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A THEORETICAL/EXPERIMENTAL PROGRAM TO DEVELOP
ACTIVE OPTICAL POLLUTION SENSORS

By

Frank S. Mills! and Roger N. Blais?

I. Introduction

The intent of this research project was to develop and apply
Light Detection and Ranging (LIDAR) technology to the assessment
of air quality, and to evaluate its usefu;ness by actual field
tests. Necessary hardware, to be described below (Section 3aii)
was successfully constructed and coperated in the field. Measure-
ments of necessary physical parameters, such as 502 absorption
coefficients were successfully completed, and thezoretical pre-
dictions of differential absorption performance were reported.
Plume modeling improvements were proposed (cf. appendix). A
full scale field test of equipment, data analyéis and auxiliary
Qa£a support was coﬁducted in Maryvland during September 1976. |
Thus, significant strides were made in_all four areas {(system
development and demonstration; theoretical; field measurements;
and modeling) described in the work statement of the original
proposal.

The following report will briefly summarize‘work previously
reported, and then describe in detail the recent development in

the work of 0ld Dominion University personnel both at Langley

Research Center and on the Norfolk campus.

Research Associate, 01d Dominion University Research Foundation,
Norfolk, Virginia 23508.

Assigtant Professor, Department of Physics and Geophysical
Sciences, 0ld Dominion University, Norfolk, Virginia 23508.



IT. Work Previously Reported

Material included in progress reéorts will be outlined
here, but not reproduced. Three reports dated respectively’
June 6, 1975; October,-1975; and Decenmber, 1975 were submitted.

The June 6, 1975 report covereé four basic topics
reported in detailed appendices. First, a report on
"Measurements of SO2 Absorpéion Coefficients Using a Tunable
Dye Laser" by R. T. Thompson, Jr., J. M. Hoell, Jr., and
W. R. Wade. Absorption coefficients for the 3001.8 g}

2981.0 R and 2562.3 centered electronic¢-vibrational transitions
were reported with a. wavelength uncertainty of +0.1 g. Next,

a report on. "Remote Sensing.of Atmospheric SOg Using the
Differential Absorption Lidar Technigue" by Eoell, Wade and
Thompson was included. Results from a computer simulation

of a DIAL system indicated that commercially available
technology could achieve measurement sensitivities less than

2 ppb with spatial resolution of 500 m over ranges of less than
2 km. Third, Thompson reported "Sensitivity Predictions for
Differential Absorption and Scattering Lidar." General
statistical error analysis equations were developed for
analyzing £he sensitivity of a DAS system, and they were
evaluated for three experimental situations: ground level
nitrogen dioxide (NOj;) measurements over a horizontal path;
measurements of ozone (03) depletion in jet engine wakes

at 20 km altitude; and orbiting platform, nadir viewing



atmoséheric ozone distribution measurements. Finally,
Thompson and F. Allario reported on "Optical Properties of
Tuﬁable Diode Laser Radiation," in which divergence,
polarization and pattern anomalies in the far field pattern
of tunable dye lasers were investigated.

The October, 1975 report (Technical Report PGSTR-PH75-12)
by S. K. Poultney, M. L. Brumfield and J. 5. Siviter was

subtitled Quantitative Remote Raman Lidar Measurements of

Pollutants from Staticnary Sources. A detailed study of

using Raman lidar was conducted using a calibration tank at

LaRC. It was shown that typical stack exit: concentrations

of 500 ppm 502 could be measured to an accuracy of 10 percent

at a distance of 300 m, with integration times of 30 minutes.
The December, 1975 report by R. T. Thompson, Jr.,

"pifferential Absorption and Scattering Sensitivity Predictions"

was a much fuller account of the studies summarized in the

June 6 report.



IIT. Work Previously Unreported

Included below are results previously unreported.
Section A consists of work done by ODU personnel at LaRC,
and it-is divided into two subsections, the first theoretical
and the second experimental. 1It-is the work of Dr. Mills
and. his group. Section B contains a Srief description
of various activities of ODU personnel working on campus.
A fuller presentation of their results is found in the

appendix. ’

A. Work Done At Langley Research Center

i) Theoretical Support for the NASA Langlevy Water Vapor
DIAL Experiment. ’

The purpose of the experiment was to demonstrate the
feasibilit§ of the differential absorption lidar technigue
for measuring water vapor profiles in the troposphere up to
3 km. For opﬁimum operation the technigue should use water
vapor lines which are relatively isolated in frequency, have
an absorption cross-section which is relatively insensitive
to changes in temperature,.and have an absorption cross-
section which is large enough to produce measurable
absorption, but not large enough to completely absorb the
laser radiation. The. work described here involves determining
what water vapor lines would be least sensitive to temperature

changes.

gEPRODUCIBILITY OF THE
ARIAINAL PAGE I8 POOR



Assuming an isolated Lorentz shaped absorption line, the
following expression for the abéorption coefficient, k', may '

be written.

k' = - S v
m(Ave + v2) (1)

where S is the line strength, y is the Lorentz half-width,

and Av is the difference between the frequency of interest
and the freguency of the absorption line. Both -the line
strength § and ﬁorentz half-width y are temperature dependent.
The half-width temperature dependence can be expressed by

the following expression.
o %

Y =¥, (ﬁgl (2)
where Yo is the defined as the half-width at temperature Ty
and T is the temperature. The temperature dependence of the
line strength can be exprésséd,as follows':

g = K, p~3/2 g-hcE/kT (3)

where K, is a constant, T is the"ééﬁ§é§£EEE;, h is Planck's
constant, ¢ is the speed of light, k is Boltzmann's constant,

and E is the energy of the lower energy level of the transition

expressed as wave number.

The dye laser used in the DIAL experiment has a line width
which is comparable to the absorption line width. Therefore,
the absorption which is measured by the DIAL is the absorption

integrated over the laser line width. The approach used



here will be to calculate the integrated absorption assuming
some laser iine shape, and then determine for a given
temperature the lower state energy for which the integrated
absorption is least sensitive to temperature wvariations.
Calculations were made for two different laser line shapes,
square and triangular. The actual laser line shape is _
somewhere in between. Let F(v') be a function describing

the laser line shape where

&=

S F(v') dv' = 1 ., (4)
Figure 1 shows the two laser line shapes graphically.
For the sguare line shape F(v') may be written
F(v') = 1/2w -w < v <w (5)

F(v") 0 . vt > w

For the triangular line shape F{(v') may be written

F(v') = 1/2w ~ v'/4w? 0 < v' < 2w (6)
F(v') = 1/2w + v'/dw2 -2w < v' < 0
F(v') =0 [v'] > 2w

For the square laser line shape, the integrated absorption

k' is

w
k' = 2/ S-y (1/2w) dv' (7)
0‘1’1’(\)'2+ Yz)

oxr

k' =(8/wm) tan~"1{w/¥y) (8)



For the triangular laser line shape, the integrated
absorption k' is

K= 28 Y (/2w = v /aw?) gy )

0 w(v12'+ Yz)

or

kl

'(Sy/ww)Eé/Yltan_l(Zw/Y) -{1/4w}1in (1 + 4w2/72£] (10)

Now, for each laser line shape the temperature dependence
of § and vy from equations é and 3 can be substituted into
the expressiéns for the integrated absorption, and the lower
state enérgy'foi temperature insensitive lines can be
calculated by taking the derivative of the integrated
absorption with respect to temperature, setting the
derivative equal to zero and solving for E.

