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CHAPTER 1

e INTRODUCTION

This i1s.-a report of the activities of the Tulane University Radia-
tion Laboratory on the project, "Study of the Application of LASER Tech-
nology to Atmospheric Contamination Mensuration" for the period May 1, 1968
to April 30, 1969. The effort has been supported under contract number
NAS 12-664 from the Electronics Research Center, National Aeronautics and

Space Administration.

Purpose:

The pur;ose of this study is to imvestigate the application of LASER
technology to the measurement of impurities and pollutants in the atmosphere!
The emphasis will be on techniques which are applicable to atmospheric
probing from remote stations. The effort will be related directly to the
methods and equipment under development in the Optics Laboratory of the
Electronics Research Center of the National Aeronautics and Space Admini-

stration.

Study Plan:

With the cooperation of the Optics Laboratory, special LASERS will
be acquired and installed. Installation will include the mounting of a
LASER atop one of the taller buildings on campus and the installation of an
adequate corner reflector on another tall building at a distance of over one
mile. The attenuation of this folded beam will be studied and related to

parallel measurements of the atmospheric pollutants and current evaluation

of the meteorological parameters.

-
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’ Se1‘-1a1 measuremen.ts from this system should provide correlation of the
1nten-sity of pollution with the presumed kinetic conditions caused by
local rainfall and wind variations.

This injtial activity should provide the basis for a sound and
convenient system for regional air management evaluation which could Follow
in succeeding years. The success of this measurement technique will indi-
cate the desirability of a series of "folded path" measurements extending
radially from a central location. This central location would be linked
to data processing equipment for rapid evaluation and presentation. With
thie data available it should be possible to predict conditions and-trends
and relate these to expected weather conditions. If measurement granularity
is sufficient it may be possible to trace the source of pollutants in the

area.

Specific Program:

The sequence of activity will be in phases as follows:

1. Acquisition and fabrication of CD2 LASERS and mount construction.

2, Establish a folded path system over a short distance (about 200
yards) in the lower atmosphere and begin calibration checks with chemical
techniques.

3. Establish long folded path (about two miles) and begin serial
measurements to evaluate relationships with weather patterns.

4. If time permits measurements will be made over other pathways
over the city and begin the development of appropriate data acquisition

and processing for application to the mathematical modeling.

e — —

CHAPTER 11

SYSTEM CORCEPTS and THEORETICAL MODELS

General System Description:

The basic technique to be used here for the measurement of specif

alr pollutants employs the wide range of tuneability of 002 infrared lase

"Essentially a two-beam differential infrared spectrometer is established

which can operate over long pathways. These coz lasers can oscillate on
any one of approximately 30 different infrared emission lines in the
region between 9.2 and 10.7 microns, that is, the middle infrared. Many
the hydrocarbons and other types of reaction products commonly classed as
air pollutants show strong molecular infrared absorption in this region.

In principle, a CO, laser can be tuned to a wavelength corresponding to

2
an absorption line of the pollutant molecule. Thus if one measures the
relative attenuation of the transmitted laser beam in the atmosphere, one
can with some degree of certainty ascertain the amount of pollutant prese:
on the atmospheric pathway. This method presumes however, that there is
no other absorbing molecule present in the atmosphere which can absorb at
that particular wavelength.

Under ideal conditions only one such tuneable laser is required.
By comparing the transmitted laser beam with the normalized received sig-
nal level, than pollutant concentrations down to fractions of parts of per
million can be determined. In practice however, several effects mitigate
the accuracy with which this determination can be made. These effects cor
s:'lst primarily of 1) laser output variations, 2) atwospheric turbulenc

and scintillation effects and, 3) the existence of other pollutant mole-

cules in the atmosphere.
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" Also if only one laser 1s used, it is extremely difficult to distinguish’

molecular absorption from particle scattering. It is therefore preferable
to use two separate lasers, one of which can be tuned to the molecular ab-
sorption line and the second tuned to an adjacent but non-absorbing region
of the spectrum. Generally these two,trénsmitted laser lines will be suf-
ficiently close in wavelength that atmospheric turbulence, scintillation and
small particle scatt;ring vill affect both beams to the same extent. Thus
by a relative comparison of the absorption of the two beams, the exact amount
of molecular absorption due to pollution may be determined.

The basic concept therefore, for an air- pollution monitoring system
congists of two tuneable carbon dioxide 1a§ers at the transmitting site.
Situated about the transmitting site are several retroreflector of fixed-
mirror stations. Beams from the cr;nshitting site sent to each of the
reflecting stations are returned to the transmitting site in a fashion
similar to a radar system. A dual channel receiver is employed to meas—
ure differentially the amount of absorption in each laser beam. The major
problems concerning the development of a W9rking system are, first, the de-
velopment and construction of tuneable CO2 lasers which may be adjusted to
a known wavelength with accuracy; secondly, the establishment of suitable
retroreflector stations about the transmitter site, and finally, the
establishment of a two—channel receiver system with suitable signal pro-

cessing for accurate relative measurement of the returned signals.

Measurements of Specific Pollutants:

Two of the more likely pollutants to be measured by this technique

are ethylene and ozone,

Hanst‘ has found ozone absorptivity at 9.48 microns to be 3.74 X 10'6

ppm-lm—1 at 1 ATM total pressure. This absorption peak is very close to the
(calculated) P(12) transition of the 00°1 ~ 02% lasing band at 9.4882 mi-

crons. For a reference frequency an R branch transition such as R(30)

,at roughly 9.26.microns can be used.

The absorptivity of ethylene can be derived from published spec-

2

tral data such as those of Pierson, et al.” Peak absofption occurs at

-4 -1 -1

roughly 10.6 microns and is approximately 1.13 X.10 ~ ppm ‘m.

Absorption
measurements could be made using the P(22) transition at 16.6118 microns.

A suitable reference laser line would .be the R(8) transition of the 001 -
10%0 band at 10.33 microns.

The absorption of monochromatic laser radiation by pollutant mole-

cules follows the usual exponential law,

LOG10 I/Io = —qux Q)
where
1 1is the power received after passage through distance x,
I_ is the transmitter power,
a is the monochromatic "absorptivity" in units of ppm‘lm—l}

p  is the average pollutant concentration along the path in parts
per million (ppm)

x is the path length in meters.
A typical calculation for ozone measured over a 2-kilometer total path
yields the detectable ozone concentration as a function of detectable path

loss, shown in Table 2~1

i, PPH
.8 .133
.9 .061
.95 .029
.98 .012
.99 .0066
TABIF 21 Netoetahle Orana e <~ ¢ 1,
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' Thus a system capable of measuring a 5% change in relative signal level

can determine an ozone concentration of .03 parts per million. Di"src;'.gardilu
for the moment the effects of.atmospheric scintillation and“the possibility
of other pollutant gases in the pathway, the ultimate accuracy <.>f the meaé;
urement depends upon one's knowledge of the molecular absor]".\tion coeffi-
cients at the laser wavelengths. Most absorption data published.t:o date
have been obtained with infrared spectrometers. The resolution of such in-
struments is generally quite inferior compared to the natural linewidth
of the laser oscillation and thus the degree to which the lééer line exactly
matches a fine structure molecular resonance may not be known with great
accuracy. A small wavelength discrepancy between the two lines can co;ms:ld-
erably alter the absorption coefficient. Thus it would see;’ most desira-
ble to measure the absorption coefficients of the particuiar pollutant.
molecules using the tuneable laser source itself.

l.ong,3 for example, engaged in a lengthy series of experiments
studying absorption at laser wavelengths in the visible and near infrared.
However, the tuneable 002 laser was not available at the time of this study
and his results are of little pertinence. It i{s anticipated that absorp-
tion data on a variety of gases will become available as more researchers
become familiar with laser technology. As a first step in this direction
a 10-foot two pass gas cell was comstructed into which various concentra-
tions of pollutant gases could be Introduced. This cell was completed only
shortly before the termination of the contract and hence no measurements

were taken.

