.S the speed of sound at the point of measur.mrent of slip velocity.

y is the average ratio of specific heats, for air ~l.b4, A, = m/6wou -

- where m is the particle mass ¢ is the stokes radius, u is the viscosity

of- a:.r, p is the pressure of the gas, and { is the scaled lerngth, x/L,

L bemg the total length and x is the distance along the nozzle. Sub—
stituting into this expresrion typical values for viscosity, velocity

of sound, etc., vie have at x = L

us(l) 22x10’ ‘-’0_11
ol p

where Ap is the pressure difference across the nozzle and p is the pressure

at x = L, and u, is the gas velocity at the same point x = L.

let us now assume a sphericel shape for the parucle. This is not a
serious limitaticn as we are J.ntwested in the equz.valen.. spherical shape
for aerosols in their pmnaraglon studies, etc., spec:.ncally their pro-
pagation in ae*odgma.'u.c situations, e.g. flow, dx.soersmn, and passage
through the human respiratory system. Eence we can rite-

us(l) s %ﬂgsp U éLlE)' X 2.2 x 19’, or
o .

u (1) = 9 x 20° y, 8p 0%

g = (ug - v)
Uy - us(l). Hence
v=uy(l-3 x 10° QL% 0?p), which we can combine with the heterodyne

mn

Now v

v

equation at the bottom of page 5 to get for the spherical (Stokes) radius:
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It is important to see that oa o -1/2 so the effect of the den.,xtg varmtlon
is greatly dlrmnlshed (The "error" is divided in half as opposed to bemg
doubled as is done in conventional light 7cattex~mg +) It must be pointed.
out, however, that this dependence on p~ may introduce s;gmflcant '
errors especially in aerosols of thé heavy metals. )

IV. Siznal Processing. ' Lo
Undoubtedly the strongest asset of the LADS with respect to conwin-
tional light scattering is the fact that the signal output from a scaiiering
particle has the size information in the form of a fixed frequency--what is,

 the frequency of the radiation varies as the size of the s'"at‘termb pavticle.

This is in contrast to conventional scattering in which the amplitude « ef

- the pulse of radlanon is proportional to the particle 51ze.

Because of a wide band pass amplifiers must be used in conventional
llght scattering (in order not to destroy the pulse-height size inforwaticn)
one is limited in ultimate size because the small particles begin to lcok
like the dark current noise, and the size infor'mation is lost in this noise.

In contrast, the LADS signal may be amplified by a very narrcw band
pass amplifier without losing any of the signal size information, but

cutting out rost of the noise. Consequently the s:.;_'r*al to noise ratio

is greatly enhanced and the ultirate particle size can be extended devn-
ward most significantly. Fer example, with the cwrrent IADS and secre
dlfferenc_ngr cf 51gnals, prelm...namly studiec, the unprocessed signal

to noise ratic for 0.u48ly particles is about 6 or 8 to 1, with yroceasmg
by using a narrow band pass amplifier, the signal to noise ratio is
improved at least 10-fold. This implies that the ultimate size which

can be studied is on the order of about 1/10 of what can be studied in
conventional light scattering, if the only limitation is duc to detectibity.
Note, however, the smaller particles are signif icantly more difficult teo
accelerate and therein might lie the preponcderant limitation in the method.
Presently, then, using the supersonic nozzle described in Appendix I, the
lower limit on size seams to be 0.25u. If this nozzle is scaled do~.~f.1 in
size, as with the new nozzles there is no apparent reason why particles

as small as 0.luy and perhaps smaller cannot be accelerated to the speeds
necessary for neasurement.

Some mention has been made previously about processing the signal
from the photomultiplicr. It seems that a .,inplc yct very sensitive
procedure is to use a radio receiver which has 1ts output connectaed to
a counter. The arrangement is seen in block form below.