Follbwihg ‘the procedure described above for a square
laser line, the integrated absorption-k' in equation 8 can

be written

-3/2  _ 5
KqT e hCE/RT o ~1 (__WEZy (11)
W YOTO&i

oxr

k' = K'T_3/2e'hCE/than-l(WT%/YOTO%) (12)
where

R' = Ko/wr - (13)



Taking the derivative of equation (12} with respect to T

A dk' _ gip=2o-hcE/KT [écE T-%t l( wT

a1t %
ToTo "
5
- - T
—% T~ %tan l(—E-“—;:)
YoTo
+ v ' (14)
2 .
< we'T
ZYOTO (l + ______2____)
Yo To
For temperature insensitive lines %%l = 0.
hCE m-Y4 . p= % . - g -
C ;Etan l( wT ) 3 T ;51: l( WL ) + w . ==
kT T 2 In 3 2
YoTo ToTo Yobo A+ wT
2
Yo To
or . (15)
% 5 5
E;E tan-1 (WL ) = 3 pap~l(WT o) wE _ .
2
YOTO YOTO 270’1‘0 (1+ W2T )
0" To
Solving for E (18)
kT | 3 2
E=fs|%" —— | (an
2Y0T0%(1+ WAT ypan™l (_WIZ )
10 T YoTo™
Following the. same procsdures for the triangular laser
line, the integrated absorption k' in equation (10) can be.
written
-2
Kt = KovoTo T ° _~hcE/KT [1T% _  gan- (2wT% )
T YOTO . YOTOZ
- 41 in (1 + _dw?r ) (18)

3
Yo Ty



ox
. 3

k! = K'°T )
YoTo
' P : 2
- B omoliTe2el TRCE/RT, (1 4 AW
&w v 2T'
6 0
Wwhere (19}
X
‘R = _2,_ (20)
W )

Taking the derivative of equation 19 with respect to T

\ ok ik
dk (EhcE/kTh~5/2] heE .7 (2wT 3=l 2WT
. - grGhoB/kTy=5/2)BCE -1 ) - % tan~1(-2T)

. | . -YOTO - YDTO
+ er;‘2
2
YoTo(LeA L)
Yo To
- Eyoi'ozie“hCE/kTT—B BeE 1n(1 + 4W2T) - 2 1n (1 + 4wl y
4w . kT T Y 2
Yo “o 00
- e i
+ 4weT (21)
4w
Y0 To
. i)
For temperature insensitive lines I = 0
neE -l 2wT®, _ 3, -1 2w,
kT . , =
7oTo 9T
YT 2 y T, .
tw— T
= p 2 mah - L3 ) (22)
4w Y9 Ty 2wT o *o

or



5

-1 X T 2
i;E tan (ZWT %)“ Y0 g ln(1+4W2T )
: YTo AT Yo" To
34 =1, 2wTE “foTo;i YL AWlT :
= itan ( 35) - 5 ln(l+__§__) (23)
10To 2wT Yo %o
or
T % 2
Y340 1n (1 +-4w T
Yo T
g < KT _g_ _ 8wT 0 T (24)
be ! -1, 2wT? YT 4w
tan~+ (¥ a) T 1n(1+ 2 )

-

A sample calculation will be made for each laser line shape
assuming that w, the laser line half-width and Yo the absorption
line half-width, are egqual, and that T = Ty = 296K. For the

square line shape using equation 17, the result is

E= 1.18 KT = 243 cp~?t - (25)
he

For the triangular line shape using equation 24, the result is

E=1.21 5T = 249 em 2. (26)
he

The results of the sample calculations indicate that if
the laser line width is comparable to the absorption line width
the lower state energy for temperature insensitive lines is
relatively independent of the exact laser line shape..

Using a procedure similar to that outlined above, it can
be shown that for a monochromatic laser line, the lower state
energy for temperature insensitive absorption lines is just

kT/hc or for T = 396K, 206 cmfl. Thus, the fact that the

10



laser line has a finite width has more effect on determining
the lower state energy for temperature insenszitive lines than
the exact shape of the laser line.

ii) Analysisg-of the DIAL Technique for Remote Probing of
S0, in the Atmosphere i

802 from fossil. fuel powerplants is one of the primary
problems contributing to degradation of regional air quality
in this country. It is, therefore, desirable to develop
remote sensing techniques which can monitor S0, emissions
from stationary sources or ambient 862 concentration in an
urban environment. Poﬁlfney, et al.l, have reported the
results of an experimental program to determine the usefulness
of the Raman lidar as a technique for remote}y monitoring
S0, emissions from fossil fuel powerplanﬁs. In this report,
currently available S0, spectra are used to predict the
performance of the Differential Absorption Lidar (bIAL)
technigue operating near 4 uym and 300 nm for remote sensing
of S0, in the atmosphere. These two wavelength regions are
covered by lasers which NASA Langley Resecarch Center currently
has under development.

The DIAL concept can be described qualitatively as
foliows. Pulsed laser radiation at two wavelengths is
transmitted into the atmosphere. The two wavelengths are
saelected so that one, called the on wavelength, is absorbed
by the gas of interest and the other, called the off wave-

length, is not. The backscatter return signal as a function

11



of range at each wavelength is collected by an optical
receiver. Now define a range cell as the distance from
R; to Ryp. The average concentration of the absorbing gas
in the range cell may be determined from the on and off

wavelength returns at Ry and R The situation is

o
‘analagous to a dual-beam spectroscopy experiment where the
off wavelength return corresponds to the reference beam,’

the on wavelength corresponds to the sample. beam, and the
range c¢ell corresponds to the sample cell. The transmittance
of the absorbing gas in the range cell is then just the

ratio of the on wavelength returns at Ry and Rl divided by
the ratio of the offvwavelength returns at Ry and Ry.

