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SUNDAY, SEPTEMBER 27, 1987

CONFERENCE FOYER
@00 PM-2:00 PM  REGISTRATION/RECEPTION

MONDAY, SEPTEMBER 28, 1967

CONFERENCE FOYER
7:30 AM-S00 PM  REGISTRATION/SPEAKER CHECKIN

CONFERENCE ROOM $
&30 AM-545 AM  OPENING REMARKS

&48 AM-10:15 AM
MA, LIDARS IN SPACE
Dennis K. Kiltinger, University of South Florida, Presider

6:45 AM-9:15 AM  (Invited paper)

MAt Progress in Solid-State Lasers for Specebome Lidars,
Frank Allario, NASA Langley Reseerch Center. NASA's
science and applications program for the Space Sation is
planning a lidar tacility to conduct science experiments. To
accommodate the facility, solid-state laser technology is be-
ing deveioped. An overview of NASA’s systems and technol
ogy program is presented. (p. 2

%15 AM-S45 AM  (invited pepen)

MA2 Lider inSpece Technology Experiment, Richard R.
Neims, Richard H. Couch, John W. Cox, Camroll W. Rowiand,
M. Patrick McCormick, NASA Langley Research Center. The
lidar in-space technology experiment (LITE) is a multimission
Space Transportation System (STS) program 10 evaiuate the
capability of a lidar experiment to make measurements of
aerasols and other atmospheric paramters from a space
borne platform. (p. 5

48 AM-10:00 AM

MA3 Lider Experiment on Spaceisd LEOS, M. Endemann,
V. Kiein, Batrelie institut e.V., F. R. Germany; W. Renger, in-
stitute for Atrnospheric Physics. F. R. Germany; H. Quenzel,
U. Munch, F. R. Germany. A small backscatter lidar for
measurements from the Spacelab facility is proposed 10 ex-
plore the measurement capabilities of a spacebome lidar. A
first tiight opportunity may arise with the German D2 mission
in the early 1990s. (p. 9
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MONDAY, SEPTEMBER 28, 1987 — Continued

10:00 AM=-10:15 AM

MA4 Performance Testing of the Shuttie Laser Altimeler,
Jack L. Bufton, James B. Garvin, NASA Goddard Spece
Flight Center. A laser altimeter instrument capable of opera-
tion from orbital aititude on the Spaca Shuttie has been de-
veloped. Instrument design and performance testing are
summarized. Sample terrain profite data acquired in airborne
simulations of the Shuttle mission are presented. (p. 1J)

10:15 AM-10:45 PM  COFFEE BREAK

CONFERENCE ROOM S

10:45 AM-12230 PM
MB, DIAL MEASUREMENTS OF ATMOSPHERIC GASES
Robert T. Menzies, Jet Propuision Laboratory, Presider

10:45 AM-11:15 AM  (ewited paper)

MB81 Development of Lasers and Spectral Equipment for
Messurement of Atmospheric Moleculer Gases, V. E. Zuev,
U.S.SR. Academy of Sciences, Sibenan Branch. We con-
sider the problems of (aser use and laser equipment devel-
oped to study the absorption spectra of atmospheric molec:
ular gases as weil as the measurements of thew concentra-
tion in field conditions carried out at the institute of Atmos-
pheric Ogtics. (p. 18)

11:15 AM=-11:45 AM  (invited paper)

482 DIAL System for High Resclution Water Vapor Meas-
urements in the Troposphere, Jens Bosenberg, Max-Planck:
institute for Meteorology, F. R. Germany. The systern i3 de-
scribed, sources of error and test methads are discussed,
and results of field experiments are presented. (p. 22)

11:45 AM-1200 M

MB83 ONferential Absorption Lider for Messure
ments of Tropospheric NO, NO,, SO, and O,, Barne W. Joiif-
fee, Elizabeth Michelson. Nigal R. Swann, Peter T Woods,
National Physicel Laboratory, U.K. A new mobi's {".iIAL faci
ity 18 descnbed and resuits of simuitaneocus M surements
of two stmospheric gases in Wban snd ndye :ral sreas are
presented. (p. 28

1200 M-1215 PM

[ ] Heterodyne Detection Owel CO,
DIAL Measurements, Wilkam B. Grant, Alan M. Brothers,
David M. Tratt, Jet Propuision Laborafory Measurement
results are presented on atmospheric parameters and sys-
temn performance for the mobile atmosphenc pollutant map-
ping system (MAPM). (p. *V)
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MONDAY, SEPTEMBER 28, 1987 — Continued

1215 PM-1230 PM

MBS OIAL Measuraments of Atmospheric Water Vapor,
HCL, and CH, Using a Continuously Tunable 1.7..m Co:MgF,
Laser, Dennis K. Killinger, Norman Menyuk. MIT Lincoin Lab-
oratory. A 1.7um Co:MgF, DIAL system hus been used 10
measure water vapor, HCI, and CH, in the atmosphere, in-
cluding both path-averaged and r. measure
ments at ranges up to 6 and J km, respectively. (p. 35)

1230 PM-200 PM  LUNC:1 BREAK

CONFERENCE ROOM 4

200 PM-5:00 PM

POSTER SESSION

MC, LIDAR MEASUREMENTS AND ANALYSES

Jack Bufton, NASA Goddard Space Flight Center.
Copresider

Tadeshi Aruga, Ministry of Posts and Telecommumcations,
Japan, Copresider

MC1  Analysis of intormation Content of Multifrequency
Laser Sounding of Asrosol and Molecular Atmosphere, V. E.
2Zuev, S. | Kavkyanov. G. M. Krekov, U.S $.R. Academy of Scr
ences, Siderian Branch. The processing rethods are consid-
ered and comparative analysis of information ontent of
single-frequency and muitifrequency laser sounding of
281080l and molecular profiles s Mmade. (p. 40y

MC2 FRemote Determination of Meteorciogical end Opticel
Parameters of the Atmosphere Using 8 Raman Lidar, Yu. F
Arshinov. S. M. Bobrovrikov. S. N. Volkov, V. E. Zuev, V. K
Shumskit, USSR Academy of Sciences, Sibenan Branch
The results Of the expenments On Measurning Meteorological
and optical parameters of the atmosphere using a Raman
haar are discussed. (p. 44)

MC3  instrumental and Atmospheric Considerations in the
Development and of an

Water Vapor DIAL System, Edward V. Browell. NASA Langley
Research Center; Syed ismail. ST Systems Corp. The opera-
tional requirements for an airborne’spaceborne water vapor
DIAL system are derived. and the data analysis techmques
10 optimize the retneval of waler vapor profiles are dis
cussed. (p 47

Carter. E V Browell. J H Switer. N S. Migdon, NASA
Langiey Research Center. C. F Butier. ODU Research Foun-
dahon. N. Mayo. PRC Kentron. The NASA Langley airborne
DIAL system has been modified for simultaneous nadir and
Zenuth measurements using eght transmitted laser heams.
Umique system charactenstics developed for the 1987 Ama-
20n Boundary Layer Expenment amd Antarctic Ozone Hole
Experunent are described. (p S1)

MONDAY, SEPTEMBER 28, 1967 — Continued

MCS Simyistion of Lider Pressure and Temperature Profile
Messuroments om the Earth Cbaerving System (EOS)
Setelitts, C. Laurence Kord, NASA Goddard Space Fight
Center; Chi Y. Weng, Science Systems & Applications, Inc.
Simulation of lidar experiments from the EOS with a higl,
resolution alexandrite laser transmitter and narowband de
tection shows pressure and temperature accuracies detter
than 0.4% and 1 K, respectively. (p. 55

NMCS Adaptive Kaimsn-Bucy Filter for Differential Absorp
tion Lider Time Series Deta, Russeil E Warren, SR/ Inter-
national. An adaptive extension of the Kaiman-8ucy aigor-
ithm for on-line estimation of path-integrated concentration
from differential absorption lidar time series data is pre
sented. (p. 59

MC? Optimization of Lider Boundery Layer Meight Re
trieval, Stephen P. Paim, Scrence Systems & Appications,
inc.: James D. Spinhime, NASA Goddard Space Fight
Center. Boundary layer height 13 retneved using data trom a
low sensitmty, igh altitude iidar system and from Simulated
spaceborne hidar systems of varying sensitivities. (p. 63)

MCS improvement of Laser Doppler Anemometer Results
by Simultaneous Backscatier Messurements, Fnednch
Kopp. German Aerospace Research Estabhishment, F. R
Germany. Simuitaneous measurement of Doppler Iidar sig-
nais and aerosol profiies offer the possitriity 1 improve the
range allocawon ang 10 compare shortwave and /R back-
scatter profiles. (p. 67

MC® Migh Spectral Agsciution Lider Meseurements of Cr.
rus Cloud Optical Propertiss, C J. Grund. E W Eloranta, U.
Wisconsin. The HSRL has achweved calibrated eye-sate day
and might measurements o’ cirrus cloud backscatter cross
SAChon, extinctron cross section. and backscatier phase
function. ip. 71)

MCI10 Opticaty Significant Cirrus Clouds mey be Ren
dered invisidie 10 Spacebome Simple Lider Systems, C. J
Grund. E W Eloranta. U Wisconsmn Qbserved cwrus cloud
backscatter Cross sections otten dirsh with heght From
space. simple hdar systems -will miss clouds where the back-
Scatter increase canceis the extinction. (p. 75)

MC11 Dedicated System for Routine Cloud Messure
menms, Richard Dubwnsky, Scrence & Technology Corp. We
present cirnss cloud data ysing a hdar operating st 0.53 um
and the design of 3 dedicated system for routine cloud
measurements. (p 79

MC12 Owtection of Methens Lecks with a Correletion
Lidar, € Gatleti: CISE Tecnoiogeme innovatve Sp.A. italy An
wnirgred optical parametnc oscillator source has been devel
oped for use in a correlation hdar systern for remote sensing
of methane gas leakages. The system operates on & smatl
truck 10 yrban environments (p 80)
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MCI3  High Altitude Lidsr Observations of Marine Strato-
cumuius Clouds, Reinout Boers, U. Maryland; James D. Spin-
hime, NASA Goddard Space Fiight Center; William D. Hart,
Science Systems Applicatiors, inc. Cloua top structure of
manne stratocumulus was examined using the NASA ER-2
gh altitude research awc-aft. Statistical properties and
spatizl cloud scales were studied in detail. (p. 84)

MC14 Albomne Sodium Lider Measurements of Meso
spheric Gravity Wave Hortzontal Structure over the Rocky
Mountaing and Grest Plaing, Kevin Kwon, Dan Senft, Chet
Gardner. U lihnois at Urbana-Champagn. The intrinsic
parameters and propagation directions of the mesospheric
gravily waves are estimated from airborne sodium lidar data
collected n Nov. 1986. (p. 88)

MC1S Sodium Lider Measurements of the Seasonsl and
Noctumal Variations of the Gravity Wave Verticsl Wavenum-
ber Spectrum, Darniel C. Sentt, Chester S. Gardner. Chao M.
Lwu. U ilhnois at Uibana-Champagn. A method for comput.
104 the Gravity wave vertical wavenumber spectrum and rms
wind velocity 1 described Spectral sicpe and temporal and
aititude vanatons in rms wind velocily are determined.

ip 9

MC16  Target Ansilysis by Ditterential Reflectance Lidars,
L Pantan. I. Pipps. CNR istituto o Ricerca sutie Onde Elet-
tromagnetiche, italy. P Vujkovic Cvipn. D Ignjatyewic. inst-
tute of Physics. Yugosiavia The dentitication of targets by
means of differentiatl reflectance hdars operating at CO,
laser wavelengths i1s discussed on the basis of systematic
expenments carned out with a hdar simulator (p 96)

MC17 Investigation of the Process by &
Lidar Fluoresensar, F Castagnoh. G Cecche, L. Pantam. B.
Radicatt. M Romoh CNR Istituto di Ricerca sulie Onge Elet-
tromagnetiche italy, P Mazzinghi, CNR Istituto ai Elettron-
wca Quantistica. ltaly The laserexcited fiuorescence of
chiorophyl wn lhiving plants shows a spectrum which 1S
strongly connected to ihe photosynthetic process. The labor-
atory and held expenments carrred out at IROE-IEQ are
descnbed (p 9N

MCtS FLIDAR 2 s Compact Lider Fluorosensor snd Spec-
trometer, F Castagnoh. G Cecctw. L Pantani. B Radical,
CNR istityto o Ricerca sulle Onge Elertromagnetiche. italy.
The FLIDAR 2 1s the trst hdar fiuorosensor having a high
speciral resolution and operating at the same twme as a
passive spectrometer in the visible The system 18 kg
weight designed for airborne operatrons (p 102)

MC1S Ot Film Detection and Characterization by Lider
Fluorosensors, G Cecchi. L Pantani. B Radicati. A. Barbaro.
CNR Istituto an Ricerca suile Onde Elettromagnetiche. italy;
P Mazzinghi. CNR istituto dr Elettronica Quantistica, italy.
We gdescribe the conclusions of a five-year investigation on
the pertormances and potential of dar fluorosensors in de-
tacting o1l hims, measunng thew thickness, and dentifying
the o (p. 106)
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MC20 Asrosois end Humidity Profiles Recorded Using the
Aloxandrite Laser: Preliminary Results and System Tests,
Claude Cahen, Electricte de France. Since 198 we have
been developing a mobile DIAL system to monitor the major
meteorniogical parameters (humidity, temperature, aerosol)
using the alexandrite laser as the transmitter. In July 1987 a
field campaign was started (0 evaluate the actual perform-
mog the system after 3 une-year test in the !aooratory.
.1

MC2?  Spetial Sempiing of the Measur'ssg Volume by the in-
troduction of Dedicated Apertures in LILAR Systems, Steen
Hanson, Risoe Nahonal Laboratory, Denmark. Vanous aper-
tures are proposed with which conditional sampling of the
measuring volume in hdar expenments i possible. The aper-
tures presented determine the relative position between the
particies from wiich scattered light ‘s coherently mixed. The
coherent mixed light is shown to carry information on the
velocg’y grachents and the vortiCity i the probed volume.
. 11

A U P DB o W AN et SRS O DT S )




TUESDAY, SEPTEMBER 29, 1987

CONFERENCE FOYER
730 AM-300 PM  REGISTRATION/SPEAKER CHECKIN

CONFERENCE ROOM $

&30 AM-10:1S AM
TuA, OPTICAL TECNNIQUES FOR EARTH SYSTEM
SCIENCE

J. Fred Holmes, Oregon Graduate Center, Presider

830 AM-9:00 AM (nvited papen)

TuAl Sateliite Remole s.mho for Earth System Science:
NASA's Earth Observing System (Eos), Robert Curran, Na-
tional Aeronautics and Space Administration. The presenta-
tion will describe the general approach taken in developing
the Eos concept. This includes it's contribution to the
NASA's proposed thrust entitled “Mission to Planet Earth."
The remainder of the discussion will focus on more of the
details of several of the active and passive instruments
which use optical techniques. (p. 114)

900 AM 2230 AM  (nrvited pepan)

TuA2 Remote Sensing of Earth snd Planetary Atmos-
pheres Using Gas Comrelation Spectroradiometry, Daniel J.
McCleese, Jet Propuision Laboratory. Gas correlation spec-
lroradiometry 1s one of the most frequently ysed techniques
for remote sensing of atmospheric propertes. The tech
hique, instrumentation, and its appiications are described.
®. 116

230 AM-2:45 AM

YuA3 Remoie Sensing of Structure Properties in the Mid-
die Atrnosphere Using Lider, C. R Philbrick. D. P Sipler. U.S.
Aw Force Geophysics Laboratory. G. Davdson. W. P. Mos-
kowstz, Photometrics. inc. The results from a mobrie hdar
have been used t0 denve density and temperature profiles
between 25 and 85 km Over central Alaska dunng Fed.-Apr.
1988. (p. 1200

%48 AM-10:00 AM

TuAd  Remote Sensing of N,O, and CIONO, in the Lower
Siratosphere, J. Brasunas. J MHerman. V. Kunde. W Maguire.
NASA Goadard Space Fight Center; L. Herath, W._ Shatfer,
Scrence Systems & Apphicatons, Inc ;' S. Massie. Nahonal
Center for Atmosphenc Ressarch. A. Goldman. U Denver. A
cryogenc balloon-bome spectrometer has measured night-
twne stratosphenc chionne mitrate and dinitrogen pentoxide.
The observations are compared with previous Measure:
ments and with model simulations. (p. 124)

TUESDAY, SEPTEMBER 29, 1987 — Continued

10:00 AM- 13218 AM

TuAS imaging Bistatic Lidar Technique for Upper Atmos-
phere Siudies, Byron Weish, Chet Gardner, U. linois at
Urbana-Champaign. An imaging bistatic lidar technique for
studying the structural characteristics of the sodium layer is
analyzed and discussed. (p. 128)

10:15 AM-10:45 AM  COFFEE BREAK

CONFERENCE ROOM §

10:48 AM-1230 PM
TuB, UNIQUE APPLICATIONS OF OPTICAL REMOTE

SENSING
Claude Cahen, Electricite de France, France, Presider

10:45 AM-11:15 AM  (invited paper)

TuB1 Uses of Laser Remots Sensing Techniques in Coll
Bioclogy end Medicine, Humio inaba, Tohoku ., Japan. Ex.
perimental studies are reported on laser sensing of cytotoxic
Tcells. which play an essential role in the rejection episode
in chnical organ transplantation, and of microscopic tiuores-
cence-intensity distnbution in vanous single celis. (p. 134)

11:15 AM-11:45 AM  (invited

TuB2 Distriduted Tempersture Sensing in Outical Flber
Waveguides, Arthur Hartog. York VSOP. U.K. We review the
measurement of temperature distnibutions among optical
fibers, including the principal sensing methods, implementa-
tions. and performance of current and future instruments.
® 135

11:45 AM-1200 M

TuB3 Time-Resolved Lider Fluorosensor for O Poll:tion
Ostection. A. Ferrano, P. L. Puzolat, €. Zanzottera, CISE Tec
noiogre innovative Sp.A. ialy A fluorosensor system able
0 perform time and spectral analysis of od fluorescence is
being deveioped for sea potiution detection. The system s
bDased on 3 tniple NG YAG (aser and on a streak camera.
®. 139

1200 M-121S PM

F. McGarry. NASA Goddard Space Firght Center. A S0-p3
pulse width (aser altimeter operating at 355 and 532 nm has
been used {0 measure ocean surface roughness and atmos-
phenc pressure from an acraft ovir the Chesapeaks Bay
and the Atlantic Ocean. (p. 143)

1215 PM-1230 PM

TuBS Cloud Liquid Water Derived from Lider Obsarvetions,
James D. Spinturne. NASA Goodard Space Fight Center;
Witham D Mant. Scrence Systems Appiication, inc.. Renout
Boers. U. Maryiand. NASA ER-2 idar observations of manne
stratus cloud tops have been applied to denve the structure
of cloud top hquid water with COMPanson tO M $ity CLServa-
tons. (p. 147

1230 PM-200 PM  LUNCH BREAK




TUESDAY, SEPTEMBER 29, 1987 — Continued

CONFERENCE ROOM 4

200 PM
POSTDEADUINE PAPERS POSTER SESSION

TuC, OPTICAL REMOTE SENSING METHODS

AND OEVICES

Chester S. Gardner, University of illinois, Copresider

Norman Barnes, NASA Langley Research Center,
Copresider

TuCt Advances in Gas Analyzers Based on IR Molecular
Lasers, Yu. M. Andreev, P. P. Geiko, V. V. Zuev, V. E. Zuev, O.
A. Romanovskii, S. F. Shubin, U.S.S.R. Academy of Sciences,
Siberian Branch. Trace gase analyzers with CO, and CO
laser parametric frequency converters provide measure
ments of atmospheric-gas component (CO, NO, OCS, etc)
"a(m’. (p 152’ “——————

TuC2 Simple Optical Method of Simuitanecus Measure
ment of Characteristic Scales and intensity of

Turbulence, A. F. Zhukov, V. V. Nosov, U.S.S.R. Academy of
Scrences. Siberian Branch. A simple optical device is Sug-
gested for simultaneous measurement of scales and intens-
ity of atmospheric turbulence. A set of transparencies with
ditferent transmission coefticients is used. (p. 156)

TuC3 Textural Edge Extraction with an Optical Heterodyne
System, Ting-Chung Poon, Jinwoo Park, virginia
Polytechnic institute & State U. A technique for textural edge
extraction using an optical heterodyne scanning system is
proposed. Experimental results are presented. (p. 160

TuC4 Free Flying Experiment to Measure the Quantum
Linewidth Limit of a 300-THz laser Oscillator, C. E. Byvik, A. L.
Newcomb, Rooert L. Byer, Stanford U. Linewidths of the
order of 10 kHz have been achieved in a diode laser pumped
Nd.YAG nonplanar taser ring oscillator recently developed at
Stanford University. Refinements in the thermal control,
laser pump source, nonplanar ring design and host material
for the neodymium ion are expected to significantly reduce
the linewidths presently achievable in a terrestrial-based iab-
oratory. The free flight experiment is described and uses of
stable, narrow linewidth oscillators to gravity wave measure-
ments and frequency standards are discussed. (p. 164)

TuCS Devalopment of a Laser Heterodyne Radiometer for
Stratospheric Alr Poliution, Mitsuo ishizu, Toshi-

Monitoring

kazu itabe, Tadashi Aruga. Radio Research Laboratory,
Japan. Heterodyne radiometers using a CO, faser and a Pb
sait diode laser were developed and many absorption lines
were successfully measured in the solar spectrum by
ground-based observation. (p. 165)

RPRRER Y. S U LR LR
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TuCS Experimental Messurement of the Susceptibility of
Spatial Fitter Profiling Techniques o Ssturation, G. R. Ochs,
Reginaid J. Hill, NOAA Wave Propagation Laboratory. Meas-
urements made on an incoherent light optical protiling
system that employs transmitting and receving spatial
filters reveal pronounced saturation effects at high inte
grated turbulence levels. (p. 169)

TuC? Simuitansous Measurements of Tumbulence Level
and inner Scale Using Laser Scintillation, R. G. Frehlich. Co-
opevative institute for Research in the Environmental
Sciences. Estimates of the level of turbulence C?, and the in-
ner scale of turbulence are obtained from measurements of
the spatial covanance of laser scintillation in weak scatter-
ing conditions. (p. 173)

TuC8 Atmospheric Correction Algorithm of Real and Sim-
ulated Space imagery Using a Radiative Transfer Code,
Hongsuk H. Kim, NASA Goddard Space Fiight Center. An im-
age processing algorithm has been deveioped to perform
pixel by pixel caicuiation of atmospheric radiance for a varie-
ty of Mie and view angles up to 60°. Examples of real and
simulated images corected by this method are shown.

. 17D

TuC9 GASCOSCAN and GASCOFIL: Remots Sensing
Gas Correlation Spectrometers tor Tropospheric Trace Gas
Measurements, W. H. Morrow, R. W. Nicholls, York U,
Canada. The design and testing of two gas filter spectrom-
eters for making measurements in the 0.2-11xm spectral
region on trace atmospheric gases are discussed. (p. 181)

TuCt0 Signatl Requirements for Remote IR Limb Sounding
of Atomic Oxygen and Temperature in the Thermosphaere, R.

D. Sharma, A Force Geophysics Laboratory; A. S. Zacrvov
Atmospheric Radiation Consultants, Inc. Described are sen-
sitivity and spectral resolution requirements for limb sound-
ing of upper-atmospheric oxygen atom density and transia-
tional temperature using the 147- and/or 63um (O) lines.
(p. 184)

TuC11 Concepls for Future Meteorological Earth Obsery-
ing Sensors, David L. Glackin, Aevospace Corp. Concepts for
future earth observing sensors are described, including lidar.
DIAL, and millimater wave radar. Applications include
atmospheric, terrestrial, and sea surface parameters.

(p. 185

TuC12 Large Apertwe Measurements of Optical Turbu-
lence, D. M. Winker, U.S. Air Force Weapons Laboratory.
Measurements of the phase and intensity of starlight at the
pupil plane of an astronomical telescope have been made to
study the effects of atmospheric turbulence on optical prop-
agation. (p. 189)

TuC13 Compact Wide-Fieid Sensor for Remote Sensing of
Ocean Phenomena, Thomas S. Pagano, Loren M. Woody.,
Hughes Airc-aft Co. A low-cost high-performance sensor de-
sign for low-earth-orbit ocean-color remote sensing is pre-
sented with system trade-offs and performance estimates.
(. 191




TUESDAY, SEPTEMBER 29, 1987 — Continued

TuCt4  Optimum Locst Oscillator Levels for Coherent De-
‘ection Using Pholoconductors, John M. Hunt, J. Fred
4oimes, Farzin Amzajerdian, Oregon Graduate Center. The
optical incat oscillator power level corresponding to peak
sgnat-to-noise ratio 1s derived. (p. 195)

TuC1S Radiance Ratio Classification uf Earth Surface Fee-
tures: & Specebome Shuttie Experiment, W. E. Sivertson, Jr.,
NASA Langiey Research Center New technology for auton-
omously classifying earth surface features into water, vege
tation, land. and clouds/snow/icc 1S discussed and space-
borne shuttie expenmental results are presented. (p. 199

TuC18 Two Scintillation Methods of Measuring the Inner
Scale, Reginaid J. Hill, NOAA Wave Propagation Labdoratory.
The method of two-wavelength laser-irradiance cotrelation is
compared with the method using one-wavelength vanance
with a large-aperture scintiflometer variance. (p. 203)

TuC17 Laser-Excited Optical Filters: Laser Power Require
ments, T. M. Shay. Los Alamos National Laboratory. These
atomic filters offer gigahertz bandwidth and very wide field
of view. A simplthed theoretical model for caiculating laser
pump power is presentcd. (p. 200

TuCt8 Laser Requirements for Wind Shear Detection from
Alreraft, Stephen €. Moody, Staniey R. Byron. T. Rhidian
Lawrence, Spectra Technology. Inc.; Russell Targ, Lockheed
Missiies and Space Co. Remote Doppler wind shear detec-
tion can potentiaily improve the safety of ar transport. We
discuss the laser requirements for making the appropriate
measurements from awcraft. (p. 210)

TuC19 Experimental Observations of Line Mixing in an
Infrared CO, Q-Branch, Bruce Gentry, NASA Goddard Space
Fiight Center; L. Larrabee Strow, U. Maryland, Baltimore
County. Deviations from an isolated line calculation as large
as 65% have been observed in a CO, Qbranch. A simpie
model which reproduces the data is introduced. (p. 214)

TuC20 Ettect of Line Mixing on Atmospheric Brightness
Temperatures Near 1S .m, L. Larrabee Strow, U. Maryland
Baitimore County. Dennis Reuter, NASA Goddard Space
Flight Center. Caiculations indicate that line mixing may
alter atmospheric brightness temperatures near the 667cm'
CO, Q branch by as much as 3 K. (p. 218)

TuC21 Tunable Waveguide CO, Laser Local Osciltators for
Spacsbome infrared Heterodyne Spectrometers, John J.
Degnan, C. E. Rossey, H. E. Rowe. J. F. McGarry, NASA God-
dard Space Flight Center; U. E. Hochuli, P. R. Haldemann, U.
Maryland. A compact autorrated CO, laser local oscitlator
uses 30 W of ri-power, is tunable over - 60 transitions, and
has demonstrated lifetimes of over 30.000 h. (p. 222)

TUESDAY, SEPTEMBER 29, 1987 — Continued

TuC22 Electrooptic Phase Modulstion Gas Correlation

, David M. Rider. John T. Schoteid, Damel
J. McCleese, Jet Propuision Laboralory. Laboratory results
demonstrating this new techniguc at the moculation tre
quencies required for remote sensing of winds, temperature.,
and species abundances in the upper atmosphere from a
spacebome platiorm are presented. (p. 226;

TuC23 Inversion Techniques for Backecatter Data from Re-
mote Sensing Systems, John R. Hummel, Kurt A. Kebchull,
OptiMetrics. inc.. Donald E. Bedo, Robert A. Swirbalus, U.S.
Air Force Geophysics Laboratory. An examination of inver-
$10n techmiques applicable to backscatter data from remote
sensing systems has been made. The purpose of the study
was to develop an inversion technique that could be used
with remote sensing systems under development at the Asir
Force Geophysics Laboratory (AFGL). (p. 230)

TuC24 Polychromatic Holographic Correlation Techniques
for Enhancing Resolution in Remote R. Sambasi-
van, Council of Scientific & industrial Research, india. in op-
tical remote sensing by photoreconnaissance satethites or in
ground observation by orbiting space telescopes. the diffrac-
tion-limited theoretical resolution possible 18 degraded by
accidental and vibratory motion of the imaging camera, de-
focusing, atmosphenc turbulence effects on satellite pic-
tures transmitted, etc. Specific uses of a proposed filter and
computation of the filter parameters for remote sensing use,
for example. photography through fog in snow-clad moun-
tains, detection of glacier movements, are discussed.