. L, R Py R LN . -
SIGNAL and NOISE CONSIDERATIONS
For a laser beam having a power PT' an initial beam radius of T,

and an angle of divergence of eo which is very small, the beam area at a

distance R from the transmitter will be

2 2 125}
A (R) n(ro + eoR) )
If the beam intensity is ideally assumed to be uniform throughout its

cross section, then the portion of transmitted power intercepted by a cir-

cular corner reflector having radius r.<x, + GOR will be

2
“C
F, =

1 2
r(ro + SOR)

(&)

Ideally the cormer reflector will return the power FIPT to the vicinity of
the transmitter in the form of a collimated beam having diameter 2rc. How~
ever, imperfections in the reflector and turbulence in the intervening
atmosphere will result in a beam diverging at an angle ec. Then a receiver
having an aperture radius of T, will receive a portion

r 2

X

P2=

R 2 )

. (rc + ec )

of the power intercepted by the corner reflector if r o<1, + eck and if
8 uniform power demsity throughout the beam is still assumed to exist. The

average received power then will be

= ()]
Pr l?ll?ZP'I.‘

It should be noted that Fl and F2 both have maximum values of 1, which occur

when the reflector or receiver aperture respectively is larger than the cross

section of the incident beam.
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Values of Fle were computed for a system having transmitter and
receiver aperture diameters of & inches and 8 inches respectively, a cor-
ner reflector of 2.5-inch diameter and initial divergence angles of either
1 or 2 milliradians. The equivalent divergence of the reflected beam was
arbitrarily set at 1 milliradian. Optical efficiencies were assumed to be
100% and atmospheric absorption was neglected. The results are given in

Table 2-1 for various values of range R.

R 6, = I mrad 90 = 2 mrad
A
(in 1000's of feet) Prll’T PrlPi
0.1 0.153 0.0808
0.333 0.0253 _, 0.00910 _,
1.0 8.01 X 10_, 2.37 X 10_
2.0 5.97 X 107 1.58 X 1073
4.0 4.15 X 1075 1.08 X 10_
7.0 4.66 X 1077 1.19 X 1077
10.0 1.15 X 10 2.92 % 10

TABLE 2-2. Transmission Path Power Attenuation.

From Table 2-3 it is concluded that the received signal power should
be no lower than about -75 dBW for a one-watt laser output power over a
two-mile path (one way). This compares favorably with the -105 dBW required
to produce an output signal-to-noise ratio of 0 dB from a gold-doped ger-
maniue detector when internal noise only is considered. It should be
pointed out, however, that the most sensitive range of this type of detector
1s in the 4-7y range, and is less sensitive by about 8 dB at 10p. If the
detector is operated in an internal-noise-limited condition, then the out-
put signal-to-noise ratio should be no worse than 22 dB for the ideal sys-

tem described above operating at 10p over a two-mile path.

TSN

One major deviation of system performanc; from that of the ideal
1s the presence of scintillation of received signal intensity. This scin-
tillation is a multiplicative type' of disturbance and its effect is much
greater than that due to the anticipated background noise, which is additive.
The scintillation arises from passage of the laser beam through a turbulent
atmosphere which results in a distortion of the transmitted wave front.
Thus the signal energy at the receiver is no longer uniformly distributed
throughout the beam area. Furthermore, the nature of thé distribution
of energy changes 1n a random manner. Thus a receiver whose optical area
does not encompass the entire beam will be subjected to varying amounts of
power and the detector output will fluctuate accordingly.

The nature of this scintillation is of interest in order to know
how to process the received signal so as to most efficiently extract the
desired information. A number of investigators have found the scintillation
4,5

to be log~normal in nature, both over one-way paths and, more recently,

over folded paths.6 The variance of scintillation is predicted by theory7
to Increasé with increasing range. However, experimental evidence appears

to refute thise’g

, and it appears that although scintillation does increase

up to a relatively short range, beyond this range no further increase occurs.9
While operating a He-Ne laser over a one-way path, Rosnerlo noted

that in the received signal occasional large peaks never exceeded a maximum

level, and many of them reached that level. Rosmer thus concluded that

the peaks represented the times when the received signal was spatially co-

herent over the area of the recelving optics. The peaks thus represent the

received signal level in the absence of turbulence, and the average received

signal power will be less than this ideal value by an amount depending on

1
k.
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the variance of the scintillation. Rosner found the difference between the
peak value and the average value of detector output to vary widely, depend-
ing on weather conditions. On clear days the difference was about 13 dB.
This was, however, over a one-way path and at much higher frequencies than
th?se of the 10p infrared area, where monitoring systems are to perform.

.7 6
Both theory’ and experiment® show that the variance of scintillation de-

creases as frequency decreases. The use of héterodyne detection, rather than

intensity detection also results in considerably poorer performance as far

as scintillation is concerned.u Experiments over folded paths have been

6,11
performed at 10.6y * . Lucy and Langll report an average fading depth of

6 dB using homodyne detection and a one~way path length of 1 km. This is

. approximately the same result as that obtained from data reported by

Fitzmaurice et 81.6 Both groups report the scintillation spectrum to con-
tain no significant energy at frequencies higher than about 20 Hz.

In summary, it is to be expected that log-normal scintillation will
be present which must be filtered out to recover information about average
received signal power. This scintillation will be subaudio in frequency,
and will lower the average received signal power about 4-6 dB from that

predicted for a system with no turbulence.

SYSTEM MODELS

In order to estimate and predict the performance of any complicated
system it is necessary first to construct a system model which represents
enough of the system characteristics with sufficient accuracy to be useful,

and yet which is simple enough to allow theoretical calculations to be made.

Two such idealized system models are considered here.

11
A tyéical monitoring path located arbitra;ily with respect to the
origin of the coordinate system is shown in Figure 2-1, with a pair of
laser transmitters and receiver at point A and a corner reflector at B.
If the presence of a wonitorable pollutant is assumed, at point % and time
t it will have concentration c(;,t), vhere X 1s a position vector. The

total concentration lying within the path of the folded beam will be

c(t) = z]i c(x,t) de (6)

In general c(;,t) will be a random function of time, and it will be
impossible to evaluate (6) analytically. Furthermore CT(t) will depend
upon the positions of A and B as well as upon the overall path length L.

In spite of these limitations, it appears that a good amount of insight
into system performance can be obtained by studying a few idealized situa-

tions.

Ideal Two-~Dimensional Two-Path System:

The first of these idealized studies consisted of a situation where
a circular cloud of pollutant was carried past the monitoring path by a
constant-~velocity nonturbulent air stream. The pollutant concentration
was assumed uniform throughout the cloud, and the cloud diameter was as-
sumed to increase linearly with time. To further simplify calculations,
the situation was reduced to two dimensions. The results of this simple
idealized model were thatlplots giving the shape of CT(t) could be obtained
by means of simple graphical and slide rule techniques for any situation

it was desired to simulate.
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This representation was used to simulate ; monitoring system utiliz-
ing two beam paths of approximately the same length and about 30° difference
in direction. The resulting pairs of integral concentration functions were
then studied to determine what useful information might be obtained from
a monitori;g system of this nature. The plots for a variety of situations
are shown in Figure 2-2, It appears a great deal of information might be gained
from the relative shapes of the two plots. The highly idealistic nature
of the model structure tempers this optimism, however. The major contribu-
tions of this phase of investigation were the ;onclusions that 1) the most
desirable orientation of the monitoring path is normal to the track of the
cloud center, and 2) under reasonably gemeral conditions cross correlation
and pattern recognition studies of the two integral concentration curves
might yield a good bit more information about the dynamics of the pollutant

cloud than could be obtained from the record of a single monitoring path.