The quantitative.expression for absorber concentration

can be found using the lidar equation:

R

X exp'{—ZJ‘0 [ésc(r,k,t) + Naf{x,£)op(1,P,T)

Here P,. is the received power as a function of range R,
wavelength A, and time t; XK is a constant; L is the laser
pulse length; A is the receiver area; Py(i), the transmitted
power, is a function of wawvelength; g is the backscatter
cross section as a function of range, wavelength, and time;

dge is the extinction coefficient for scattering as a function

12



of range, wavelength and time; N, is the concentration of
the absorbing gas of interest as a function of range and
time; o, 1s the absorption cross section of the gas of
interest as a function of wavelength,'pressure, P, and
temperature, T; Nij,+ is concentration of any interfering
absorbing gas; and o,,. is the absorption cross section of
the interfering gas.

A number of assumptions are made to simplify the analysis.
The scattering terms are assumed equal for the on wavelength
and the off wavelength reﬁurns; that is B(R,A0ff,t off) =
B(R,xon,t on) and a  (R,A0ff, t off) -= ag-(R,Aon,t on).
Also, the concentrations of the absorbing and interfering
‘gases are assumed to remain'constant between the off
wavelength and on wavelengfh returns, that is, NAfR,é off) =
Na(R,t on) and Nint(R,t off) = Njpt(R,t on). The on and off
wavelength absorption éross section for the gas'of interest,
op{rcff,P,T) and o3 (ron,P,T), are assumed to be known and
.Aconstant betweern Ry and Rp. If ojpt(r0ff,P,T) is not equal
to cint(xon,P,T), then both the concentration and absorption
cross section of the interfering gas must be known or must
be determined by a separate experiment.

With the above assumptions the average concentration
Nn of the gas of interest in the range cell between R;
and Ry is

1 Pron (Ry) X Proeg(Ry)

(28)

Na = =
A T 2TR,=Ry) [0a (hon) —op (AOEE)] | Prozf(Ry) X Prop (Ry)

13



The guantities in equation 28 which are measured -
experimentally are the on and off wavelength returns at Ry

and R,. Egquation 28 can be rewritten as follows.

Pron(R2) /Pron(R1) = F2(Ry~Ry )N, |o (lon);c (koffﬂ}
Profg(Ry) /Profe{Ry) 2R Nale A

The term on the left is just the transmittance. of the gas of
interest in the range cell from R; to R,. The exponent is

the optical depth of the absorbing gas in the range cell.

Sc from the. error in.determining the transmittance, which

is the experimentally measuféd quantity, the corresponding
error in detergining.the optical depth. can be determined, and,
assuming that the absorption cross section is known, the
error in determining tﬁe concentration.

The procedure then will be to select appropriate on and
off wavelengths using available SO, spectra in the.4 um and
300 nm wavélength regions. The absorption cross sections for
the on and off waveleng£h will be used to make a plot of
error in optical depth or absorber concentration as a function
of optical depth or absorber thickness for a given error in
measuring the transmittance where the absorber thickness is
2 (Ry~Rq)Np.

The spectrum of the v,+vy combination band of S0, near

2,3,4

4 pm has been studied by a number of workers using

grating spectrometers with resolutions ranging from .01l7 em~l

5 has studied the v_+v_ band

. 1 3
using a cw difference-frequency spectrometer with a resolution

2
to .48 ecm™1". Recently, Pine

(29)

14



of .0003 cm L. Figure 2 shows an absorption coefficient
spectrum, observed by Pines, under atmospheric conditions.
Using figure 2, a line pair of 2498.5 enLl and 2500.8 cm™l
was chosen for analysis, with the on wavelength line having

a fréquency of 2498.5 cm™ ! and the off wavelength line having
a frequency of 2500.8 cm™t.. The on wavelength absorption
cross section is .5 (m% atm)'“1 and the off wavelength
absorption cross section is 0 within Pine's error of

+ .02 (m3 atm)~l.

The spectrum of SO near 300 nm was measured by Thompson6
with a resolution of .02 nm. Figure 3 shows an absorption
coefficient spectrum observed by ThompsonG. Using figure 3,
a line pair of 299.4 nm and 300.0 nm was chosen. The on
wavelengtﬁ, 300.0 nm, has an absorption cross section of
33.1 (atm-cm) "l. The. off wavelength, 299.4 nm, has an
absorption c¢ross section of 7.28 (atm-cm)'l. The differential
absorption cross‘section oA(Aon) - GA(*off{] is then
25.8 (atm~cm) "L,

Figure 4 shows error in optical.depth oxr absorber
concentration as a function of optical depth for errors in
measuring the transmittance of 1, 2, 5, and 10 percent. Also
shown on the abscissa are the absorber thicknesses corresponding
to the 4 ym differential absorption, the 300 nm differential

absorption, and the 299.4 nm off line absorption.

15



Note that for any given error 'in measuring the trans-—
mittance, the minimum error in the concentration determined
from that measurement occurs for that combination of
concentration and range cell for which the optical depth
is equal to 1. Also thé minimum error in determined
concentration is approximately three times the error in
measuring the transmittance.

Assuming a range cell of 100 meters and a 5% error in
measuring the transmittance, at 4 ym the minimum detectable
average concentration in the range cell is about 5% parts
per million and apﬁéréntly the maximum detectable concentration
is approximately 300 p%rté per million. The upper limit is
actually much‘higher since the on wavelength could be tuned
to a point where the absorption céefficient and therefore
the optical depth are lower.

At 300 nm, again assuming a 100-meter range cell and™ 5% ™
error in measuriqg transmittance, the minimum detectable
concentration is about 110 parts per billion. The maximum
detectable concentration is determined. by the point where
the absorption of the off wavelength line is so great that the
return from the- far side of the range cell cannot be measured
accurately. Por a 1l00-meter range cell and 5% error in
measuring transmittance, the maximum detectable concentration
is 20 ppm. Thus, for measurements of powerplant emissions,
the DIAL instruments operating at 300 nm and 4 uym are

complementary.

l6



Assuming 5% error in measuring transmittance, a one
kilomei.:er- column content measurement of 50, concentration
as low as 1l parts per billion could be made using the
DIAL technigue at 300 nm.