(p. 231)




WEDNESDAY, SEPTEMBER 20, 1967

CONFERENCE FOYER
730 AM-500 PM  REGISTRATION/SPEAKER CHECKIN

CONFERENCE ROOM §

830 AM-10:18 AM
WA, REMOTE SENSING TECHNOLOGY: 1
John Petheram, RCA Astro Electronics, Presider

830 AM-900 AM  (invited peper)

WAt Diode Pumped Solid State Lasers for Remote Sens
ing, Robert L. Byer, Stanford U.; Thomas J. Kane, Lightwave
Electronics Corp. A diode laser pumped monolithic nonplanas
ring oscillator, followed by a 6.-dB gain optical amplitier has
been used for successiul demonstration of coherent laser
radar at 282 THz (1064 nm). (p. 234)

9:00 AM-2:30 AM  (invited papen)

WA2 Focal Plane Array Technology for Optical Remote
Sensing, James A. cutts, Martin H. Leipold, Jet Propuision
Laboratory. Progress in the development of solid-state seif-
scanned imaging arrays for remote sensing in the infrarec
region highlighting recent developments is reviewed. (p. 236)

9:30 AM-10:00 AM  (nvited paper)

WA3 Sum Frequency Mixing of Two Tunable NEYAG
Lasers for Sodium Flucrescence Lidar Measurements, T. H.
Jeys, MIT Lincoin Laboratory. A new source of sodium reson-
ance radiation is being deveioped for sodium fiyorescence
lidar measurements. This source has several advantages over
conventional dye lases sources. (p. 23N

1000 AM-10:15 AM

WA4  Dual Alexandrite Laser for Autonomous Lidar Applice:
tions, John J. Degnan, NASA Goddard Space Flight Center.
Progress on a tunable dual alexandrite laser transmitter for
an autonomous DIAL lidar mission in the NASA ER-2 high alti-
tuge research aircraft is described. (p. 240

10:15 AM-10:45 AM  COFFEE BREAK

WEDNESDAY, SEPTEMBER 20, 1987—Continued

10:48 AM-1230 PM
W8, REMOTE SENSING TECHNCLOGY: 2
Martin Endemann, Battelle institut, F. R. Germany, Presider

10:48 AM-11:15 AM  (nvited paper)
W81 Progress in Solid State Lasers for Remote Sensing,
Aram Mooradian, MIT Lincoin Laboratory. (p. 246)

11:15 AM-11:45 AM  (wwited papen)

W82 Sources and Technology for Coherent Lider Wind
Measurement, Michast Vaughan, Aoyal Signals & Radar Es-
tadlishment, U.K. The reyuired characteristics of laser
sources, both pulsed and cw, are described and illustrated.
Technology questions in attaining quantum-kimted system
performance are briefly outlinad. (p. 247)

1045 AM-121S PM  (nvited pepen
wel of Laser Diodes for Re
mole Sensing, Richard K. DeFreez, Richard A. Elliott, Joseph
Puretz. Jon Oriotf, Oregon Graduate Center. We discuss the
performance characteristics of electronically tunable
coupledcavity diode lasers and their use in short range
remote detection of methane. The devices were fabricated by
focused-ion-beam micromachining. (p. 248)

1218 PM=-1230 PM

W84 Laser-Excited Optical Filter: Experiments in Rb Vapor,
T.M. Shay, J. D. Dobbins, Los Alamos National Laboratory; Y.
C. Chung, Utah State U. We report the first experimental dem-
onstration of a laser-excited optical filter in Rb vapor. Meas-
uremnents of tilter linewidth are presented. (p. 251)

1230 PM-200 PM  LUNCH BREAK

CONFERENCE ROOM 4
200 PM-5:00 PM
POSTER

SELSION
WC, OPTICAL SYSTEMS AND COMPONENTS
Harvey Meifi, NASA Goddard Space Flight Center,
Covresider
Ncouo Takeuchi, The National institute for Environ.nental
Studies, Japan, Copresider

WC1 Albome Polertzation Lidar for Sounding Clouds and
Underlying Surface, A. |. Abramochkin, V. V. Burkov, V. E.
Zuev, . V. Samokhvalov, V. |. Shamanaev, U.S.S.R. Academy
of Sciences, Siberian Branch. An sutomatized lidar has been
constructed based on different types of polarization and si-
multanecus return reception in several fields of view. (p. 254)




WEDNESDAY, SEPTEMBER 0, 1987— Continued

WC2 Raman-Shitted Dye Laser for DIAL Measurements of
Atmospheric Temperature, Pressure, snd Density, Upenara
N Singh. Rita Mahon. Thomas D Wilkerson { Maryland
Generatiun of narrowband. Raman shitted dye laser rad:ation
10 the Onygen A-band {760- 770 nrm s c™aractenzed tor atmos-
phenc temperaturs. pressurc. and density DIAL measure
ments (p. 258)

WC3 CO, Laser Preampliftier for Lidar Applicaticn, Kinpu
Chan. U Reseasch Foungation. Jack L button NASA God-
aarg Space Fiught Center A CO, laser creamphfier has been
tesied n the labcratory for use in a CO, hdar system A puised
oplicat gan af nearly 700 was ventied tor 3 CO, TEA laser in-
put puise at 1053 .m. (p. 262

WC4A Low-Pressure GainCeit Laser-Detector Operation
vith a CO, Transversely Excited Atmospheric (TEx; Laser,
Jan E van der | aan. SRI interrationa Operation of a low-
pressure CO, gan cell 15 evaluated expenirentally as an op-
tical receiver preamphitier tor CO, TEA 1asar hdar applications.
p. 266)

WCS Laser Sources and Sensitivity Calculations for a Near-
infrared DIAL System, Martin J T M-ton. Barne W. Joilit'e.
Roger M Partniage. Peter T Woods. National Physical Labor-
atoiy. U K. Tha design of a DIAL system to operate at - 3300
nm s consicered. including the spectroscopy of target gases
and possible laser sources 1p 270

WCS Simple System for Frequency Locking Two CO,
Lasers, Douglas C. Fraper. J Fred Holmes. John M. Hunt.
John Peacock. Oregon Graduate Center Two cw CO, lasers
n a retercdyne remote sensing system are frequency locked
using the signal trom the target and a cavity length trans-
ducer. (p 274)

WC? Puised, Frequency Stable. Narrow Linewidth Lasers
and Optical Remote Sensing. K. X. Lee. Perkin-Eimer Corp. A
method of constructing a puised. freguency stable. narrow
Iinewidth laser 1S descnbed. and its applications to opticat
remote sensing are discussed. (p. 278)

WCS Rapid Tuning Device for a CO, Lidar, V. Klen. M.
Endemann, Battelie institut e V.. F. R. Germany A rapid tun-
ing dewice for a pulsed CO, laser 1S prccented that enables us
to tune the laser within < 3 ms to lire pairs and to emit up to
ten discrete waveiength pawrs within 1s. (p. 282

WCS Alrbome Wavemeter for an Atmospheric DIAL Experi-
ment, Joseph H Goad. Jr.. NASA Langley Research Center A
wavemeter for iaser waveiength centroid and wavelength pro-
file measurements is being developed and designed. This
subsystem s part of a downlooking differential absorption
hidar expenment that will measure vertical water vapor and
aerosci profiles from a NASA ER-2 aircraft. (p. 286)

WEDNESDAY, SEPTEMBER 30, 1887 — Continuec

WC10 Detector Response Charscterization for DAL Ap
plication, 1t S. Lee. SM Systems & Research Corp . Geary K.
Schwemmar. C. Laurence Kord. NASA Goddard Space Flant
Center The response of a photomuttipher tube 1s studied to
characterize the gain stab:iiy. neanty, and the cause and ef-
fect of signal-induced noise. (p. 290V

WC11 Spechie Effects on Laser W Measure
meants with 3 Floesu Wavemeter, Coorg R Prasad. C Laui-
encr Kord. Geary K. Schwemmer. NASA Goddard Space
Fhight Center The presence of sp- ~kle proruces errore n the
measur Ments of 1aser frequency and hne thanes Me: sure
menmt acCuracy 1s iMproved by it use of thin Giifusers, wide
aetectors. and sionai averaging. .. 293)

WC12 Development of Spectral Equipment tor investive
tions of Atrmosphaeric Gases, V. € Zuev, V. P. Lopasov. Yu. N.
Ponomarev, L. N. Sinitsa, 1. S. Tyryshkin, A B. Antipov,
U S.S R Academy of Sciences, Siberian 8ranch. The resu'ts
of development of a set of high-resolulicn laser spectrom-
eters in the 0 2-10.m spectral range and experinental
vestigations of gas absorption spectra are presented.

p. 29N

WC13 Eftective Source of Coherent Radiation Based on
CO, Lasers and ZnGeP, Frequency Converters, Yu. M. An-
dreev. V. G. Voevodin, P. P Gerko, A. I. anbenyukov. V. V.
2uev. V. E. Zuev. USSR Acacemy of Sciences. Siberian
Branch Several ZnGeP, monocrystal frequency converters of
CO andg CO, iasers have been constructed. The external en-
ergy conversion etficiencies are tenths t0 49°:. (p. 300

WC14 Enhanced Direct Detection of CO, Lidar Retums Us-
ing a Laser Preamplitier, Dennis K. Kithnger. MIT Lincoin Lab-
oratory; Jack L. Button. NASA Goddard Space Fiight Center:
E. J. McLetlan, Puise s; stems. inc. A CO, laser p.eampiifier
has been used in a direct-dete=*1on single-frequency CO, hdar
systemn. An increase by a factor ot up 10 200 in the SNR ot the
lidar returns has been achieved. (p. 304)

WC15 Plans for an Alsbome Multispectral Lasar imaging
Polarimeter System, James E. Kalshoven, Jr.. NASA Goddard
Space Fiight Center. Prei.minary design of a svstem using a
polarized laser and linear array detectors to measure the de-
polanzation charactenstics of the earth’s surface is descrnb-
ed. (p. 208

WC18 Design Concepts for sn Advanced Airborne Meteor-
ologicat Lidar (LASE i), Geary Schwemmer, NA~A Goddard
Space Fiight Certer. ' _ction locked alexar ‘nite laser and
tandem etalon filter design concepts for a high aititude air-
borne differential absorption lidar 10 measure atmospheric
temperature profiles are examined. (p. 311)

.
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WEDNESDAY, SEPTEMBER 0, 1987—Continued

WC1I7 Advenced Lider for an Atmospheric Temperature
Profiie Messurements Program: an Overview, Bertrand L.
Johnson, C. Laurence Kord, John Degana, Harvey Maifi,
Geary Schwemmer, Lovig Uccellini, NASA Goddard Space
Flight Center; Pien 3 Fiumant, CNRS Laboratoire de Meteor-
ologie Dynamique, France; Mireille Bourdet. CNRS Institut
National d’Astronomie et de Geophysique, France; Gerwrd
Megle, CNR3 Service d’Aeronomie, France. The LASE I
(laser atmospheric sensing experiment) is the development
of a lidar instrument system, usirg a dual alexandrite laser
transmitter, to remotely measure temperature profilas of the
earth’s atmosphere from an ER-2 aircraft. The proposed
instrument development is discussed. (p. 313)

WC18 Iimplementing & New Lidar
Technique for Backscatter Ratio and Atmospheric Tempers-
ture Profiling, C. Y. She, R. J. Alvarez ii, H. Moosmuller, D. A.
Krueger, Colorado State U. Experimental implementation of
a proposed new high-spectral-resolution lidar technique for
backscatter ratic and atmospheric temperature measure-
ments using a puised laser system is discussed. (p. 316

WC19  0.53um incoherent Doppler Lidar: Current Status, J.
Sroga, A. Rosenberg, RCA Astro-Space division. We describe
the cunent status ot the 0.53«m incoherent Doppler lidar. A
description of the system along with preliminary atmos-
pheric measurements is presented. (p. 320)

WC20 Portable UV-DIAL System for Ground-Based Mees-
urements of Lower-Stratospheric Ozone Profiles: Design and
Performance Skmclation, M. O. Rodgers, J. D. Bradshaw, D.
D. Davis, Georgiu Institute of Technoiogy; R. E. Sticket, At/lan-
ta U. Center; K. Asai, Tohoku Institute of Technology, Japan.
Comparison ot aiternative designs for a portable, lightweight
UV-DIAL ozone system is discussed. Focus is on suitability
of each for operation in remote areas. (p. 324)

WC21 Introduction to the 100-in. Lidar System, Richard
Richmond, Jan Servaites, Wright-Patterson Air Force Base.
The WPAFB 100-in. collimator is being utilized as the receiver
optics for what wili be the largest operating lidar in the worid.
. 328

WC22 400Hz Line Center Stadility in & GaAlAs Dlode
Laser, T. M. Shay, J. D. Dobbins, Los Alamos National
Laboratory; Y. C. Chung, Utah State U. A solitary GaAlAs
laser system is presented which demonstrates a long-term
center frequency stability of 0.4-kHz in closed loop operation
and 4kMz in open loop operation. (p. 332

X

THURSDAY, OCTOBER 1, 1987

CONFERENCE FOYER
730 AM-1200 PM  REGISTRATION/SPEAKER CHECKIN

CONFERENCE ROOM 5

&30 AM-10:15 AM
ThA, SCATTERING AND TURBULENCE
Eugenio Zanxottera, CISE Sp.A., Italy, Presider

830 AM-9:00 AM  (inwvited paper)

ThA1 Nonlinsar Optical interaction ot Laser Radlation with
Water Dropilets, Richard ¥. Chang, Yale U. Nonlinear optical
scattering and emission from large transparent water drop-
lets irradiated with a high-intensity laser above and below
the dielectric breakdown thrashoid are reviewed. (p. 334)

900 AM-9:30 AM  (Invited paper)

ThA2 Remote Sensing of Refractive Turbulence with Op-
tical Spatial Filters, James H. Chumnside, NOAA Wave Props-
gation Laboratory. The strength of refractive turbulence in
the atmosphere can be measured remotely using incoherent
optical spatial filtering techniques. High spatial resolution
can be achieved. (p. 336)

930 AM-9:45 AM

ThA3  Minilider for Poliution Monitoring and Muitipie Scat-
tering Studies, Christian Wemner, German Aerospace Re
search Establishment, F. R. Germany. A simple backscatter
lidar was deveioped to measure aerosol and cloud backscat
ter in different polarization directions. Ditferent modules for
airborme and ground-based measurements are available.

p. 342

45 AM-10:00 AM
ThA4 Iimproved Diode-Laser Rendom-Modulation cw Lidar,
Hircshi Baba, Katsumi Sakurai, U. Tokyo, Japan; Nobuo
Takeuchi, National Institute for Environmental Studies,
Japan; Toshiyuki Ueno, Chiba U, Japan. A portable diode-
faser random-modulation cw lidar was developed, 10
measure the daytime aerosol profile as weil as the nighttime
using a narowband optical fiiter. (p. 346)

10:00 AM-10:15 AM

ThAS Tuwbulence Measurements in the Convective Bound-
ary Layer with a Short-Puise CO, Doppler Lidar, Wynn L.
Eberhard, R. Michael Hardesty, NOAA Wave Propagation
Laboratory; Tzvi GakChen, U. Oklahoma. Turbulence and
momentum flux in convective conditions are measured by an
azimuthally scanning Doppler lidar, with the gas mix
selacted to optimize the pulse length. (p. 350)

10:15 AM-10:45 AM  COFFEE BREAK




1046 AM-11:16 AM  Onvited peper)

ThSt The Leendme Project a French Aborne Lider System
for Metecrciogical Studies, J. Peion, U. Pierre et Marie Curie,
France. In the Leandre project an airbomas lidar system is
developed for atmospheric studies. it includes three phases
with complementary objectives and different laser sources
which are presented. (p. 356)

1115 AM=1145 AM  (nwited paper)

™2 Lider Messurement of Soundary Layer Parametern,
Edwin W. Eloranta, U. Wisconsin. Lidar techniques for
measurement of atmospheric boundary layer parameters
will be presentsd along with data from & new lidar system
optimized for the obsarvation of three-dimensionai atmoe-
pheric structures. (p. 300

xiv




MONDAY, SEPTEMBER 28, 1987
CONFERENCE ROOM $

8:30 AM-10:15§ AM
| MA1-4
LIDARS IN SPACE

Dennis K. Killinger, University of South Florida,
Presider




Frank Allario

Progress in Solid-State Lasers for Spaceborne Lidars
Summary

As part of the National Aeronautics and Space Administration's (NASA) Space
Station program, a lidar facility is being planned to conduct a series of
sctentific experiments from a polar orbiting platform. The thrust of these
experiments is to improve our understanding of atmospheric chemistry and
dynamics, altimetry, and meteorology. A number of scientific experiments
vwere recently developed by a panel of scientists and lidar technologists
and included both atmospheric backscatter (Lidar) and Differential
Absorption and Lidar (DIAL) experiments. The major investioations to be
conducted include measurements of the vertical profiles of aumospheric
aerosols, the height of the Planetary Boundary Layer (PBL), the
distribution of cirrus clouds, vertical profiles of water vapor in the
lower and upper atmosphere, vertical profiles of ozone, and measurements of
the vertical profiles of pressure and temperature., These experiments were
developed by the Lidar Atmospheric Sounder and Altimetry (LASA) panel, and

have been summarized in a NASA document.

As part of this activity, NASA's Langley Research Center has been given the
responsibility to conduct conceptual definition studies of the LASA
facility, in order to scope the instrumentation for the facility to
maximize the scientific return from a series of experiments (to be defined)
from the Space Station, polar orbiting platform. These studies are being

conducted in order to conceptually define such parameters as weight, power



MAl-2

Frank Allarfo

Progress in Solid-State Lasers for Spaceborne Lidars

and volume, the size of the receiver telescope, electronic processing
systems and data systems. Results of these studies will be used as
“baseline” parameters for the Announcement of Opportunity (AQ) to be
fssued, soliciting detailed scientific experiments and the associated 1idar
transmitter, aft-optics and detector Systems. As part of the LASA
definition studies, including in-house and industry studies, tradeoff’'s
have been conducted on the telescope, several laser technologies and the
associated thermal systems, Results of these studies have shown that
significant reductions in weight, power and volume are achievable by
utilizing emerging technologies in 1ight-weighted mirrors and tunable solid
state lasers, pumped by semiconductor laser arrays. These technological
improvements are essential, especially to meet the full spatial and

temporal measurements desired by the scientific community,

As part of NASA's Active Sensing Experiments program within the Office of
Aeronautics and Space Technology (0AST), research is being conducted to
provide an assessment of solid state laser and detector technology for the
space station program. This program is a combined government, industry,
and unfversity thrust which includes materials growth, laboratory test and
characterization of new solid state materials, infrared detectors/detector
'arrays. and development of prototype lidar systems for afrcraft and space
platform experiments. During the past 2 years, this program has focussed
on titanium-doped sapphire. Significant achievements were realized in
improving the technology for space-based, remote sensing experiments for

lidar and DIAL experiments. In the future the program will focus on new
3




Frank Allario

Progress in Solid-State Lasers for Spaceborne Lidars

solid state laser materials to broaden the wavelength coverage iato the
middle infrared range of the electromagnetic spectrum in order to enable
space and atrcraft measuremments of tenuous molecules in the Earth's

atmosphere.

In this paper, an overview of the scientific needs of the Space Station,
science and applications program will be described including the status of
the LASA conceptual definition studies. Additionally, the status of the
OAST research program in solid state laser materfals and infrareu detectors
will be highlighted and will include current knowledge of the tradeoff
studies in the teiescope, solid state laser technology, detectors and

semiconductor laser arrays as they relate to the LASA facility.
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LIDAR In-Space Technology Experiment

Richard R. Nelms
NASA Langley Research Center
Hampton, Virginia 23665-5225

SUMMARY

The LIDAR In-Space Technology Experiment (LITE) fs a multimission Space
Transportation System (STS) program to evaluate the capability of a Vidar
experiment to make measurements of aerosols and other atmospheric parameters
from a space platform.

The objectives of the first flight of the LITE experiment are to verify
certain lidar technologies. These technologies are the systems operation in
space, such as lifetime thermal dissipation, alinement control, environ-
mental Jevels, and autonomous operations. The second technology objective
is the evaluation of lidar techniques in space, such as signal-to-noise
verifications, resolutions of 4z and 4h, and atmospheric charactaristics
at different wavelengths and at different altitudes. The third technology
odjective is to provide a test bed for new 1{dar techniques such as a
Doppler lidar system or a Differential Absorption Lidar (DIAL) system on
following flights, or to evaluate new emerging laser technologies such as
Ti:Sapphire. We would also at some future time like to fly some wavelength
control systems such as the wavemeter being developed for LASE.

In order to verify these technology objectives have been met, we will make
measurements of cloud-top heights, planetary boundary-layer heights,
tropospheric aerosols, stratospheric aerosols, and temperature and density
measurements from 10 to 40 km.

The first flight of the LITE experiment should be flown on the STS system {n
the early 90's. A conceptual design of the LITE experiment has been
fnitiated at Langley Research Center using a solid-state laser having a
minisum of 1=} output at the fundamental wavelength, 1.06 um incorporating a
second and third harmonic generating crystal to provide the green and blue
1ight. In addition, a 1-m telescope will be necessary to provide the
sensitivity required to make high signal-to-noise ratio measurements of the
return signals. The laser is being developed under contract and at the
present time we have a working laboratory version. The telescope will be a
1-m telescope that was acquired from Goddard Space Flight Center on loan and
is a engineering mudel of an OAO telescope. It is being updated and
retested at Langley Research Center.

The LITE experiment is of a modular configuration, as shown in the attached
figure, that facilitates components or subsystem replacement during field
servicing or upgrades from future missions. The modules which comprise the
LITE are as follows: a laser transmitter (LTM), a telescope receiver,
aft-optics assembly, systems electronics, boresight system, camera system,
environmental measuring system, and the experiment plateform.

The laser transmitter module consists of a flashlamp-pusped, Q-switched,
Nd:Yag laser with a fundamental output of 1.06 um. The fundamental output
energy is in excess of 1 J per pulse with the selectable pulse rates of




either 1 or 10 pulses per second. In addition, the module includes second
and third harmonic generation which converts part of the fundamental energy
into harmonic energy at .532 um and 355 um. The net energy at 1.06 um is
200 mJ, 400 m) at .532 m) and 150 mJ at .355 um. The laser {1s housed in a
sealed container and cooled by way of a heat-transfer unit which is
connected to the enhanced MOM pallet coolant system.

The telescope receiver as mentioned before is a 1-m, Ritchey-Cretien form of
a Cassegrain telescope. The secondary mirror is fused quartz with an
aluminum reflecting surface and the primary mirror features a beryllium
substrate with a Kanigen overcoat and has an aluminum reflecting surface.

The aft-optics assembly contains the optical and detector components which
receive and separate the backscattered laser signals. The optical assembly
is mounted on an optical bench and suspended under the primary mirror of the
telescope. The optics assembly design contains a variable field stop
controlled either by command or autosequence operation. A moveable mirror
Just beyond the field stop will redirect the return signal into a separate
optical train for automatic boresighting of the laser output signals to the
telescope optical axis.

The boresfght system consists of a two-axis mirror which maintains
colinearity between the laser transmitter and the telescope receiver. This
colinearity is accomplished through automatically redirecting the outgoing
laser beams by a closed-loop feedback system that uses a four quadrant
detector to determine the location of the backscattered laser signal.

The system electronics consists of a system computer unit and a high-speed
digitizer. The computer provides the interface to the STS Orbiter for
uplink and downiink command services as well as all the control functions in
the instrument. The high-speed digitizer contains an analog-to-digital
converter and a8 buffer memory which allows data from the detectors to be
acnuired and stored at a very high rate during the data taking mode and
reproduced at 2 lower rate for downlinking.

A camera system is onboard and uses a false color infrared film to
continuously photograph daytime cloud cover and ground tracks thereby
furnishing correlative assistence for science data analysis.

There is an environmental measuring system called OEX Autonomous Supporting
Instrumentation System (0ASIS) onboard to monitor the environmental levels
seen at varfous places on the optical bench during the launch ord1t and
deccent modes of the experiment.

A1l of the subsystems are mounted on a platform that i{s an orthogrid
structure utilizing an existing Marshall Space Flight Center design and one
that has flown in the past on the STS missions.

The LITE program is currently manifested for the eariy 90's with a second
flight planned 2 years after. The design phase of the program is presently
underway and a Preliminary Design Review has been completed.
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Lider Experinent On Spaceladb LEOS

M. Endemann, V. Klein
Battelle-Institut e.V.
Am R3merhof 33, D-6000 Prankfurt a.M. 90, FRG

W. Renger
Institute for Atmospheric Physics, DFVLR
Postfach, D-8031 Oberpfaffenhofen, PFRG

H. Quenzel
Meteorologisches Institut der Univerztit NMinchen
Theresienstr. 137, D-8000 Minchen 2, FRG

Introduction

There are plans for a second German spacelad mission (D3-mission)
{originally secheduled for late 1988) which will be basically a
zero-g mission, but will also include earth observation experi-
aents. Bacouraged by our experience with airborne lidar systems
and the results from theoretical studies, we have proposed a
backscatter lidar for this or later spacelab missions.

. Since the 1lidar 1is only an add-on experiment during the D3-
mission, and since the available time to construct the experiment
is short, we are driving the following guidelines:

- Use presently available techniques

- Use available space-qualified pressursized containers to con-
tain the various critical subcomponents (e.g. laser, power-
supplies) to minimize qualification testing

- Demonstrate the expected benefits of the active technique in
combination with passive sensors

= Validate lidar data by independent measurements

¥e present an outline of the measurement goals, the instrument
design and performance evaluations.

Measurement Goals

The Spacelab-lidar is designed to evaluate the nmeasurement
applications of spacedborne backscatter lidars for meteorology and
climatology with a comparatively simple instrunent. It forms an
internediate step between an airborne lidar and an operational
spaceborne lidar on future earth observation satellites. This
step 1is necessary to gain more insight into thke technological
points of the lidar design, but also to obtain first atmospheric
backscatter data from a spaceborne platform.

The Spacelab-lidar will allow to perform a number of different
measurements with the goal to obtain performance data for the
design of future operational spaceborne lidar instruments:




Cloud top heigths

Height of the planetary boundary layer

Optical thickness and cloud base height of thin clouds
Tropospheric aerorsols

Stratospheric aerosols

Tropopause height

It is planned to perform neasuremsnts of these atmospheric
parameters at different times over a selected location with good
probability for adequate weather conditions. At the preseat
status of planning, this site will be in the western sahara
desert. Each nmeasurement over this site will take only some 8
minutes and yield Cata from a strip of about 32000 km length.
Simultanecus to the lidar measurements from SpeacCelsdb, a gound
truth campaign will be carried out to validate the data gathered
by the Spacelab-lidar with groundbased and airborne instrumenta-
tion.

Another set of measurements performed with the Spacelab-lidar
will yield atmospheric backscatter data along a strip of some
8000 km length (20 min measurement duration) over central Rurope.
Data from this measurement will cover a wide variety of meteoro-
logical situations. These data can be validated with measurements
from a passive radiometer that is part of the Spacelab-lidar, and
with data from passive sounders on other meteorological satelli-
tes and from ground based observation stations.

Instrusent Desjgn

The figure shows the Spacelab-lidar as it is mounted in 3pace
Shuttle. It is located in two Getaway-Special (GAS-} containers
that are mounted to the Unigque Support Structure (i SS) of the
Spacelad PFacility. The GAS-containers have been seleczted as
primary structure for the lidar since they provide an environment
to house non-space qualified parts in orbit. Thus the time- and
cost-consuming qualification procedures for each lidar component
of the lidar can be strongly reduced to an overall qualification
of the complete systen.

One GAS-container holds the complete transmitter assembly with
laser and beam expanding telescope., as well as the power supply.
Also included is a passive IR-radiometer for validation measure-
ments.

The transmitter laser is a flashlamp-pumped NA:YAG laser with
frequency doudnler. The transmitted energy is 300 aJ at the
fundamental frequency of 1.06 uym and 200 aJ at the harmonic at
0.532 yn. Both frequencies are emitted simultanecusly with a
pulse rate of 10 Hz. The beam divergence behind the Dean
expansion telescope can be as low as 0.2 mrad at 1.06 yn. Power
consumption of this laser is 600 W (average).

One feature of the transmitter assembly is that the laser beanm
can be directed over an angle of 8 mrad in each direction. This
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beam steering capability is required for an active alignment of
transamitter and receiver containers of the lidar in space.

Since the laser is mounted in the GAS-container, it can operate
in a nitrogen atmosphere at normal pressure. It is foreseen that
the laser is cooled with a heat exchanger to the Freon-loop of
the Spaceladb. However, since it is not certain yet if the freon-
loop is present in the spacelab mission, a radiation cooler on
the GAS-container can be used as an alternative. In this case,
the duty cycle of the transmitter laser must be reduced somewhat
during the longer measurements.

The receiving telescope with signal and alignment detectors are
mounted in a second GAS-container with a 1lid that is opened for
the measurement. This container has an extension on the rear side
that houses the detectors and receiver electronics, as well as
a video camera for the navigation of the data. This extension is
pressurized to atmospheric pressure, while the receiving teles-
cope in the main structure of the GAS-container is open to the
space environment.

A compact Cassegrain-telescope is usad as photon collector. It
has a diameter of 0.48 m and an overall length of only 0.65 m.
Diameter and length are limited by the size of the GAS-—<ontainer.
The short length is achieved by using a primary mirror with snall
focal 1length (F = 2), and a relatively large secondary mirror.
The obscuration by this secondary airror is 19 &, and including
the mounting structure, the effective area of the receiver is
0.15 m3, This corresponds to an unobscured telescope with 0.41 m
diameter.

The extra alignment channel is necessary since transmitter and
receiver are mounted in separate containers. A quadrant-detector
is wused that ’'sees' the strong return signal from the ground or
optically dense clouds. The signal from this alignment detector
is used to steer the transmitted laser beam into the center of
the receiver FUV. This is usually done in an automated feedback
loop, but also can be done manually from a control module in
Spacelab.

The detection electronics is also housed in the extension of the
receiver-GAS. The signals from the red and green channels are
digitized with a 12 bit, 3 MHz ADC, while the alignment channel
can operate with reduced accuracy and bandwidth (8 bit, 0.5 MHz).
The digitized signals are transmitted by a serial bus to the
recorder module in Spacelab.

The Spacelab-lidar will operate as an autonomous instrument, but
can also be operated manually from Spacelab. The control unit is
rack-mounted and comprises a signrl-scope, an indicator for the
alignment detector signal and a joystick for manual realignment.
Measurement data are stored on a Winchester disk that is housed
in this control unit. The interface to the transmitter/receiver
modules is a seriasl 'MACS'-bus for measurement-, control- and

11
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house keeping data. The data from the video camaera are stored Dby
a Spacelad video-recorder rack.