Pure Diffusion Model:

The second model of a pollution monitoring system was that of a
horizontal path over a frictionless earth, with the pollutant entering the
atmosphere from a continuously emitting point source. Spread of the pol-
lutant is at first assumed to be by pure diffusion so that a solution to
the diffusion equation holds. This model, in addition to being an exact
solution for the case of pure diffusion, is also reasonably accurate for
those cases where pollutant spreading is duve to localized turbulence and
wind currents, but where no general movement of the air mass exists.

The concentration of pollutant at a distance r from a point source

continuously emitting wo mols/sec. starting at time t = 0 is at time t
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° .
c(r,t) mr_ erfe (’T‘r_'—') 7)
AB D, t
AB

where Dyp is the diffusion coefficient for gas A (the pollutant) diffusing
into gas B (the air). The factor 2 in the numerator is due to the fact that .
emission is into one hemisphere only (the source is assumed located on the
earth's surface). All distances involved are assumed small enough that the
earth's curvature need not be considered.

The substitution of (7) into (6) resulted in an integral which
could not be solved analytically. Thus, all results for this system model
were obtalined by means of mumerical solution by digital computer.

The form of CT(t) for a continuous point source having begun emission
at t = 0 is typical to that shown in Figure 2-3. The vertical position of
the curve and the asymptotic value for large t depend upon the location and
length of the monitoring path, but the shape of the curve changes very little.

The presence of a pollutant is detected whenever the received inten-
sity of the signal beam differs from the received intensity of the reference
beam by more than F percent. The parameter F depends upon such factors as
the intensity-to-noise ratio of the reference beam, accuracy in monitoring -
transmitted power levels, etc. The value of C; at which detection is barely
achievable is called the threshold level, CTh’ and is a monotomically de-
creasing function of F.

One measure of monitoring system performance is the time T, at which

d
the integral concentration CT first passes through the level cTh' This is
the time lag during which the pollutant is present but remains undetected.

Therefore a knowledge of Td should be of considerable interest in system

analysis.

FIGURE 2-3.

Typical Integral Concentration for Pure Diffusion from a

Continuous Point Source.

21
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Under the assumption that the location of the pollutant source with
respect to the monitoring system may be unknown, & knowledge of Td in all
directions from the monitoring path becomes important. To effectively dis-
play this, characteristic curves were drawn joining all points with equal
Tqe The resulting isochronous curves are shown in Figure 2-4 for two dif-
ferent values of cTh’ It will be noted that as the size of the curves be-
com;s large with respect to the monitoring path length, their shape approaches
that of a circle, as would be expected.

The distance from any given isochronous curve to the closest point
on the monitoring path is least for positions off the end of the monitoring

path. The general shape of a typical contour is approximated in Figure 2-5.

. The contour is straight until the end areas are reached. About the ends

the contour resembles very closely an ellipse with semi-major and semi-
minor axes p and d respectively. The closeness of this fit is indicated
by the dotted lines in Figure 2-4. From the computed results, the rela-

tionship between 4 and p was found to be
L
d = pQ1 - 0.175 eP/6L) ®)

The area enclosed by a given contour thus becomes

A = 2L+ pz(l - 0.175 e—DIGL) )

The presence of a relatively tractable formula for the area enmclosed
by a constant - Td contour suggests a system optimization scheme by means
of which the path length L is chosen to maximize the area A for some spe-

cified Td.

N
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FIGURE 2-4. Isochronous Detection Contours for Unit Monitoring Path.
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FIGURE 2-5.

Approximate Geometry of Isochronous Contour.
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The area A will not monotonically increase with L'as night be suggested
from Figure 2-5, since p is a function of the threshold cTh as well as Td,
and cTh monotonically increases with ificreasing L. As indicated in Figure
2-4, for constant Td and increasing cTh’ p will decrease.

The area éhciosed by curves of constant Ty is shown in Figure 2-6
for values DAB = 1 and wo = 1 in Equation (7). As a point of reference,
a unit value of L was chosen as that distance for which cTh = 10—8. The
necessary threshold level was assumed to increase as the fourth power of L.
This is in accordance with the assumption that the received signal intensity
is
4

P, + KP L (10)

where P, is the transmitted power and K is a system constant representing

T
dispersion and other losses. Equation (10) holds with good accuracy for
those ranges at which the reflecting and receiver optics are smaller than
the diameter of the beam impinging upon them.

As seen in Figure 2-6, the area achieves a maximum for low values of
Ta,'thus indicating the possibility of an optimum value for L. This con-
clusion will be correct if area coverage is the only consideration. However,
the distance p monotonically decreases, as shoun by the dashed curves in

Figure 2-6, Hence as L is increased a constant T, contour assumes an in-

d
creasingly elongated cigar-like shape. Since the contour shape, as well as
the enclosed area, is changed considefébly with increasing path length, it
is probable that both properties, together with a consideration of the shape

of the region to be monitored, must be considcred in any monitoring system

design.




26

g
TD = 0.01
[ 1 'l 4 L ] i LI S U,
1o 0,

FIGURE 2-6(a).

L

Contour Area and Radius as Functions

of Path Length.

{0

AHrea

Ry

27

1o

FIGURE 2-6(b).

JRROUSUIY WUV WY S S
1o,




Area

28

1.0

FIGURE 2-6(c).

Jo.

(RS

29

FIGURE 2-6(d).

L

RS SN WUNI VRN NV G OIS | 4. L ] ]

o




I FIGURE 2-6(e).

| .
o
e
o

l

l

l

|

o

!

I

.
o
R

30

100

/0

Area,

FIGURE 2-6(f).




32

The previous results have been obtained without referemce to a par-
ticular system of units. Since monitoring systems such as are considered
in this study may prove to be of considerable importance, it is desirable to
know Td in seconds when L and p are expressed in meters. A typical value
for DAB is 0.1225 cmzlsec. foi sulfur dioxide diffusing into air. Applying
this value to (2) in place of DAB = 1, as was previously used, the effect
is seen to be that t will be somewhat larger for a given concentration c(r,t)
to be achieved. What is perhaps more significant however, is that the di-
mension of r is seen to be in centimeters. Thus L = 1 implies L = 1 centi-
meter.

If it is assumed that a 5% absorption of the monitoring beam rela-

tive to the reference beam is sufficient to detect the presence of the gas

being monitored, then from the relation

exp {-2.3026 apx} = 0.95 an
one obtains
apx = 0.0223 12)

In the above, p is the average gas concentration along the path in parts

per million (ppm), x is the transmission path length in meters, and a is

lm_l. At the 8.8 micron absorption

line for sulfur dioxide it is found that a = 4.58 X 10-5.

the gas absorption coefficient in ppm-
Thus, for 5%
absorption, the required value of ux is 488. For a monitoring path length
L=1kn we have x = 2L = 2000 m, and y = 0.244 ppm. To translate this
required value of u to a value of CTh’ one can. use the relation that at
conditions of standard temperature and pressure, a concentration of one

ppm is equivalent to 4.46 X 1()'-11 mol/cmB.
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Thus the required average value of c(r,t) over the path is c(r,t)av s

1 -11 mol/cm®

0.244 X 4,46 X 107 » and the resulting value of Cy

6

= 1.09 X 10 A

is 1.09 X 10~ mo1/mn2.