It;should be emphasized that this analysis has not
considered what accuracy in measuring transmittance is
achievable. For any specific systém, this would have to
be determined froﬁ a consideration of specific system

parameters such as that made by Thompson’.
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Experimental Support for NASA Langley Plume Dispersion Program

In the early part of 1976 an agreement was. made by
NASA Langley Research Center and the Maryland Power Plant
Siting Program to perform a joint experiment to determine
the utility of the lidar as a method for characterizing
plume rise and plume dispersion from power plants. In-
support of that experiment, a mobile lidar system was built
using NASA equipment by personnel from Old Dominion University,
NASA, and Wyle Laboratories.'

Operation of the system was checked during late July
by observing the plume from the VEPCO plant at Yorktown, - -
Virginia.

In this report, the lidar system will be described.

A later - -report will describe the design of the joint field
experiment and the results of that experiment.

The lidar system consists of a ruby laser, a telescope
receiver, a detector package, and associated instrumentation.
The laser, telescope, and detector package are mounted on a
searchlight-type mount with tracking capability. The entire
system, including insﬁrumentation and the searchlight mount,
is contained on a flat-bed trailer.

. The laser used in the system is a Holobeam 600
Q-switched ruby laser with a beam divergence of 3% milli-
radians. The beam divérgence was reduced to approximately
1 milliradian by using an up-collimating telescope at the

output of the laser. The output energy ¢f the laser can

i8



vary from .75 to 2.0 joules with a pulse length of 30
nanoseconds. Thus, the ultimate range resolution attainable
with the system is 4.5 meters. |

The‘receiver is a 12-inch Cassegrain type telescope
with a field of view of approximately 4 milliradians. The
detector package has provision for mounting two photo-
multiplier tubes for extended dynamic range. For the plume
dispersion experiment, only one tube was used. An RCA
7265 photomultipligr tube was selected for use in the system
since it was sensitive to the 694 nanometer laser radiation,
and it could be easily gated to prevent overload from the
close-in return.

The instrumentation used consists of a high voltage
power supply and gating cifcuit for the photomultiplier
tube, pulse generators used for timing, and the data
acquisition system.

The data acquisition systém is based on a Digital
Equipment Corporation model PDP1ll/l0 minicomputer. The
lidar return signal from the photomultiplier is recorded
by a Biomation 8100 transient digitizer which can record
2000 8-bit words of data at sample rates up to 100 MH,.

The Biomation has an analog output so that the data can be
displayed continuously on an oscilloscope and a digital
output from which the computer accepts the recorded data.

Other data accepted by the computer include laser energy,

19



laser shot counter reading, and elevation and azimuth angle

from the searchlight mount. The data from each laser firing

is immediately recorded on magnetic tape for later processing

using either the PDP 11/10 or the main Langley Research
Center computer facility. Also attached to the minicomputer
is a Ramtek Graphics display which can display information
in 16 shades of gray on an ordinary black and white ‘
television monitor.

The computer has been programmed to allow data
processing to proceed simultaneously with data recording.-
This permits preliminary data analysis (such as range
correction), and display on. a nearby real-time basis.
Three different types of data display are avallable. One
is called an A-scope display and is simply an x-y display
with no intensity modulation of the display. Another type
of display, called a z-scope display, is useful for
applications where the lidar fs pointed wvertically. This
display plots intensity versus height on a vertical line
using the lé-shade gray scale modulation. The third type
of displéy is the RHI or range, height, intensity display
which is used for displaying plume dispersion lidar rsturns.
Por this display, the horizontal axis corresponds to the
horizontal distance from the lidar and the vexrtical axis
corresponds to height above the lidar. Intensity is then
plotted along a line which corresponds to the lidar

elevation angle.

20



The lidar was tested during late July by observing the
plume from the VEPCO plant at Yorktown. The plant is oil
fired with no precipitators on the exhaust. The stack is
550 feet high. The lidar was located approximately 5.5 km
from the stack with a viewing window about 30° to either
side. The plume was easily observable at a range of 8 km
from the lidar and at a distance of 4 km downwind from the
plant. Because of the festricted viewing window, the
maximum useful range of the lidar_could‘not be determined,

" but it is certainly greater than 8 km.

During the test, malfunctions in some of the computer

peripherals occurred and shérﬁcomings in the software were
found. These problems were all corrected before the Jjoint

experiment in Maryland.

21



B. Work Done by ODU Resident Faculty.

ODU faculty- devoted themselves to three main support
efforts. First, Dr. Kindle and Dr. Blais consulted with
Langley personnel on feasibility of field test procedures.
Second, information was assembled on local climatology and
on stack parameters of local sources for support of the
Yorktown plume field test. Third, Dr. Blais initiated
development of an adaptation to the Gaussian plume model
using a surface interaction parameter first suggested by
Csanady*. Geometric characteristics capable of lidar
detection were proposed._ Work is continuing on an error
and sensitivity analysis of the modified model to make it
more suitable for field application. Dr. Blais' report

constitutes the appendix.

*G. T. Csanady, Aust. J. Phys. 8, 545-550 (1955).
G. T. Csanady, Aust. J. Phys. 10, 559-564 (1957).

22



END NOTES

S. K, Poultney, M. L. Brumfield, and J. H. Siviter,

"A Theoretical Experimental Program to Develop Active
Optical Pollution Sensors: Quantitative Remote Raman
Lidar Measurements of Pollutants from Stationary Sources."
NASA TMX-72887 (also 0ld Dominion University Research

Foundation Technical Report PGSTR-PH75-12}.

R. D. Shelton, A. H. Nielson, and W. H. Fletcher,

' J. Chem. Phys. 21, 2178 (1953).

_.R. J. Corice, K. Fox, and G. D, T. Tejwani, J. Chem.

Phys. 59, 672 (1973). (Also Report No. UTPA-ERAL~03,

Dept. of Phys. and Astron., U. of Tenn.)

A. Barbe, C. Secroun, P. Jouve, B. Duterage, N. Monnanteuil,
J. Bellet, and G. Steenbeckeliers, J. Mol. Spectrosc. 55,

319 (1975).

A. Mooradian and A. S. Pine, "Tunable Laser Spectral
Survey of Molecular Air Pollutants,” NSF/RANN/AEN 71-01922

A02, M.I.T. Lincoln Laboratory (May 1976).

R. 7. Thompson, Jr., J. M. Hoell, Jr., and W. R. Wade,

Jour. of Applied Physics 46, 3040 (1975).

R. T. Thompson, Jr., "Differential Absorption and Scattering
Sensitivity Predictions," NASA CR-2627. (Also 0ld Dominion

University Research Foundation ‘Technical Report PGSTR-PH75-19.)

23



! {

2w 2w

I L
1 ) ! |
v b 1

-w 0

a) Square

w . -2w -wQ w 2w

b) Triangular

Figure 1. Laser line shapes.