Time Scale

Tne design of the Spacelab-lidar is sufficiently simple to allow
its construction within a time frame of 19 months. However, for
the integration of the instrument in Spacelad, another 12 months
is required, and the Shuttle integration takes another year. Due
to the uncertain launch date of the next Spacelab mission, it is
not certain yet, when the Spa-elab-lidar will actually be flown.
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PERFORMANCE TESTING OF THE SHUTTLE LASER ALTIMETER
Jack L. Bufton and James B. Garvin

Goddard Space Flight Center
Greenbelt, Maryland 20771

A laser ranging instrument has been devel for altimetry measurements of the Earth's surface
along the nadir track of the Space Shuttle. The Shuttle Laser Altimeter is designed for transmission
of a short laser pulse and reception of the backscattered laser radiation from the Earth's surface. The
source laser is a Q-switched Nd:YAG operating at its fundamental wavelength of 1.064 um. A
reflector telescope and silicon avalanche photodiode are the basis of the altimeter receiver. Laser,
telescope, detector, data processing and storage electronics, and dc power supplies are packaged for
spaceflight into two adjacent Get-Away-Special canisters. This provides the basis for a very compact
and low-cost interface to the Space Shuttle.

Primary data produced by this instrument are the laser pulse time-of-flight, pulse encrgy, and the
spreading of the laser pulse by the target surface. Laser altimeter time-of-flight data provide
meter-level resolution topography measurements. The pulse waveform measurements yield
additional information on target backscatter cross-section and target structure within the laser
footprint. Prime applications of this instrument are measurement of topographical profiles of
volcanic, mountain-region, ard desert landforms.

While awaiting spaceflight opportunities, the Shuttle Laser ALtimeter (SLA) has been tested from a
high-altitude aircraft platform. The primary objectives in these tests were the verification of
instrument performance and the simulation of laser ranging from a spacecraft platform. For these
tests the SLA instrument was positioned for nadir observations from the NASA T-39 Sabreliner
high-altitude jet aircraft. Data were acquired on a number of flights at altitudes as high as12 km
above sea level. Altimetry results are available from flights over mountain-region terrain in the
Eastern U.S., Atlantic Ocean coastal waters, various cloud-layers, and a variety of volcanic,
erosional, and impact-related landforms in the vicinity of Flagstaff, AZ, These datasets permit
instrument performance to be assessed as a simulation of space-based laser altimeter measurements.

An assembly view of the SLA instrument appears in Fig. . One canister, equipped with a motorized
door assembly, contains the laser transmitter, receiver telescope, and detectors of the laser altimeter
instrument. it also has a large diameter glass window to maintain up to 1 atm of pressure inside the
canister and still provide the maximum clear aperture of 0.38 m for laser altimeter operation. The
motorized door is closed during launch and landing and then opens on-orbit for experiment operation.
The second G.A.S. canister contains the battery power supply, altimeter data-acquisition electronics,
flight uter, tape recorder, camera, and IR radiometer. This canister also is sealed to provide up
to 1 atm of intemal pressure. Its upper lid contains two 7 cm diameter (clear aperture) windows for
observations with a camera and IR radiometer. Both of these instruments provide data products for
post-mission identification of altimetry targets. The support module is joined with the laser altimeter
module by a power and data cable. Battery power from the support module is routed to the major
user, the laser, in the altimeter canister. Altimetry data pulses from the detectors are
transferred by this cable in the other direction to the support canister for processing and recording.

The overall block diagram of Fig 2. indicates the interconnection of the various sensor,
data-processing, and data-storage electronics. Figure 3 illustrates the details of the ranging and
waveform digitization electronics. The transmit pulse, from a Si PIN photodiode at the laser output,
is split to provide signals to start the time-interval-unit and measure transmitted pulse energy. The
receive pulse from the Si avalanche photodiode detector is also split in order to stop the
time-interval-unit, provide input to the receiver pulse energy monitor, and provid-. input to 12
channels of waveform digitization. The table gives a summary of transmitter and receiver instrument
parameters for the Shuttle Laser Altimeter.
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Figure 1 Shuttle Laser Altimeter instrument.

TELESCOPE TYPE:
TELESCOPE DIAMETER:
OPTICAL FILTER:
DETECTOR TYPE:
FIELD-OF-VIEW:

QUANTUM EFFICIENCY:

RESPONSIVITY:
SENSITIVITY:
BANDWIDTH:

TIME-INTERVAL COUNTER:

WAVEFORM DIGITIZER

flashlamp-pumped Nd: YAG, multi-mode output,
1,064 um

LiNbO3

19 nsec FWHM

1-20Hz

0.9 mrad

closed-loop, liquid-to-air heat exchanger

32.8 diamond-turned aluminum parabola
.4 m

5 nm bandpass

silicon avalanche photodiode, 0.8 mm diameter
2 mrad

36%

36 amp/watt

1 nanowatt

11 - 40 MHz

1 nsec resolution

12 channels, 7 nsec resolution,

10 nsec channel width

10-bit amplitude resolution
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Figure 2 Shuttle Laser Altimeter component diagram.
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Figure 3 Shuttle Laser Altimeter ranging and waveform electronics.
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The SLA instrument operation is based on a high signal-to-noise environment in which each laser
pulse can be used for a uniqu< range measurement. No pulse-to-pulse averaging is used for terrain
profiles, since it is most important to maximize horizontal resolution from orbit while simultaneously
minimizing laser pulse rates. Laser altimeter signal strength depends on laser pulse power
backscattered from the target surface and collected by the receiver telescope. Competing processes
are optical background noise and detector noise. Calculations of these quantities can be used for
comparison with measurements of signal-to-noise ratio in altimeter field tests.

Figure 4 presents an example record from the SLA airborne science mission in Northern Arizona in
October 1986. These data illustrate topographic profiling, pulse-spreading due to rough terrain, and
surface-albedo variations. The Earth-surface target for this dataset was the SP Lava Flow north of
Flagstaff, AZ. These data were acquired at an altitude of 3.4 km above ground level ata 1S pps laser
repetition-rate with a T-39 ground speed of about 110 m/sec. The laser altimeter footprint on the
surface was about 3 m in diameter with successive pulses separated by 7.3 m for a 45% duty-factor
coverage of the surface. Data acquired over the flat desert adjacent to the flow exhibit rms range
variations at the sub-meter level that are consistent with the nsec-level instrument resolution and the
high signal-to-noise of these measurements. Over the rough, blocky lava flow the range record
shows a distinct increase in pulse-to-pulse variation and the rms pulse width nearly doubles from a
nominal 0.9 m to 1.7 m. There is also a factor-of-two decrease in peak pulse amplitude over the
flow. All three effects are apparent in the data record of Fig. 4. The top trace is a series of pulse
waveforms in which each plot is the average over ten adjacent waveforms. The lower amplitude and
wider pulses over the Flow are apparent. The lower trace of the altimetry range record reveals the 10
m step function at the edge of the SP Lava Flow and the fine structure of the jagged volcanic material
for the lava flow traverse.

Similar profiles and waveform measurements are available for a variety of other landforms in
Northern Arizona. Notable among these are topographic profiles with 1-2 km of vertical relief and
surface slopes up to 80° for the Grand Canyon and Humphrey's Peak and the first very-high

resolution profiles of the young impact structure, Meteor Crater, near Winslow, AZ. These and other
East-Coast data sets will be examined to determine the signifcance of the geoscience investigations
and the engineering performance of the Shuttle Laser Altimeter from a space platform.

Figure 4 Laser altimetry of the SP Lava Flow, AZ; N-S traverse, 23 October 1986.
w
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Development of Lasars and Spectral Equipment for Mearurement
of Atmospheric Molecular Gases

VeE. Zuev
Institute of Atmospheric Optics, Sidberian Branch, USSR
Academy of Sciences, Tomsk, 634055, U«S.8.Re

The paper considers the problems of laser applications
and lasexr equipment developed to investigate the vibration-
-rotation absorption spectra of atmospheric molecular gases
as well as the measurements of their concentration in the fi-
eld conditions based on researches carried out at the Insti-
tute of Atmospheric Optics SB USSR Academy of Sciences.

1« The set of spectrometers develnped includess
- wide-band intracavity spectrometers;

- lager spectrometers with multipass gas cells with a da-

sis up to 110 m;

- optoacoustic spectrcometers;
= a fluorescent laser spectrometer.

Intracevity spectrometers allow the wide-range detection
to be made witk the width up to 200 ca”) and threshold sen-
sitivity %o absorption 10~7 - 1078~

Laser spectrometers with e¢xternmal multipass cells with
bases 3.?0 and 110 m, spectral resolution <10~> cn"‘, the
operating temperature range 40 ... 80°C weze developed
using the ruby-, Nd-glassy alexandrite- snd ¢ye-lasers.

Optoacoustic spectrometers were developed uaing the ruby-,
Rd-glass- and coa-lasers. A spectrophone was used as a rece-
iver. The absorption sensitivity is 1078 - '10'9 a1 vt
(e~ 10" 7).

A mltipurpose lasexr spectromater operates in the six
spectral ranges within 0.2 -1.2 pme. The fluorescent channel
sensitivity is 10~ ™1,

2¢ Using the spectrometers developed the following absor-
ption lines were recorded: some thousands of new absorption
lines, tens of previocusly unknown nzo, 002, 0232. 320, NHB,
084. HBr molecular absorption bands and their isotopes,
various molecular interactions were studied.
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The quantitative spectroscopic data obtained were widely
used for laser gas analysis of the atmosphere.

3. During the last decade a great deal of research has
been undertaken together with the development and use of la-
ser spectrometers at the Institute of Atmospheric Optics in
the field of laser spplication for determining concentrations
of different atmospheric gases and, especially, atmospheric
pollutants. Special attention is paid to the coz-luor use
as being the most perspective for the above purposes [1] .

In this case we have widely used the differential technique
in the trace gas analyzers.

Over the last several years much attention has been focu-
sed on solving the problems of increasing applications of
coa-luer and the other IR molecular laaers in the systems of
operative atmospheric gas analysis. This has become possible
for us due to the technological advances in obtaining the high-
-quality ternary semiconductor ZnGePa monocrystal and in cre-
ating the high-efficiency nonthreshold parametric frequency
converters of coa- and CO-lager radiation. Due to the appro-
ach developed this made it possible to analyze any gas with
the absorption lines within the 2-11 pm wavelength range cor-
responding to the maximum transmission region of this crystal.

As follows from the analysis of optical linear and nonli-
near characteristics, the Zn(‘:el’2 monocrystals are the most
applicable for the frequency conversion of the 2 - 8.5 um
radiation. In particular, they are the most effective frequ-
ency doublers of CO-laser radiation and coa-laaer second har-
monic radiation, for example, when the cascade higher order
harmonics are generated.

When using the ZnGeP2 monocrystal the 2-11 um wavelength
range can be overlapped by the frequency-converted radiation
of one coa-laaer with application of two-cascade frequency
converters capable to mix the coa-mer self-radiation and
that of its harmonics. Dense overlapping of radiation spect-
rum is obtained with the use of two CO,-lasers or one double-
frequency laser. Additional possibilities are presented by
mixing the 602- and CO-laser radiation frequencies.

Finally, we are faced with the problem of overlapping of
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the entire wavelength range by a fine “tooth-comb™ of synthe-
sized narrow ( 10”2 cm~1) laser lines and on this basis it is
possible to develop the laser sets for analyzing any atmosphe-
ric gas with absorption lines in this wavelength range.

The Jjoint results obtained until now at the Institute of
Atmospheric Optice and at the Siberian Physico-Technical Ins-
titute at Tomsk State University nave made possible the growth
of the ZnGePZ single crystals with the diameter up to 20-25 mm
and the length up to 150 mm. The best samples are characteri-
ged by the values of absorption coefficients in the region of
maxinum transmicsion of<0.q cm~ 1,

Our investigations supported the possibility of creating
the efficient sources of coherent radiation in the middle
infrared on the basis of CO,-lasers and frequency converters
with the zm;el’2 monocrystals.

High damage level of ZnGera operation characteristica al-
lows the coa-laser radiation fiequency converters with ZnGeP2
to be competitive with those based on CGGeAsa and another
nonlinear crystals.

Previously we reported on the measurement of CO concentra
tion using a mobile trace gas analyzer equipped with a frequ-
ency-doudbled CO,-laser [2]+ As the measurements indicated,
the unit was capable to detect the CO conceatration up to
4 ppb at the 2 km path. At present we have developed an im-
proved variant of a mobile fully sutomatized gas analyzer.

Figure 1 shows a dlock-diagram of the modernized gas analy-
zer including low-pressure two frequency-tuned coa- and one
CO-lasers and a set of the ZnGeP, monocrystal frequency conve-
rters.

The laser wavelength tuning, piezoelectric frequency ad-
Justment and adjustment of ZnGeP2 monocrystal to synchronism
direction as well as digitizing and processing of photorecei-
ver signals are made using a computer complex "CAMAC MERA-60
The potentialities of this complex are expanded when using
a memory on hard megnetic disks.

The results of simulated estimation were supported by fi-
eld measurements of the multicomponent real atmosphere and
demonstrated high-operational characteristics both of the
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2,4,5,6,7,11 - receivers; 3 ~ an optoacoustic detec-
tor; ' - a gas cell; 13 - a reflector.
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frequency convertera developed and the entire measurement

complex.
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A DIAL System for High Resolution Water Vapor Measurements
in the Troposphere

Jens B8senberg
Max Planck Institut fir Meteorologie
Bundesstr. 55, 2000 Hamburg 13, Bundesrepublik Deutschland

Water vapor is a minor constituent of the atmosphere which is of
great importance for many atmospheric processes. Rather small
changes in concentration can strongly affect other parameters,
e.g. the radiation budget by formation of clouds. In our
institute the request for experimental data on water vapor
originated from studies of organized convection, where the
transport of water vapor and the associated condensation
obviously is one of the key processes. From this we derived our
definition of the term "high resolution”, it is meant to be a
spatial and temporal resolution sufficient for studies of at
least medium scale convective processes, or in approximate
numbers, 30 sec in time, 100 m in height, 5% accuracy within the
mixed layer (about 1.5 km). The same system can be used for
measurements up to greater heights. Temporal and spatial reso-
lution are of course decreasing with height, but compared to
conventional radiosonde measurements this resolution can still be
considered "high" throughout the troposphere.

The system we have built up to reet the requirements of
convection studies is sketched in fig.l, in principle it is
similar to systems which have been described by other groups
before. One important feature is the use of 2 dye lasers , which
are synchronously pumped with a time difference of 200 usec. The
reason for this is, that because of the small beam diameter (<1 m
for heights < 2 km) the aerosol in the scattering volume may be
exchanged faster than a single laser can be switched between 2
wavelengths. Then the basic assumption in the derivation of the
DIAL equation may be violated, that backscatter coefficients do
not differ for on and off line wavelengths. The use of 2 lasers
avoids this problem, but introduces the problem of different beam
shapes and pointing. Even slightly different beam shape for the 2
lasers prevents us from using the region of incomplete overlap
with the field of view of the telescope for height resolved
measurements, and signal dynamics cannot be reduced by geometric
compression. For the region of complete overlap the pointing
accuracy can be made sufficiently good by using ultra high
precision beam steering components.

Another crucial point is the wavelength stability of the laser,
as well as the tuning accuracy. The stability ( without active
stabilization ) is very good, we have measured 0.01 cm-* drift
within 4 hours of operation. For tuning to the linecenter we are
using a photoacoustic cell filled with Ha0 at about 15 mbar. The
tuning accuracy to the center of the 1low pressure line is
estimated as 0.004 cm-*. Bandwidth averaged over 100 shots
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typically is 0.03 cm-* (FWHM), measured by a Fizeau multibeam
interferometer.

The most critical point in high gain lasers with oscillator-
amplifier configuration is spectral impurity, defined as fraction
of power out of assumed laser line snape (usually broadband
amplified spontaneous emission with very low spectral power
density ). For errors in water vapor retrieval less than 10% up
to an optical depth of 2 spectral impurity less than 1.5% is
required. The specification of our laser is ASE < 1%, in practice
this can be achieved only by a very tedious adjustment procedure,
because at the present time the result of adjustments can be
seen only by performing test measurements in the atmosphere.

A Dbasic difficulty for a remote sensing aystem like this is the
assessment of accuracy. The usual method of intercomparison with
a radiosonde is not adequate, because of the different sampling
properties, both in space and time, and because of the limited
accuracy of radiosondes, too. Since the accuracy of a DIAL system
is strongly dependent on its adjustment, self test capabilities
are mandatory. Intercomparisons with other instruments for every
new adjustment are almost impossible. So, since the density of
water vapor in the measurement volume is unknown, one has to look
for other quantities which can be used for testing. It should be
remembered, that the DIAL equation gives the product n*(don-
Cozz). SO a convenient test is to choose on and off line
wavelengths such that oon®0cse, the result then does not depend
on the number density n. If both lasers are tuned to an off line
wavelength, errors due to detector and electronics nonline-
arities, beam geometry, incorrect timing, and signal noise
(underestimated) can be detected. This is a very simple test
which already covers a large number of error sources, it is
routinely applied during our measurements. A more critical test
results if both lasers are tuned to an on line wavelength. Then
in addition errors due to incorrect tuning and differences in
spectral purity are detected, errors due to signal noise are
overestimated in this case. Unfortunately this test requires that
both lasers are optimally adjusted for narrowband operation,
which is not necessary for the DIAL experiment itself. So we did
not perform this test for all measurements.

Yet another test, which shows the error due to spectral impurity,
is to use 2 lines with different linestrengths. The ratio of
optical depths for the 2 lines then should be constant with
height (equal to the ratio of the 1line strengths), from the
deviations spectral impurity can be calculated.

When our system had passed these tests successfully, we always
got reasonable results, i.e. the distribution of water vapor
concentration in space and time was in accordance with the
meteorological situation, and the agreement with radiosonde
ascents was within the limits given by the different sampling
properties ( we had to compare with ascents started about 100 km
away ). Figures 2 and 3 show examples, f£fig.2 for an unstable
stratification during the afternoon with a patchy pattern typical
for a convective situation. Pig.3 is a measurement on the same
day in the late evening. Stratification was stable in thie case,
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and this is reflected by the smooth and somewhat wavy pattern.
More results will be presented at the meeting, including measure-
ments extending to heights of several kilometers.

We believe to have demonstrated, that high resolution DIAL
measurements of water vapor ara possible with good accuracy, and
that the results are very useful for studies of atmospheric

processes.
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Fig. 1 : Differential absorption LIDAR system, schematic.
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Fig. 2 : DIAL water vapor retrieval 06/12/1986 16"30°. Time
average over 300 shot (30 sec), range cell 60 m ( smoothed
by 120 m gliding average).
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A Differential Absorption Lidar System for Measurements of
Tropospheric NO, NO2, SO and O3

Barrie W Jolliffe, Elizabeth Michelson, Nigel R Swann
and Peter T Woods
Division of Quantum Metrology, National Physical Laboratory
Teddington TWI11 OLW, UK

K

1. INTRODUZTION

A differential-absorption lidar facility has been developed by the National Physical Laboratory
and mounted in a custom-built vehicle. It is now being deployed in a range of field
measurement exercises. The facility operates in either a mobile or a stationary scanning
mode. It is presently capable of range-resolved measurements of the atmospheric
concentrations of NO, NO2, SO7 and Oy in the troposphere in the visible and ultraviolet
regions of the spectrum. The system can be configured to monitor up to three species
near-simultaneously and is currently being extended so that it can be ooerated in the
infrared.

The novel scientific features of the laser transmission system, the optical receiver, and the
electronic data-collection and processing systems are presented below and their effects on
system performance will be outlined. Examples of measurements around industrial and urban
areas are also presested.

2. LASER TRANSMISSION SYSTEM

The DIAL facility uses frequency-duubled and -tripled YAG lasers to excite three tunable
nariow-linewidth dye lasers. Figure 1 shows a schematic of the laser transmission and
receiving systems. The oscillator cavities of the dye lasers have elements within them so that
each laser generates alternate pulses with two indepe 1\dent wavelengths. NO, measurements
are made at wavelengths arourd 448 nm; SO and O3 measurements are made by
frequency~doubling dye laser radiation at wavelengths around 600 and 580 nm respectively;
NO measurements are made using radiation at 226 nm which is generated by frequency
mixing 1.06 um YAG radiation with that of a frequency-doubied dye laser at 576 nm.
Radiation at 1.06 um is also transmitted to provide data on atmospheric particulate scattering.
All of the beams are transmitted collineariy inte the atmosphere via an off-axis reflective
collimator and beam expander.

The laser wavelengths are monitored using both a calibrated monochromator with diode-array
readout, and absorption gas cells. The system is being upgraded to incorporate an on-line
wavemeter.

3. RECEIVING SYSTEM

The Dall-Kirkham receiving telescope is capable of being scanned to provide three-
dimensional coverage of the atmosphere. The transmitted beams are propagated coaxiaily
with the telescope. The backscatter-return signals are collimated, sepuirated in wavelength by
dichroic beam splitters and directed via narrow-bandwidth interference filters onto one of
three photomuitipliers or an infrared detector (Figure 1). It has been de.nonstrated that the
design of the receiving telescope and interference filters in combination affects the capabilities
of the DIAL system, particularly in the near field. Reii.ble measurements are now achieved
at ranges of > 50 m.
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4. DATA COLLECTIOM AND PROCESSING SYSTEM

The mobile DIAL facility houses a dedicated LSI 11’73 minicomputer (with associated storage
media) to control the data collection system. A second LSI 11 is used for data processing.
A CAMAC system (Figure 2) which scrves as the interface for instrument control and daua
collection, houses four transient recorders (26 MHz at 10 bits or 10 MHz at 12 bits) to
digitise the data from the four detection channels. All the transient recorders used have
demonstrated non-ideal performance and some effects of this will be presented.  Their
resolution may effectively be improved under certain operating conditions by adding a variable
voltage offset to the backscatter signals. This has provided improvements in the
signal-to-noise ratio of the measurements by at least a factor of two at certain ranges.

S. MEASUREMENT RESULTS

DIAL measurements have been carried out around a number of inductrial areas and examples
are given below. The results have also been compared with those obtained by calibrated
in-stack monitors.

(i) SO Measurements

Three—dimensional profiles of atmospheric SO concentrations have been measured around oil
refineries and power plant. Figure 3 shows the concentration profiles of a plume emitted by
3 2GW power plant at three distances downwind and illustrates the ‘touch--down' of the
plume onte the ground.  Alternatively the total SO, emissions of any source can be
determined bdv sc==ning the laser beam across the emitted plume close to the stack exit.
Measuremenis have been carried out which agree with those obtained by calibrated monitors
within the stack to ¢ 10%.

{ii)) NOy Measurements

DIAL measurements have been carried out around industrial and urban areas as part of a
project to demonstrate UK compliance with the European Community Directive on NOj air
quality. Figure 4(a) shows a result obtained when monitoring the dispersal of NO5 emissions
downwind of a nitric-acid production plant. Figure 4(b) shows the concentrations of traffic-
related NO2 in a street in central London, illustrating that maximum NOj concentrations do
not always occur at road levels but can occur where the effects of atmospheric mixing
produce conditions of maximum oxidation of NO to NO;j.

(iii) Simultaneous NO and NO Measurements

Simultaneous range-resolved measurements of these two gases have been carried out to
provide data on the dispersion ard chemical reactions occurring in industrial plumes and
urban atmospheres, and examples of the results will be presented.

(iv) O3 Measurements

The vertical concentration profiles of tropospheric ozone have been measured for 24 hr
periods during a European-Community project to evaluate the production and build-up of
photochemical ozone around the London area. The results have also provided data on the
effects of differential backscatter of aerosols on DIAL measurements of ozone concentration.
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Range-Resolved Heterodyne Detection Dual COp DIAL Measurements

William B. Grant, Alan M. Brothers, and David M. Tratt,
Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove
Drive, Pasadena, California 91109

Introduction

There are & number of wmeasurements of atmospheric trace species and
aerosols of potential interest in the 9 to 11 micron spectral region covered
by C02 iasers. While direct detection COy lidar systems have been used
for such range-resolved measurements, the measurement range for such systems
1s limited to 2 to 4 km (Flanigan, 1986). Heterodyne detection (0 DIAL
was proposed by Kobayasi and Inaba, 1975, and first realized by Fukuda et
al., 1984 and Hardesty, 1984, using single laser lidar systems. Heterodyne
detection offers increased range (to 10 km or more), but demands greater
system and data analysis complexity. This paper will describe measurements
made using the Mcbtle Atmospheric Polluta~t Mapping System (MAPM).

MAPM Description

MAPM is a dual CO3 laser NIAL system wmounted in a semitrailer. The
more j.nportant system components are listed in Table 1.

The_50-mJ pulse energy {1 sufficient in typical Pasadena atmospheres
(8 = 107 a~! ¢to give a singlv-pulse, speckle-limited signal-to-noise ratio
(see Shapiro et al., 1981) of greater than 0.9 for ranges out to 2 - 3 knm,
after which it decreased per the lidar a2quation.

Signal Processing

Since a linear amplifier is used after the photomixer, and since there
are large signal fluctuations from shot-to-shot due to speckle, the signal
processing is much more coaplex than for direct detection. The algoritha
developed for handling the data included the steps of smoothing the data
over several 30-m range bins, finding the minimum noise level, subtracting
it from the raw data, squaring the revised values, subtracting the pre-pulse
noise level, then adding together the values of the individual pulse pairs
to form an average value. Since speckle is so pronounced, several thousand
pulse pairs must be averaged to obtain signals appropriate for DIAL measure-
ments. While this procedure leads to a slight artificial enhancement of the
low signal values from long ranges due to cross terms with the noise, it
leads to reasonable aerosol and DIAL results.

Measurements

MAPM has been operational since September 1986. During that time it
has been used to make meagsurements both of atmospheric parameters and systenm
performance.
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MAPM was used early in the progras to address the question of DIAL
signal averaging dependence with the number of 1lidar signals averaged, N,
raised by Menyuk et al., 1985, with other references included therein. They
analyzed data obtained using backscatter from 8 fixed hard target, and found
significant departures from the expected N"1/2 reduction in the measurement
standard deviation. MAPM was used to demonstrate that for atmospheric back-
scatter, the N~1/2 14w was obeyed out to N = 1000 or more. This result
arises because the aerosols decorrelate in times of a few microseconds, so
that independent speckle petterns are measured for each lidar pulse, which
is not the case for the fixed hard target. These results agree with those
of Milton and Woods, 1987. In addition, it was shown that {if the lidar
pulse-pair ratio changes during the course of the measurement, significant
departures from N-1/2 dependence are to be expected. This would be the
case if the gas concentration changed during the measurement, if the aerosol
distritution changed when there is significant molecular Rayleigh scatter,
or 1f the serosol spectral properties changed during the measurement. (See
Grant et al., 1987a.)

MAPM was next used to assess the ability of heterodyne-detection CO3
lidar to measure water vapor concentrations at long ranges, and in the pro-
cess, a thorough study of water vapor absorption coefficients at COj laser
frequencies was made. It was shown that the four or five sets of COj-laser
measured water vapor coefficients can bz brought into substantial agreement
by using a value for the ethylene absorption coefficient at the 10P(14) CO;
lager line (used for calibrating spectrophones) of 35.0 £ 2.0 atm~l cm”
and that the values for the water vapor contimuus so determined are about
30% higher than the currently accepted value quoted by the AFGL (Clough et
al., 1986), based on the spectrometer measurements by Burch and Alt, 1984,
MAPM was then used to measure water vapor conceantrations using three differ-
ent line pairs, each optimal for a different concentration-range product.
(See Grant et al., 1987b.)

MAPM has also been operated on CO; laser line pairs appropriate for
other trace species, such as ozone, methanol, and ethylene. These data were
used to help determine how the measurement uncertainty changes with range.
For the 50-mJ pulse energy typically used, and for an average of 6000 pulse
pairs (5 minutes), with the concentration determined using the derivative
approach over each 510-m range interval, the measurement uncertainty was
found to be about 2% at 2 km, increasing thereafter per the lidar equa-
tion. This result is significantly better than the 82 demonstrated by
Fukuda et al., 1984 and Hardesty, 1984, using single CO2 laser heterodyne
DIAL systems, as expected because both lasers can track the same atmosphere.
These findings will be related to trace gas measurement sengitivities as
well as to estimating how coherent-detection DIAL sensitivity scales with
pulse energy.