Pure gasecus diffusion is never likely to play a major role in the
spreading of contami;ating gasses into the air. To see that this is so,
the value of c(r,t) was calculated from (2) for sulfur dioxide diffusing
into air at a rate of one mol/sec. from a point 1 km away from a monitoring
path one km in length. The time required for the-point on' the path closest
11

to the source to reach the level of 1.09 X 10~ mol/cm3 determined above
was t = 2.06 X 109 sec. Somewhat smaller distances may be utilized and still

considered practical from a monitoring standpoint, but the times required

for pure diffusion gas spreading are never small enough to be of value.

Much larger values of DAB are encountered when the diffusion process

is used to account for the spreading of a gas due to local turbulence, eddys,
etc, as will be discussed in the section entitled Meteorological Considera-

tions. Then DAB is called a turbulent diffusion coefficient, and a value

of DAB = 104 is realistic. If this value is inserted into (2) with r = 105

11

and wo = 1, it is found that a concentration of 1.09 X 10 mol/cm3 was

reached at t = 1.5 X 105 sec. This is still long, being in the order of

42 hours. Larger emission rates decrease the time required, but wo = 104
mols/sec. is required before the desired concentration is reached in ap-
proximately 4 hours.

Application of the diffusion equation to diffusion through turbu-
ance near the earth's surface suffers due to the fact that DAB is no longer

the samc in all directions, being greater in a horizontal direction tHan it

is in the vertical direction.
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It may be possible in practice to approximate this effect by increasing

Wo to account for the greater concentrxation of pollutant at or near the
- same elevation as the pollutant source.

Reduction of the system dimensions by one order of magnitude to

L = 100 meters does not change the value of CTh for a 5% minimum detectable
absorption. However, a sulfur dioxide source 100 meters away on the perpen- ™
dicular bisector of the path will result in cTh occurring within 15 minutes
for an emission rate of 4.86 mols/sec., or within 30 minutes for an emis~
sion rate of 0.85 mols/sec. These certainly appear to be acceptably small
time lags in a pollution monitoring system.

The applicability of the simple diffusion ejuation to the study of

any system depends in the end on how well it describes the existing situa-

tion. Certainly s great deal more study of meteorology and gas dynamics
near the earth's surface is needed. However, the pure diffusion model
represents a tractable solution which, when used judiciously with bulk trans-
port solutions, should predict system performance to within acceptable de-

grees of accuracy.

METEOROLOGICAL CONSIDERATIONS

The transfer of pollutants in the atmosphere is largely dependent
upon the meteorological characteristics of the lower atmosphere above the
area in question. Pollutants may be transferred by molecular diffusion in
a still, stable atmosphere or by turbulent or eddy diffusion in a dynamic

or unstable atmosphere. Turbulent conditions usually prevail but pollu-

tion problems become severe when dispersion is by molecular transport.
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Many diffusion models and equations have becn developed which are usually
specific to a given area under certain meteorological conditions. At
present there is no quantitative way of including all variables and there
is a need for more work in this area.12

The transport of a pollutant by molecular diffusion is dependent

upon a diffusion coefficient and the gradient of concentration.

’ 1
J, = -CD,, VK, (13)

where,
JA = molar flux relative to mean motion
€C = molar concentration

DAB = diffusjon coefficient, a parameter for each gas pair which

depends on temperature and pressure

VXA = mole fraction gradient of component A.

Turbulent transport is much more complicated since it consists of
gross movement of large numbers of molecules which are called eddys. At
present there is' no complete mathematical description of turbulence although
considerable work has been done for a considerable length of time. Thus,
empirical methods have been used to describe turbulent processes. One such
method has been the use of a turbulent diffusion coefficient or eddy dif-

fusivity defined in a manner analogous to the molecular diffusion coeffi-
cient.
A AB A (14)

The eddy diffusivity is not a molecular property as is the molecular diffu-

sivity and is a function of position and degree of turbulence.
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It varies with height above the ground and the lateral d;ffusivity is larger
than the vertical since vertical movements are daﬁpcd by the earth's surface.
It is also much larger than the molecular diffusivity by several orders of
magnitude.

Large scale transport may be accomplished by eddys generated by
slow (mechanical) or generated by thermally induced turbulence. Mechanical
turbulence near the earth is dependent on the wind velocity and the type of
surface. Thermal motion depends upon the vertical temperature profile and
its relation to the adiabatic lapse rate. The adiabatic lapse rate is the
temperature a volume of air displaced upward will assume as it encounters
the lower pressure if no heat is added or removed. If the temperature
of the air volume is greater than the surrounding air, the density will
be less and the volume will be accelerated upward. This condition is termed
instability. The converse is true if the temperature of the volume is
less than that of the surroundings. Normally, the temperature of the at-
mosphere decreases with height ar a rate of about 1° C/100 meters. At cer-
tain times as the earth's surface is cooled by loss of heat by radiation,
an inversion forms and the temperature increases with height for distances
which may be as great as 1500 feet.

The study of atmospheric turbulent diffusion has centered around the
study of the flov characteristics of the lower atmosphere. Due to the
exchange of momentum between flowing air and the earth's surface, the ve~
locity increases with height. An accurate description of the velocity pro-
file is necessary for diffusion studies. Sevcral equations ha;é been pro-

posed, the most widely used being the power law.

. L - LS I
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P
u = u z (15)
1112
1
which is good for layers several hundred feet in thickness (Stern). A
reference velocity (ul) at some reference height (Zl) must be known as
well as the exponent (p) which varies between zero and unity and increases
with stability. .

Early diffusion studies utilized a constant eddy diffusivity and
consequently resulted only in order of magnitude descriptions since the dif-
fusivity increases with height. The most commonly used expression for this
variation in height is

1-p
pt = Dt[5] (16)
1]z
1
vhich is in agreement with the power law velocity profile. Sutton14
utilized this equation and proposed an equation which is quite widely used.
2 2
- +h
C= Q e _y2 e (z.he) + e ¢ e) N
= — - - ity =
€ C uxz n c 2x2 n ¢ x2 N c &4
yz y z z
(17)
C = gas concentration, mass/unit volume
Q = mass emission rate, mass/unit time
Cy, Cz = parameters related to the turbulent diffusion coefficients, (length)“/2
he = height of cloud axis at a given E;wnwind distance
u = mean wind velocity at the given position
x = downwind distance
y = lateral dastance

z = vertical distance

=]
[}

exponent in power law expression for velocity
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conduct the experiments.
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i
Z 2~

u o= oy [El] " (18)

This zquition 1s for a continuous point source which has been emitting for
some time.

Another form of the above equation uses a standard deviation of
the horizontal and vertical concentration distributions which is considerably
moée flexible 'because it doesn't depend on a power law velocity profile.
The parameters appearing in Sutton's equation are empirical and must be
determined by a study of the individual area over a long period of time which
includes a complete range of conditions. This type of study cannot be
obtained in less than a year and requires trained personnel to design and
12
Recent work13 has focussed attention on the Richardson Number in

characterizing turbulence.

26/3
z
1
(3u/3 )2 19)
z
wvhere,
Ri = Richardson number
g = acceleration of gravity -
u = velocity
© = potential temperature
The potential temperature is the temperature a volume of gas would attain

{f brought adiabatically to a standard pressure.

39
" The potential temperature may be related to the actual temperature by
0 = T+ yz (20)
where,
T = actual temperature
¥y = adiabatic lapse rate .

In a stable atmosphere the Richardson Number does not vary with height. By
using a temperature function, a measure of thermal turbulence is included.
In tye study covered by this report no attempt was made to deter-
mine experimentally the meteorological conditions and consequently the
numerical constants appearing in the many models which have appeared
in the literature. As mentioned previously, attention was directed toward
a study of the placement of the lasers for best utilization using the so-
lution for molecular diffusion from a continuous point source. The dif-
fusivity was assumed coustant and both molecular and ‘turbulent valueslb
were used with no mean motion. The experience gained from this study will

be of considerable help in the extension of the work to more realistic

models after the meteorological information is determined.