24



S¢

ABS COEFFICIENT, (m%atm)”

Figure 2.

(@]
I

o
o
|

T I . SRR TN YA N T YA NN TURE O UK YUK PO O O Y W W

2495 2500 2505 2510 2515 2520 - 2525
FREQUENCY, cm™

4

Absorption spectrum gf the vl+ 3 band of 50, at atmospheric
pressure (after Pine”).



9¢

ABSORPTION COEFFICIENT, (atm x cm)”’

- — N N
o O & o o O o

O

PRECISION 2 0.5 %
RESOLUTION = 0.20 A
— ' PRESSURE = 5.0 Torr

1 ] | | IR | L i

2962 2970 2978 2986 2994 002 3010 3018

o

WAVELENGTH, A

Figure 3. Absorption spectrum of SO2 near 300 nm (after Thompsonﬁ}.



Lz

ERROR IN TRANSMITTANCE

cad & BBVd TN

'ﬁ%& J0 Lufnalonﬁoﬁam;
% ERROR IN OPTICAL DEPTH

—

10 %

4 pm {00
300 nm (diff) 1.94
300 nm {off) 6.87

Figure 4.

A | 0 OPTICAL DEPTH

1000 10,000 100,000 ppm - meter
194 - - 194 - - 1940  ppm - meter
68.7 687 "86870 ppm - meter

ABSORBER THICKNESS ‘

Brror in optical depth or absorber concentration as a function of
optical depth or absorber thickness for various errors in measur-
ing transmittance.



APPENDTX

LIDAR DETECTABLE GEOMETRIC CHARACTERISTICS
OF GAUSSIAN PLUME MODELS WITH VARIABLE

SURFACE BOUNCE
Roger N. Blais

Department of Physics and Geophysical Sciences
014 Dominion University .

Norfolk, Virginia 23508, U.S.A.

Abstrack - A Gaq;sian Plume Model is proposed containing

a dimgnsionlesé bounce parameter, R, the fraction of

" material dispergad to the earth's surface ﬁhat is reflected
into‘the~plume. ‘The B = 0 case yields the free space

" plume in the z > 0 domain, with pérfect trapping of effluent

on the z = 0 plane. The B = 1 caée reproduces the Pasquill-

Gifford Model with all effluent reflected at the surface.

The model is formulated to allo& estimation of 8 from licdar
measurements of plumes over various textures of flat

terrain (e.g. forest, grass). iidar detectable geometric
characteristics of:plumes‘are described as functions of a
non-dimensional-downwind distance paréméter! g,/H, and of

B as it ranges from 0 to 1. These cha¥acteristics are the
altitude of maximum concentration, and the mean altitude of
the concentration. The measured mean altitude's dependence
bn the maximum'élfitude of lidar sampling is discussed. The
. influence of 8 on the total downwind flux of effluent and on

surface concentration is described,.
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- -NOMENCLATURE

concentration of effluent, kg m3

effective emissicn height, the sum of stack
height and plume rise, m

nth woment of n integrated over i, from n = 0
to r = u, see Eguation 8, dimensicnless

rate Ef effluent emission at source (G,0,H),
kg s~

‘rate of effluent emission by virtual image scurce
at (0,0,-H), kg s~1

mean wind spe=d, m s~1

downwind, crosswind and vertical cocrdinates
respectively, m

normalized vertical plume thickness, dimensicnless

the dimensionless surface bounce parameter such
"that 0 < B < 1. -

normalized altitude, dimensionless
n at which maximum AO occurs, dimensionless

mean {(expectation) value of n averaged over Ay
fromn =0 ton =1u

normalized concentration of effluent, see Equation
4, dimensionless

normalized concentration of effluent ony = 0
plane, see Equation 5, dimensionless

the maximum normalized altitude to which iidar
megsurements are made, dimensionless

standard deviation of C(x,y.,z) relative to v, m

standard deviation of C(x,y,2z) relative to z in
free space, m

total normalized mass flux through a vertical plane
normal to the wind, see Equation 16, dimensionless



‘LIST OF CAPTIOCNS

Fig. 1. Ny the altitude of maximum.ﬁo, as a functicn of
normalized downwind distance parameter, o.

Fig: 2. Aititude of the true mean (ﬁ;}, of a measured mean
with sampling interval 0 <n <3 (A3), and the
altitude of maximum normalized concentration (ng ).

Fig. 3. The normalized flux (®{c¢}) or fraction of original
effluent maés still airborne at o, and the ?;

normalizaticn factor (Mo(w)).



INTRODUCTION

The 'growing-use of the Gaussian Plume Model {Csanady,
1973; Seinfeld, 1975; Sutteon, 1932; Turner, 1970) for the
design of stacks, for the prepération-of environmental
impact statements, and fo£ the development of multiple
source models (TRﬁ, 1969) makes the wvalidity of the
assumptions upon which the model rests-a,legitimaté econcmic
and public health éonéern. Chamberlain {(106€) , Bessemoulin
(1974), Heines (1974), Ragland (1975), and Seguin (1973},
among others, have examined the boundary conditions at the
earth's surface. The influence of the surface on the plume
is amenable to lidar (laser radar) study if a simple field
model can be used to relate vertical concentration profiles
to a parameter that describes ;he surface. Lidar is better
able to establish pluﬁe geometric.cﬁaracteristics than to
define absolute mass concentrations, due to the difficulties
of the Mie scattering problem-for polydisperse aercsols. '
Fieid workers are seldom abie to meésure all the necessary
input variables, which include the complex index of refraction
for each of the various constituents, and their particle_size-
and shape distributions (Die;mendjian, 1969) . Geometric
characteristics of a plume, however, are réadily defined
under simple assumptions of particle homogeneity and isotropy

in the spatial domain.
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In addifion, lidar systems can time average data over
'periods consistent with the assumptions of the Gaussian
Models. In this regard, liéar is superior to instantansous
photoérammetric techniques (Blais, 1975).