GB 1B
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As a particle of a particular size:comes through the nozzle, the
output is as shown, i.e., a pulse modulated sinusoid. This is very
preferentially amplified by the narrow band pass amplifier (the
receiver) and the demodulated output--a pulse--is fed into the counter.
If the flow rate is known and the counter is set to count for a fixed
time, the number of this particular aerosol per unit volume, can thus
be accurately, sensitively and inexpensively determined. This method
is somewhat restrictive in that the scanning must be manually performed,
i.e., a certain frequency is "dialled" and the counts are made. If,

“however, the receiver is modified slightly, replacing the tuning capacitor
_with a varactor, the tuning can be done electrically by a small potential

change, making scanning programmable and automatic. It seems possible

to replace the counter/scaler in this later scheme and use an x-y plotter.
On the y-axis wculd be plotted the number of counts, on the x-axis the
potential across the varactor, which would indicate the frequency of the
scattering particle, whicl. would indicate its velocity, which in turn
would indicate its size. Consequently a count versus size plot couvld

be printed out virtually in real time, automatically.

Facilities available for the work:

The Physics Department occupies about 5000 square feet in the
basement of the Instructional Laboratory building. We currently
have available for research approximately 550,000 worth of test
equipment. Also components, amplifiers, power supplies and oscil-
lators which originally amounted to $230,000 when they were assembled
into a radiometer the Department evaluated now belong to the Depart-
ment of Physics. Additionally, we have a complete machine shop
including lathe, milling machine, drill press, srirder, power hack-
saw, belt sander, etc. Also we have two complete high-vacuum systems,
one of which can serve as vacuum evaporater for aluminizing mirrors,
etc. Finally our advanced laboratory which is used formally in
instruction of owr advanced students provides on a lean basis
another $50,000 worth of sophisticated equipment to include counter
scalers, power supplies, and the like, Currently there is an unused
laboratory of approximately 720 square feet available for this
project.
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| STATUS OF THE WORK:

" Aerosol generation:

Essentially the entire LADS system has been completed but the calibration
and checking is not yet finished. To do this requirez generation of kncwn-size
test aerosols. We are cmen‘tly using two arrosol generators seen in the figures
below. One (on the left) is simply an aspirator of water suspended aerosol

1}

WH 9
Nl

particles (latex spheres available from Dow Chemical Corporation). While
electron micrographs of these aerosols show (reat hon-ogenlety, in practice
because of the electrostatic attraction, dimers and higher combinations are
generated, and the aerosol loses its required monodi spersed qJ.alrty Also

wvater droplets tend to be atomized and while dr-ylng is attempted (in an agitation
tube wheve the aerosol is mixed with nitrogen), it is not always successful, and
another source of extraneous aerosols is introduced. Addltlonally the water
vapor tends to freeze into small ice crystals upon experlencmg the large
temperature drop upon passage through the supersonic nozzle, causing further
problems.

a

For these reasons *lie generator on the right has been constructed. It
is a modification of the generator of Liu et. al.6 in which zerosols are
generated by condensation ot vapor on impurities in the original Di-octyl
phthalate (DOP).

The size of the acrosols thus formed is determined sensitively by the
percent volum= concentration of DOP in alcohol in the collision atomizer and
not so sensitively by the temperature of the nichro.ae heater as shown. We
have successfully u»‘ed this cystem to set aerosols from about 0.05 p to several
micrometers diameter. This system has many advantaces over the s:.mple aspirator
systém, a very important cne being that alcohol instead of water is used, greatly
eliminating the problems of small droplets and ice crystals which give extraneous
aerosols in the aspir3tor generator.

J2cause the homogeriety of the aerosols formed in the condensation generator,
it is possible to check the size of the aerosols being generated by an cptical

pA—
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"owl," shown in the figure on the r:.ght. Here the o .
“aerosols to be checked for size enter frof the top, T M e -
scatter collimated light to a mght angle prism
which may be rotated about a vertical axis to any
angle of scattering. Tyndal scattering takes place > : W
and if one rotates the prism and attached eyepiece A oy o)
until the Tyndal red scattering "li.ne“ is obtained, R |

he can use the relationship | o

Dy = 108-0-7

oA

oA A ST A N

where Dpis the diameter of the particle in microns and 6

is the scat'termg angle in degrees at which the red scattering lme is observed.
Actually a sharp line is not seen, rather a broad (a couple of degrees bread)”
region of pinkish red is observed. One can estimate the middle of this region
to about one degree, making readings for Dp to be precise to about + 2%. Thus
from the data reported by Liu et.al.for glven concentrations of DOP and given
heater voltages, one can predict the approximate aerosol size to be generater.
This can then be checked as the aerosol is passed through the "owl." 1In the
one size range under study, the theory of Liu et. al. predicts 0.61 u # 0.7
diameter particles, and the "owl" measures 0.61 u + 0.012 y, The agreement .c
excellent.