CHAPTER ITI

EQUIPMENT DESCRIPIION and PERFORMANCE
As mentioned in Chapter II the monitoring technique under study
requires two individually tuneable-CO2 gas lasers, a sensitive infrared
receiver, electronics for signal processing, and remote beam reflector
stations. A basic block diagram of the system is shown in Figure 3-1 and

is discussed more fully below.

MECHANICAL DETAILS of LASER TRANSMITTER

The laser employed is patterned after the design of Hanst et al
and consists essentially of a one-;eter discharge tube with an integral
water jacket and a surrounding gas reservoir.15 The laser construction is
of pyrex glass and the reservoir volume is approximately five liters.
The partially transmitting front window is internally mounted while the
rear window is a sodium chloride flat fixed at Brewster's angle. The rear
totally reflecting mirror is a one-inch diameter gold-coated spherical
mirror of three meters radius of curvature. The front window is an Irtran-
II flat which has been 504 aluminized. The laser operates using Matheson
prce-mixed gas mixture of COZ—Nz-He in the ratio of 1:2:17 at a pressure of
15 torr. An output power of up to five watts has been obtained in the free
running mode. Excitation 1s normally by a 12 kilovolr, 30 MA neon sign
transformer, although DC at 15 kilovolts has also been used. The lasers
are cooled by flowing water through a jacket surrounding the discharge tube.
At present the discharge electrodes are common neon sign electrodes al-
though there is increasing evidence that platinum or other non-reacting

electrodes would be superior.
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The glass laser tubes are each rigidly mounted in a tubylar box
frame assembly which is approximately 6 inches square by 72 inches long.
The four tubular frame members are of one-inch OD by .093 wall stainless
steel No. 410 tubing. Although more desirable, Invar tubing was not
obtainable in the small quantities needed here. The frame cross-members
are of one-inch thick aluminum and are similar to the configuration em-
ployed by the.NASA-ERC. The frame is so designed that it ‘accomodates the
laser together with the front and rear mir;'or adjusting mechanisms, a
sodium chloride beam splitter with the output power monitoring device, the
mechanical beam chopper, and finally provisions for Cassegr-anian beam-ex~
panding optics. A photograph showing the complete assembly is given in

Figure 3-2.
- Beam Choppers:

Attached to each laser frame assembly are mechanical beam chopping
devices of relatively standard configuration. Two circular aluminum disks
6 inches in diameter are mounted directly on Bodine synchronous motors. One
disk has 20 equally spaced slots and is driven at 3600 rpm. The second
disk has 15 holes and operates at 1800 rpm. Thus beam chopping frequencies
of 1200 and 450 Hz are obtained. Chopper action is monitored by a LS-400
silicon photodetector which, together with a small lamp, serves to furnish

the synchronous reference signal to the lock-in amplifier.

Output Power Monitors:

After passing through the chopping blades the laser beam is inci-
dent upon a thin sodium chloride flat mounted at 45°. This flat reflects

approximately 12 of the beam into a 25 mm by 33 mm f1 concave first-surface

- mirror.

FIGURE 3-2. Laser Transmitter Assembly Including Beam Chopper.
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" A VECO FN2 Bl2 substrate-backed thin-film thermistor (Thinistor) is placed

at the mirror focus. The thinistor time constant is quite short due to its
high conductivity backing and low sensitive mass and it can respond to
beyond 1 kilohertz. The thinistor output signal can be monitored with an
ordinary AC millivoltimeter. Calibration is accomplished by plotting AC
millivolts versus net laser output power as measured on a Coherent Radiation
Laboratories Model 201 Power Meter. A phofograph of the. assembly is showm
in Figure 3-3 and a typical calibration curve is given in Figure 3-4. For
accurate power monitoring the laser must be operating with a stable mode

configuration.

Wavelength Control:

Although original plans were to tune the laser wavelengths using the
absorption gas principle described by Hanst, it has been found in practice
that much more accurate control can be achieved by using an intracavity dif-
fraction grating in place of the rear totally reflecting mirror.

We have used a 57-line/mm blazed diffraction grating obtained from
the Ealing Corporation. This grating, originally aluminized, was coated
with a thin layer of gold to improve reflectivity in the middle infrared
region. Substantial reduction in output power was noticed when operating
on a single line as compared with multiple line operation. Hovever,vthe
present output power of up to a watt on individual high-gain lines is suf-
ficient for the path lengths intended. Further discussion of grating per-

formance is found below.

Beam Expanding Optics:

The beam-expanding Cassegranian telescope is essentially a pair of

concentric gold-coated spherical mirrors; one concave and one convex.

FIGURE 3-3.

Laser Output Power Monitoring Device.
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LASER OPERATING CHARACTERISTICS

The newly assembled lasers were filled with the pre-mixed gas mix-

ture of 5% coz, 10% Nz, and 85% He to an operating pressure in the neigh-

borhood of 10 torr. Excitation was by conventional neon-sign transformer

rated at 15 kv and 30 milliamperes. Ballast resistors of 50 k ohms were

inserted in the electrode arms and the excitation was balanced with respect

to ground potential. Over a period of several months, numerous experiments
were performed in an effort to optimize the gas pressure, excitation current

and gas mixture ratios for best operation of the laser. A typical series

10 % 10 PCR INGH

of curves indicating the variation of output power with discharge current

for various pressures of filling gas is shown in Figure 3-5. A maximum of

NO. TIATTTI0 OTETZUEN UirarH PAre e Cl—

just under five watts was recorded at a pressure of 14 torr. Up to 6.8

watts has been observed in some experiments. During early experiments

the laser operation appeared stable and fairly reproduceable. However,

]

with time the laser became much more critical in operation and output powers

above three watts could only very rarely be achieved.
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" This general deterioration of laser operating performance could be attri-

‘_buted to several factors. There is undoubtedly some contamination of the
discharge due to sputtering from the neon sign electrodes. iheré also has
been a general deterioration of the quality of the front Irtran window.
Upon occasion it has been observed that the discharge would arc to it and

thereby affect the aluminized coating. Also, in a laser of only one-meter

discharge length, the optical quality of the Brewster-angle window is of
greater importance than with longer lasers. llthough this window has been
kept in a heated atmosphere throughout its life, there has been a graduval
deterioration and fogging of the sodium chloride. In recent experiments,
the laser as originally constructed has failed to operate using the pre-
mixed gas mixture. Operation at power levels up to three watts could only
be achieved through the careful addition of CO2 and He to the pre-mixed
gas. In general, recent operation was best achieved at considerably lower
pressures, namely 8 - 10 torr, than the 14 torr used in the earliest ex-
periments. Unfortunately there were mot sufficient funds available to al-
low refurbishing and replacement of the deteriorated optical components.
At almost any given time, the laser will operate at a relatively
constant output powers over periods of up to several days. Output power
wés generally more uniform when the lase¥ was operating in a multimode con-
figuration. Single mode operation in the TEM 00 mode could be achieved
readily using an adjustable diaphragm near the rear mirror location and
reducing the aperture to eliminate off-axis modes. Output power, however,
was reduced by 50%. When operating in a single mode configuration there
were somewhat greater variations in output power level. These were pri-

marily due to thermal expansion and contraction of the laser cavity.
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As might be expected these variations were consi&erably more pronounced
when the laser was operated at a single wavelength using the diffraction
grating. This will be discussed further below. Figure 3-6 shows multi-
mode output level variation as monitored over an approximately two-hour
period using the Coherent Radiation Laboratory power meter. The chart re-

corder does not respond to the many rapid variations in output power.