This paper considers lidar detectable plﬁﬁe geometric
characteristics capable of illuminating surface interactions,
by explo#ﬁigq_g simple generalization of the Pasguill-Gifford
Model (Gifford, 1961; Hay, 1957; Pasqguill, 19%61). As in the
standard model, the surface is required to be relatively
flat, but its texture may vary widely in effective porosity.
The generalization is based on a surface bounce parameter.
Non~dimensicnal expressioné for altitude of maximum concentration,
for true and for measured mean altitude of concentration, and
for downwind flux are presented as functions of a non-
dimensional downwind dis&ance parameter, and of the surface
bounce parameter. The influenée of 8 on surface level

concentrations is discussed.
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THE BASIC MODEL’

The Pasquill-Gifford Model is modified By including
a dimenéionless bounce parameter, B, which ranges between
zero and cone. It multiblies the surface reflectance term
such that:

C= (..__.___)exp(-.+__) [exp (- LZ,._.ET__) +.8 exp (- .IE“:EL_) (1)
ZﬂUcy z. 2"y 202 26,% -
In the case 3 = l; presumed to be typical of a smooth flat
surface, all of the material dispersed downward tc the.
earth's surface remains ailrborne because it is bounced or
reflected back into the plume. This is the condition for
the regular Pasquill-Gifford mecdel. The opposite extreme
case, 8 = 0, presumed to be approximated by dense forest,
implies £o£al absorption of material at the earth's surface.
The plume:then behaves as a free space plume in the domain
z > 0.

The B parameter arises from the artifice of using a
virtual image source located at x =y = 0, 2 = -H to account
for reflectance at the earth's surface. Usually, the rate
of image source emission, Qi, is assuﬁed to be equal to
the real source emission rate, Q. Because the surface
concentration depends upon summing the effects of the real
and-the image source, and because Qi > Q is not phys;célly
meaﬁingful, the Qj = Q case represents the highest poésible
surface concentration at any given field point;' This worst

case is useful in predicting the environmental impact of



proposed smokestacks. The true influence of the surface
“on plume material is undoubtedlflbetWeen the extremes
represaented by B = 1.and B = 0, where, ﬁathematically 8 is
defined as: '

8 = 0;/0, - - - (@)
though physicélly itjis‘dependent-on surface properties.

The presumed illustrative examples of smooth flat .land
implying 8 =« 1, and of éense forest implying 8 =0, bear -
further comment. For a single value of 3 to characterize
plume dispersal requires that the terrainwig.flat, and
uniform, and that the plume is not influenced by complicating
factérs like penetration of the inversion:—$¥-trapping by .
the top of the mixing 1a§er. Given such conditions, two
surfaces may be co@pared,'both of which are flat and smooth, -

but which differ in porosity. The first surface is exemplified

by a smooth hard surface, like pavement, or closely mowed

grass. The second surface is denée forest canopy. Thé-fﬁrest
has a stagnant air layer beneath the canopy, and a comparativel
enlarged ratio of absorbing surface area to land surface area.
Thus, it is anticipated that forest will be a poorer reflector,
and a better absorber of effluent than pavement,-or'mowed
grass. Consequently, one expects Bfofest"é g

pavement”’
Lidar studies can determine values for B over diverse, but
T .

uncomplicated, surfaces like water, swamp or moorland.
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THE NORMALIZED MODEL

It is useful to formulate the model non-=dimensionally,
'so that it is-independent of particular functional forms
of oy(x) or 0z(x). The following dimensionless quantities

are defined.

= %2 , n =2, A= 27UCCEH (3)
o ﬁ._... ) q E4 o)

Note that o, generally increases with-x (Turner, 1970) and

H is constant in the region of interest far enough downwind

for surface bounce to be significant. Conseguently, ;z is

a measure of x, in that ¢« - 0 as x -~ 0, and a2 - « monotonically
as x + ». The relationship is non-linear, however, and

depends upon stability class.

Note also thaﬁ A is slightly different from the usual
normalized concentration parameter, CU/Q, which is dimensionally
a reciprocal area. As will be seen, A is more convenient
in the present formulation, because it absorbs the Iy
dependence of the model.

Substituting Equations 3 into Eguation 1, and isclating

8 by the extraction of a common monomial factor yields

- 2 2
Ala,y,n) = alexp(-—xZ - INxI}) < ) [exp(2]) + g]. (4)
20.2  2a< o
Y
Next, defining Ag(a,n) = A(e,0,n) yields, ¢
Agla,n) = a~l exp (- [n+l]2) [exp('g_rl) + B]. (5}
20 ol

Thus, AO represents the non~dimensional concentration on the

plume vertical plane of symmetry. There are three reasons



- for déaling.with AO rather than with ... First, a lidar
system samples along an entire line of sight. - In the
downwind region where fhe p}ume is sufficiently tenuous

for multiple optical scatteriné events t6 be insignificant,
but for surface bounce to be inflﬁéntiél; one can ﬁiﬁd
the centroid of the plume-and plét vertical profiles
through that plane ohly.' Next, even if one wishes to
examine éhé total optical brightnegs of tﬁe plume due to
diffuse scattersd light, an integration of total mass.
load, A, along an infinite horizontal cross-wind line of
sight (from v = -» to y = +») would differ from L only
by the multiplicative factor J§§_0y. Finally, some .regional
multiple sourée modélé, like the AQDM (TRW, 196%)., use a
Gaussian verticél depéndegce, consistent with Aop but a

non-Gaussian horizontal dependence incompatible with A.
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GEOMETRIC PROPERTIES OF Ag

To use the above model for estimating 8, the lidar
system in the field‘must acquire the-folléwing data.
Profiles of Ay versus n afe determined at a given value of
a.--To accomplish tﬁis, the lidar ﬁust aim in a horizontal
_cross~wind direction, and scan vertically between n = 0
ahd a maximum normalized altitude n = w. Acguired data
must bé stored and the lidar tﬁen changes azimuth to make
a”sebbnd‘ﬁo'versus n profile at a new «. After measuring
p;ofiles for several o walues, the entire seguence is'_
répeated, until time averaged profiles are established for
gach o. Aveﬁaging times should be commensurate with the
assumptions underlying the Gaussian Model (Slade, 1968). .
Two physical properties of Ehe profiles are then established:
nms the altitude .of maximum Ay; and Ty, the mean altitude
or expectation vélue of n over the Ag(a,n) distribution

measured fromn = 0 ton = y.

Altitude of Maximum Concentration.

The normalized altitude of maximum AO is derived by
qaximizing Equation. 5 with. respect to n. The resulting
equation is transcendental, with no explicit expression for

N, @ a function of o and 8. It can be written in the-

following form:

g = (10m) exp(2im

). (69
1+nm ol .
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Values of n, that satisfy Equation & are plotted for various
*values of 8 in Fig. 1. As expected, near the source (¢ - 0)
sufface bounce does not influence Ny which approaches one
regardless of E. 'This is to say 4, is évmaximum at z = H.