Future Uses of MAPM

Among the possible uses for MAPM, several can be considered in the near
future: measurement of SFg tracer releases (see, e.g., Uthe, 1986); studies
of emissions from factories; studies of aerosol spatial, temporal, and spec-
tral properties in the free troposphere (see, e.g., Menzies et al., 1984);
and studies of the aerosol spectral properties as they affect DIAL measure-
ments (see Petheraa, 1981).
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Table 1. Major MAPM Components
Iten Supplier® Model No. Specifications
Semftrailer Dismond 8 Co. 35° long
Pulsed CO3 Lasers Laser Science, Inc. PRF 1508 30 Rz
cv CO2 Lasers Ultra Lasertech 3822 1-2 v
Laser Coolers Neslad RTE~4, HX-735
HgCdTe Detactor- Nev England Research 0.25 mm .x 0.23 mn
Signal Center 7
HgCdTe Detector Mon. Boston Electronics ROOSA 1 s x 1 sm 300K
Transient Digitizer Hewlett-Packard S5182a 20 Mg 7.7 off. bits
Data Cosputer Hewlett~Packard 1000,Micro 29
Scan Hirror Mount, Aarotech AOYM 130-24M 24" sperture
Coutroller UNIDEX IIX
Optical Tabdle Modern Optics 4" x 10" x1' ¢
lower shelf
Besw-expanding Teles. S.0.R.L. COAR 10X13 10X, 15 ca diam.
Optical Chopper Rofin-Sinar 7508 10-200 H=
Linear Phase Filter Cir-Q-Tel 0.2 to 2.5 Mz
Off~Axis Parsdolic Jo L. Wood Optical 4" off axis, 12" diasm.
Receiver Micror
Plat Mircrors Prisss Unlimited 24" dia, 1 5/8” thick
Window HRardware store 0.4 nil polyethylene
Dome B. E. Meyers & Co. 2-m dism. fiberglass
Linear IF awplifier RHG Electronics EST 3010LD f= 30 MHz, Af= 10 MN:z
Digital Delay Generator Californis Avionics 103 CR 100ns resolution to 10 s

* NMentiom of the suppliec's name does not constitute sn endorsement of the supplier
by the Alir Porce, NASA, or JPL.
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DIAL Measurements of Atmospheric Water Vapar, HWC1, and CH, Using a
Continuously Tunable 1.7 um Co:MgF, Laser*

Dennis K. Killinger and Norman Menyuk
Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173-0073
(617)863-5500, Ext. 4740

There is a need for the development of new, tunable high-power lasers in
the near-to-middle IR to serve as sources in lidar systems for remote sensing
of the atmosphere, We report on the development and use of a new solid-
state, cobalt-doped magnesium fluoride laser (Co:MgF,), which is continuously
tunable from 1.5 to 2.3 um, and describe the use of this laser in a DIAL
system to measure water vapor, HCl, and CH, in the atmosphere, Both path-
averaged and range-resolved DIAL measurements have been made at ranges up to
6 km and 3 km, respectively,

Early investigations of the Co:MgF, laser by Moultonl established that
the laser was continuously tunable from 1.5 to 2.3 um, could operate either
cw or pulsed, and could radiate at a single frequency. Lovold et al.2
modified the original design to permit simultaneous Q-switching and accurate
wavelength control of the laser, These modifications were necessary to make
the Co:MgF, laser a practical radiation source for remote sensing
measurements,

The schematic of the Co:MgF, DIAL system used in our experiments is
shown in Fig. 1.3 The Co:MgF, laser was cooled to 77°K and was longitu-
dinally pumped by a 1.32 um Nd:YAG laser which emitted 400 mJ, 800 us
duration, linearly polarized, TEMgy pulses at a 3 Hz pulse repetition
frequency; the output power of the Co:MgF, laser was approximately 10 m)
per pulse with a Q-switched pulse-length of 300 ns.

Coarse tuning and linewidth control of the laser was obtained using a
three-element birefringent tuning filter which reduced the linewidth to
approximately 1 cm-1 and permitted laser tuning over the spectral range
from 1.6 to 1.9 um, the maximum range obtainable with a single set of laser
cavity mirrors, A quartz intracavity etalon, 0.25 mm thick and coated for
20% reflectivity, reduced the linewidth to 0.15 cm-1 and was angle tuned
for precision scanning of the laser wavelength over a limited range of the
order of 5 cm-1,

As seen in Fig, 1, the bulk of the Co:MgF, laser output is used for
remote sensing, but portions of the output are sampled using beamsplitters to
provide diagnostics of the laser wavelength and power. The remote sensing
port:.n of the output beam was expanded to a 3 cm diameter and directed to
the target with a 50 cm beam steering mirror, The return lidar beam was sent
through a 30 cm Cassegrain telescope and detected by a cooled InSb detector.
The output signal was then measured by an A/D converter or a waveform
digitizer and analyzed by the computer. The computer also controls and scans
the wavelength of the laser by use of a Burleigh "Inchworm" which changes the
slant angle ¢/ the thin etalon in the laser cavity,

*This work was supported by the National Aeronautics and Space Administra-
tion and the Afr Force Engineering and Services Center,
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The system can run the wavelength control of the laser either in a
continuous scanning mode, or in a differential-absorption (DIAL) mode. In
this latter case only two wavelengths, on and off an absorption line, are
employed and the position of the etalon is toggled between these two posi-
tions. In the continuous scanning mode, the output of the Fabry-Perot {s
used to calibrate the relative wavelength of the laser and to correctly scale
the wavelength scan of the laser and lidar returns,

The system has been operated in the continuous scanning mode to obtain
path-averaged (column-content) measurements using backscattered returns from
topographic targets. Figure 2 shows a plot of the normalized lidar return
obtained from foliage on hillsides located 3 km and 6,7 km from the Labora-
tory as a function of the laser wavelength. The wavelength scan covers
approximately § cm~1, A1l the major absorption regions can be identified
with known water vapor absorption lines,

The Co:MgF, DIAL system has sufficient transmitted laser energy and
optical detection sensitivity to measure the lidar backscatter from natural
occurring aerosols in the atmosphere, and thereby provides the capability of
detecting the range-resolved concentration of various species in the atmo-
sphere. As an example, Fig. 3 shows the lidar signal, averaged over
50 pulses, as a function of range for atmospheric backscatter. As seen, the
Co:MgF, DIAL system is capable of detecting aerosol backscatter at ranges out
to 3.8 km, with significant signal levels at ranges of 0,2 to 3 km,

We have also investigated the utility of the Co:MgF, DIAL system for the
detection of HC! and CH, in the atmosphere. B8y scanning across the prominent
lines of HCl1 and CH, near 1.7525 wm and 1.6713 um, respectively, the sensi-
tivity of the DIAL system was established; within these sensitivity limits
there was little indication of detectable HC! (< 0,2 ppm) or of CH, (< 2 ppm)
in the atmosphere, Further studies using an artificial plume of HC! injected
into the atmosphere were conducted which demonstrated range resolved DIAL
measurements of an YC1 plume with a sensitivity of a few ppm and range
resolution of 200 m,

References
1, P, F, Moulton, IEEE J, Quantum Electron, QE-18, 1185 (1982),
2. S. Lovold, P, F, Moulton, D, K, Killinger, and N. Menyuk, IEEE J.

Quantum Electron. QE-21, 202 (1985).
3. N, Menyuk and D. K, inger, Appl. Opt. (1 August 1987).
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Analysis of Information Content of Multifrequency Laser
Sounding of Aerosol and Molecular Atmosphere

VeEe Zuev, S.I. Kavkyanov, G.M. Krekov
Institute of Atmospheric Optics, Siberian Branch, U.S.S.R.
Academy of Sciences, Tomsk, 634055, U«S«S.R.

The use of a single-frequency lidar for investigating
the space-time structure of atmospheric aerosol has a limi-
ted field of application due to a possible anbiguity of in-
terpreting the experimental data [1-3]. This paper considers
the potentialities of spectral measurements for obtaining
more complete data on the aerosol profiles.

Neglecting by the effects of incoherent scattering,
the dependence of the lidar signal intensity received at
the frequency of emitted signal on spatial distribution of
two-component aerosol and molecular mixture in the atmosphe~
re is determined by the known equation

$ @Y =[G+ pa.0)) exp {-2 j [@ N +én@D] L' ] (4

where S(3,1) is the signal nornalized in the point 2Z,i 6.
and f. are the aerosol coefficients, and ¢, and _ﬁ,.,

the molecular coefficlents of total scattering and backscat-
tering.

The number of unkaowa functions in (1) exceeds that of
the measured ones by a factor of three ( taking into acco-
unt the known relation B.(?,1)/ 6m(2,)) = g, = 3/87 )
for any number of sounding wavelengths ).. At single-frequ-
ency sounding the introduction of the profile g, (2) =
= [ Ba@) +Ba(2)]/[6(2) +6.()] and the use of any a priori
information on its characteristics was the only possibdble
method for making supplementary definition [ 1-3] ( 1t was
impossible to separats aerosol and molecular components).

In the case of multifrequency sounding one can limit oneself
to some functional peculiarities of spectral behavior of the
functions being restituted to separate them on the basis of
(1) ¢ A more general method for making supplementary defini-
tion is the substitution of the spectral behaviorjg(l),ﬁL(l)
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by the expansion over a certain set of known runctions,
with the estimate of the parameters cf expansion by the la-
ser sounding data. When using the series on powers of incre-
ments (X-2,)/A;, (in losarithnic scale)

b pG)) * brpylei) e 2 93‘ " . L?2%2 ()-A.)

XL 2)

”~N

- 9&62 A=) A. 1 B46s fA-N (3)
b 6,(2,%) (né‘(a,/\,n?&‘) LL2EE (AAY,

One can often limit oneself in (2.3) only by the first inc-
rements correct to the two parametric functions
(3-8, /%) , N,(3))=-2be. /?lx 2, characte-
r:lz:lng the 1.lative decrease of f,, @, with the A incre-
ase, and varying within the limits to be estimated ( as a
rule, 0 7 v, € 2 [a] )e In the analogous (2,3) expansion
for fm , 6' the parameter 1, = 4, and the terms beingof
more than the first order of magnitude are equal to zero.
The number of parametric functions in the expansion (2,3)
in the sum with a series of restituted profiles should not
exceed the number of operating wavelengths in Xq.(1). For
simultaneous restitution of three profiles fla, 6, , €.
even in the case of the use of only linear parts of expan-
sions (2,3) without taking into account the a priori infor-
mation on 7, , 7! the number of operating frequencies must
not be less than five. In practice, with less number of ope-
rating frequencies one should use any simplifying assumpti-
ons or the accompanying measuremente (model estimates).

Figures 1 and 2 present the results of the numerical ex-
reriment on single-frequency (Fig.1) and double-frequency
(Fig.2) sounding of aerosol profiles (the aerosol model [ 4]
was used).

A comparison of Figs.(1) and (2) indicates that the dou-
ble-frequency sounding even with rough simplifying assump-
tions allows the lidar measurement information content to
be increased versus single-frequency information content.
Further increase of the number of sounding wavelengths al-
lows the decrease of arbitrariness in selecting the spect-
ral dependences 7’ » T, @and their estimate from the lidar
datae 41
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Fige1. a).Altitude behavior of the lidar ratio J, for

= 0453, 0469, 1,06 um. b) The results of restituting
the model profile f“(i) (curve 1) when using the simpli-
fying assumptions on the altitude behavior 3‘( 2) 3 curve 2-
~9,(?) =9,(0) s curve 3 -4, (2) = §,(30) curve 4 - 2, (?) =
=8, (0)+2[9,(30) -3,(0)] /30 ( X = 0469 um). The profile @m (2)
(curve 5) when restituting P.(2Z) is assumed to be given.

Q
S
)

0 0.5 10 1, 05 f, gkm
Fig.2. a) Altitude bdehavior of the index ’[,(%) for three pa-
irs of wavelengths: 1 - 0.53 and 0.69 pm; 2 - 0.69 and 1.06um}
3 - 0.5% and 1.06 pm. b)The results of restituting the model
profiles B, and £, (curves 1 and 5) using the simplifying as-
sumptions on the altitude behavior '( 3 curves 2.2°'~ ’(e) 7’(0),

3,3' =L@ hi 4,40 -7, (a)s'z(a)n[z (30)-Tu(0)] /30 (Ar=063, Xs= =1,06).
At rest:l.tution the attenuation we.s assumed to be absent (€,:0).
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Leaving for aj.nplicitx of computetions only the linear parts
of increments f‘ and /n6_in (2,3) we obtein after logarith-
mic operations and differentiation (5) over /A for the re-
lative spectral behavior of the ndar signal 9, = -0 S /)

AL e A | g m(?»]kca)

Let us substitute in the set (1) ‘all tha equations, except
the first, by the equations of (4) type. Now we obtain an equ-
ivalent set of equations which is completed with equations

following from (2,3)
X g %32, M g e (3)).
P b £EA. gy Sishacy 80 3508 e

The set of equations (1) (4) and (5) can be solved using
the iteration methods that makes it possible to use the
a priori information available for meking supplementary de-
finition and stabilization of analytical solutions of Eq.(1),
(4) over the variable z [1-3] For example, when assigning
the initia) appro:d.mation 6n(3,7) 3.;( 3 %«) in Eq-(1). one

;ax(l?o;:'l):aig- exp{ ZKQ‘ ')éj{"ﬁ;) 'ZJ 3 P['zf(%' ’)é ” g’lé

When reca{culating successively the profiles 6my G » Jo for
%+ (g from ., to X, , taking into account Eq.(5) and ini-
tial approximation, one can refine the values 7, , J, using
the analytical solutions of Eqa.(a) 25 24
. + - $
L@y B AR, {'Q(?)* %%}:Mm ARGl M}J 1
§ () =g [ (7.-7)- zJ(z,. 6ns %82’ / [ 1500, zJ(z,f “ge)4].
The analytieal estimates can be also obtained forg (P
Model calculations with the use of three wavelengths and
given processing scheme have made it possible to estimate si-
multaneously the aerosol altitude behavior £,(?)and molecular
}m(a)profiles as well as fg_(;)uaed when restituting }q@, f,.(?).
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Remote Determination of Meteorological and Optical Parameters
of the Atmosphere Using a Raman Lidar

YueF.Arshinov, S.M.Bobrovaikxov, S.N.Volkov, V.E.Zuev,
VeKo.Shumskii

Institute of Atmospheric Optics, Siberian Branch,USSR Academy
of Sciences, Tomsk, 634055, U«SeSeRe

As known, the bdoundary atmospheric layer is Jjust the re-
gion between the Earth's surface and the free atmosphere
where most dynamic processes take place. The investigation
of these processes is very important for obtaining the in-
formation on the conditions of temperature inversions forma-
tion as well as on the diffusion of various atmospheric com-
ponents including pollutions. It is also important for stu-
dying the heat transfer from the ground to the atmosphere.

The determination of characteristics of the boundary at-
mospheric layer. normally, requires the information about
the profiles of meteorological parameters and about the ver-
tical stratification of aerosol.

In this connection the lidar methods for obtaining the
above atmospheric characteristics are, of course, the most
promising, taking into account higher spatial and temporal
resolutions they can provide in comparison with She conven-
tional radio-sonde techniques.

This paper presents some results of lidar measurements of
the atmospheric temperature profiles and the profiles of so-
me optical parameters of the atmosphere obtained with the
Raman lidar.

The combined Raman lidar used in the study allowed the de-
termination of temperature profiles and the profiles of op-
tical parameters to be made simultaneously using pure rota-
tional Raman spectra of Nz and O, and the lidar return due
to Mie light scattering.

Basic parameters of the lidar facility as well as key
ideas of the technique for measuring temperature profiles
one can find in [1] , while some details of the method for
remote determination of optical parameters of the atmosphere
are described in [2] ana [3] . “
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The temperature profile is retrieved from the profile of
the intensity ratio of two portions from the pure rotational
Raman spectrum of “2 and 02 molecules. The attenuation of
summed signal from both portions of pure rotational Raman
spectra of Nz and 02 corrected for squared range dependence
provides for information on the atmospheric transmission pro-
file. Thus obtained data allows one to assess simultaneously
the profiles of atmospheric temperature, extinction coeffi-
cient, backscattering coefficient and the profile of the so-
-called lidar ratio, which is the parameter relating the lat-
ter two optical parameters.

Figures 1a, b and ¢ present the results of measurements
carried out in the outskirts of Tomsk. The data obtained
with the Raman lidar are presented by solid lines, while
the dashed curve in Fig.1a shows the temperature profile ob-
tained with the eaircraft facility. In Fige. 1b the dashed cur-
ve presents the profile of aerosol backscattering coeffici-
ent obtained using a single frequency Mie scattering lidar
[2] « Figure 1c shows the lidar ratio profile measured with
the Raman lidar solely, because, unfortunately, there were
no other instrumentation providing for such information at
the time the experiments were carried oute.

The atmospheric situation occurring during this experi-
ment can be characterized by the presence of a deep tempera-
ture inversion layer in which the optically thick aerosol
layer is trapped, as it is clearly seen from the altitude
behavior of the extinction coefficient (see Fige 1b Ve

Good agreement between the Raman lidar data and those da-
ta obtained independently convincingly illustrate the capa-
bilities of the combined Raman lidar in its application to
study the boundary atmospheric layer.
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Instrumental and Atmospheric Considerations in the Development ana
Application of an Airborne/Spaceborne Water Vapor DIAL System

Edward V. Browell
Atmospheric Sciences Division
NASA LaRC, Mail Stop 401A
dampton, VA 23665-5225

and

Syed Ismatl
ST Systems Corporation
28 Research Drive
Hampton, VA 23666

Introduction

The Differential Absorption Lidar (DIAL) technique can be used to measure
concentration profiles of many atmospheric gases'. Atmospheric water vapor
(H,0) has been measured with the DIAL technique from ground-based*-* and
airborne systems®. In the DIAL technique, two laser wavelengths are
transmitted near simultaneously, one "on" the peak of the H,0 absorption line
and another away from, or "off* the peak. In the range resolved DIAL :
measurement, H,0 concentration between two ranges is calculated using the well
known DIAL equation:, which 1s a function of the on and off signals at the two
ranges and the effective H,0 differeatial absarptton craoss section. Random
errors due to notise in the detected signal and systematic errcrs due to
uncertainties in the knowledge of the effective cross section, Ao, contribute
to inaccuracy in the DIAL measurements. The development of a DIAL system must
give full consideration to these two sources of error and any known systematic
offsets can be at least partially compensated for in the DIAL data analysts
phase. A brief discussion of these effects is given in this paper, and a more
detailed description of these effects is given in Ismail and Browell®.

The strength of the 1idar signal depends upon the lidar range, laser pulse
energy, area and opttcal efficiency of the receiver, and detector quantum
efficiency. The signal also depends upon atmospheric backscattering at the
measurement range and atmospheric extinction (including absorption by H,0) to
that range. Using Poisson statistics, the signal-to-noise ratio is given by
/S, where S is the total number of photoelectrons during the signal
observation interval At. This implies that the 1idar parameters should be
chosen, where possible, to maximize S. However, consideration must also be
given to other noise sources like the background 1ight, detector dark current,
signal ampliifier and digitizer errors, noise spikes in the detector that do
not follow the Poisson statistical model, and signal induced notse effects.

We have carried out signal measurement error simulations for the Lidar
Atmospheric Sensing Expert.ient (LASE)’ for day/night background conditions
using several H,0 lines and summer midlatitude atmospheric profiles.
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The LASE parameters are given in Table 1. A silicon avalanche photodiode
detector (APD) was selected for this system because of its high quantum
effictency and reasonable noise characteristics over the expected signal range
of the LASE measurements. The resulting signal-to-noise characteristics of
the APD system were found to be superior to those of the best available
photomultiplier tubes (Kenimer, private communication, 1985). The signal
measurement simulations for LASE showed that using two H,0 1ines, the H,0
profiles in the 0-10 km region can be measured with an accuracy of <5% due to
the combined signal randum errors. The horizontal and vertical resolution of
these measurements would be 10 km and 200 m, respectively, during nighttime
and 20 km and 300 m, respectively, during daytime.

Simulations of a spaceborne H,0 DIAL system® in the 727-nm region showed that,
because of the lower lidar signals, photomultiplier tubes will be superior to
photodiodes which have 1imiting high dark current noise. The DIAL measurement
errors in the lower tropo:phere (0-5 km altitude) would be <5% using a
horizontal resolution of 250 km and a vertical resolution of SO0 m during
nighttime. Daytime measurements would require Fabry-Perot interfercmeters for
solar background rejection.

Absorption Cross Section Influence

Large systematic errors in DIAL measurements can arise due to uncertainties in
the knowledge of the differential absorption cross section. Because of the
non-monochromatic nature of the laser spectral profile and the atmospheric
influences on the H,0 absorption profile, uncertainties artse in the
calculated effective absorption cross section. This leads to additional
inaccuracy in the DIAL H,0 measurement. The instrumental and atmospheric
effects that contribute to uncertainties in the knowledge of the absorption
cross section are: (a) Influence of H,0 absorption on laser spectral profile,
(b) Doppler broadening of Rayleigh backscattered signal and other atmospheric
spectral broadening effects, (c) Pressure shift of absorption lines,

(d) Temperature sensitivity of absorption lines, (e) Laser spectral purity,
and (f) Laser position uncertainty and tuning error. Many of these effects
have been fully discussed in the literature (Ref. 6 and references therein).
These effects are applicable to both airborne and spaceborne DIAL systems and
are not laser energy dependent.

The H,0 absorption in the atmosphere distorts the laser spectral profile.
Ideally, monochromatic laser radiation will eliminate this influence.

However, other effects in the atmosphere may reduce the sensitivity of this
effect. Clearly, laser spectral profiles with widths > 3 pm could severely
timit DIAL measurements, and narrower spectral widths ~1 pm appear to be
acceptable. Any small systematic effect (<0.5%) left by the 1 pm linewidths
could be reduced by a first order estimate of the H,0 profile. The spectral
distribution of laser energy is modified in the backscattering process due to
motion of molecules and aerosols. Because of their mass, aerosols are
relatively less effective in the Doppler broadening than air molecules. Under
standard atmospheric conditions, Doppler broadening (DB) halfwidth AA = 1.7 pm
in the 727-nm regjon. It is estimated that under normal atmospheric
conditions " is will cause a systematic underestimate in the DIAL measurement
by <1% in the boundary layer to about 12-15% at 15 km altitude. However, this
systematic effect can be estimated and, therefore, removed to a first

order. Assuming a 10% error in the knowledge of the atmospheric temperature
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profile and a 50% error in the knowledge of the aerosol scattering ratio (with
a minimum of 20% error in the knowledge of the total scattering ratio), the
Doppler broadening effect can be reduced to <2% over regions free of large
aerosol gradients. Pressure shift of H,0 absorption 1ines causes a relative
detuning of the laser line from the H,0 line. This effect can cause
significant (>10%) errors at high altitudes (>10 km). Knowing the pressure
shift and tuning the laser line to coincide with 4,0 1ine at the appropriate
pressure level can eliminate this error. It can be easily seen that tuning
the laser to coincide with the H,0 1ine at lower pressures would be less
sensitive to pressure shift effects than one tuned to higher pressure H,0
1ines. To make DIAL measurements insensitive to variations in atmospheric
temperature changes, H,0 1ines should be selected that are relatively
insensitive to this effect. For H,0 number density measurements, ground-state
energy values in the range 100-300 cm" should be used for <1% error when
assumed temperature differs by <10°K from actual. For mixing ratio
measurements, ground-state energy levels in the range 300-450 cm~' should be
used. Laser spectral purity control 1S necessary to avoid an unabsorbed
component of energy in the on-line laser output that will lead to an
underestimation of DIAL H,0 concentrations. In general, a laser spectral
purity of >99% is needed for a DIAL system. A spectral purity of >96.95%,
which is more desirable, can be achieved by recently developed Alexandrite
laser systems. Tuning of the lasers to near the peak of the H,0 absorption
lines is necessary to avoid large measurement errors due to any uncertainty in
the knowledge of the position of the laser.

Total LASE System Accuracy

It is useful to study the sensitivity of the DIAL measurement error to one
parameter at a time as has been demonstrated in several studies; however, the
presence of one parameter can influence the sensitivity of another. It is,
therefore, important to study the coupled influence of several important
parameters. A good example is the Doppler broadening effect, which reduces
the sensitivity of DIAL H,0 measurement errors due to the finite laser
1inewidth, laser position uncertainty, and laser spectral resolution measured
by a wavemeter. This effect also reduces errors due to an uncorrected
pressure shift of the H,0 absorption 1ine with altitude.

The combined estimated accuracy of the DIAL H,0 measursment by the LASE system
is 1llustrated in Figure 1. The total error is a combination of errors due to
both signal and system uncertainties. It is assumed that the Doppler
broadening effect can be removed to first order. This can be done during data
analysis using off-1ine signal to obtain aerosol scattering information and by
using a climatological temperature profile. Laser iine distortion effects can
be corrected by using an apprcximate H,0 profile (20%) derived from an
uncorrected H,0 DIAL measurement. Additional improvement in the DIAL
measurement accuracy can be achieved by increasing the laser spectral purity
to >99.95%. Figure 1 {llustrates that using a single H,0 1ine, a H,0 DIAL
measurement with <10% error over an altitude range 0-6 km can be made with a
horizontal resolution of 10 km and a vertical resolution of 200 m during
nighttime and 20 km by 300 m, respectively, during daytime. Spaceborne lidar
could yield global H,0 prcfiles with similar accuracies with a horizontai
resdlution of 250 km and a vertical resolution of 500 m.




A A S AW Y R Y Y

MC3-4

References
Schotland, R. M., J. Appl. Meteoro!., 13, 71, 1974.
Schotland, R. M., in Proceedings, Fourth Sy%posium on Remote §gnsig§ of
Environment, U. Michigan, Ann Arbor, April 12-14, 1966, pp. 273-283.
Browell, E. V., et al., Appl. Opt., 18, 3474, 1979.
c‘h‘n. c.. .t .lc‘ Jo '. nﬁtebr.. » 1506'1515. 1982.
Browell, €. V., et al., Eonference Digest, 12th Int. Laser Radar Conf.,
Aug. 13-17, 1984, Aix-en-Provence, France, pp. 151-155.
Ismail, S., and E. V. Browell, Submitted to | 1cs, July 1987,
Browell, E. V., et al., h Int. Laser Radar Con! acts, Toronto,
Canada, Aug. 11-15, 1986, pp. 6-9.

Browell, E. V., et at., AIAA/NASA EOS Conference, Oct. 8-10, 1985,
Virginta Beach, VA, Paper No. 85-2091.

Table 1. LASE H,0 DIAL Parameters

RECEIVER
Area (Effective) 0.11 m?*
Field of View 1.23 mrad
Filter Bandwidth (FWHM) 0.3 nm (Day) 1.0 nm (Night)
Optical Efficiency (Total) 23% (Day) 50% (Night)
Detector Efficiency 80% APD (Si)
Noise Eq. Power (APD & Amplifier) 2.1 x 10°'* W/H2'/?
TRANSMITTER
Energy 150 mJ (On & OFf)
Linewidth 1.1 pm
Rep. Rate S H2
Wavelength 726.5 - 732.0 nm
Beam Divergence 0.73 mrad
Pulse Width 300 ns
Afrcraft Altitude 16-21 km
Aircraft Velocity 200 m/s
\Ld T T T
Aenm 72%nmm  180ms of Oig meuy Fu.TER

AT =200 0 Yem*

........... COMPLETE ANMAL. ("e | 734 m’(m,
* — e @ COMPLEYE ANMAL. o vETEN 14

A T.200m A R Oum

ALTITUDE km

o - IU
(-] [] {-]
TOTAL ERROR( ™)

Figure 1. LASE H,0 DIAL combined errors from all sources.
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Advanced Airborne DIAL System Capabilities for Ozone and
Multiwavelength Aerosol Measurements

A. F. Carter, E. V. Browell, J. H. Stviter, N. S. Higdon
Atmospheric Sciences Division
NASA LaRC, Mail Stop 401A
Hampton, VA 23665-5225

C. F. Butler
ODU Research Foundation
Norfolk, VA 23508

N. Mayo
FRC Kentron
Hampton, VA 23666

The NASA Langley airborne DIAL system has been modified to give significantly
increased measurement capability for conducting atmospheric science investiga-
tions. The major modification to the DIAL system was incorporating the
capability to make ozone and aerosol measurements above and below the aircraft
simultaneously. This was accomplished by a total redesign of the transmitting
and recetving sections of the DIAL system to accommodate eight 1idar returns
simultaneousiy. Additional modifications were also made to remotely control
transmitted 1aser beam properties and direction; to incorporate a new
filtering system for high UV throughput and complete cutoff; and to increase
real-time data availability for reail-time mission decisions.

Two recent experimental programs have been conducted using the modified DIAL
system. They include the Amazon Boundary Layer Experiment conducted from
Manuas, Brazil, in April-May 1987 and the Antarctic Ozone Hole Experiment
conducted from Punta Arenas, Chile, in August-September 1987. Unique DIAL
system characteristics developed for each of the missions will be discussed.

Modifications for the Atmospheric Boundary Layer Experiment (ABLE-ZB)

The NASA DIAL system has been extensively used since 1984 {n numerous Global
Tropospheric Experiments sponsored by NASA Headquarters. The instrument has
been used not only to measure tropospheric ozone and aerosols, but also to
direct the aircraft in real time for optimizing the in situ measurement
strategy. Prior to 1987, the lidar system could make ozone measurements
primarily in efther the nadir or zenith, but not both simultaneously. Because
of the need for data throughout the troposphere, the DIAL system was modified
to provide simultaneous measurement capability for both ozone and aerosols in
both nadir and zenith directions for the ABLE-2B mission over the Amazon. A
total redesign of the transmitting and receiving optical systems was
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required. A second optical platform for laser beam transmission was required,
and new optics were added to provide beam attenuation and divergence changes
(see Figs. 1 and 2). A remotely controlled optical system was designed and
built for beam alignment with th= receiver and for optimizing the transmitted
taser energies. Two new receiver optical systems were designed and built,
including two custom-built celestron telescopes. Each receiver has optics and
detectors capadle of receiving the four transmitted wavelengths, 285 mm,

300 nm, S99 nm, and 1.06 um, at a maximum rate of 10 Hz. The capadbility to
produce color plots of hoth ozone and aerosol data simultaneously in real time
was also incorporated into the system.

Modifications for the Antarctic Ozone Hole Experiment

The NASA DIAL system was selected as the prime instrument on the NASA Ames
0C-8 atrcraft for remote measurements of ozone profiles in the : tratosphere
over the South Pole during August and September 1987. Ozone messurements were
required over the vertical region from 12 to 20 km, and, therefore, only
zenith operation 1s needed from the DC-8, which will fly at 12 km altitude.
Oue to the higher ozone concentrations in the stratosphere compared to the
troposphere, the on-1ine and off-1ine UV wavelengths were increased to 302 and
312 nm to give improved accuracy over the 12- to 20-km altitude range. New UV
doublers were necessary, as well as new filters, for the UV and visidle
receiver channels. A redesign of the transmission optical platform was
necessary because the receiving package (and, therefore, the transmitting
path) had to be moved to the front of the laser support structure. The final
design incorporated both visibie channels and both 1.06 ym channels as well as
the on- and off-Tine UV. The rationale for this approach was to improve
signal-to-noise ratio in the visible and infrared channels as well as provide
redundancy for the aerosol measurements. Since only one receiver system was
used for this mission, the telescope is lowered until the transmitted beams
coming off the optical platform are turned coaxial with the telescope axis by
the optics on the end of the telescope. This reduces transmitting optics and
improves reltability and ease of alignment. The receiver system was modified
to use two UV photomuitiplier tubes for optimum detection and digitization of
the UV DIAL returns over different altitude intervals.