Wavelength Shifting Experiments :

As proposed in the work of llm:stls'16

, the method by which laser
wavelength tuning can be accomplished through an intracavity absorption gas
was tried. In these experiments a gas cell was fitted into the laser opti-
cal cavity. The cell was roughly 10 cm long with a Brewster's-angle sodi-
um chloride window at one end while the other end was made vacuum-tight
against the ground glass tapered joint on the rear end of the laser itself.
Using a Beckman IR-2 Spectrophotometer the laser output wavelength was mon-
itored as a function of pressure using propylene for the wavelength-shifting
gas. Figure 3.7 shows the variation of laser wavelength with absorption
cell pressures.

Over the range of pressures employed lasing action was obseryed
in all four possible regions, that is, both P and R branches of the 00°1 -
10°0 and 00°1 - 2°0 bands. Often lasing would occur in three regions simul-
taneously, for instance 9.3, 9.6 and 10.6 microns. Except for the antici-
pated result that the lasing shifts to shorter wavelengths with higher pro-
pPylene pressure, the wavelength selection could not be termed reproducible

in the sense of being able to assign a definite (and exclusive) operating

wavelength to a given gas cell pressure.
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For use as an air pollution monitoring tool, such operation on multiple
wavelengths is clearly unsuitable where molecular absorption must be stud-
ied. Also the output power was reduced considerably, to 10Z of hot-al, when
30 or 40 torr of propylene was added to the cell. After several experiments
had produced substantially the same results, it was decided to abandon the
absorption-cell technique in favor of using the intracavity-diffraction
grating. A further factor in th;s decision was that the absorption cell
required additional gas-handling aﬁparatus and would particularly complicate
field operation.

For the diffraction grating experiments, an inexpensive grating was
obtained from the Ealing Corporation. The grating measures 1 X l% inches
and contains 1500 lines per inch or 57 lines per mm and is blazed for 11
microns. At first the grating replaced the gold-coated spherical ieflectOt
in the rear of the laser cavity. The grating is normally aluminized and
will operate in the laser in that condition. However, improved results
were obtained by over-coating the grating with a thin layer of approximately
1008 thick of vapor-deposited gold. In this condition up to about 1 watt

of output power was obtained on the highest gain laser line by careful grat-

'1ng adjustment and optimization of the gas filling mixture. The grating

was mounted in a Lansing Gimballed mount and after several calibration trials,
various laser wavelengths could be selected at will through the use of the
micrometer dial. These settings were found to be repeatable and could allow
for easy wavelength selection in the field. It is important that single
wavelength operation must be accompanied by extremely stable mechanical con-

figuration to ensure stable output powers.
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Figure 3-8 shows the wavelengths and their relative output powers obtained
timrough micrometer adjustment of the diffraction grating. The wavelength
figures are approximate and represent the maximum accuracy of the Beckman-
prism-spectrometer. The output powers roughly approximate the expected
gain profile for the various output lines.

The particular wavelengths quoted in reference 16 as being the opti-
num wavelength for monitoring ethylene pol}ut’ion does not ‘exist in these (302
laser spectra. Indeed the particular line mentioned of 10.528 microns does
not correspond to any published 002 line nor is it theoretically postulated.
The only two lines in this wavelength's region are at 10.51.3 and 10.532 mi-
crons corresponding to the P(12) and P(14) transitions respectively.

As a function of time the output from the single wavelength laser
showed marked variations with time, beginning with initial turn-on and
continuing for several hours. After this time, as shown in Figure 3-9, the
output power was considerably more uniform and was primarily due to thermal
stabilization of the laser and its optical cavity. Part of the problem of
having an internal window laser is that the optical cavity is dependent upon
the heat-producing element itself, namely the laser discharge tube. Thus
gross thermal distortions occur as the laser discharge is operated. A pre-
ferable arrangement is to have all elements of the optical cavity thermally
isolated from the heat-producing discharge tube.

When using the grating the laser cavity essentially consisted of
two flat mirrors and was thus only marginally stable. With adjustment the
t{utput could be obtained in the lowest order mode, that is TEM 00, although

with time thermal distortions would lead to higher order modes.
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In any realistic air pollution mon:l.torin.; system, it is important that both
lasers be "mode stable" because the amount of energy reflected from the
target will be dependent upon the beam divergence which is a_fmctﬁn of the
laser operating mode. Although two diffract:lon.gutings were ordered orig-
inally, the second unit was not received until after the completion date of

the contract and thus a second tuneable laser was not assembled.

DETAILS of RECEIVING SYSTEM

Optics and Detector:

The receiver optical system consists of an 8-inch diameter Newtonian

astronomical telescope modified for use with infrared detectors and circuitry.

.. The telescope was obtained from the Edmund Scientific Company complete with

a heavy duty pedestal mount and a suitable adjustment mechanism. In this
unit, the primary mirror is a 64-inch F-8 aluminized spherical mirror. The

secondary mirror is eliptical and mounted on axis at 45° angle of incidence.

This mirror serves to reflect the image outside of the field of view of the
telescope. A two-axis adjustable mount was fabricated and placed at the
focal point to accommodate the gold-doped germanium infrared detector and
its associated éonponents. An additional mirror on a rotating mount is
employed here so that in one position the telescope image is focussed on
the infrared detector and in the second position the image can be focussed
either for visual observation or for use by a different detector. The com-
plete detector assembly is shown in Figure 3-10.

The infrared detector employed is a Philco GPC-216A gold-doped ger-

manium unit. It operates at liquid Nz temperature of 77° Kelvin and can

_be cooled either by liquid N2 filling or a high pressure N2 cryostat.




FIGURE 3-10.

Mount and Housing for Germanium Infrared Detector.
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Although our experience when using the.cryostat has not been entirely
satisfactory, it is felt that this method is superior to the use of liquid
“2 particularly for field operation. The fine orifice of the cryostat
requires that the gas be of exceptionally high pﬁrity and very dry, for the
slightest moisture in the gas will freeze and clog the cryostat, resulting
in a loss of cooling power. The commercially available dry N2 must be
passed through a chemical drying filter in order to completely eliminate the
remanent water vapor. Depending on the inlet pressure up to three or four
minutes are required to cool the detector initially. Besides being less
avkward to use, the cryostat also eliminates the possibility of thermal shock
to the detector window by liquid Nz spillage. Such spillage may completely
fracture barium-flouride window and lead to further detector breakage.

The bias circuitry and load resistor for the detector are incorporated
in its housing situated on the telescope. Provision was not made to include
a cooled infrared filter ahead of this detector because it was felt the
signal-to-noise ratio presently obtainable did not warrant the additional
complication.

The manufacturers test data for this particular detector indicate
a detectivity D* of 2.76 X 10° cn sz per watt for a 500°K black body (emis-
sion peak ~ 5.5 microns at 500°K). Under the test conditions this figure
corresponds to a responsivity R of 3200 volts per watt at 40 pa bias. Spec-
tral response curves typically indicate this figure should be decreased by
greater than a factor of ten at 10.6 micronms.