In the downwind direction 8 does strongly influence the

altitude of maximum concentration.- As ¢ + ®, ng > (1-8)/(1+8)
asymptotically. As a result, the 8 = 0 case, with no surface

bounce, leaves Mg = 1 for all a. For 8 = 1 or complete
surface bounce, np *= 0, which is to say the peak value descends
to %he earth's surface, a fact recently pointed out by '
Dumbauld (1976). Yet, n_ only descends to the n = 0 plane
if 8= 1, and in that case ny = 0 for all @ > 1. Finally,
one notes ng; is a'st;oﬁg funcﬁion of 8 for & > 1, allowing
it to serve as a primary detection cha%acteristic of B according
to Equation 6.

"In application, H is estimated from standard plume rise
formulas (Briggs, 1969), and the altitude, z, of maximum AO
is measqred from the lidar fertical scans. Dividing z by H
yields nj. Next, o, is estimated from the stability class
and downwind distance x, using the graph on page 9 of Turner
(1970). Then ¢ is computed from Equation 3. Equation 6 is
used to compute B from nL and a. A wvalue of 8 is calculated
for each o, and if the surface is simple, one expects them to
be approximately equal. A least squares method can be used
to estimate 8 for the surface, provided the values are not

excessively scattered. Measurements under various stability
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conditions can examine the repeatability of & for a given

surface.
Mean Altitude of Concentraticn. 2 second method of
determining i 1s less sensitive and involves more

computation than the above mechod, but it does offer an

independent check en the model's internal consistency.

The second method 1s to measure the mean altitude (expec-

tation value of the altitucde) using the normalized .

concentrations, .,;, as a distribution function tiat weights
n. The mean altitude, ?u,'depends upon the sampling interval
{(Exom n = 0 to n = u) and is defined as:

7= Milw) - .-

SR T (7)
H Mo(u)

where M,(u) is-the nth mement of n with respect to Ay, "

defined by

< Ay |
Mn*?"* Ion A gdn . (8)

Performing the'integration indicated by Egquation 8 with
n=20and n= 1 gives the zeroeth and first order moments,

My = /I{a-mrertidy) + ere@l) + g ersurl] ey
: Yes V2o Y2a

and

. u+l L
Mi (1) /_ 148 eze (1) + erf(fz_a) - gere (L]

, )
_ - u-1 - “Tu+ll 5 (a0
+0a [(1+B)exp( E;_) éxp( —E;él-)‘ B8 exp({ _53?——8 (10)
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where erf(t) is the normal error function, definez
= 2 t 2

erf(t) ¥ = S exp(-u®)du. 1

= o | @

Dividing Equation 10 by Equation 9 yields n , as sho

Equation 7. The expression for n, is rather form:da:le,

- . P
Yok s
-

but several limiting expressions derived from E

Eguation 2

and 10 make it more comprehensible. See Fig. 2.

First, it is to be expecied that near the source
(x = 0) bounce plays an insignificant role, so that -. is
independent of 2, and furthermore, that = = 1 at z = 0.

That is to say, the mean altitude of effluent at x = 0 is
n=1o0r z=H. By noting that -

U ers(e) = 1 (12)
and taking the limit of Mo(u) and Ml(p) as o« - 0 one
discovers .

L g (w) = VT, YM (w) = V2T (13)

a0 70 1

a+0

Thus, as expected, their ratio, ﬁh

Fig. 2 all values of ﬁﬁ (and nm) approach 1 as « approaches 0.

= 1 at the scource. In

Next, the behavior of the expression ¥, and M; are
simplified if ﬁ is allowed to approach infinity. Physically,
this corresponds to the case of sampling the plume over an
unlimited range of altitude from n = 0 to n = =. In that
case, the quantity N, may be called the "true" mean altitude

of the plume. The values of MO and M; become

lim - oy = /T G- 1 ]
o Mg (u) = My (=) —A i s)erf(—-:-af;;-) + (1+8)) (14)
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and

lim

LR M) = g (o) =/§ [orereil + (1-8]

+ a{l+B)exp (~+_). B (15)
. 202 .

Their ratio, W_, is plotted in Fig. 2 as ﬁhe top p%ir of
lines for the two cases 8 = 0 and 8 = 1. One sees that n_
expands without bound as o + « far downwind from the source.
This occurs‘because-Equation 14, the denominator of Equation 7,
remains finite as o increases, but Egquation 15, the némerator,
has a final term that increases withput limit as o does
likewise. Thus, the itrue mean altitude of the normalized
concentration rises above H the fafther downwind the plume
travels. o

Having examined the behavior of n near the source (o« = 0),
and for the case of infinite vgrti&al sampling, it remains . ‘
to consider the "measured” mean altitude of A, ﬁﬁ. This
‘measured value is achieved by allowing the measuré& Ag
versus n profile to be truncated at an upper bound, n = u.
True lidar systems will only scan to altitudes of n equal
to a small number. Because all values of n larger than p
are considered to contribute nothing to the computation of m,
clearly n, < 7, for all finite u. Use of Equations 7,.9, and
10 vields ﬁu. A specific typical case, u = 3, is plotted as
the middle pair of lines in Pig. 2, illustrating the two

cases 8 = 1 and B = 0. (The bottom pair of lines in Fig. 2
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merely repeat for comparison the 8 = 0 and 8 = 1 cases of
. Ny Previously plotted in Fig. 1.

Vote that nu does not approach infinity as o increases,

but 1nstead remains flnlte throughout the entire range of a.

Since only Samples between n = 0 and n = yu are considered,

the value of ﬁu must lie in the range 0 < ﬁu < u. Thus ﬁﬁ

is always finite.

Figure 2 reveaIS'an additional noteworth? fact. The
‘measured mean altitude, ﬁﬁ; is not nearly as strongly
dependent upoh 3 as ng, the altltude of maximum 4, is. Taus
as stated above; the measured mean value is nct as sensmtmve

a medasure of 8 as nm is.