Details of the airborne DIAL system characteristics for the Amazon Boundary
Layer Experiment and the Antarctic Ozone Hole Experiment are discussed in this
paper.
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Simulation of Lidar Pressure and Temperature Profile Measurements from
the Earth Observing System (EQS) Satellite

£. Laurence Kord
NASA/Goddard Space Flight Center
Code 617
Greenbelt, M0 20771

and

Chi Y. Weng
Science Systems and Applications, Inc.
Seabrook, MD 20801

The atmospheric pressure and temperature fields are two of the basic variables
of fundamental importance in meteorology, climate studies, and for all scales
of weather forecasting. The pressure field is used to describe the state of
the atmosphere, frontal characteristics and to determine mass movement. The
temperature field is needed for determining tropopause height, the depth and
structure of the planetary boundary layer, and frontal and air mass character-
istics. This paper presents an analysis of the sensitivity and instrumental
parameters needed for lidar differential absorption (DIAL) measurements of
pressure and temperature from the Earth QObserving System (EQS) satellite. The
proposed Lidar Atmospheric Sounder and Altimeter (LASA) facility on the EOS
platform will allow global measurements of pressure and temperature profiles
from a 700 km polar orbit.

The pressure1 and temperature2 experiments are two-wavelength DIAL techniques
utilizing the backscattered energy from the clear atmosphere in the case of
profile measurements or from the Earth's surface in the case of surface
pressure, An integrated path absorption method is used for pressure. A
measurement highly sensitive to pressure is obtained by locating one wave-
length in a trough region, the region of minimum absorption between iwo
strongly absorbing lines in the oxygen A-band near 760 nm (13150 cm™*). The
absorption in the trough is proportional to the square of the pressure. The
reference wavelength is located in a nearby weakly absorbing region. The
temperature measurement is made in a differential ranging mode. A measurement
highly sensitive to temperature is obtained by locating Yne wavelength on a
high J line in the oxygen A-band near 77G nm (13,000 cm™*) where the variation
of absorption coefficient with temperature is as high as the sixth power of
temperature. A second wavelength located in a weakly absorbing region with a
shift of 0,02 to 0.5 nm is used as a reference,

A two-wavelength solid-state alexandrite laser tunable in the 760 nm region is
used for the pressuie and temperature experiments. It has a spectral resol-
ution of 0,005 cm ™" or better, a pulse length of less than 100 ns, and an

energy of 0.5 J/pulse. The two wavelengths are separated in time by a nominal
300 us which allows temporal separation and single-channel detection of both
the on-line and reference wavelengths. An energy monitor measures the
transmitted laser energy at each wavelength and a wavemeter is used to
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precisely measure and control the laser frequency, each to an accuracy of
0.001 cm™*,

The atmospheric model used for the simulations is a one-dimensional model with
up to 50 homogeneous vertical layers. The temperature and pressure data are
taken from the mid-latitude January U.S, Standard Atmosphere Model and the
aerosol composition data are taken from the Elterman model. The simulations
were performed using a high spectral resolution atmospheric transmission

code. The transmission at a given frequency is calculated using the Voigt
line profile and integrated vertically over the layers from space to altitude
z. The simulations include detailed calculations gf laser finite bandwidth
and Rayleigh broadening in the scattering process.” The effects of background
radiation including surface reflectance, aerosol scattering, and Rayleigh
scattering have been considered.

The simulations used the following parameters for measurements from a 700 km
EQS platform: a 0.5 J alexandrite laser transmitter, a reqetition rate of 10
Hz, a narrowband transmitter with a bandwidth of 0.005 cm™" or less, a tele-
scope diameter of 1.25 m, a receiver FOV of 0.15 mrad for daytime and 0.5 mrad
for nighttime experiments, and a PMT quantum efficiency of 0.2. An optical
efficiency of 0.59 was used for nighttime simuiations, which includes a wide-
band 1 nm spectral detection filter, and an optical efficiency of (.38 was
used for daytime simulations, which includes a narrowband 0.12 cm™* filter.

Figure 1 shows the results of simulations of pressure profiling for a nadir-
viewing daytime experiment. As shown, for 1 km vertical and 250 km horizontal
resolution, good accuracy (<0.4 percent) can be obtained over a large portion
of the troposphere using the pressure-sensitive absorption troughs located at
either 13150.86 or 13153.79 cm™". We note that the use of a 0.15 mrad FOV anu
a 0.12 cm™" spectral detection filter minimizes the effects of background
radiation and allows high accuracy daytime measurements.

Figure 2 shows the results of simulations of temperature profiling for a
nadir-viewing daytime experiment. As shown for the line at 12999.95 cm’l. 2.5
km vertical resolution allows high accuracy measurements with less than 1 K
error for altitudes up to 10 km, In addition, the use of the stronger
absorption line at 13010.81 c¢cm™* with 3 km resolution allows high accuracy
measurements to be extendeg to 15 km altitude. The effects of background are
small for the 12999.95 cm™"' measurement but become significant for the
13010.81 cm™* measurement.

Additional results will be discussed for the case of cross-track scanning,
nighttime measurements, varying daytime albedo, and high vertical resolution
(1.25 km) tropospheric temperature measurements,
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AN ADAPTIVE KALMAN-BUCY FILTER FOR DIFFERENTIAL
ABSORPTION LIDAR TIME SERIES DATA

Russell E. Warren
Electro-Optics Systems Laboratory
SRI International
Menlo Park, CA 94025

An earlier work! described a generalization of two-wavelength dif-
ferential absorption lidar to the case of multiple wavelength channel
returns for estimating the path-integrated concentration (CL) for
multiple materials. A maximum likelihood (ML) istinACor wvas constructed
for the N-dimensional vector CL = [CLI,...,CLN] of path-integrated
concentration values in terms of lidar returns Pj(k) collected simul-
taneously at { = 1,...1, M 2 N+l vavelengths at time step k. Those
returns were used to define an observation vector s(k), Eq. (1), which
could be expressed approximately as Eq. (2) in terms of the M-1 x N-
dimensional matrix of absorptivity differences Rjy = pf - p{+1 of
material 2 at wavelength 1. The measurement noise n_(k) was taken to,be
additive, uncorrelated, and zero-mean with covarfance A (k,k’) = <a_n >6kk"
The ML estimator for CL was shown to be given by Eq. (3; in terms of the
ML estimate for the CL covariance AEE, Eq. (4).

Because the ML estimate of CL makes no use of the time series
nature of practical data collection, a genetalizstion was made to an on-
line recursive filter based on the Kalman-Bucy“'” algorithm. Use of
recursive filtering can greatly improve estimation performance with
little or no additional processing delay. The classical Kalman-Bucy
filter is based on a priori system and measurement models. Eq. (2)
provides the measurement model in this case. In the absence of a
detailed fluid mechanics model for the evolution of the clouds of
interest, a first order Taylor series, Eq. (5), was aéopted as the
system model in which the random CL time derivative, CL(k) at time k
plays the role of a "process noise” with statistics given by Egqs. (6)-
.

The Kalman-Bucy algorithi. for CL estimation is summarized by Eqs.
(8)-(12) in which Eqs. (8)-(9) provide the extrapolation of the estimate
and its covariance to the next time step. Eq. (10) represents the
Kalman gain, and Eqs. (11)-(12) provide the update to the extrapolated
value of CL and its covariance at time k. Eq. (11) shows that the
recursive estimate of CL is a linear guperposifion of the ML estimate at
time k and the extrapolated estimate CL (k) = CL,(k-1) based on the last
time step. For the Kalman gain, Gy, small, the new estimate is
dominated by the past value, whereas for Gk = I, the estimator discards
the old data in favor of the new ML estimate. Because G increases with
increasing Q,, the state model determinss the relative importance placed
on the new data at each time step.
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For application to environments with rapidly changing concentration
typical of toxic chemical datection, no fixed choice of state model
covariance Q; is suitable. The need to accurately esiimate large
concentrations while preserving high sensitivity for low concentrations
has motivated the adaptive estimation of using a moving average
estimate of Ehe CL time derivative, Eq. (13), with the weighting
coefficients” chosen to provide the first derivative of a local least
squares fit to a low order polynomial through the current and previous
ML estimates of CL. The system model covariance is estimated by Eq.
(14).

Figure l-a shows the maximum likelihood estimates of CL from low
concentration data taken with a four-wavelength lidar for which the
cloud of interest was generated by evaporation of a volatile liquid
beneath the lidar line-of-sight. The adaptive (with a 13 Boinc first
order derivative estimate) and non-adaptive {Q = 2 (mg/m“)“] Kalman-Bucy
filters produce the CL estimates shown in Figures 1-b,c. The non-
adaptive filter provides somewhat less than optimal filtering,
particularly for longer times for which the cloud has disappeared.
Figures l-d,e,f provide a comparison of the same filters using high
concentration data produced at 3 minutes after the start of data
collection. The non-adaptive filter produces a delay in responding to
the vapor injection by overfiltering the ML estimates. In both cases
the adaptive filter was able to maintain excellent noise reduction ana
response time in the presence of widely differing concentrations.
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Table 1. Algorithm Summary
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Optimization of Lidar Boundary Layer
Height Retrieval

Stephen P. Palm
Science Systems and Applications Inc.
Seabrook, MD 20706

James D, Spinhirne
Laboratory for Atmospheres/617
Goddard Space Flight Center
Greenbelt, MD. 20771

1. Introduction

A highly significant application for lidar sounding of the
atmosphere is the retrieval of the height of the planetary
boundary layer (PBL). The PBL height is an important factor in the
transport of energy from the surface to the free troposphere and
is directly related to the initiation and development of
mesoscale events, Thus PBL height is a very useful input and
validation parameter for Global Circulation Models. Currently
there is no effective passive retrieval technique for PBL height,.
However the detection of PBL height from lidar aerosol scattering
has been widely demonstrated, A primary consideration for lidar
PBL height retrieval is the minimal detectability in terms of
either atmospheric scattering structure or lidar system signal to
noise sensitivity. Global measurements of PBL height from space
borne lidar systems are envisioned. A primary consideration is how
reliably PBL height may be detected for given lidar system
parameters., The cost of a space borne system may be significantly
reduced by minimizing telescope size and transmitted laser power.

The detection of PBL height has been studied through aircraft
lidar experiments. A compact Nd:YAG Cloud and Aerosol Lidar
System (CALS) has b<een operated from a NASA ER-2 (U-2) ajircraft
(Spinhirne et al., 1983). A routine to optimally determine PBL
height from the relatively low sensitivity signals from the ER-2
lidar has been developed and tested. The methodology has been
applied to model PBL height detection for space borne lidar
systems. In addition the optimized scheme has been used to
. enhance results from airborne boundary layer experiments.

2. Experimental

Jver the past few years the CALS has participated in a number
of coordinated aircraft experiments . In the Fall of 1983 an
experiment was organized to study the frequent and persistent
occurrence of marine stratus clouds over the eastern Pacific,
Analysis of lidar data obtained during that experiment has
demonstrated that cloud top height of even very low (less than
1000 meters) stratus clouds can accurately and reliably be
determined (Boers et al.,1987). Though the lidar system is
normally operated over cloudy regions, there were some flight
segments that had been conducted over clear areas. In these
regions it is possible to use the lidar data to detect the top of
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the PBL. We will present lidar data from one such clear air case
and describe an objective, computerized technique which was
developed to obtain reliable PBL height measurements from the
relatively noisy lidar data.

3. Retrieval Technique

The optical dapth of a typical PBL is much less than that of
low lying stratus clouds and it is thus much more difficult to
detect the top of the PBL using lidar data. Because the CALS is a
compact system employing only a modest size telescope (15 cm) and
relatively low laser energy (30 mJ,/pulse), the signal to noise
ratio at ranges of 18-20 km is so small that Jdetection of the PBL
top from a single lidar shot is almost impossible. However by ¢
averaging shots together and applying a vertical smoother, it is
possible to reduce the noise sufficiently so that reliable PBL
height detection is feasible. The computer algorithm that was
developed works with groups of S0 lidar shots (3.0 km of data),
For each shot the ground return is detected and a vertical
smoother is applied to the data. An average backscatter profile
is then generated from the 50 lidar shots. From this profile the
average PBL height is computed by looking for the distinctive
drop in aerosol scattering associated with the top of the PBL.
This is accomplished by computing a running average 6 data points
wide (45 meters) in the vertical and then searching for the point
where the smoothed signal drops to 25 percent of its maximum
value. Next, each individual shot from the group of 50 shots is
inspected using the average PBL he jht as the baseline. Each
individual shot is examined in only a ‘window’ region 300 meters

3 SHOT HORIZONTAL AVERAGE

LB AR EEAEREEI]

HEIGHT (Meters)

o 88888888

yﬂ

LIRS

NORMALIZED BACKSCATTER SIGNAL

Fig. 1. A typical lidar profile (left) and 60 meter
running mean through the PBL (right).

wide and centered on the average PBL height. The PBL height for
the individual shot is then determined in a way.similar to the
procedure used for finding the average PBL height. Figure 1
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shows typical lidar data acquired on 10/3/83 from the CALS
system,. Along the left vertical axis is plotted a 3 shot average
of lidar return data and at center right is the running vertical
average used to locate the PBL top. The increase in backscattered
signal associated with the PBL top can be seen in both the
unsmoothed (left) and smoothed (right) signals occurring at about
250 meters. In the smoothed signal, however, the noise
fluctuations are much smaller and false determination of PBL top
is less likely to occur.

3. Results

The algorithm to detect PBL height was applied to data taken
by the CALS on 10/3/83., Figure 2 shows a 52 km data segment
taken over the western San Joaquin valley. The solid line at the
bottom of the figure represents the ground and the dots are the
retrieved PBL height. A portion of the Diablo mountain range can
be seen between 0 - 15 km on the figure. The PBL height over the
valley appears fairly constant at about 900 meters but does
contain a noticeable fluctuation at a scale of 2 - 4 km. This is
consistent with convect.ive scales of motion which tend to be
between I - 4 times the average PBL height (Melfi et al.,1984).

€7 L10an DEMIVED
Y MEIGHT LATER
WoMN3 WS 2

whian) (L1 AN)

OrSTANCE tramy

Fig. 2. PBL height as determined from CALS data.

Our results from the analysis of ER-2 lidar data indicate that
it may be possible to detect the PBL top from space using a
relatively small lidar system. To test this hypothesis, simulated
lidar signals were generated for 4 different lidar system
configurations. The same PBL height detection algorithm was used
and the standard deviation of the retrieved height as a function
of horizontal resolution was computed. The results are presented
in figure 3 and indicate that reasonable PBL retrieval accuracy
can be obtained for the two low power laser cases (curves C and
D) if enough shots are averaged together. This, however, reduces
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the horizontal resolution that can be obtained. Curves A and B
show that if the laser power is increased by an order of magnitude,
extremely good results can be obtained with less averaging.

RMS DEVIATION OF PBL HEIGHT FOR
SATELLITE SIMULATED DATA

220
) A 1.0JL 1.0m
201 8 1.0JL05m
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Fig. 3. Standard deviaticn of PBL height retrievals as
a function of horizontal resolution.

4. Conclusion

It is possible to detect the PBL height from a high altitude,
low sensitivity lidar system such as the Cloud and Aerosol Lidar
System that has been flown aboard the NASA ER-2 aircraft. Noise
inherent in such signals can be reduced by horizontal averaging
of successive lidar shots and by applying vertical filters to the
data. Simulations of lidar data indicate that PBL height
retrievals can be made from a space borne lidar system at an
altitude of 700 km. However to achieve useful horizontal
resolution and to provide sufficient vert.ral accuracy would
require a lidar system with at least & 1 Joule laser operating at
10 Hz and a 0.5 - 1.0 meter tclescope under daytime background
conditions.
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Improvement. of laser Doppler anemometer results
by simultaneous backscatter measurements

Friedrich Kdpp
Institute for Optoelectronics
German Aerospace Research Establishment (DFVLR)
D-8031 Wessling, Fed. Rep. of Germany

Introduction

Infrared Doppler lidar systems have proven very efficient for
remote measurements of atmospheric wind and turbulence. During
the last five years the cw CO, laser Doppler anemometer (LD2)
from DFVLR has been successfully used for different routine
applications, for example, the measurement of vertical wind
profiles up to 750 m altitude or wind profiles close to the
sea surface. Another type of applications covers the investi-
gation of turbulence structures, especially the detection and
tracking of aircraft wake vortices. Despite all the accurate
results gained during these and additional field experiments,
some difficulties became evident which can influence the LDA
measurements in unfavourable cases. One of those cases is the
presence of strongly scattering layers like fog or low clouds
within or nearby the sensing volume. This paper describes

the possibilities which arise by simultaneous measurements of
aerosol profiles and cloud heights using a backscatter lidar
and a ceilometer.

Improved range determination

For wind measurements with a cw Doppler lidar it is necessary
to focus the cw laser radiation at a certain range R. The
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length of the sensing volume AL is

oL = 8 (), (1)

x \D
where D is the diameter of the focusing optics and 1\ is the
wavelength (10.6 um). In case that the backscattering aerosol
particles are homogeneously distributed, more than 80 § of
the signal is due to backscattering in the sensing volume.
But olften, the atmospheric boundary layer shows inhomogeneous
aerosol structures sometimes with extreme conditions like fog
or low altitude clouds. In a former paper (1) we have
presented some examples of fog and cloud influence on LDA
measurements. Since different atmospheric layers are normally
connected with different wind quantities, the frequency
spectra show more than one wind peak. In the meantime, our LDA
has been equipped with a multiple peak finder and the corres-
ponding evalution algorithm which allows to separate the velocity
peaks of a fog layer or low altitude cloud from the wind peaks
above or below (2). Difficulties still arise at ranges where
the effects of fog and clouds overlap the effects of the un-
disturbed atmosphere.

Another approach to improve the range allocation of wind
signals makes use of the presence of different aerosol layers.
If, for example, a layer of increased aerosol concentration
(inversion layer)is present within the wind profiling height
the LDA signal may consist of three components: one from above,
one from inside, and one from below that layer. The signal-to-
noise ratio (SNR) of each component can be calculated. The
relation between all three SNR values depends on the back-
scatter values and on the position of the focussed volume re-
lative to the inversion layer. The backscatter values can be
estimated using the simultaneously measured aerosol distri-
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bution. In that way, the peak in the velocity spectrum which
corresponds best to the range setting can be identified by
means of the calculated signal strength. In case of large
sensing volumes at long ranges this method allows a finer range
resolution if there is a inversion layer identified within the
sensing volume.

The measurement of the aerosol profiles is performed by the DFVLR
Minilidar which is based on a Nd:YAG laser (3). Moreover,

an Impulsphysik Laser Ceilograph (4) is available for monitoring
of cloud base heights.

Aerosol backscatter measurements

With respect to the Global Backscatter Experiment (GLOBE) it is
desirable to achieve aerosol backscatter data at 9.1 and 10.6 im.
Therefore, the LDA Doppler signals will be treated in z similar
way as the LATAS alggorithm which was developed to derive aerosol
backscatter data from airborne cw CO, Doppler lidar measurements
(5).

The simultaneously measured aerosol profiles at a wavelength of
1.06 um offers the possibility to check the LDA derived back-
scatter profiles. Moreover, the relation between backscatter
coefficients at 1.06 and 10.6 um can be investigated.
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High Spectral Resolution Lidar Measurements of Cirrus Cloud Optical Properties
C.J.Grund and E.W. Eloranta
University of Wisconsin
Department of Meteorology
" 1225 W. Dayton
Madison, WI. 53706
(608) 263 - 9363

Lidar backscatter signals are generated by scattering from both molecules and particles. The
spectral distribution of light scattered by molecules is Doppler-broadened by rapid, thermally
induced, molecular motions. Light scattered by aerosols and cirrus patticles is essentially
unshifted because of the relatively slow Brownian motion of particles. Using this difference, the
High Spectral Resolution Lidar (HSRL)1+2 interferometrically separates particulate from molecular
backscatter. By using the distribution of molecular scattering as a known target, the HSRL
achieves unambiguous, calibrated measurements of atmospheric extinction, backscatter cross
section, and backscatter phase function.

The HSRL was used during the FIRE IFO experiment (Oct.-Nov. 1986) to observe the optical
properties and occurrence of cirrus clouds at Madison, Wisconsin. Significant improvements in
instrument and calibration tachnique were accomplished which enabled the HSRL to perform
optical property measurements at cirrus cloud altitudes. Successful eye-safe measurements were
achieved during both day and night conditions using only 50 mW of average power. A schematic
of the current system configuration is presented in fig. 1. A summary of system specifications is
presented in table 1.

Range-time indicator displays of the lidar backscatter signal were generated which depict the
height, occurrence and layer thickness of the clouds. Part of the data were analysed and
calibrated backscatter cross section profiles (fig.’s 2 - 6) were produced as well as time and range
avaraged values of extinction and backscatter phase function. Backscatter phase functions
ranged from .027 - .045 sr-1, with no apparent dependence on in-situ temperature (fig. 7). A
summary of the optical property measurements is presented in table 2.

Support for this work has been provided under ARO grant . YAAG29 - 84 - 0069 and ONR
contract N00O14 - 85 - K - 0581.
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Iable 1. HSAL System Parameters
HSRL Receiver:
Telescope: Primary diameter S8m
Secondary diameter J14m
Focal length 385 m
F.O.V. (full width) 320 uR
Pre-filter: 50 mm diameter pictes
Fiber optic Scrambler 100mm X 1.23 mmdia
88 N.A,, F-2 glass
interference filter (FWHM) inmat510.6 nm
Etalon spacers (Eq, Ep) 1.003, .726 mm
Combined bandwidth (FWHM) 25pm
High resolution etalon: 150 mm diameler plates
Etalon spacer 12.786 mm
Bandwidth (FWHM) .6pm
Photomultiplier tubes: EMI Gencom 98638/100
HSRL Transmitter:
Laser: CuCly (lasing on Cu tines at 510.6 nm and 578.2 nm)
Beam expansion factor 3
Transmitted beam diameter 30 mm ‘
Transmitted power 50 mW at 510.6 nm
Bandwidth (stripped FWHM) 4pm
Pulse repetition rate 8kHz
Pulse length 15ns
Input power 4kv.5A at8kHz
Iable 2: Dala Summary
Date Time Altitude B3 Py/ax T RH
GMT km 105m1 st co %

10/27/86  23:00 8.0 4.2+85 .G28 -C2.6 70
10/31/86  14:25 10.5 24180 .030 -59.0 59
10/31/86  15:05 10.2 19+.72 .032 -51.5 62
10/31/86 15:45 9.1 2.7x1.1 .024 -41.5 68
10/31/86 16:25 8.6 1.8+.83 .039 -38.0 69
10/31/86  16:25 12.1 1.2¢.71 .023 -66.5 43
10/31/86 17:05 8.8 1.2¢.45 .034 -39.3 6Y
10/31/86 17.05 121 88t.L2 .045 -66.5 43
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Optically Significant Cirrus Clouds may be Rendered “Invisible™ to Space-borne Simple Lidar
Systems

C. .I. Grund and E. W. Eloranta
University of Wisconsin
Department of Meteorology
1225 W. Dayton

Madison, WI. 53705

{608) 263 - 9363

Recently, there has been much discussion among lidar researchers concerning the infinite
solution set of extinction profiles which can be produced trom a given simple-lidar backscatter
profilel. This ambiguity is caused by the measured backscatter signal dependence on both the
backscatter cross section and on the protila of extinction. Simple lidar systems produce only one
measurement fror: which to deduce these tw> range-dependent parameters. Thus, simpie lidar
measurements must be augmented by additional measurements or knowledge ot the physical
relationship between backscatter and extinction before meaningtul profiles of extinction can be
produced. One simple lidar retrieval method assumes independent knowledge of extinction at at
least one range and an assumed relationship between the backscatier cross section and
extinction2. A second method seeks a common solution o several simple lidar profiles produced
by observations at ditterent viewing angles3.4.5.

Due to the rigorous weight, power and reliability requirements imposed by the space
environment, the first generation of space-bome instruments will be of the non-scanning, simple
lidar type, and will have rnodest signal detection capabilities. These systems will be co-located with
passive radiometers. They are expected to provide detailed cloud existence, height and
thickness information to improve the accuracy of radiometer soundings.

The University of Wisconsin High Spectral Resolution Lidar (HSRL)6.7.¢ makes
unambiguous, measuiements of backscatter cross section, extinction, and backscatter phase
function by spectrally separating the Doppler-broadened backscatter from molecules from the
unbroadend return from particles. The distribution of air molecules is then used as a known
calibration target available at every range. HSRL measurements indicated that cirrus clouds often
exhibkt backscatter cross section which decrease with height (e.g. lower altitude cloud layer
shown in fig. 1). It is possible that such cloud-top profiles might potentially render these cirrus
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“invisible" to space-bome simpie lidar systems if the increase in backscatter cross section with
range is just sufficient to offset the loss of signal due to extinction with increasing cloud
penetration.

In order to demonstrate this effect, i is possible to solve the lidar equation for a family of
extinction prctiles which would yield straight log-inear R2 corrected retum signais with a siope S.
Assuming a constant ratio between the extinction and backscatter cross section, one may write
'therangederivaﬁveonhe logarithm of the lidar equation as:

din 8 (R)
S =_|i_‘_]. - gsc(n)

dR

(1)

WherQSisthelogslopooﬂhoRzeomadexpedodmmmsignal. Ris the range and B, is

the extinction. A Bemoulli solution may be employed to reduce this representation to a first order
linear equation with the soluticn:

B:(R) =

2
B—°+§'e °§

1 2] E(%'ms]

(@

Where Ry is the range at which the cloud begins, and B9 is the extinction at that range.

Fig. 2 presents the extinction profiles of three hypothetical clouds which would be “invisible”
to nadir viewing lidars with the signal detection limits of 6, 4 and 1 (denoted A, B, and C) times the
expected molecular backscatter signal from 8 km calculated at a wavelength of 510 nm (hereafter
referred 1o as the scattering ratio). The clouds depicted in profiles A, B and C have respective
optical depths of 1.1, .46, and .08 through the 3 km cloud thickness, and are thus both realistic
and radiatively significant. Curves A, B, and C were caiculated from eq. 2 to yieid a log slope near 0
for a nadir lidar profile constructed according to the lidar equation. Bg was then chosen so that the
resultant down-looking profile would produce a scattering ratio of 6, 4, or 1 for curves A, B, and C,
respectively. Thus, for example, a nadir viewing lidar with a minimum scattering ratio detection limit
of 6 would not be capabile of distinguishing from noise the backscatter signals produced clouds A,
B,orC.

Fig.'s 3, 4, and 5 depict the expected scattering ratio observations from lidar systems viewing
clouds described by th:s 8, profiles A, B, and C, respectively. The simulations assumed a fixed
backscatter cross seciion to extinction ratio of .03 sr1 for the cloud particles. Lidar profiles are
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plotted for each cloud profile for both zenith viewing and nadir hdar observations. Note that for a
cloud with this soft top/distinct bottom structure, # is possible 1o see the cloud bottom from below,
but it may be possible to miss the cloud entirely from above. Also note that in all cases the up-
looking lidar would not see the cloud tops because the backscatter cross section at this range
must decrease to a level insutficient to produce a signal which exceeds the noise floor.

Support for this work has been provided under ARQ grant DAAG29 - 84 - 0069 and ONR
contract NOOO14 - 85 - K - 0581.
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LIDAR DETECTION OF SUB-VISIBLE CIRRUS CLOUDS

R.Dubinsky, W.Hunt, J.Moore, M.Osborn
Science and Technology Corp., Hampton, VA

Cloud measurements using a ground based NdYAG Lidar operating at a
wavelength of 0.53 um showed important backscatter returns from an altitude
of approximately 12 ka. during visually clear atmospheric conditions. The
Lidar return signal is attributed to sub-visible cirrus clouds having
backscatter ratios of 6.1 to 7.6 and a backscatter coefficient of 2.64 to
3.43 x 10(E-03) /km/sr. The measurements were taken during the FIRE ( Pirst
International Satellite Cloud Climatology Project Regional Experiment ),IPO
( Intensive Field Observations ) in Wisconsin during October and Novesber
1986. The results are compared with collaborative measurements ( eg.
satellite, air sampling, radiometric etc. during the FIRB trials ), Lidar
data from Langley Research Center ( LaRC ) and literature results.

The requirements for a dedicated Lidar system to &~ ..:or cirrus clouds
for BTO ( Extended Time Observations ) developed as -. .esult of the above
measuresents. The design is based on a NdYAG laser and is discussed in terms
of optimizing components with respect to S/N ratio ( signal/noise )
simulations. A range of specifications are considered in terms of
transmitter, receiver, detectors, electronics, computerized data
processing/display, automation, platform and logistics.
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Detection of Methane Leaks with a Correlatioa Lidar

E.Galletti
CISE Tecnologie Innovative S.p.A.
P.0.Box 12081, 20134 Milano, Italy

SUMMARY

An IR light source based on a Lithium Niobate Optical
Parametric Oscillator (OPO) has been developed to measure
small average concentrations of atmospheric pollutants by
LIDAR technique.

The OPO source is pumped by a Q-switched Nd:YAG laser
with a Self Filtering Unstable Resonator (SFUR) cavity! and
polarization output coupling to obtain with a high efficiency
a smooth, near diffraction limited beam. As it is known, a
good pump beam quality is very important to achieve reliable
OPO operation. Our SFUR laser meets this requirement with
pulses of about 150 mJ energy, 20 ns duration and 10 pps of
repetition rate. Reflection of pump beam light back in the
laser cavity by LiNbO3a facets is prevented by slightly tilting
the crystal, thus avoiding the use of a Faraday insulator.