To check the overall receiver responsivity under operating conditions
the test arrangement shown in Figure 3-11 was used. Each of the two sodium
chloride beam splitters reflects an average of 1.66Z of the laser beam at

45° incidence.
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The power level at the detector is thus 2.76 X 1 of the laser output

power. It is actually slightly less after undergoing the two additional

b >
> > —3 mirror reflections. Data taken of the detector signal response to various
l = k- '
- > z laser output powers indicate an overall responsivity of approximately 150
/ i
l &E "n volts per watt at 10.6 microns. This value is reasonable in view of the
, .
‘{U - of " : %‘ , approximate nature of the spectral data mentioned above.
| v 02 R ‘ A
o I o< t! Vi Transmitter-Recei: Assembly :
O 2 P—l . y lj er-Receiver Ass ly :
o 1] :
O ) to 1 The original telescope mounting frame was fitted with side exten-
o \D“ [N , .
g : a sions so that the two laser-transmitter assemblies could be mounted on
r_J:m---- | :
l ?y either side of the telescope. The lasers are individually adjustable over

a small range of azimuth and elevation for boresighting. The entire assem—

:%.-_---_-___--____-

: bly, as shown in Figure 3-12, weighs about 200 pounds. Included on the .
Qa2
mount are the excitation transformers, water manifold, and high pressure
i - tu
. Ltu X plumbing for the cryostat.
[ o
1 ] \_'{' The mount is adjustable in azimuth and elevation for the selection
! o
i (1
l H w ) Q of various retroreflector stations. Alignment is most readily accomplished
| © o
T =z ZL by flipping the moveable detector mirror to permit visual sighting and cen-
\
it}

tering of the telescope image. This is considerably simplified with the aid

CaLiersiiio oF GuRMANIUM DETECTOR,

|
4 of a small He-Ne laser to provide a visible return beam from the retroreflec-

' tﬁl tor. The mirror is flipped back to its original position and the telescope
5 ! image is then in focus on the sensitive detector area.

| |

| (o lL Signal Processing Electronics:

! : 4\ The most ideal situation from the point of viéw of real time signal

‘ processing would be to have two separate lock-in amplifiers fed in parallel

t=3

from the output of the infrared detector.

————



FIGURE 3-12.

Overall Views of Receiver-Transmitter.
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" Each amplifier would be referenced to the particular chopping frequency

of its associated laser. By comparing the laser output level as measured
on the thermistor with the received signal detected by the lock-in ampli-
fier, the overall attenuation of that laser beam would be obtained.

One possible implementation of such a system is as shown in Figure
3-13. The output power monitor signals are synchronously rectified and
together with the appropriate received laser signal fed to operational ana-
log dividers to form the normalized received/transmitted ratio. Inexpensive
division networks employing the Motorola MC-1335 analog multiplier may be
used. A third ratio circuit computes the relative attenuation of the two
beams which is a function of pollutant concentration,

However, as funds were insufficient in this contract to include the
purchase of the necessary two lock-in amplifiers, an alternative arrange-
ment has been worked out and founa satisfactory for trial runs. As dia-
grammed in Figure 3-14, the infrared detector output is amplified by a
low-noise adjustable band-width amplifier and recorded directly on instru-
mentation-grade MM tape recorder. Likewise the reference signal outputs
from the two beam choppers and the output power monitoring signals are
also recorded simultaneously. Thus at a subsequent time a single lock-in
amplifier can be connected to the various channels of the FM recorder and
synchronized to one or the other reference frequency as desired. While
this method does not yield results in real time, it is suitable for the
experimentation which has been in process. It is proposed that future work
in this area will permit acquisition of the necessary additional electronics

to permit real time continuous absorption monitoring.




SIENAL FRem

Orzipmmn. bivier (3)

" P4
DETECTOR o =
> L Lotk IN
AmrIFIER Sie 7
o R 7
N L o N 4
2 ~*\ PUREE - SENSITIVE
Y | i 7 . d
Fuk 1 L PEModuL 4708
> ouTAUT
St //Pwe 4
, ‘ —
S16 2 /i3ye 2
f Sie 2
L ooy Sl 2 Pk 2
o LOCK-iN
7 .
FPIaLL TR
iTE
AL
> ) ™ Pt St NSITIvE Puk 2
y Pt 2 o NG
2
Figuiim I3 PreraseEDd ELeciion Stenne Processing Scrrme=
Lecocs RePreoucE
Srennt. 7Fom Jmprx FER-1500
LETECTE, : SRR M Lock- IN
ANt - PASS M) - >_/,‘\p.,~ HMPLIFIER gyt
IVIPLIFE - - L /
AmpLiFi; TRPE KECD!HEE. It ,
, —_—————— A KEF
JZ{’&] w2 Fe=>
JPur .. e mE >
YL . S 2y = >\ a
S KeEF 2 MR 2 - e
S7ur !
. Cuner T
Froune o4 Corprnr Errernic Srenar Proc Sk Sysrm &




" RETROREFLECTORS

Two retroreflector mirror stations have been established in line-
of-sight from the laboratory transmitter/receiver location. In each case,
the retroreflector station consists of a two-inch diameter hollow-corner
cube prism which had been first surfaced gold-coated. These prisms were
obtained from the Electro-Optical Systems Company. The prisms are mounted
in the extreme rear end of an exponential type horn which as shown in Figure
3-15, mainly provides weather protection. The stations are located at 700
and 1650 feet respectively from the transmitting site, giving two-way paths
of 1400 and 3300 feet respectively. As the two-inch diameter of these
retroreflectors is considered rather small for the long paths ultimately
envisioned (5000 feet) some plans have been made for the construction of
larger units. At their present price it is uneconomical to consider clus-
tering these small units in multiples such as 9. However, with the aid of
accurate rotary mill table, a mechanical assembly is anticipated which will
hold three individual first surface mirrors with the required accuracy.
Assemblies having mirrors up to six inches square are currently under con=
sideration. These would provide significant improvement in the returned

signal level and consequently greater measurement accuracy.

FIGURE 3-15.

Remote Retroreflector on Tripod Mounting.
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CHAPTER IV

EXPERIMENTAL MEASUREMENTS and OBSERVATIONS
Having assembled the basic hardware components and observed their
. ¢
characteristics and limitations a number transmission/reception experiments

were performed to gain experience with the system and monitor its perfor-

. As di d later several problems grévented the realization of
the complete two-laser system. However, the experience gained when oper-
ating with a single laser has proven most valuable and will doubtless re-~

sult in significant improvements for future operation.

SHORT and LONG PATH RECEPTION EXPERIMENTS

Using a single laser the received signal characteristics from both
the short-and long-path retroreflectors were observed on numerous occasions.
It was found mandatory to first align the receiver optical system using a
He-Ne laser and position the pedest;ll mount to obtain the strongest visible
return in the sighting eyepiece of the telescope. By re-adjusting the
moveable mirror the focussed red image could be directed onto the germanium
detector and centered in the sensitive region.

The cryostat was then pressurized to 1800 psi. Detector temperature
as it cooled was monitored by observing the bias current. A bias current
of 80 microamperes at room temperature decreased to 40 microamperes as
the detector cooled to 77°K. Cooling time was 1 - 2 minutes. Next the
beam choppers were energized and the lock-in amplifier synchronized to the
chopper reference signal. With the receiving system readied the laser
was excited and carefully boresighted until the maximum return signal was

" observed. The laser was locked in that position.

- signal level indicated on the lock-in amplifier, for both long- and short-
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For an output power level of approximately one watt, the received

path operation, was in the range 500 - 1000 microvolts. The maximum ob-
served signal was 1.8 mv on the short-path. With the detector responsivity
measured to be 150 volts per watt, this signal level range corresponds

to a received power of 3-6 X l()'-6 wvatts. The path loss is therefore roughly

55 db. No reliable difference could be defined in the path losses for the

two paths, primarily because of the rapid and random received signal fluc-

tuations. It was also difficult to ascertain whether or not a given align-

ment was optimum. When operating at these distances the sensitivity
of the system to mechanical motion is severe, and it is difficult to improve
an adjustment without greatly disturbing the status quo.
With the laser on, but the beam blocked, the measured noise at
1200 cps was 3 microvolts or less. Thus even with a very modest laser out-
put and using no infrared filters, a net signal-to-noise ratio in excess of
200:1 was generally obtained. When using ordinary AC excitation, the laser
output is 100% amplitude modulated at 120 cps. It is possible to synchro-
nize the lock-in amplifier to this frequency (the chopper is turned off)
and observe the received signal. A maximum signal of five millivolts was
obtained on the long path (laser output ~ .75 watt). The noise was also
somewhat higher, 10 - 15 microvolts, because of the gas discharge and the
signal-to-noise ratio thus remained almost the same. The signal-to-noise
ratiovcan be expected to be somewhat higher when using DC excitation.
During one lengthy continuous monitoring experiment both the out-—
put from the laser power monitor and the output from the detector amplifier

were recorded on the FM tape recorder.
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As described in Chapter III these two signals co;nld be played back one at
‘a time into the lock-in amplifier and recorded on a strip chart. Typical
results showing the laser output and the corresponding received 'signa] eve,
shown in Figure 4-1. Although the received signal shows much moré variance
than the transmitted signal, it appears their average ratio remains nearly
constant. To exactly what level of precision it is a constant has not yet’
been determined. The grapb in Figure 4-2 shows the received signal as the
laser excitation is varied from ze;-o to full several times.