SR 1 N 5l

Nozzle development:

It hes been observed that the ncuzle shown in Appendix I requires an
impractically large mechanical pump to reach the requisite pressure ratio for
the Mach 5 flow which is desired. Two altermatives have been used: a) a tallast
tank-- here a tank of about 0.5m3 was found, cleaned and checked for vacuum tight-
ness. It was found to be able to hold a vacuum of 5 or 6 x 106 mm Hg. In use
the ballast tank is pumped down *to its ultimate vacuum and then the pmping system
is closed off. The evacuated ballast tank is then connected to the Mach 5 nozzle,
and the pressure ratios required for Mach § flow should ensue. However, we have
not been able to find particles moving at Mach 5 speeds, when this method is
used. Also the "run" lasts only 20 or 30 seconds, with a time delay for the
next run of from 15 to 20 minutes as the ballast tank is re-evacuated. Addition-
ally the tank itself becomes coatec with DOP or polystyrene aerosols, making
subsequent "pump-downs" even more time consuming. Because of these difficulties,
a family of nozzles has been designed with very small throat diameters. These
are very intricate and the techniques of drilling holes of 0.0135 in., wrth
conical tapers had to be developed. This was done, however, and satisfactory
supersonic nozzles of the type seen in Appendix II were developed and u.;ed
With these very small supersonic nozzles, it is unnecessary to have the ballast
tank, eliminating the number of difficulties cited above. Ve do have the
difficulty of not having a very large fore pump. With the system of noczle
and fore punp we have available, it is possible to get continuous liach 2.7 flow.
This is most satisfactory as it allows for continual adjustments to be made on
the systum, checking for alignment, tuning of the receiver, etc. However in the
final configuraticn of the system higher Mach flows will be required. 'These can
be achieved by either having higher speed pumps or using the ballast tank procedure.
If the latter is chosen, runs greatly in excess of 20 or 30 seconds will be possible
because of the relatively small apertures of the nozzles now in use. After the
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 the word "osc:.llescope")

. -was experienced e.vly in the work vmen the hlgh T~
. frequency compon&t of: the signal was lost<ina |
- linear amplifier. It is recqmm.rﬁed that.
’r.f‘ oscillater \.apable of puts

: mtrepresentmg partlcles of the sz.ze e i el biasad

" is not known why the width is su large, nor

plifiers with
high- frequency response. PR R T e TR e

jgnal to be amplified. , ; ,
is uséd to screen out ‘the low level noise,

Pz*el:mmary resultS‘ Seen in the flgmﬂe on the right are some of the; fr'equency
versus counts data for 0.61 micron sized parftlcles. The theoretical peals ~cours
at 31 MHz; the actual experim:ntal peak is seen , sasvvmncy sarmioumion e -
to be close to the thecretical value at about oo sxsen sustuits
31 MHz, with & half-width of about 10 MHz. It

has there en any attempt to take data at

different points along the flow. Much work

rieeds to be dorie here as well as taking data i ”
as a function of different positions in the

flow. (The present rozzle and test chamber s .~
can be moved in 3 orthogonal directions

with respect tc the intersecting beams, . \
so that readings can be made at any place

in the flow.)

Summary:

An apparatus for par'ticle size measurements has besn constructed which obviates
most of the limitations of conventional light sccatter:mg it does not Ofpr'hd on the
index of refraction of the aercsol being measured (it does deperd in an insensitive
way upon the aercsol density), it has mgm.flcan*lv cmaller particle size studv
capibility-- perhap; down to 0.1 u particles, and it is relatively inexpensive
allow:.ng deploymerit on a wide zcale for mn‘cmual ‘monitoring of the concentration
and size of the atmospheric aerosol at specific sites.

The apparatus has been tested for a single size aeroscl. What is needed
further is calibration, further testing, ard remote deployment. As a major alter-
nate energy source seems to be coal, rather noted (infamous) for its particulate
enussmn, small-partlcle particulate monitoring becomes even more mporfant than
it has been in the past. Turther, this monitoring must be essentially in real time
as high par'tlcu;atp emission needs tu be curtailed rapidly to preclude serious
w:.de—spread respiratory affiictions. The present apparatus may well offer tlese
capabilities.
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