OPO cavity is about 20 cm long; the resonator consists of
a plane mirror with 70X reflectivity for signal wavelengtht
and of a gold coated, 2.8 micron blazed diffraction gratings.
The bandwidth is about 1 cm-!.The source is actually optimized
to operate in the 3 micron region. Output energy is about 1 mJ
at signal wavelength with 130 mJ of pump energy. OPO

threshold has been measured using a plane, gold coated mirror
instead of the grating and it is about 70 mJ with a signal +
idler conversion efficiency of 10X at twice the threshold.
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The OPO source is actually part of a correlation LIDAR
systum? designed to measure small average concentrations of
methane gas in atmosphere. The system has a sensitivity in the
pPpa range on inteqration paths of some hundred metres. It uses
topographic targets as reflectors and it is operated on a
small truck.

The gas correlation technique used for this system makes
it possible to self normalize the return signal obtained from
a single laser pulse, while conventional DIAL method requires
two laser shots to obtain the reference and the absorption
signals. This fact may lead to important errors when the
system is used to make measurement on moving platforms, while
the gas correlation method leaves any time dependent effect
such as target reflectivity, at the expense of a lower
sensitivity and a dreater effect on the measurement of

interfering molecules.

The <gas correlation approach requires a fixed wavelength
rather broadband source which spectrum wholly overlaps an
absorption line of the target molecule. The back-scatterei
signal from' a topographic target is half-splitted and focused
on two detectors. Light passing in the "direct” branch
straight overtakes the photodiode, whereas in the
"correlation”" path there is a gas filter correlation cell in
front of it. This is filled with a large amount of the target
molecule and in this way the detected energy of the pulse in

the "correlation"” arm is nearly uneffected by the presence or
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absence of the target gas in the atmosphere. After a
calibration, the ratio between the two branches is thus
related to the average concentration of the target molecule on
the operating path. The rather wide bandwidth of the source
also brings about some disadvantages. First, a lower
sensitivity since the measured transmission has a rather slow
dependence on the gas concentration. Second, the system is
more sensitive to interfering molecules which modify the ratio
between the two arms thus leading to calibration errors.

Because reliable operation requires good stabhility of
source bandwidth, two internal "direct” and "currelation”
paths which see a signal tapped from the transmitted one are
used to monitor the OPO working.

Preliminary data on the methane concentration

measurements in an urban area will Dbe presented and

discussed.
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High Altitude Lidar Observations of Marine Stratocumulus Clouds

&
Reinout Boers+ and James D. Spinhirne’

*Laboratory for Atmospheres, code 617
Goddard Space Flight Center
Greenbelt, MD 20771

’University of Maryland
College Park, MD 20742

William D. Hart

Science Systems Application Inc.
Lanham, MD 20706

The present study describes the cloud top structure of an East Pacific marine
stratocumulus cloud layer as observed from a downward-pointing lidar system
aboard the NASA ER-2 aircraft. The lidar observations were coordinated with
in situ observations of cloud parameters. These data are applied to study
important statistical properties of the stratus clouds. The study of cloud
top structures is highly relevant for detailed radiation budget calculations.
Because large gradients in temperature and humidity exist near the cloud top,
cloud top emmitted radiation varies significantly in the vertical. Precise
knowledge of cloud top location allows for a precise determination of cloud
top cooling and thus determines an important loss/gain in the atmospheric
thermodynamic energy budget. Cloud top topography and periodic structures
influence the solar reflectance and therefore the albedo of the clouds.

The cloud lidar system aboard the NASA ER-2 consists of a Nd/YAG laser
transmitting at 532 nm with firing repetition rate of 3.5 Hz. Along the line
of flight, lidar shots are collected every 70 m. The digitization rate of
individual lidar profiles is 20 MHz and corresponds to a vertical spatial
resolution of 7.5 m. In situ data of cloud characteristics were collected by
a Beechcraft Super King Air aircraft. Lidar and in situ data were supplemented
by detailed pictures of the clouds taken by cameras aboard the ER-2 aircraft
and by radiometer data obtained with the Multispectral Cloud Radiometer (MCR).
This instrument recorded upwelling radiation in visible and near infrared
wavelength bands.

The data descibed here was taken on September 28, 1983, during an experiment
of 2.5 hours duration carried out in a region of 120 by 60 km over the Pacific
Ocean near San Fransisco. The ER-2 flew at an altitude of 18 km in a racetrack
pattern with east-west flight legs along 30°30' and 36°40' north near

124730' west. The in situ aircraft flew racetrack patterns in the upper part
of the cloud deck (700 - 1000 m) with occasional ascents and descents through
the cloud-topped boundary layer (CBL).

The mean weather pattern on this day was typical summer-like with a northerly
flow over the East Pacific. Therefore the cloud tops were sampled in a
direction perpendicular to the mean CBL-wind. CBL potential temperature was
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14°C with a mean specific humidity of 8 g/kg. At the cioud top, the mean
potential temperature increased to 21°C with rapidly decreasing specific
humidity. Sea surface temperature was 17 C, so that the sensible heat flux
into the atmosphere was positive. We have therefore reason to believe that
the CBL was not in stationary balance with the ocean surface. Mean CBL wind
speed wvas 12 m/s out of the north-northwest. At the CBL-top, winds dropped
sharply and turned to the northeast. .

During data analysis each signal was searched for its maximum backscatter
value. This value does not necessary correspond to the cloud top since the
backscatter increases rapidly upon encountering cloud water droplets. Cloud
top height was computed as the first data level with a backscatter value
above the ambient noise level just above the height of maximum backscatter.
Cloud height measurements were corrected for aircraft roll, pitch and yaw,
and for pressure altitude offsets.

HEIGHT (m)

M U PR VNS BT S SN WY

1
30 40 50 60 70 80 90 100 110 120
DISTANCE (km)

Figure 1. Cloud top heights as measured by the lidar. Individual
data points and local mean (solid line) are shown.

Figure 1 shows the lidar measurements of cloud top height as a function of
horizontal distance in west-east direction. Cloud top heights varied between
1050 m in the west to 800 m in the east. A remarkable fine-scale vertical
variation in cloud top of the order of 80 m was present. Repeated flight legs
along the same position showed no change in mean cloud height. However large
variations were present on the smaller 1-5 km scale. Local mean cloud top
height was removed from the data and cloud top height distributions were
computed relative to the mean height. The average distribution function was
normalized by the variance and by the integral of the distribution function.

Figure 2 shows the normalized distribution function fitted by a Gaussian and
by a Gramm-Charlier expansion (GCE). This measured distribution function is
based on 10338 individual lidar observations. The GCE is acceated as the
proper fit to the measured distribution function based on a X -analysis.
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Figure 2, Measured and fitted cloud top distribution functionms.
The distribution is measured relative to the mean and normalized
by the standard deviation.

It is evident that the average distribution function is negatively skewed.
This means that on the average clouds have flat tops and deep cusps at their
side. This is in accordance with close-up pictures of local cloud top
variations. The reason for the negative skewness is that upwvard-moving
convective motions in the cloud are damped by the existence of the strong
temperature inversion at the CBL~top, -causing the local cloud tops to
spread out sideways. Downward soving parcels of radiatively cooled air do
not encounter such a natural boundary.
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Figure 3. Average spectrum of cloud top variations with respect
to the mean cloud height.
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Spectra of cloud top variations with respect to the local mean were computed
and averaged. The average is shown in Figure 3. Plotted on a log-log scale
are the normalized spectral variances as functions of wavelength. A wave
lenght corresponds here to the size of a horizontal periodic structure. The
spectral peak is found at 4.5 km or 6 times the depth of the CBL. A similar
peak was also found in spectra derived from the visible channel (753nm) of
the MCR and from in situ data of in-cloud parameters. It can thereforz be
established beyond reasonable doubt that the dominant cloud size in the
direction perpendicular to the mean CBL-wind speed was 4.5 km. In the spectrum
sho!? in Figure 3, two lig,sr segments can be identified. One is following

a k ° law, the other a k law. The change in spectral slofe at 900 m is
significant as it corresponds to the mean CBL depth. The k3’3 law for cloud
top fluctuations suggests a direct proportionality with an in-cloud turbulence
parameter of which the most likely candidate is the vertical velocity w.

In conclusion, this study shovs that detailed cloud top measurements can be
made using a lidar system flying at high altitudes. Over a distance of 120 km
cloud top heights varied as much as 300-350 m, while local variations were
found of the order of 80 m. Therefore, cloud top cooling is present over at
least those distances. This impacts CBL-modeling that uses a realistic cloud
top inversion structure.
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Airborne Sodium Lidar Measurements of Mesospheric Gravity Vave

Horizontal Structure over the Rocky Mountains and Great Plains

——-

Kevin Kvon, Dan Senft and Chet Gardner
Department of Electrical and Computer Engineering }
University of Illinois at Urbana-Champaign &

1406 Vest Green St.
Urbana, IL 61801

In November 1986 an airborne lidar campaign vas conducted to study the
horizontal structure of the sodium layer. The campaign vas based in
Denver, CO, and 14 hours of data vere collected during three flights over

a total baseline of 7,500 km. The aircraft vas a Lockheed-Electra operated 4

by the NCAR RAF. _

The flight plans are summarized in Table 1, and the flight paths are
shown in Figure 1. The sodium layer appears to change significantly vith
latitude and longitude as shovn in Figure 2 vhere some of the density
profiles taken on the vestbound leg of the eastvard flight are plotted.
The longitudinal variations of the centroid height measured on the
eastvard flights are shovn in Pigure 3. The centroid heights over the
Rocky Mountains vere higher than those over the Great Plains. These
centroid height differences may be related to the orographic forcing over
the Rocky Mountains.

The intrinsic gravity vave parameters can be estimated from the
airborne sodium lidar data. The vertical vavelengths, amplitude and
grovth lengths are estimated from the spatial powver spectra of vertical Na
density profiles. The vave propagation directions and the ratio of
vertical to horizontal vavelengths are estimated from the altitude
variations of the Na density peaks or valleys. The background vind

velocity in the direction of vave propagation can also be estimated
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from the altitude variations of the density peaks or valleys. The

intrinsic periods are estimated using the dispersion relation, T « r‘xh/xh

vhere T‘ is the Brunt-Vaisala period ( = 5 min at the mesopause). These

parameters, vhich vere calculated from the data taken on the vestvard

flight, are listed in Table 2.

Table 1. Summary of Flight Plans

Flight # 1 2
Date Nov. 13 Nov. 15-16
Time 2119-2358 2210-0306
(MST)

Measurement 2.65 4.93

Duration (hours)
Flight Pattern Triangular Eastvard

(Denver-NK-AZ- (Denver-Springfield
VY-Denver) IL-Denver)

Table 2. Intrinsic Vave Parameters (Vestvard Flight, Nov.

3
Nov. 17-18
2141-0503

71.37
Vestvard
(Denver-

Pacific Coast-
Denver)

17-18, 1986)

Time 0020-0218 MST Vert Phase Vel

Vert Vavelength 6.40 km Hori Phase Vel

Hori Vavelength 216 km Ampli tude

Period 167 min Geovth Length

Vave Propag Angle 177.8° Meridional

(v.r.t. north) Background Vind
89

0.64 n/sec
21.56 m/sec
5.2 2

12.16 km
9.67 m/sec
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Sodium Lidaor Measurements of the Seasonal
and Bocturnal Variations of the
Gravity Vave Vertical Vavenumber Spectrum

Daniel C. Senft, Chester S. Gardner, and Chao H. Liu
Department of Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

1406 Vest Green Street
Urbana, IL 61801

Introductionr
A method for computing the gravity vave vertical vavenumber spectirua
and ras vind velocity from the data obtained by a sodium lidar system is

described. The spectral slope and rms vind velocity temporal and altic®ude
variations are determined.

Theory

The sodium layer response to gravity vaves in the absence of chemical
effects and diffusion is [Gardner and Voelz, 1987]

t t
ns(z,t) s exp[-f V.V d<t) n [2-]V dT]
- o g2

-
vhere

ng = sodium density

n, = sodium density in the absence of vwinds

V = vind field

v, = vertical vind

2 = distance from layer centroid.
The divergence term distorts the sodium layer by compression and

rarefaction, vhile the vertical vind displaces the steady-state layer. The
steady-state layer is modelled as a gaussian

2
no(z) = C exp(- —3—2) = C expl-g(2)].
200
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To first order in V,

t \J
In n(2,t) =« - [ 9.¥dtv+1nC - g(2) + g'(3) § v, ax
-

The steady-state layer effects are removed, resulting in

f(z,t) = In ns(z,t) - 1in C + g(2)

t z t
-I v.!d‘té-u—z fvzd‘t.
(]

The gravity vave polarization and dispersion relations can be used to
relate £(z,t) and its spectrum to horizontal vind velocity V_ and the
vertical vavenumber spectrum. The variance of the horizonta¥ wind velocity
is

1 L2
<v§ L YD He 11: §£(z) dz
L. ’}2‘%’2 w2

%
vhere
L = altitude range of measurement (~ 20 km).

The vertical vavenumber spectrum is given by

BCk) 1 v(v-1) Hg (k)
) * 7 F\"z
1+ %2 (yﬂL)Z

%

1 L/2
’p(kz) b A ! 2f(z) e

2.
ik,z dz

Results

The vertical vavenumber spectrum for March 8-9, 1984, is shown in
Pigure 1. The spectral slope is -2.96, vhich is the expected result for
saturating vaves. The modelling results of Dewan and Good [1986] and
Veinstock [1985) are showvn for comparison.
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Figure 2 shovs the nocturnal variation in rms vind velocity. The
increase in vave activity in the early morning is typical of the results
from other dates. The variation vith altitude of the rms wind velocity is
shovn in Figure 3. The amplitude grovth length is lese than the
unsaturated value of 1/2H, supporting the conclusion that the vaves are
saturating. Around the layer peak it is not possible to calculate the rms
vind velocity using the linear layer response since nonlinear effects are
dominant. Seasonal variations in rms vind velocity are showvn in Figure 4.
The average, maximum, and minimum values for each night are showvn. There
appears to be a strong semianrual component vith minima at the equinox.
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Target Analysis by Differential Reflectance Lidars

L.Pantani, I.Pippi
Istituto di Ricerca sulle Onde Elettromagnetiche del CNR
Via Panciatichi 64, I 50127 Firenze, Italy

P.Vujkovic Cvijin, D.Ignjatijevic
Institut of Physics, P.0.B. 57, 11001 Beograd, Yugoslavia

The spectral reflectance, namely the fraction of the incident
radiation flux reflected at a given wavelength, is an intrinsic
characteristic of each natural or artificial surface. It seemed
therefore interesting to investigate the potential of multiwa-
velength lidars in target identification by means of a spectral
reflectance analysis; because of its wavelength agility the Co2
laser is a very attractive one for this kind of analysis. The
aim of this paper is to present the results of spectral reflec-
tance measurements of relevant target surface materials at the
CO, laser wavelengths in order to forecast the peirformances of

2
a differential reflectance lidar.

Laboratory Measurements

The experimental setup is based on a grating tunable pulsed TEA
CO2 laser, the transmitted beam is sent on the sample, and the
reflected radiation is detected by a suitable optics and a py-
roelectric detector. A second detector which receives a small
part of the outgoing radiation i used for energy normalization.
The sample is placed on a rctating turntable in order to ave-

rage the surface irregularities.
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the samples were divided in four classes:

= Calibration thgets and reflectance standards (6 samples)
- Geological materials (15 samples)

- Construction materials (4 samples)

- Vegetation (13 samples)

For what concern the calibration targets it is known that sui-
table materials should be: durable, reproducible, easy to fa-
bricate, Lambertian, and with a known and uniform spectral re-
flectance in the wavelength range of CO: lasers. As a result
of the experiment diffusely reflecting aluminum targets repre-
sent the right choice even if they are not always strictly
Lambertian. |

The geological and construction materials are generally of com-
plicated chemical structure with variable mineral composition

giving reflectance spectra that <ould notably vary from sample
to sample. Neverthless the important reflectance maxima produ-
ced in this wavelength region by silicate minerals show a good

potentiai in differential reflectance remote sensing.

The vegetation samples were composed by foliage, grass, and
some plants of agricultural interest. The spectra of grass

were remarkably different from the spectra of foliage, and

here is a difference in the 10 micron region between deciduous
and coniferous trees. Changes were also observed in spectra of
wheat at different vegetation times and in other crops of agri-

cultural interest.

Data Processing

The spectra were processed in order to identify the wavelength
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couples which allow the target identification. As a result of
this processing the possibility of detecting different geolo-
gical species and vegetation samples with a maximum of four

wavelengths was shown.
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Investigation of the Photosynthetic Process by Lidar Fluorosen-

sors

F.Castagnoli, G.Cecchi, L.Pantani, B.Radicati, M.Romoli
Istituto di Ricerca sulle Onde Elettromagnetiche del CNR
Via Panciatichi 64, I 50127 Firenze, Italy

P.Mazzinghi
Istituto di Elettronica Quantistica del CNR
Via Panciatichi 56, I 50127 Firenze, Italy

Chlorophyll plays a fundamental role in the photosynthetic
process of living plants, it is therefore obvious that each phe-
nomenon related to chlorophyll may also be related to :he pho-
tosynthetic process. Since chlorophyll a shows a strong fluo-
rescence emission in the wavelength region between 670 nm and
740 nm it is attractive to analyze the potential of laser fluo-
rosensors in the remote sensing of living plants. While a quite
large number of papers were devoted to the lidar remote sensing
of chlorophyll fluorescence in phytoplancton only few papers has
been devoted to the remote sensing of chlorophyll fluorescence
in living plants. A research program in this field was started
as a part of a national program on agriculture improvement (IPRA
Project), the analysis was carried out in the laboratory by
means of a lidar simulator and in fields by means of the lidar
fluorosensor FLIDAR-2.

High resolution spectra were detected and processed in order to
investigate their behavior, and particularly the two components
at 685 nm and 730 nm, and the relationships with the photosyn-
thetic process with the aim of investigating the potential of
lidar fluorosensors in the detection of plant health.
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Laboratogx Experiments

The laser excited fluorescence in living plants was analyzed by
means of a “lidar simulator" composed by different laser heads,
both pulsed and CW, a suitable focusing and receiving optics,

a grating spectrometer, and a PAR OMA-2 multichannel analyzer.
Different phenomena were investigated like the change of the
intensity and behavior of the fluorescence spectrum with the
excitation wavelength, the exposure time to the laser radiation,

the background radiation, etc.

As a result of this analysis a physical model of chlorophyll a
fluorescence in living plants and of its relationships with the
photosynthetic process was developed; this model fits quite

well the experimental results.

A second part of the laboratory experiments was devoted to the
detection of laser excited fluorescence spectra of living plants
submitted to water stress or to cold stress. These experiments
showed the influence of the stresses on the ratio between the

two peaks of the fluorescence spectrum at 685 nm and 730 nm.

Field Experiments

Field experiments were carried out whith the high spectral re-
solution fluorosensor FLIDAR-2; these experiments started in
October 1986,

The FLIDAR-2 operates at the same time as a fluorosensor and as
a passive spectrometer. The reflectance spectra detected in the
spectrometer operation are used both for the subtraction of

background from the fluorescence spectra and for the evaluation
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of the leaf area index (LAI).

In the first experiment the change of the fluorescence spectrum
with the solar radiation intensity was investigated on some
Douglass firs. A good agreement was found between the intensity
of the photosynthetic active radiation (PAR) and the ratio
between the fluorescence emission at 685 nm and 730 nm. This re-
sult confirmed the detectability in operational conditions of
the photosynthetic process behavior by means of laser fluorosen-

sors.
Other field experiments are planned in Summer 1987.
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" FLIDAR-2 a Compact Lidar Fluorosensor and Spectrometer
F.Castagnoli, G.C cchi, L.Pantani, B.Radicati

Istituto di Ricerca sulle Onde Elettromagnetiche del C.N.R.,
Via Panciatichi 64, I 50127 Firenze, [taly

The FLIDAR-2 is the result of the researches carried out at
IROE-CNR on the remote sensing of the environment by lidar

fluorosensors and passive optical sensors.

The FLIDAR-2 is the first lidar fluorosensor having high spec-
tral resolution, and it is based on a new idea in remote sen-
sing of the environment because it operates at the same time as
a lidar fluorosensor and a passive spectrometer. The use of the
same device for active and passive remote sensing allows a per-

fect comparison between the data and reduces weights and costs.

The Systenm
The FLIDAR-2 is divided in three modules:

- Sensor
= Control Electronics
- Gas Handlirg

Sensor - This module contains the excitation laser, the recei-

ving system, and a standard TV camera.

The laser was expressly designed for this application and is
ccmposed of an excimer laser ovnerating at 308 nm, a dye laser
and/or a Raman shifter; the last two units are pumped by the
excimer laser. This solution gives an excitation wavelength
which can be shifted from UV to the near IR. The receiving sys-

tem is composed by a newtonian telescope having in its focus the
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entrance slit of a grating spectrometer; the output spectrun is
detected by an intensified and gatable photodiode array.

Control Electronics - Tiis nodule contains the minicomputer

which controls the acquisition, presentation, and recording of
data. It contains also the battery power supply and the TV re-

corder.

Gas Handling - This module contaiﬁs the gas cilinders and the
whole gas handling system for the excimer laser; the module is
connected to the lidar only during the refilling of the excimer
laser. This solution allows an important reduction of weights
and sizes during the field experiments because the system ope-

rates only with the first two modules.

SENSOR MOOULE
Excimer Laser (Xe-Cl, 308 nm)
Pulse Energy: 80 ml Max p.r.f.: 10 Hz
Pulse Length: 15 ns
Dye Laser and Raman Shifter
- Data depending from the particular system used
Receiving System
- f:4, 250 mm @, Newtonian telescope
- f:4 grating spectrometer with three gratings interchangeable during the
measurement :
Dispersion {nm/mm} 3.0 - 6.0 - 24.0
Spect. Range (nm) 37.5 - 75.0-300.0
- Detector: 512 elements, intensified, gatable, diode array
- Over all aize: 1x1.2x0.6 m Weight: 84 kg (without batteries)
CONTROL ELECTRONICS MODULE
- Console PAR OMA-3, with 20Mb hard disk and floppy disk
- Batteries, inverter, video recorder
- Over all size: 0.77x 0.5x0.5 m Weight: 63 kg (without batteries)
GAS HANOLING MODULE
- Over all size 1.5x0.5x0.7 m Weight: depending from the cilinders
POWER SUPPLY
- 24 V dc 20 A/h (laser) and 63 A/h (electronics), 220 V 50 Hz optional

Table I - Technical characteristics of FLIDAR-2
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Applications

The FLIDAR-2 allows the remote sensing of high resolution spec-
tra of laser stimulated emissions like fluorescence and Raman
(lidar function) and of target reflectance (spectrometer fun-
ction). The system was expressly designed for operations from
fixed and moving platforms; its size and weight are particu-

larly suitable for airborne use also with small aircrafts.

On the basis of the laboratory and field experiments carried
out in the past a set of software packages was developed and
stored in the control electronics module. By means of this
software it is possible to process the detected spectra in or-
der to:

- Measure the thickness of oil film over the water

- Identify the oil in spills

- Analize the photosyntetic process in living plants

Other software packages are under development at present.

The FLIDAR-2 is also an important help in the design of remote
sensing systems, fluorescence lidars and spectrometers, for
specific applications. The high resolution spectra can be in
fact processed via software in order to forecast the performan-

ces of lower resolution systems.

The field tests, which started in October 1986, have confirmed
the forecasted performances of the FLIDAR-2.

Future Improvements

Also if the FLIDAR-2 is a very powerful remote sensor for en-
vironmental applications its performances can be improved with

a time resolved channel, for sea bathymetry and vegetation thic-

kness measurements.
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0il Film Detection snd Characterization by Lidar Fluorosensors

G.Cecchi, L.Pantani, B.Radicati, A.Barbaro
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P.Mazzinghi
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The use of lidar fluorosensors in the detection of oil films
over the water surface is well known and laboratory and field
experiments were done by different authors in the past years.
A systematic analysis of fluorosensor performances in dete-
ction and characterization of oil films was carried out as a
part of the IROE program of environmental remote sensing. The
investigation concerned the definition of the best laser wave-
lengths, the measurement of film thickness, the identification
of the minimum detectable film thickness, the identification of
the oil which composes the film. The results of this analysis
were the base of the development of IROE FLIDAR-2 hardware and

software.

The analysis was mainly done using a "lidar simulator" bhuilt
with an excimer laser, an excimer pumped dye laser, a suitable
transmitting and receiving optics, a grating spectrometer, and

a PAR OMA-2 optical multichannel analyzer. The fluorescence
spectra were detected and processed and the appropriate software
was developed for each one of the abovementioned problems in

view of the use on operational systems.

Source selection and minimum detectable thickness

The first experiments were devoted to the identification of the

most suitable laser source for oil detection. The parameters
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taken into account were:

- The oil fluorescence efficency

- The atmospheric absorption at both the excitation and fluo-
rescence wavelengths

- The laser efficency

The XeCl excimer laser gave the best compromise for thin oil

layers, while an excimer pumped dye laser operating in the ran-

ge of 420 nm gave the best compromise for thick layers.

The minimum film thickness detectable with XeCl excitation was

identified in around 10 nm.

Film thickness measurements

If the film thickness is lower than the optical penetration
depth in the o0il at the involved wavelengths it can be measured
or by intensity of the fluorescence signal, which increases
with the thickness, or by the intensity of the water Raman si-
gnal, which decreases with thickness. The experiments showed
that the use of Raman signal depression is more suitable for

thicknesses below 100 nm.

In the measurement of film thickness the o0il absorption at the
involved wavelengths is an important parameter which is practi-
cally impossible to obtain by standard techniques. An original
and easy technique for the measurement of the extinction coef-
ficient in high absorbing fluids was identified during

these experiments.

0il identification

The potential of the lidar fluorosensor in the identification

of the o0il which composes the film was investigated with the
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aid of a library of fluorescence spectra of more than 60 dif-
feren mineral oils; a particular attention was devoted to te-
chniques which may allow an automatic processing and presenta-

tion of data.

Crosscorrelation techniques showed a good potential in the i-
dentification of the oil class (crude, light, heavy) while the
use of the ratio between the fluorescence intensities at two
properly selected wavelengths showed the same potential and the

possibility of an identification inside the class.
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FRANCE

AEROSOLS AND HUMIDITY PROFILES
RECORDCD USING THE ALEXANDRITE LASER :
PRELIMINARY RESULTS AND SYSTEM TESTS

Since 1983 we were developing fully mobile new DIAL system to monitor
the major meteorological parameters (humidity, temperature, aerosols)
using the alexandrite laser as the transmitter.

During july 1987, a field campaign was started to evaluate the actual
performances of the system after a one year testing in our laboratory.
The aim of this campaign was twofold :

- First, the evaluation of the entire system performances in terms of
range detectivity, ultimate accuracies and limitations,

- Second, the records of first water vapour profiles using the
alexandrite laser.

T Y AN

To check for the system performances we used an emitted wavelength in
the range 750-755 nm, a region free of absorption and corresponding to
the maximum available energy of the laser source.

Comparisons of daytime and nighttime ranging have been performed ; a
precise quantification of the transmitter/receiver optics efficiency
has been computed. Systematic comparisons of the different accuracies
corresponding to different gains of the switchable gain micro-processor
controled ADC converter have been made.

The analysis of the obtained results will be reported at the meeting.
EIRST WATER VAFQUR MEASUREMENTS WITH THE ALEXANDRITE LASER

Different measurements using couples of wavelengths attainable within a
reasonable operation of the alexandrite laser will be slow. Using the
numerous realtime laser controls which are performed during an
acquisition sequence, we will try to estimate the relative importances
of the different tests. A detailed discussion of the actual accuracy of
the measured profiles will be adressed. The influence of the sequential
acquisition scheme will be partly discussed.
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Introduction of Dedicated Apertures in Lidar Systems

Steen Hanson
Risoce National laboratory, Dermark

In oxdinary laser Doppler Anemametry (LDA) light scattered from single
particles from two different beams of laser light is mixed coherently on a
photodetector surface. The detector curvent containg information on the
velocity of single particles, ani various temporal maments of the velocity
distribution can be deducted from the readings. LIDAR systems for
velocity determination based on infrared sar oes are usually depending on
amplification and will therefare solely probe the longitudinal
flow velocity, whereas systems based on lasers emitting visible light are
independent of a local cscillator facilitating the probing of all three
velocity components in a small measuring volume.

It will be shown how the introduction of dedicated apertures in the
Faurier plane of the scattered field from the particles will bring about a
method for conditional sampling of the measuring volume. This implies
that only fields scattered from particles with a fixed relative - but not
absolute - position will mix cocherently on the detector. A system based
on dedicated apertures will therefore give the velocity difference between

particles having a well-defined and known spatial separation.

'nweeffectottmdedicatadaperumm alyzed by writing up the
field in the Fourier plane of a single ham systanmi::his
either monostatic or bistatic. 'mi.stieldis m::iert:ramtofﬁ\e
scattered field from the particles which is essentially a sum of delta
functions. mmmmnmupl give

field incident on the detector. The intensity is ieldabsol utely
sqaradwﬁmishmegratedmﬂnmm to give the detector

anrent. Parseval’s theorem can be used to transfer this integral from
the Fourier plane to the measuring volume. The integral is now changed
into an inteqgral of the absolute square of the sum of delta functions from
the scattering particles convoluted with the Fourier transform of the
dedicated aperture. If, for instance, the dedicated aperture is a -
grating-like function, the Fourier transform will be a double delta
function with a separation given by the grating constant, the wavelength
of the light, and the focal length of the lens. The corvolution in the
measuring volume picks aut particle pairs with the right mitual

. The detector arxrent will therefore have a frequency content

which with this aperture is given by the velocity difference between
pearticles with the known relative separation.
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It will be shown how the introduced aperture can be asployed
similtanecusly in the transmitter and receiver part of the system to
enhance the signal quality.

The use of matched dedicated filters in separated transmitter and receiver
aperature will be shown to alleviate the demands for temporal and spatial
coherence of the source.

Schames for measurement of vorticity in the atmosphere will be presented.
rotational speed

velocity difference in the z-direction is measured provided that the
separation in the x-direction is lnown. The same concept can be employed
in a monostatic O02-system relying on parametric amplification of the
scattered radiation.