With regard to the constancy of the received/transmitted signal
ratio it is quite important that the laser be mode stable. It has been ob-
served that through mechanical or thermal effects the laser mode pattern
can shift without greatly affecting the output power level. However the
beam divergence and energy distribution both change significantly and there-
fore does the power returned by the retroreflector.

As might be expected, the pointing accuracy requirements when opera-
ting over a 1650 foot pathway are severe, and small mechanical vibrations,
distortions, or other misalignments can greatly affect the received signal
level. Walking near the transmitter/receiver produced a noticeable effect.
Two factors contributing tb this sensitivity are 1) the small angular di-
vergence of the laser beam, and 2) the small field of view of the telescope
operating with the .01 cm2 detector at its focus. In the present system
both of these angular tolerances are roughly the same, approximately .5
ullix-'adian. A pointing deviation of about .25 milliradian, therefore, will

virtually eliminate the return signal.
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—— Ll‘f_' — FIGURE 4-2(b). Normalized Reccived Signal Corresponding to- Pigure 4-2(a);
T o 3300-foot Path.

FIGURE 4~2(a). Normalized Transmitter Output Power, Manually Cycled.
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PROBLEMS ENCOUNTERED in OPERATION

Throughout the duration of the contract, trouble was continually
experienced with laser reliability. In general, it was not possible to
maintain two operating lasers concurrently. 'A variety of difficulties
were encountered, many of which appeared to b.e fundmental_ to the partic-
ular design and implementation of the laser devices themselves.

Pinhole leaks in the glass laser tube and the surrounding reser-
voir presented difficulties.

Use of the spherical glass joint for the front window pivot poses
a problem with regard to the front mirror adjustment. It is imperative
- in any laser which is to be wavelength stable that the mirror adjustments
must be precise and free of mechanical and thermal distortion. Internal
mirror lasers suffer in that the optical cavity is coupled to the major
heat producing element, that is, the discharge tube. It is felt that
a laser tube with two Brewster-angle windows and external nirrofs would
prove much easier to adjust and maintain. A second problem involving
the internal front window arises when the DC or AC discharge arcs to
the aluminized coating of the front reflector. This is particularly pos-
sible in cases where the front window adjustment operates on the window
itself. An alternative mechanism places a metal collar around the pivot-
ing glass tube, about 1 cm from the end window. Adjustment screws then
operate against the collar. Arcing to the aluminized window surface can

only result in a deterioration of the highly reflecting coating.
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The use of Apiezon - W wax as a front window seal also is not to be rec-

ommended. At the higher power levels attainable there is sufficient ab-
sorption in the Irtran II window to heat it to a sufficient temperature
that the wax melts. A vacuum grade epoxy such as torr-seal has been found
satisfactory. )

A problem which has consistently |.>1agued laser oi)eration has
been melting of the glass in the electrode arms. This has been observed
to occur at even very modest input power levels. The problem arises be-
cause the tubular glass electrode arms are radiused 90° before joining
the main discharge tube. The outside wall of the radius is made too thin
to acconmodate the heat dissipated by the discharge near the electrodes.
Consequently, while operating, a pinhole leak often developes. This in-
terrupts laser operation immediately and without prior warning. Two solu-
tions which are recommended for this problem include, first, the use of
heavier glass tubing in making the electrode arms and, secondly, the addi-
tion of heat dissipating radiators attached to the electrodes to keep
them cooler. A third recommendation would be to extend the water jacket
closer to the electrode arms or perhaps include some means for water cooling
the electrodes themselves.. '

Considerable difficulty has been experienced at the rear Brewster—
angle window. Here, without prior indication, the glass of the discharge

tube will suddenly shatter or fracture and immediately spoil the vacuum.
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" In some cases the sodium chloride window will also fracture. We have used
windows cemented with both epoxy and Silastic silicon rubber and have ex-
perienced similar fractures. It outwardly appears to be a thermal ;rablem;
however, it could also be related to unrelieved strains in the laser tube
after it is cut.

A further problem which has caused some breakages has been the very
fragile manner in which.the stopcocks were attached to the main laser tube.
It is felt that a larger diameter stopcock would be considerably stronger
than the small bore units now being used.

In summary we would recommend the following type of laser configu-
ration for the reliable operation that is required in this project. The
laser should have two Brewster-angle windows with external mirrors. The
electrode arms should be heavy-walled glass tubing and should have provi-
sion for water cooling or forced air cooling. In addition heat dissipation
radiators shcvld be attached to the electrodes. Largér stopcocks would
allow for less breakage.

Recent published data indicate that the large volume gas reservoir
is not necessary if: 1) the electrodes are made of a non-sputtering, non-
reacting material such as platinum, 2) the discharge tube can be baked
out to remove adsorbed impurities, 3) the filling gases are pure and with
a small amount of water vapor added to the mixture. Lifetimes of several
thousand hours are reported. (17,18,19) Unfortunately there were not suf-
ficient funds included in the contract to permit the redesign and construc-
tion of the new lasers as necessary. As of this writing, of the three lasers
originally ordered, only one is operational and it has been extensively

reworked and repatched.
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Finally, after some eight months of continuous weather exposure, the gold-
coated reflector at the short-path station showed numerous signs 9f corro-
sion and gold flaking. In fact, the returned signal from a He-Ne laser
was less at the 700-foot distance than the signal obtained from the 1650-
foot station. Presumably, however, deterioration of the reflector quality
would only decrease the signal-to-noise ratio and would not lead to any

differential absorption error in a dual-beam laser system.




CHAPTER V

SUMMARY and CONCLUSIONS

The basic items of the project year have been met with some excep-
tions.

1ne” equipment has been installed and is partly operational. Two
folded optical paths of 1400 feet and 330C [a2et total length have been es-
tablished and the LASER transmissions have been tested over these paths.
The longest path is less than the planned 10,000 foot path and this short-
coming was due directly to an inordinate number of unexpected hardware
problems. The full checks with chemical techniques and comparisons with
weather patterns were similarly curtailed.

There were other conclusions derived from this year's effort.

The power capabilities of this size LASER seems to be adequate for
longer paths, possibly several miles. .It is not known how rapidly the
scintillation effect will increase and therefore optimum and maximum path
lengths are not known.

It is certain that wore emphasis will be required on LASER and re-
flector mount stability for longer paths.

The present LASER configuration will have to be modified for -greater

mechanical strength, reliability, and stability for any protracted application.

The present design of gold-plated retroreflectors will require some

modification by reason of observed weathering effects.
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In projection, mathematical analysis has shown that the potential

of this probe-type application has significant potential as an area sur-

vey or monitoring system. In concert, multiple paths could be used for
the evaluation of range and direction of polluting sources from the local
area.

While a few of the results have dramatized some problems, it is
apparent that the application of LASER methodology to atmospheric men-
suration is a definite probability; The final evaluation must come from

further development and larger scale applicat::lon.
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