- DOWNWIND FLUX

The Pasquill~Gifford Model has no built-in pollutant
removal meqhanism. Thus, mass flux at the source Q, is
equal to the mass flux through any vertiéal, semi-infinite
(z > 0) plagé'normal to the wind at any distance downwind
from the source. If B < 0; however, some material is
removed from the plume and therefore downwind flux is
affected. Define a normalized flux, %{a), a function of

normalized downwind distance, o, as:_

o(a) = 2752; [0 hdyan . (16)

Substitution from Equation 3 shows

-1_ o3 =] E:_q - - '
% (a) fﬂ I Q)dydz (17)

—c

where C is a function of a implicitly. Returning to Egquation

16, and performing the y intégration reveals

YaT o, % Mn (e
ola) = 2209 oy an = M0 (18)
2m oy 040 /27
Since Ma(w) is v2% at ¢ = 0, ¥{¢) = 1 at the source. But

Mg(®) is a function of B as well as a. Figure 3 reveals this
dependence. ¢(a) is plotted on ﬁhe left ordinate, and it may
be considered the fraction of material emitted at the source
that is still airborne at a. The righ£ ordinate plots
ﬁg(m) = /27 &{a). It is also useful in computing n,s for it

is the normalizing factor.
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If 8 = 0 the matter dispersed downward from H is
altimately absorbed by the surface, but that borne upward
remains aloft until other atmospheric processes invalidate
the briéinal assumptions of the model. Conseguently, no
more than half of the mass is evér removed from the plume

by‘surface trapping.
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less than. one on surfiace ccncentrations. This 1s perhaps

; y 3 Py = £a 13 o s 2 - o :
best sean in the meore fzmillar basiz medel, rather fLoian in

the non-dimensicnal moéel. Thus, going back tc Equation 1,
g g 3

P ——

and satiling 2 = o Yie.l3

Q ._2 2 i TN,
C = exp (T Ty r i) {(19)
- 2-UT s 2: c. =0T

For the Pasquill~Gifford Medel 2 = 1. Then the finzl (l+2)
factor ezuals two. If the trus wvalus ¢l I is lsss ithian cne,

its influences on the surface concentraticn is clearly sa_ut3iry

but it only influences the concentration and not its geographic

distribution.



CONCLUSION

In testing numerical models for plume dispersal with
field gxperiments, it is common to reconcile discrepancies
between predicted and measured values by adjusting source
parameters. A simple adjustment in surface reflectance, 8,
would often accomplish the same reconciliation without
disturbing source variables one has no reason to change
without knowledge of wvertical wind p;ofiles and surface
roughness. Future lidar experiments may find it profitable
to study sources that disperse over a variety of simple, yet
diverse terrains, such as forest, grassland and water in
order to investigate the usefulness of a parameter 2, and
to see if it is itself independent of wind speed and stability
class over a reasonable range of common conditions. If

consistent values of B can be established, improvements

in régional predictor models like ‘the AQDM could be wrought.
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Development of Pre-Mining and Reclamation Plan Rationale
for Surface Coal Mines

PB-258 041/SET/ PAT 590 p. PC$22.50/MF$7.00

Manual of Respiratory Prolection Against Airborne
Radioactive Materials
PB-258 052/PAT 147 p. PC$6.00/MF$3.00

Desian and Construction of a Residential Solar Heating and
Cooling System

PB-237 042/ BAT 233 p. PC$8.00/MF$3.00

Flow and Gas Sampling Manual
PB-258 080/ PAT 102p. PGC$5.50/MF$3 00

Sofar Heating and Cooling in Buildings: Methods of Economic
Evaluation
COM-75-11070/ PAT 48 p. PC3$4.00/MF$3.00

Data Base Directions. The Next Sieps
PB-258 103/ PAT 177 p. PCS$7.50/MF$3.00

Comparative Study of Various Text Editors and Formatiing
Systems

1976 Energy Fact Book

ADA-028 050/ PAT 93 p. PC Not Available/MF$3.00

ADA-029 331/ PAT 195 p. PC$12 50/MF$12.50

Impacts of Construction Activities in Wetlands of the United

States
PB-256 674/ PAT 426 p.

PC$11.75/MF$3.00

Explaining Energy: A Manual of Non-Style for Ihe Energy

Standardized Development of Computer Software. Part I:

Methods

N76-30-849/ PAT 389 p. PC$10.75/MF$3.00

A Methodology for Producing Reliable Software, Volume 1.
PC$B.00/MF$3.00

N76-29-945/ PAT 228 p.

Outsider Who Wanis In
LBL-4458/ PAT 78 p. PC$4.50/MF$3.00

A Survay of State Legislation Relating to Solar Energy
PB-258 235/ PAT 166 p.

PC$6.75/MF$3.00

Cost Estimating Handbook for Transfer, Shredding and

PB-257 541/ PAT 372 p.

Sanitary Landfilling of Solid Waste
PB-256 444/ PAT 85 p.

PC$5.00/ MF$2.00

Coal Liquefaction Design Practices Manual
PC$10.50/MF$3.00

HOW TO ORDER

L4

When you indicate the method of pay-
ment, please note if a purchase order is not
accompanied by payment, you will be billed
an additional $5.00 ship and bill charge. And
please include the card expiration date when
using American Express.

Normal delivery time takes three to five
weeks. It is vital that you order by number

or your order will be manually filled, insur-
ing a delay. You can opt for airmail delivery
for $2.00 North American continent; $3.00
outside North American continent charge per
item. Just check the Afrmail Service box. If
you're really pressed for time, call the NTIS
Rush Handling Service (703)557-4700. For a
$10.00 charge per item, your order will he
airmailed within 48 hours. Or, you can pick
up your order in the Washington Informa-
tion Center & Bookstore or at our Springfield
Operations Center within 24 hours for a
$6.00 per item charge.

METHOD OF PAYMENT
O Charge my NTIS deposit account no.

D Purchase order no.

O Check enclosed for $

NAME

You may also place your order by tele-
phone or if you have an NTIS Deposit Ac-
count or an American Express card order
throngh TELEX. The order desk number is
(703) 357-4650 and the TELEX number is
89-9405.

Thank you for your interest in NTIS. We
appreciate your order.

e Sats S — S i S———— — ) S S S W w— — ———— n— S T—

O Bill me. Add $5.00 per order and sign below. (Not avail-
able outside North American continent.)
Charge to my American Express Card account number

ADDRESS

CITY. STATE. ZIP

Card expiration dale

Quantity

Paper Copy| Microfiche
(PC) {MF}

Signature
O Awrmal Services requested

Item Number Unit Price* Total Price*

Chip and mail to*

National Technical Infarmation Service
U.S. DEPARTMENT OF COMMERCE
Springfield, Va. 22161

{703) 557-4650 TELEX $£9-9405

Sub Total
4ddinonal Charge

Enter Grand Total

All prices subject to change. The prices
above are accurate as of 4/77

Foreign Prices on Request.


http:PC$10.50/MF$3.00
http:PC$0800/MF$3.00
http:PC$5.00/MF$3.00
http:PC$10.75/MF$3.0O
http:PC$6.75/MF$3.00
http:PC$11.75/MF$3.00
http:PC$4.I0/MF$3.00
http:PC$12.50/MF$12.50
http:Available/MF$3.00
http:PC$8.00/MF$3.00
http:PC$7.50/MF$3.00
http:PC$6.00/MF$3.0O
http:PC$4.00/MF$3.00
http:PC$22.50/MF$7.00