This work has been supported by the Danish Technical Research Council.
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Satellite Remote Sensing for Earth System Science:
NASA's Earth Observing System (Eos)

Robert J. Curran
Office of Space Science and Applications
National Aeronautics and Space Administration
Washington, DC 20546 U.S.A.

Environmental concerns of a global nature are influencing the development of a
multidisciplinary approach to understanding the Earth as a system. In recent years these
concerns have become more prominent due to a series of problems involving large
geographic regions such as; understanding the effects of the increases in carbon dioxide,
understanding the causes and consequences of changes in the ozone layer, and resolving
the anthropogenic influence on the acidity of precipitation. Clearly the global scope of these
and other problem areas requires both a multidisciplinary, as well as a multinational
approach for their solution. In order to address these problems, observational capabilities
must be employed ranging from jin sity and laboratory measurements to satellite based
global remote sensing. An Earth Observing System (Eos) is planned to meet many of these
requirements for remote sensing from low Earth orbiting satellites. A number of
instruments are under consideration as the payload for the sun-synchronous satellite
platforms. The payload is conceptually grouped into three packages to illustrate the
synergistic relationships that exist among the instruments.

The first package of Eos instruments is termed the Surface Imaging and Sounding Package
(SISP). It includes four capabilities: Moderate-Resolution Imaging Spectrometer
(MODIS), High-Resolution Imaging Spectrometer (HIRIS), High-Resolution
Multifrequency Microwave Radiometer (HMMR), and Lidar Atmospheric Sounder and
Altimeter (LASA). If flown together, this package of instruments will probe the same
atmospheric conditions, which will enable their data to be compared and combined in detail
to produce more information

The second package consists of three radar techniques - and is called Sensing with Active
Microwaves (SAM). This package consists of three instruments: Synthetic Aperature
Radar (SAR), Radar Altimeter, and Scatterometer. In general, the variables observed with
these three instruments are sufficiently persistent (land, ocean, and ice features) to permit
them to be flown in different orbits from one another without significant sacrifice of
scientific return.

The third package is the Atmospheric Physics and Chemistry Monitors (APACAM). The
Eos strategy relies upon the operational payloads for soundings of atmospheric
temperature, coarse vertical profiles of moisture, and general characterization of clouds.
The remote sensing of the atmosphere can be broken down into measurements of the
troposphere or lower atmosphere and of the stratosphere and mesosphere or upper
atmosphere. It can also be divided into measurements of the temperatures, chemical
species, and aerosols, which comprise the atmospheric composition and structure, and
measurements of the winds. This pair of dichotomies in atmospheric variables to be
measured results in four general instrument types being included in the Eos payload --

Laser Atmospheric Wind Sounder (LAWS) measurements of the lower atmosphere,
tropospheric composition measurements, upper atmosphere temperature and composition
measurements, and Fabry-Perot Interferometry measurements of upper atmospheric
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winds. Within the APACM package there is a need to fly the upper atmospheric
instruments together. These all use limb scanning to achieve sufficient vertical resolution.
The tropospheric devices could be flown separately from the upper atmospheric devices.

The presentation will describe the general approach taken in developing the Eos concept.
This includes it's contribution to the NASA's proposed thrust entitled “Mission to Planet
Earth." The remander of the discussion will focus on more of the details of several of the
active and passive instruments which use optical techniques.

115




TuA2-1

REMOTE SENSING OF EARTH AND PLANETARY

ATMOSPHERES USING GAS CORRELATION
SPECTRORADIOMETRY

Daniel J. McCleese
Jet Propulsion Laboratory
Pasadena, California

INTRODUCTION

Gas correlation spectroradiometry is one of the most frequently used techniques
for remote measurements of atmospheric properties. It is a relatively simple and
robus: technique which is most useful in applications where very high spectral dis-
crimination (up to the line Doppler width) is required and yet signal levels are
low. Such is the case for Earth upper atmospheric temperature and species abun-
dance measurements and for numerous planetary measurement objectives. The
first spaceborne gas correlation experiment (Abel et al 1970) was flown on Nimbus
4 by Oxford University to obtain global measurements of stratospheric tempera-
ture. Since the launch of that instrumant in 1970, eight Earth orbital instruments
and one planetary experiment have used this technique for a variety of atraospheric
investigations. Gas correlation spectroradiometry continues to offer significant ad-
vantages over other instrumental approaches for investigations in which instrument
capability and complexity are equally important considerations. For example, the
atmospheric sounder row being developed at JPL for the Mars Observer planetary
mission (McCleese et al 1986) uses gas correlation spectral channels to achieve a
resolution of 0.01 cm™! in the mid-infrared using hardware of minimum complexity
and having substantial flight heritage.

GAS CORRELATION SPECTRORADIOMETERS

In each of the various approaches to implementing gas correlation spectroradiom-
etry a path of gas is contained within the instrument. There is, therefore, a re-
quirement inherent in the technique that the atmospheric gas of interest be selected
in advance. It is also essential that the spect.oscopic characteristics of that gas
be well understood. Consequently, correlation techniques are most effective when
applied to focused measurement objectives. Global mapping of atmospheric fields
over extended periods represent a particularly appropriate use of correlation spec-
troradiometry. The selective chopper and pressure modulator radiometers on the
Nimbus and TIROS Earth orbiting spacecraft are examples for which the routine,
global mapping of atmospheric temperature was conducted almost continously for
12 years. However, the technique is not suited to surveys of atmospheric composi-
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tion as is required in the early phases of the exploration of a planet. Instrument
complexity increases almost linearly with the number of molecular species to be
observed, so that correlation spectroradiometry becomes inappropriate when more
than a few atmospheric components are to be measured.

The most significant advantages of these instruments, high spectral discrimi-
nation and species selectivity coupled with a large energy grasp, can be realized
only when the observed spectral line widths are small compared with the interline
spacing. For this reason correlation spectroradiometry is only infrequently applied
to studies of the Earth’s troposphere in which pressure boardening tends to blend
the spectral lines of the gas of interest. Simple filter radiometry is often more
appropriate in these situations.

Selective Chopper Radiometers

The Nimbus 4 Selective Chopper Radiometer (SCR) was the first spaceborne imple-
mentation of correlation spectroradiometry. This instrument made nadir viewing
emission radiometry measurements of stratospheric temperature using the 15 mi-
cron band of CO;. In a selective chopper two optical paths having different amounts
of gas are sampled alternately by a detector. The radiometric difference between .
these two paths is a measure of the radiation originating from the atmosphere within
the spectral line profiles of the reference gas. Although simple in concept, the selec-
tive chopper suffers from considerable difficulties in achieving a radiometric balance
between the two optical paths; an imbalance introduces a large offset in the signal.
This radiometric imbalance is frequently very much larger than the atmospheric
signal. Long-term calibration of these instruments is, as a consequence, difficult.
Nevertheless, the Nimbus 4 and succeeding Nimbus 5 SCR investigations were very
successful and provided our first global maps and long-term record of temperature
in the Earth’s upper atmosphere (Barnett et al 1972; Ellis et al 1973).

Pressure Modulator Radiometers

An elegant solution to the radiometric calibration problems associated with selec-
tive chopping has resulted in the highly successful pressure modulator radiometer
(Taylor 1983). In this approach a single path of gas is used in the correlation mea-
surement. A piston driven at resonance modulates the line of sight amount of gas
in a cell. The correlation signal is derived from the phase sensitive detection of the
resulting modulation of radiation transmitted by the cell. First used on the Nimbus
6 spacecraft launched in 1975, these devices have since been flown on Nimbus 7
for limb measurements of stratospheric and mesospheric temperature and species
abundances (Drummond et al 1980; Barnett et ol 1985) including CO, CH,, NO,
N3O and H;0, and on the TIROS series of operational spacecraft. The Pioneer
Venus mission carried a pressure modulator to study the thermal structure of the
upper atmosphere of Venus (Taylor et al 1979). Two new infrared limb viewing
instrumen‘s employing pressure modulation are under development at the present
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time. The Improved Stratospheric and Mesospheric Sounder uses eight pressure
modulation units, and will be flown on the Upper Atmospheric Research Satellite
for temperature and species measurements. The Pressure Modulator Infrared Ra-
diometer (McCleese et al 1986) is to fly on the Mars Observer spacecraft and wili
obtain vertical profiles of water vapor abundance and temperature throughout the
lower and middle atmosphere of Mars using two modulators, one containing water
vapor and other containing carbon dioxide.

The evolution of pressure modulation radiometry has brought significant so-
phistication to the technique. By means of careful selection of path length, gas
mean pressure and compression ratio the spectral selectivity of the modulator can
be tuned to sample the centers, or the near or far wings of the atmospheric lines.
For Mars, the species specificity and high spectral discrimination capabilities of
correlation techniques are crucial to successful atmospheric measurements. The
ubiquitous atmospheric dust virtually rules out techniques which are unable to dis-
tinguish between continuum spectral features and those arising from gaseous line
emission. Because of the large amount of CO; in the Martian atmosphere, high
spectral resolution is required to achieve measurements with adequate vertical res-
olution (one-half scale height). A spectral resolution of 0.01 cm™! is needed to
sense the near wings of the lines, while avoiding the inverted line centers which are
dominated by emission from the upper atmosphere.

Electrooptic Phase Modulation Gas Correlation Spectroradiometers

The direct measurement of upper atmospheric winds has become the focus of a new
application of gas correlation techniques (McCleese and Margolis 1983). The very
high spectral discrimination and large energy grasp of correlation spectroradiometry
are particularly attractive attributes for the task of remotely sensing winds. The
wind induced Doppler shift in the emission spectrum of a stratospheric gas is a small
fraction of the width of a spectral line, yet the measurement of that Doppler shift is
a direct determination of the wind speed. However, from a spacecraft platform and
for the viewing geometry required to determine wind vectors, the relative motion
between the instrument and atmosphere introduces a Doppler shift approximately
200 times greater than that due to the wind. To accomodate the large spectral
offset and measure winds, a group at JPL has devised a technique which optically
modulates the observed spectrum to produce a correlation signal. An electroop-
tically active crystal whose refractive index is changed by an applied electric field
replaces the mechanically induced modulation of the pressure modulator (Rider et
al 1986). In addition, the frequency distribution of the observed spectrum is un-
der the control of the instrument, making frequency correlation measurements, and
thus wind sensing, possible. Numerical simulations of the performance of an Earth
orbiting electrooptic phase modulation gas correlation spectroradiometer show that
winds in the 20 to 120 km altitude range can be measured with one-half scale height
vertical resolution and an accuracy of better than 5 m/s.
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Remote Sensing of Structure Properties in the Middle Atmosphere
Using Lidar

C.R. Philbrick, AFGL, Hanscom AFB, MA 01731

D.P. Sipler, AFGL, Hanscom AFB, MA 01731

G. Davidson, Photometrics, Inc. Woburn, MA 01801
W.P. Moskowitz, Photometrics, Inc. Woburn, MA 01801

ABSTRACT

The results from a mobile lidar have been used to derive
density and temperature profiles between 25 and 85 ka over
central Alaska during February-April 1986.

INTRODUCTION

During the period between February and April 1986 a new mobile
1idar, GLINT (Ground-based Lidar INvestigation-Transportable),
was used to obtain data on the variations which occur in the
high latitude region of the atmosphere betwean 20 and 85 km.
The lidar measurements were undertaken to provide an improved
data base on which the reentry flight characteristics of the
Space Shuttle descent from a polar orbit could be based. The
l1idar can measure profiles with improved altitude and time
resolution compared to standard rocket technigques. This is
important for better understanding of the dynamical processes
of the middle atmosphere. Data was obtained on 26 nights
during the program. Standard meteorological balloon and rocket
payloads wers used to make measurements and provide a
comparison study with the lidar data. More than a thousand
profiles of atmospheric density were obtained with the lidar
and twenty meteorological rockets were launched.

The measurement campaign has resulted in several conclusions:
(1) the lidar data has provided the opportunity to observe
small-scale variations and the background granularity of the
atmosphere, (2) planetary waves may be associated with more
than half of the total density variation in the middle
atmosphere, (3) density and temperature variations can be used
to study the source, intensity, and propagation characteristics
of gravity waves in the high latitude winter atmosphere, (4)
these measurements provide a major step in demonstration of the
capabilities of lidar as a tool for routine meteorological and
atmospheric measurements.

The properties of the mobile sounder are shown in Table I. The
mobile sounder is housed in a 32 foot trailer which is air
transportable. The trailer uses an undercarriage which can
transport the trailer over the road. Adjustable jacks have
been included to allow the trailer to be lowered onto s solid
base and leveled at an operating site. Figure 1 shows a
drawing of the trailer configuration and a layout of the
hardware within the facility. Figure 2 shows the arrangement
of the laser, small detector and the beam steering mirror. A
30 ca telescope is co-aligned with the laser beam and & mirror
is used to steer over a range of elevation and azimuth. A
larger receiver of 62 cm dia. is used for zenith measurements.
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Figure 1. An artist sketch of the GLINT trailer and the primary
components of the lidar Top and side views of the lay-out of
the equipment in the trailer are shown.

- s>

Figure 2. A side view of the optical layout of the lidar shows
the principle components and the relationship of the transmit
beam path and the collected signal.

Table 1. The principle components of the mobile iidar.
Transmitter - Nd:YAG laser, 10 Hz, Q-switch, 15 watt
600 mj @ 532 nm, 250 mj @ 355 nm
5X beam expander with final divergence 0.16 mrad
Receiver - 32 cm telescope (steerable) photon counting
with shutter closed below 15 km and variable
aperture up to 40 km - nominal fov 1.0 mrad
- 62 cm telescope (vertical pointed) photon
counting with mechanical shutter below 40 km
Data System - Lecroy 3500 multichannel scaler with 2
microsecond range bins (300 meter resolution) for
each detector - data stored on magnetic disk
Safety System - Electrical interlocks and radar used to
automatically disable the laser
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SUMMARY OF RESULTS
On each evening of lidar operation, a series of 3-S5 profiles
were obtained using the ultraviolet wave length at 355 nm and
the visible wavelength at 532 nm, gimultaneously. Figure 3
shows an example of the profiles measured by the green and
ultraviolet detectors on the 32 cm telescope. Above 30 km, the
profiles are in complete agreement and below 30 km, the signal
from the green detector is significantly higher than that for
the ultraviolet detector. The ultraviolet return is relatively
larger for the molecular scattering and thus less sensitive to
the particulate scattering. This fact is due to the 1/x
dependence of the molecular scattering cross section. By using
the two colors, green and ultraviolet, it is possible to
resolve the question of what altitude regions can be properly
analyzed as pure Rayleigh scatter from which density and
temperature can be directly determined.
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Figure 3. Comparison of the Figure 4. Comparison of the
visible and ultraviolet lidar seasonal extremeg measured
profiles. on 14 February and 27 April.

Figure 4 shows an example of the extremes of the measured
conditions. The profiles are shown as a density ratio to the
USSA76 model. The profile of 14 February is typical of the
lower winter density in the mesosphere and the higher density
of the summer is represented by the 27 April profile. The high
latitude atmosphere exhibits these large seasonal changes due
to the change from complete darkness in winter to continuous
sun in the summer. The solar control drives large changes in
the circulation of the atmosphere in the polar region. Note
that the region between 18 and 25 km exhibits intense narrow
layers. This signal is due to the aerosols, polar
stratospheric clouds, and volcanic dust.

The measurements conducted during this campaign represent the
first serious attempt to compare lidar data and profiles from
meteorological rockets. An example of the lidar profile
obtained during the flight of a datasonde is shown in Figure 5.
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The size of the % 10 error bar is shown on the lidar data with
a spacing which indicates the length of the smoothing interval.
The example exhibits rather strong wave activity, which was
observed frequently in March. Cases of both excellent
agreement and significant difference between the rocket and
lidar results were obtained. Figure 6 shows an example of the
planetary wave variations measured with the lidar during a
major stratospheric warming which peaked on 20 February. The
mean night profiles provide a graphic picture of the
developmant of the stratospheric warming.
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Figure 5. Comparison of the 1lidar profile from the 32 cm
telescope detector(G) with a standard datasonde profile(D).
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Figure 6. Sequence of mean night profiles of the density
ratio to the USSA model which show the chsnge in response
to a major stratospheric warming.
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REMOTE ‘SENSING OF N Os AND C10NQ, IN THE LOWER STRATOSPHERE
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J. Brasunas, J. Herman, V. Kunde, W. Maguire
NASA/Geoddard Space Flight Center
Laboratory for Extraterrestrial Physics
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L. Herath, W. Shaffer
Science Systems and Applications, Ine.
Seabrook, Maryland 20706

S. Massie
National Center for Atmospheric Research
Boulder, Colorado 80307

A. Goldman
University of Denver
Denver, Colorado 80208

The stratospheric ozone concentration depends on a
combination of radiation, chemistry and dynamics. Central to the
chemistry are the nitrogen, chlorine, and hydrogen cycles of
catalytic ozone destruction. Veritfication of the photochemical
models that attempt to predict ozone trends requires the
simultaneous measurement of ozone, temperature, aand,the trace
species which participate in the ozone destruction.

Limb-ermission spectroscopy provides the ability to measure
simultaneously many trace species over a range of altitudes with 3
km vertical resolution and over a continuous diurnal cycle. SIRIS
(stratospheric infrared interferometer-spectrometer) has so far
measured 15 molecular species, two of which are the temporary
reservoir species ClONO, and N 05. These reservoir species, which
temporarily remove Cl0 dnd NO/ﬁO from active ozone destruction,
are particularly sensitive to re&aining uncertainties in
atmospheric chemical reaction rates. Figures 1) and 3) show one-
dimensional photochemical model simulations of their diurnal
variatvions.

V. N g

SIRIS is a 1iquid-nitroqen-cog}ed Fourier transform
spectrometer of resolution 0.02 cm (unapodized) that records a
spectrum every 1-3 minutes. The five liquid-helium-cooled
photoconductor gftecbors covgr segments of the spectrum betwesn
700 and 2000 cm (=15 um).™’ SIRIS has thus far collected good
data during two balloon flights. The first, with a "40 km float
altitude on tha afterncon of Novembar 6, 1984, recorded spectra
with tangent 1eights of 14-40 km. The second, with a 40 km float
height during the evening of September 15-16, 1986, recorded
spectra with tangeat heights of 8-40 knm.

Figure glshows 1986 nighttime measurements of N,O, in the
1220-1280 cm region, at a 24 km tangent height; fiau e 3) shows
a corresponding synthetically generated spectrum for the same
tangent height, using measured temperature profiles and
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representative trace—-gas profiles. The synthetic spectrum was
generated with a multi-layer radiative transfer godc that uses
spectroscopic line parameters from the AFGL tape”; the syathetic
spectrum does not include N,O.. Figure 4) is a synthetic spectrum
with N,O,, using the 4:00 p;o§il¢ from figure 1), together gibh
the abaogpeion coefficients measured by Massie and Goldman. It
is swen that the observed spectrum agrees reasonably well with the
synthetic spectrum only if N,O, is included. The upper curves of
figgtc 6) show 19684 daytime &egsurements of ClONO, in the 779-781
cm region at a 23 km tangent height (dashed linz), together with
a synthetic spectrum not including ClONO, (sclid line); the lower
curves gives the same comparison, but thfs time the synthetic
spectrum includes ClONO_,. It is seen that the ianclusicr of ClONO
(also modeled via Massié-Goldman coefficients), markedly improves
the agreement between observed and synthetic.

At the current, preliminary, stage of analysis for N,O
agreement is reasonable between the nighttime SIRIS data ina one-
dimensional model results. 1984 data during the day do not show
an NZO feature, which is consistent with a model predicticn of
more taan a five-fold degrease from night to day. As for previous
observations, ATMOS data’ indicate a conceatration of 1.6 ppbv at
35 km at sunrise. For ClONO, the SIRIS data indicate afternoon
mixing ratios of about 1.3 pgbv at 29 km and 1.0 ppbv at 22 km;
figure 7: shews this is consistent with the model at 30 km, but in
excess of the model at 22 km. The apparent disagreement between
theory and cbsexrvation suggesgs that a re-gvaluation of the ClONO

photolysis rate is warranted. ATMOS data”™ show concentrations of
about 1.3 and 0.7 ppbv at 29 and 22.3 km, respectively.
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IMAGING BISTATIC LIDAR TECHNIQUER
FOR UPPER ATMOSPHERE STUDIES

Byron Velsh and Chester S. Gardner
Department of Electrical and Computer Engineering
University of Illinois at Urbana-Champaign
Urbana, IL 61801

The structural characteristics of the sodium layer are of considerable
interest in the study of mesosphere dynamics. Much of the past and current
research of the sodium layer have made use of monostatic lidar measurements to
study these characteristics. An alternate approach is to use a bistatic lidar
configuration, consisting of a cv laser to illuminate the sodium layer, and an
imaging system to record the laser spot created by the resonant sodium
scattering. The basic idea is to infer the structural characteristics of the
layer from selected profiles of the imaged laser spot.

Figure 1 illustrates a possible physical setup for the imaging measurement
system. The imaged laser spot will be elliptical in shape due to the finite
thickness of the sodium layer and the offset of the imaging system from the
laser. A vertically oriented profile through the recorded image (a profile
along the laser beam direction) contains information about the sodium layer’s
vertical structure, vhile a horizontally oriented profile (a profile
perpendicular to the laser beam direction) only contains information about the
laser beam’s divergence. Figure 2 illustrates a contour plot of an imaged
laser spot. The laser spot was generated by the University of Illinois lidar
system installed at the Mauna Kea Observatory. The laser spot was imaged by
the University of Havaii 2.2 meter telescope, located 117 m southeast of_ihe
laser. The spot dimensions vere approximately .41 mrad x 70 mrad FW @ e °.
The layer centroid height wvas 95.1 km and the measurement system vas at an
altitude of 4.2 ka.

ANALYSIS

If wve consider the proposed measurement system in Figure 1, we can write
the expected photon count arriving at the imaging system for a particular
observation angle as [1]

2
T, M_o -
A Treff J(z’sin6cosy,z’sinbsiny)
Ns(e’W) = "I he (lbn) I .

ns(z'coseodz' + NB (1)

“ 2z’
vhere
n_(2) sodium density at altitude z, n'3;

fo,y) laser energy cross section in the horizontal plane at the
nominal sodium layer height, J;

NB _ expected photocount due to background, and daik counts;
Ooff effective sodium backscatter ggoss section, m";
h Planck’s constant, 6.63 x 60' J s

c velocity of light, 3. x 10° m/s;

A optical wavelength, m;

A receiver aperture area, m“;

n overall imaging system efficiency
TA atmospheric transmittance
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Bquation (1) is an expression for the intensity of the image at a particular
point in the image plane. As mentioned above, the horizontal profiles of the
image only contain information about the laser beam shape. Since ve are not
interested in this information, equativn (1) can be simplified by integrating
over the horizontal profiles of the image (equivalent to integrating over ).
If ve assume ve can vrite J(x,y) as J_(x)J_ (y) and also assume x =« 2’'sin6cosvy
is approximately equal to z’sin® for ¥mallYvariations of v about zero (i.e. for
the values of v contributing to the integral in equation (1)), the integration
over ¥ results in

7 »

Ar °Eftx

- Jx(z'sineo
Ng(®) = N vz

T ns(z'cose)dz' + “B (2)

o t 44

vhere K is the factor, resulting from the integration. If we also assume the
variation of z’ over the nonzero values of the integrand is small relative to
the magnitude of z’, vwe can replace z’ wvith z_’ -- the nominal distance from
the imaging system to the s dium layer. Using this last approximation and
making the change of variable, z = z’cos9, equation (2) reduces to

2
Ty Mgk 4

N_(©) = n————
s he (4nz;%) cos

-
! Jx(ztane)ns(z)dz + NB 3)
o

Equation (3) describes a vertical profile of the image and as evident from the
form, the profile is a result of the convolution of J_(2tan®) vith n_(z). The
profile N_(©) obviously contains information about th¥ structure of the sodium
layer n (i), but the question is: How can ve obtain an accurate estimate of
ns(z) ffom the measured data Ns(e)?

DISCUSSION

Since equation (3) is a convolution we can interpret it using the concepts of
linear system theory. In the followving discussion, for simplicity, we ignore
the multiplicative and additive constants in equation (3). Applying linear
system concepts to equation (3) gives the equivalent operation illustrated in
Figure 3: N_(9) is the output of a filter having impulse response J_(ztan®)
and input n_{z). The filtering action distorts the shape of n_(z). fhe degree
of this distortion is dependent on the spatial bandwidth of J fztane). Using
this interpretation the desirable characteristics of J_(ztan@} are obvious. To
extract n_(z) from N_(©) ve vant J_(ztan®) to have the characteristics of a
sifting flnction -- § function havfng a very narrov main lobe relative to the
wvidth of ns(z) and lov sidelobes. From these characteristics we see that the
vidth of J_(z2tan®) is a suitable measure of the resolution of the measurement
system. Iﬁeally wve’'d like J_(ztan®) to approximate a dirac-delta function,
resulting in virtually no di¥tortion in the filtering operation of ns(z).

To get an accurate estimate of n_(z) from N_(6) we obviously need high

res olution. From the above disclission two §pproaches to increase the
measurement resolution are evident. The first is by simply decreasing the
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laser beam vidth, thus decreasing the vidth of J _(ztan@). The second approach
is increasing the offset distance, D, betveen thé& imaging system and laser.
Intuitively this approach vill give us more resolution since ve observe the
layer from a less oblique angle. Mathematically the advantage of increasing D
is clear if ve vrite Jx(ztanen as -Jx(ztan(q°+e')) vhere 6’ is the observation

angle relative to 6, and 6 = tan'l(D/z ) -- the nominal angle corresponding
to the center of th€ sodium layer. This“representation illustrates that an
increase in D compresses the vidth of J (ztan@) with respect to z. Of course,
the disadvantage of a larger offset D i3 the increased atmospheric transmission
and propagation losses incurred.

EXAMPLE

If ve assume the laser beam has a Gaussian beam shape ve can write

-(ztan(@_+¢’) - D)2 ]

J
[+ 0
3 (2tan(8,+€)) = gyd— exp | 2
’ (%)
3, ~(z - D/tan(8,+€'))
| r—

2(e /tan(eo+9' ))

vhere ¢ is the rms width of the laser beam., For a fixed © +6’,

J_ has a Guassian shape with mean D/tan(© +6’) and rms videR o /tan(© +6').
U§1ng this rms width as a measure of the Pesolution of our system we 8ee that
the resolution improves for a decrease in ¢ (laser beam width) and also for an
increase in GB (increase in D).

For the imaged spot shown in Figure 2, 0 = 8.08m, D = 177m and 6_ = tan'1
(.117km/(95.1-4.2)km). Using these parameters along with an assufled Guassian
laser beam shape, gives a rms width for J_ equal to 6.2 km. The actual rms
vidth of the sodium layer for this particﬁlar measurement was 5.1 km. Since
the rms width of J is comparable to the rms width of the layer wve expect
considerable smeariﬁg of n_(z) in the convolution operation of equation (3).
Figure 4 shows a plot of th& sodium profile n_(z), and the image profile N _(©)
(note: in the plot of N_(©) the horizontal afis has been converted to altftude
for comparison purposes). These plots illustrate the smearing and loss of
detail in going from n_(z) to N_(6). 1I1f, for example, D is increased to 1000
meters the rms width of°J_ is 727°meters. This value of D would result in a
much higher resolution measurement and would not have the large degree of
smearing and distortion characteristic of the profile shown in Figure 4.
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Remote Temperature Diutribution Sensing Along Optical Fibers.

A.B. Hartog,

York VSOP Ltd
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Chandlers Ford, Hants
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L. _JIntroduction.,

The use of optical fibres as transducers is curreatly the subject of
active research justified by the promise of sensors able to offer high
accuracy and measurement bandwidth, smull size and immunity from
interference even over long iransmission paths. llowever, single point
sensors only seldoa utilise the very high intrinsic bandwidih of the
optical fibre transmission medius. The need has therefore emerged to
multiplex a number of sensing elaements onto a siugle fibre or fibre pair
and thus to forms a censur network distributed in space. This paper reviews
recent progress in a particulur class of distributed fibre optic sensors,
based on the principle of optical reflectometry, which has coasiderable
similarity to some of the LIDAR measurements reported in the literature.

Perbaps in contrast with LIDAR, the driving force behind the
development of distributed fibre sensors bas been the need for cheap,
compact eyuipment used in industrial environments and with sufficieat
projected reliability to allow regular monitoring for long periods without
intervention.

This contribution first summarises the basic method for distributed
opticul fibre sensing and discusses some of the implementations with
particular emphasis on temperature sensing including the performance of
near commercial systems and finally examines the future prospects for the
technique.

2. Principles of reflectometric distributed sensing in optical fibres.

Optical time-domain reflectonmetry is a method now in everyday use in
the optical communiculionu industry for the evaluation of fibres, cables
ond installed links. A shorl, high intensity pulse is launched into the
fibre and a measurement is made of its backscatter as a function of time.
The signal consisils of lighl ucatiered during the progress of the pulse
down Lhu [ibre and re cuplured by the waveguide in Lhe return direction; It
takes the following well knuwn form as a function of the position z of the
scattering element dx:

2z
Pe2) =% Po V. vg . au . Sexpl I -2 a dx) 1§ 8]
o

where Po is the power launched, V, the pulse width, v, the group velocity.
Here ae and a are the scattering and total losses, respectively, and can
both be functions of position along the fibre. S is the capture fraction
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i.e that proportion of the scaticrea light collected by the optical system.
Equ. (1) is very similar to the clasaic LIDAR signal power expression,
cxcept that that the group velocity is substantially lower tham in air and
that here S is does not contain a z % term and is simply related to the
numurical aperture of the {iLrc. The range of a fibro reflectometor is thus
largely dominated by fibre luss, rather than by the z < term.

In order to use optical reflectometry in a diastributed sensor, it is
clesr from Bqu.Il) that tho scallaring ioss ae, the local capture fraction
S (which affect the signal directly) or the local fidbre attenvation a must
be functions of the quantity to be .easured (and of nothing else!). Most of
the results reported to date have involved the measurement of temperature
although in principle other measuramis can also be addrussed and the
detection of magnetic fields has been reparted.

3._Performance criteria.

The performance of distributed sensors is judged not only on their
accuracy, measurement range and measurement time but on the lengih of fibre
they can cover and their spatial resolution, i.e. their ability to
distinguish adjacent points in the fibre. Clearly in a system where the
measurement accuracy is limited by the signal-to-noise ratio, the
measurement time (or integration time) will vary as the square of the
accuracy required.

However, the criteria specific to distributed sensors also impact the
measurement time since, as tle required fibre length increases, so too does
the system loss and the signul to-noise ratio is thus degraded. Similarly
as the spatial resolution is made finer, the pulse width must be reduced
(which, in peak-power linited systems, reduces the signal proportionately)
and the recciver bandwidth muzt be increascd, which degrades the syuten
noise.

There is therefore a trade off between the various performance
criteria and, for a fixed accuracy in the measurement, the integration time
increases rupidly with the spatial resolution and the total loss of the the
sensing fibre.

4. lzplementations,

(a) modulation of the fibre loss. According to (1), if the loss of the
fibre varies with the measurand of interest, this should be detectable by
reflectonetry. This has been demonstrated by inserting thin colour glass
filters at selected positions in the fibre and more recently (1i in filies
doped with rare- earth ions, providing a sencitivity of loss to temperature
via the shift of absorption bands with temperature. In either case, the
effect of the temperature on lozs may be separated from other causes by
referencing the measurement to another wavelength at which the loss
insensitive to temperature.

The main drawback of these approaches is that the nuaber of sensing
points i3 limited by attenuation induced directly by the measurand: if the
fibre 15 sensitive, 1ts loss will sumetimes be high, which will then leave
little power to probe the following point. In practice approximately 10
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hot-spots can be msasured simultaneocusly, which could be sufficient in a
nusber of applications.

In other cases it i3 desirable to use approaches which do not require
the fibre loss to be high; this is case when the scattering loss, the
capture fraction or the polarisation of the light is modulated.

(b) polarisation effects. In single-mode fibres, the backscatter signal
carries information on the evolution uf the 3tate of polarisation to the
scattering point and back(2]. This approach has been used(3) to detect
magnetic fields via the Faraday effect but never taken much beyond
demonstration owing to considerable difficulties in separating the
information of interest from a number of spurious effects which mask the
desired signal.

(c) modulation of the scattering loss. The first distributed fibre
temperature sensor({4) to be demonstrated used a special fibre having a
liquid core. In the core, increasing temperature results in greater
molecular agitation and thus in a larger scattering coefficient, the
sensitivity of the scattered signal belng of order 0.5%/ K. This resulted
in a distributed temperature sensor able to resolve around 0.1 K over 100m
with a spatial resolution of 2.%m after averaging 1000 pulses; similarly a
resolution of 1 K, with lm spatial resolution over 100m of fibre were
achievable with 1000 pulses, a measurement time well below 1s.

This performance is still the best that has been reported but the
approa.h is cut of favour since liquid-fiiled fibres are iunconvenient Lo
work with, have limited temperature range and unproved lifetimes. The
sensitivity of the scattered signal to temperature in glasses 1s orders of
magnitude lower and different means are thus required for solid fibres.

(d) Inelastic scattering.The scattering coefficient in optical fibres is
caused principally by Rayleigh scattering and is attributable to density
and composition fluctuations frozen-in to the material in the drawing
process. This type of scattering is largely independent of ambient
temperature provided that the thermo-optic coefficients of the fibre
constituents are are similar. There is however a small contribution to the
scattered power from Raman and Brillouin spectral lines which originate in
thermally driven molecular and bulk vibrations, respectively. The intensity
of these spuctral lines is temperature sensitive and the fiuite sensitivity
of the total scattered signal in solid fibres is largely attributable to
the contribution of Brillouin scattering. By selecting only one of these
parts of the scattered light specirum the sensitivity of the measured
sighal to temperature can be greatly enhanced.

In practice, the Brillouin lines are shifted by only a few tens of GHz
from the incident radiation frequency. This puts demands on the linewidth
and frequency stability source and filter which are presently incompatible
with the use of semiconductor lasers which are prefered for their small
size, cost uand reliability. In contrast, the Raman spectrum is well
separated from the incident wavelength and can be readily separated by
neans of standard optical filters. Unlike that of free atoms and molecules,
the Raman spectrum of high-silica glasses consists of very broad bands with
a 200cm ' wide band centered around 440cm-'., Some of the details which can
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be used in Raman LIDAR are thus lost to us ian glasses. However the
information is sufficient to obtain the temperature distribution along the
fibre(5.6) and to eliminate spurious effects caused, for example, by fibre
atteanuation( 6).

This approach provides a practical solution to a number of measuremant
problems and instruments are becoming commercially available which are abdle
to measure more than 1 km of fibre with a spatial resolution between 5 and
10m, tesperature acise of 1 K rms all in a measurement tims of a few
seconds. This device uses standard telecommunication fibre. which is
readily available and relatively inexpensive.

9. Futuce prospects,

The performance of existing distributed fibre-optic temperature
sensors, sufficient for a number of applications, falls short of the
requirements for many others. In particular, the spatial resolution will
need to be improved for many industrial applications and work is
progressing in this area. Eventually, this will involve the development or
aduptation of more suitable sources, refinements of the electronics and
pussibly of the fibre ltself. 1. is expected that a spatial resolution of
1ln, over lkm of fibre, with 1K accuracy and measurement times of a few
seconds will appear in the near future. Conversely, other applications,
such as pipeline monitoring will demand extreme range and it is projected
that systems spanning about 20km of fibre should be achievable without
unduly sacrificing performance in other respects. Progress is alsa expected
in the methods used for processing the signals; for example beyoad a
spatial resolution of lm or so, measurement in the frequency domain may
offer useful performance advantages.

In the longer term, attention will turn to the measurement of other

physical paramcters and this will almost certainly involve the development
of special fibres with tailored semsitivity.
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Tisme Resolved Lidar Fluorosensor for O0il Pollutioa Duto:iion

A.Ferrario, P.L.Pizzolati, E.Zanzottera
CISE Tecnologie Innovative S.p.A.
P.O.Box 12C81, 20134 Milano, Italy

SUMMARY
Introduction.-

This work is based on a preliminary experimental research
made by researchers of JRC-Ispral! according to *hich an
airborne fluorosensor svstem, able to jointly perform a time and
spectral analvsis of oil fluorescence, is wuseful for the
detection and the characterisation of oil spills on the seza
surface. They have demonstrated that while spectral analysis
alone can hardly enable to distinguish between two oils of the
same clasxs (for example two crude oils), the time-spectral
analysis can easily discriminate between two oils with nearly

the same spectral pattern.

On thes. premiscs CISE lab3a have been asked by JCR-Ispra to
design? and construct a fluorosensor system fulfilling the

following specifications:

- time range : 30 - 75 ns

- time resolution : 1 ns

spectral range : 350 - 760 nm

spectral resolution : 10 nm.

The above specifications have required a great engineering
effort in designing a short pulse reliable laser source and a

streak camera based detector.
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Laser System.-

The laser source consists of a Nd-YAG laser, able to
produce about 120 mJ energy pulses at 1060 nm with a 10 Hz
repetition rate. The emission at the third harmonic at 355 nm is
30 wmJ, with pulse duration less than 1 ns. The laser utiliges a
single oscillator configuration, with a new tyvpe of resonator
named SFUR (Self Filtering Unstable Resonator)?. The SFUR is a
Negative Branch Unstable Resonator {NBUR) with a suitable small
aperture placed in the intracavity focal plane, acting as a low-
pass spatial filter. Short pulse laser emisgsion is achieved by
means of active mode locking with an acousto-optic modulator.
This device is able to give a single transverse, diffraction
limited mode, providing good beam divergence and good pointing
stability. SFUR is also more insensitive to misalignment, in
comparison with other types of unstable resonator, and this
property is verv important for an airborne system.

In addition to the emission at 355 nm, useful for oil
detection, the Nd-YAG laser can provide an auxiliary emission at
532 nm useful for chlorophylls excitation.

Detection System.-~

Streak cameras are currently used for the analysis of fast
optical phenomena, with resolution up to 1 ps: however, their
two-dimensional patterns have been fully utilized in a few
spectroscopic applications. In these cases the streak cathode is
coupled to the output of a polychromator, so that one streak

axis becomes the spectral axis, orthogonal to the time axais.

The return signal consists of the backscattering at laser
wavelength from the water surface and the bulk water, of the
water Raman signal (at 400 nm) and of the fluorescence signal of

oil and of suspended organic materials.
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The signal is collected by the receiver optics consisting
of a 30 cm newtonian telescope and is sent, through a 0.4 am
diameter fiber optic, into a polychromator. The (fiber provides
an optical delay for the optical signal, this delay is required
because the streak camera must be triggered a few nanosecond
prior to event. The streak camera signal is then intensified by
an image intensifier directly coupled to the streak camera
phosphor and is digitized by using a CCD read-out system. The
digitized signal is transmitted to a Microvax Ll computer as a
matrix of about 40 spectral channels by 90 time channels, and

stored on a 70 Mbyvtes disk for subsequent analvsis.
Svstem specifications.-

The performances of the svstem arec below summarized. The
total power consumption is ecxpected to be about 2 Kwatt, the
total weight about 300 Kg. The svstem will be operational at the
end of 1987.

The specifications of the optical subsystem arc:

Laser type: Nd-YAG

Eﬁissinn wavelength: 355 and 332 nm
Energy: 20 mJ

Pulse duration: | ns

Repetition rate : 10 Hz

Ielescope type: 40 cm diameter, newtonian
Telescope focal length: 85 cm
Telescope field of view: 0.45 mr
Receiver spectral range: 350-760 nm
Number of spectral channels: 40
Polychromator resolution: 10 nm
Receiver optical efficiency: 20%
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specifications of the detection subsystem are:

Temporal ranges: 30-75 ns
Temporal resolution: 1 ns
Dynamic range: 1000
Computer system: Microvax II
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Simultaneous Measurements of Ocean Surface Roughness and Ataospheric

Pressure with a cam Resolution Two-Color Laser Altimeter

James B. Abshire
Jan F. McGarry
NASA - Goddard Space Flight Center
Instrument Electro-Optics Branch
Greenbelt MD 20771
May 1987
Summary:
Gardner has proposed a technique for measuring both atmospheric
pressure [{1] and ocean surface roughness (2] by using a short pulse
two-color laser altimeter. Two sets of airborne altimeter measurements
have been performed using this technique, both of which util.zed
< 100 psec wide modelocked laser pulses. The impulgse response of
the initial PMT-based altimeter receiver was 800 psec [3]), while that
of the later streak camera-based receiver was 85 psec {4]). In the
first airborne tests, the atmospheric pressure accuracies of the

high resolution altimeter were 3-7 mbar (4]).

The transmitter of the high resolution altimeter is a passively dye
modelocked ND:YAG laser, which simultaneously emits 50 psec wide
pulses at 532 nm and 30 psec wide pulses at 355 nm at a 4 pps rate.
The time-resolved laser backscatter from the ocean surface at both

532 and 355 nm is collected by a 36 cm diameter £/12 telescope mounted
in a bistatic nadir-viewing configuration and is recorded by a dual-
channel streak camera detector. When integrated into the altimeter
receiver, the streak camera has a 85 psec impulse response and a S

psec sampling time. Waveform and 100 psec accuracy range data are

stored onto the system’s LSI 11/23 computer’s floppy disk at a 1 pps
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tate. The details of the system configuration are listed in Table 1.
Some data from the ground-based altimeter calibration tests have been

recently published ([5].

During the April 1985 test flight of the altimeter, data was

collected at 324, 464 and 658 m altitudes. The Lockheed-Electra
aircraft traversed a dog-leg flight path at 100 m/sec from near
Pocomoke Sound, well within the Chesapeake Bay, to Cape Henty VA on a
SSW heading and out over the open Atlantic Ocean on a SE heading. This
flight line was selected to pass near four in-situ National Weather
Service sensors, which recorded both wind direction and speed near

the flight line, as well as average ocean wave height at the Chesa-

peake Light off Cape Henry. The data from these are listed in Table 2.

The 1800 dual wgvclength altimeter waveforms have now been analyzed

to examine their dependence on ocean surface conditions. The waveforms
at all altitudes and locations retained sharp-high bandwidth features
consistent with specular reflection from capillary wavelets on the
ocean surface. The data analysis shows consistently high (0.9)
correlations between the 532 and 355 na waveforms, although the
correlation decreased for the roughest ocean water. The altimeter
received pulse energies decreased by a factor of 3 in a nearly
monotonic fashion as the flightline traversed the upper to lower
Chesapeake Bay and out over the open Atlantic Ocean. The rms bandwidth
as well as the -10 dB and -20 dB bandwidths all decreased by ~ 50%
from 3, 7.5, and 11 GHz respectively over the same flight line. Such
variations are all consistent with the ocean surface scattering theory,

which predicts less backscattered pulse energy and more pulse

broadening from the rougher ocean surfaces.
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Table 1 - Systea Parameters - 4/03/85 Plight

Laser: Quantel YG40 - Passively modelocked ND:YAG
Pulse widths: 50 psec @ 532 na, 30 gsoc ¢ 355 na
Pulse energies: 0.3 aJ @ 532 nm, 0.5 aJ @ 355 nm

Laser Divergence: Elliptical, 2.8 mrad by 1.3 mrad € 10% golnts
532 and 355 nm beams coaligned within 10%

Telescope: Celestron 14 - 36 ca diameter Schaidt Cassegrain
Area = 0,091 sq. meters

Mirrors: CVI Laser Double Stack Dielectric, Max R @ 355 and 532 nn

Trigger PMT: Hamamatsu R1294U, Dual MCP 6
QE= 4% @ 532 nm, Gain = 1.3 x 10

Optical Delay: 8 pass White Cell, 40 nsec total

Streak Camera: Hamamatsu C1370, 5 psec/channel at sweep=2 setting
Impulse response = 85 psec in systea

Streak Camera Readout: Hamamatsu C1098, Dual Channel, DMA Interface
Discriminator: Ortec 934

TIU: HP S370A, 100 psec accuracy

Computer: DEC LSI 11/23 with Dual PFloppy Disks

Table 2 - National Weather Service Coastal Reports
for 4/03/85

Wind Direction and Speed (mph)

Location 4:00 pm 6:55 pm 10:35 pm
Tangier Island §23 815 NNE23
Cape Henry swl4 SW15 sw1s
South Island, BB Tunnel WSW12 SwW12 swi2
Chesapeake Light (CL) S8W22 SSW15 sSwW2S
CL Ave Wave Height (ft) 1.5 1.5 3.0

CL Air Temp (deg. F) 54 57 55
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Cloud Liquid Water Derived from Lidar Observations

James D Spinhirne
Laboratory for Atmospheres/617
Goddard Space Flight Center
Sreenbelt, MD 20771

William D, Hart
Science Systems Application Inc.
Lanham, MD 20706

Reinout Boers
University of Maryland
College Park, MD 20742

1. Introduction

The distribution of liquid water at the top of clouds has an
important relation to the radiative and dynamical interactions
within clouds. As a significant example, the formation and
structure of marine stratus clouds are maintained primarily by
radiative cooling at the cloud top. Understanding the formation
of marine stratus is important climatalogically since the cloud
type !t 1s a significant global influence on the balance between
reflected visible and emitted thermal radiation. Models have
shown that the interaction between radiative cooling and the
cloud development are largley a function of the distribution of
the liquid water at the cloud top. Although liquid water may be
obtained from in situ measurements, only one dimensional
observations are possible. Lidar liquid water observatios can
provide a more complete two dimentional representation of the
liquid water structure of cloud tops. In this contribution we
will describe the lidar retrieval of cloud top 1liquid water
during an experiment in which marine stratus clouds were studied
by combined remote sensing and in situ observations,

2. Experimental

In September 1983 marine stratus clouds off the California
coast were overflown by the NASA ER-2 aircraft. On board instru-
mentation included the cloud and aerosol lidar system (Spinhirne
et al, 1983) and several passive sensors. The basic parameters
of the lidar system are a 30 mJ doubled Nd:YAG laser, a 15 cm
receiver, logarithmic signal compression and 20 mHz signal digi-
tization. The ER-2 overflights were directly coordinated by in
situ cloud physics measurements obtained by the University of
Wyoming King Air aircraft. The in situ observations included PMS
probe droplet size ditributions and liquid water from a Johnson
Williams instrument. During the flight missions the two aircraft
maintained a single racetrack flight pattern of 120 km length and
20 km separation for a period of several hours in order to
develop a statistical comparison between in situ and remote
observacions. An example of the lidar return data along a short
segment of one flight line is shown in the first figure.
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3. Liquid Water Retrieval

There are two main steps to the procedure by which cloud top
liquid water is computed from the lidar return data. First the
lidar return signal must be corrected for attenuation in order to
derive the backscatter cross section for the cloud top within the
effective range of the signal return, Second the backscatter
must be related to the liquid water content. The scattering
cross section is obtained from a solution of the lidar
return equation. The liquid water is derived from the scattering
cross section through application of a model based on the
available in situ particle measurements. The lidar signal
solution involves the standard solution equation based on a
constant value of ratio of the extinction to backscatter cross
section. The constant ratio assumption may be applied in the
case of water clouds since as shown by Pinnick et al (1983) the
value is insensitive to the droplet size distribution although
consideration must be given to muliple scattering. The value of
the effective extinction to backscatter cross section to be used
for the solution is derived from analysis of the integrated pulse
reflection from the cloud as a function of increasing optical
thickness. The effective backscatter to extinction ratio is
twice the limiting value of the integrated backsatter as optical
thickness tends toward infinity (Platt, 1979).

0 u‘l‘mr e s.l‘ilr»'ﬁ 1?6535 - mm

ATTERVATES dacaseatiee colr

0.0
28 SEP 1983
20308 2
0.8 |
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2
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-
0.2
(1)
-
z
0.6
| i
o : : ‘ :
. DISTANCE(KM)
LATs 36.03)3 : LAT= 3:..33
LONe~=124.322 LONes=~12¢.233

Fig. 1. Lidar signal from the top of a marine stratus cloud
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To a first approximation the ratio between the liquid water
content and the cloud scattering coefficlient is proportional to
the droplet mode radius. A more accurate relation given by
Pinnick which involves the second and third moment of the size
distribution was applied to relate the liquid water to the lidar
backscatter cross section. A parameterization of the vertical
profile of the size distribution parameters was developed from in
situ measurements and applied for the cloud top liquid water
calculation. The parameterization is represented by the linear
fit as shown in the second figure.

4. Results

An example of the derived liquid water i{s given in the third
figure for a segment of one flight line. The data case was
characterized by broken cloud cells which were associated with
greater than normal wind shear across the cloud top inversion. In
addition to the two dimensional liquid water retrieval from the
lidar data, the third figure also shows the flight track and
measurements of the in situ aircraft at the observation time.
Althougth a direct comparison is influenced by the approximately
one kilometer uncertainty in the aircraft navigation, a general
correlation between the in situ and remote observation is seen.
In order to judge the validity of the lidar liquid water
retrieval, the average values from the lidar and the JW probe
along a series of flight lines for the in situ aircraft were
compared. The results indicated that the two different liquid
water observations agreed well within the measurement variance.

An important aspect ofthe lidar liquid water retrievals is
the depth of cloud for which a result may be obtained. The depth

WATER CONCENTRATION (G/M3)

0.0 A . .
1.00 0 0.2 0.3
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o.‘ i yi 1 1
0.0 4.0 8.0 12.0 16.0
RATIO (um)

Fig. 2. Average result from in situ measurements for the
marine stratus observations.
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is limited in practice by the increase of signal noise due to
attenuation and the error of the attenuation correction with
increasing optical thickness., As a result, the lidar retrieval
was limited to a cloud top optical thickness of 1.5. In the
third figure the 1.5 optical depth limit is indicated by the
deletion of the lower contour boundary. As may be seen, in most
instances the effective optical thickness of the marine stratus
clouds are less than the limit value.

$. Conclusion

Cloud top lidar observations may be combined with in situ
cloud particle measurement to provide a more complete two dimen-
sional structure of the cloud top liquid water distribution,
Independent visible wavelangth lidar observation of cloud top
liquid water is possible if a model of the droplet size distri-
bution parameters may be applied. The primary uncertainty of the
lidar liquid water retrievals results from inaccuracy of the
droplet distribution parameters.

= RN -
0.0 . ] . 5. 00E-01
EATER CONCENTRATION(C/N®)
0. 98- 1000
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——emae= DC(FSSP)
—— AL T =K A
0.8 4= goo
2
A
- g00
§ 0. 72
-
b 4

s00

1)
°
CONCENTRATION (CM-%) (G/M*+1000)

lo

oasnu‘c:(xu)

Fig. 3. Calculated liquid water distribution from lidar

data and corresponding in situ measurements.
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Advances in Gas-Anglyzers Based on IR Molecular Lasers

Yu.M. Andreev, P.P. Geiko, V,V. Zuev, V.E. Zuev,
0.A. Romanovsidi, S.P. Shubin

The Ingtitute of Atmospheric Optice, Siberian Branch
USSR Acadeamy of Scisnces, Tomsk, 634055, US S R

High operation and power characteristics of CO 2 lasere sti-
pulate their wide application in absorption gas-analyzers
and lidars [1]. On the other hand, the gas-analyzer possibili-
ties are limited by their narrow spectral emission range. The
molecular CO, NHS, HF, HBr lasers generating in different IR
regions do not compensate for this disadvantage by different
reasons.

We think the effective nonthreshold parametric 002 end
CO lasers frequency converters (FC) with the tnGePz and
cdcmz monocryutals developed can improve this situation(2].

The main IR atmospheric transmission windows can be over-
lapped, eand the concentrations of many atmospheric gas compo-
nents, including different pollutants, can be meagured (Pig.
1 a) using these PC. The spectral transmission regions of
zncevz and CdGeAaz supplement each other, Fig. 1 b. In fact,
all the main atmospheric transmission windows can be over-
lapped by frequency transformed radiation of a single 002 la-
ger uging two-cascade FC of its self-radiation and second
harmonic (SH). A fine "tooth-comb® spectrum overlepping is
observed when using two 002 lagers or one two-frequency laser.
The mixing of 002 and CO lasers radiations is of interest
here.

Table 1 presenta some coincidences of C0, laser SH fre-
quencies with the atmospheric gas absorption lines. We re-
ported [3] CO concentration meassurements with a mobile trace
gas analyzer equipped with a frequency-doubled 002 laser. The
CO concentration sensitivity was 4 ppb at a 2 Im path. Table
2 shows poseible frequency combinations of two CO 2 lasers
for obtaining sum frequeacy A, + ¥, coinciding with the
CO R(18) absorption line center. The number of reference fre-
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PFig. 1. The transmission spectrum T of the simulated atmos-
phere for a 1 lm ground path, the centers location
and intensities of the gas absorption bands. The re-
gions of generation (FH) of CO and co, (shaded) la-
sers and their second (SH), third (TH) end fourth(FH)
harmonics, sum (+) and difference (-) frequencies of
coa laser radiation end its SH. Below are the trans-
mission spectra of ZnGeP,(1) and CdGeAs, at 300K(2)
and & K (3).
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Table 1. Coincidence uf 002 laser £H froquencies with
sbsorption lines

Cas| S, ©3/mol 4“9_{ lin+)SK, cn lmnf:r isotopolm),cnﬂ
i.0[1.10x10~20  |1847.784 [847.704 [1OP29 | 626 |0.0099
o6 |2.60x10°19 |2154.506 bI54.605 | 918 | €26 |0.0091

2196.669 RI96.635 | 9P22 | 828 |0.0342

¥.0 |4 99x10-19
N0 (2)2.29::18'20 1929.031 [1929.04I lroP? | 626 |0.00%8

0csls.7x10"19 |2058.888 [2053.885 | 9P3B | €26 | 0.0029

quency combinations resulting in overlaping with the absorp~-
tion line can reech 100, Thus the radiation sources develo=-
ped are not worce than those of continuously tuning lasers
when studying the atmospheric ground layer.

Table 2. The SF radiations coincidence with the R(18)
CO abeorption line at A = 2154.596 em™1

L
1g0- 1ne4 ,cm} 3,, cm” m:r topJ‘w)'f"o cm~ a9, o™

tope 2

626 P62 [1099.696I |1054.9185| P? (626 [2154.6117{0.0157
626 P52 [095,6664|1058.9488| P6 (626 [<154.6I510.0191
626 PI8 [§077.3026{1077.3026( PI8 (626 |2154.6051 !0.0091
626 PI8 [048.6609/1106.9425| P36 (828 |2154.6034(0.0074
828 P44 [109.8780|1044.7078| P28 (838 {21954.5858 0.0I02
828 P26 [100.5926{1054.0143| P38 |828 |2154.6069|0.0109

A block-diagram of the modernized gas analyzer includes
low=-pressure two frequency-tuned CO 2 and one CO lasers and a
get of ZnGeP2 FC . The gas analyzer is ful-
ly automatized. The gas analyzer is provided for with the
possibility of measurements at 10°1-10°0 and 00°2-10°1 bgnds
of 002 laser radiation. The set of FC includes SHG of these
radiation bands end SFG which operate according to the block-
diasgram of Pig.2.

The results of simulated estimation were supported by
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Fig. 2. A block-diagram of frequency converter
of the CO_,-lgser radiation bands 10°1-
-10°0 and200°2-10°1: 1 is a diffraction
grating, 2 is a discharge tube; 3,4 and
11 are the 100% mirrors, 5 and 7 are the
focused and collimated lenses, 6 is gGePZ,
8 and 9 is a two-element filter, 2Eqqs
E are the electric-field :I.ntensfty ro-
tgtg of the 4.3 um, 10.4 um radiations,
their SH and SF radiation.

field measurements of the multicomponent real atmosphere and
demonstrated high-operational characteristics both of FC de-
veloped and the entire measurement complex.
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A 8imple Optical Method of Simultaneous Measurement of
Chavacteristic Scales and Intensity of Atmospheric
Turbulence

AeFe Zhukov and V.V.Nosov
Institute of Atmospheric Optics SB USSR Academy of Sciences,
Tomsk, 634035’ UeSeSeR.

For solving a large number of problems on optical radi-
ation propagation in the atmosphere the atmospheric turbu-
lent characteristics should be determined. There are the
inner [ and outer [/ o 8cales of turbulence, structural
characteristica of fluctuations of the refractive index (.
The value of C n determines the turbulence intensity. All
thege characteristics are the parameters in the spatial spe-
ctral density &,/a/). The function is given as [1,2]

B, (2)n Ay LE O RV 10 % V%E)  Y.g033

where @m =49f, #,*27//,. In the inertial subrange
(&, {Xsamn ) the model (1) coincides with the Kolmogo-
rov spectrum of turbulence.

At present a great number of optical methods of measu~
ring the parameters (72,4, ,<& is kmown [2]. In this case
a separate optical unit for determining a single parameter
was used. A laser serves as a radiation source in this
unit. For simultaneous measurements of the parameters (7 ,
¢,, X, the corresponding number of separate units must
be used. However, it is more comfortable, economical and
reliable to use one unit based on application of simple
technology of reception and processing of an optical sig-
nal. An inexpensive and reliable in operation thermal (in-
coherent) source is preferable for the use as a light so-
urce in such a unit.

The paper presents a simple opt:l.cal method for simulta-
neous measurement of the parameters (3 , & , L, « The the-
rmal light source with the wavelength A and the effective
radius g 1is used. The optical radiation propagated
through the tubulent atmospheric path X is received with
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a conventional optical receiver. The radius of the recei-
ving telescope lens is at » the focal distance is P. A de-
vice for separating the received light flux into four iden-
tical beams (for example, a combination of semitransparent
prisms) is located on the optical axis of the receiver. In
every beam (in a focal plane) a common quadratic photore-
ceiver (photoreceivers are identical) is placed. Before
the photoreceivers the matrices (transpu"enciea) are loca-
ted. The matrices have the given transmission coefficients
of radiation intensity 7/, ( n is the number of the beam,
n=0, 1 2, 3)
Z'o s'/’ T,:Z‘,(#)cﬁi#]’ % =T, (y} = Zy 3+/1
~ _[1, /28/<Qq
L3 =T3(Z) = [0” /2] > a‘:
Here [0 2 are the lateral coordinates in fozal plane
( Y is the vertical, Z is the horizontal axs), 8 , 7 ,
o » A are the given constants, & is the halfwidth of
slit diaphragm 23 .

The current at the photoreceiver output in the channel
(n=0,1 2, 3)is denoted by (,. At the photoreceiver
output the mean (in time) values <(), ([2). <3, (ft',/t;,)ﬁ
are measured using an averaging device.

When using the results of the wave propagation theory
in the turbulent atmosphere [1,2] one can theoretically
estimate the relation bstween the signals measured and
the parameters ( ,f A a‘(o « In this case, we should ta-
ke into account that the values ((4';/(",)3, (2> andq[24]
strongly depend on f:(o ’ fo and (7 » respectively. For
a horizontal homogeneous path whose mean altitude above
the underlying surface H satisfies the condition H) 20
we obtain

(2)

. 2 /
gty ([ $5a =11 at =)™

/- (/,/cx CAX F? )’
o ((l) -h - &V
<ip> Z
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2 /(o0 )? > -3
Z,-J.Iart (/f-lo—”-—,?-,—’-,—,,,—' (;"/: ) Z X)

where 9-7;1—: +£T’+"§z'r y K= '23'2 « The slit width of
the rocoiv:lng aperture 2 Q¢ should be essentially less than
the charecteristic sigze of a source image in the focal plane
( ¢ YV’ ). Besides, the condition KVVIF £ 1200 m™ 1 pust
be fulfilled. It imposes restrictions on the receiver size
a.

To eliminate the errors, due to the transverse ah:l..tt ot
the source relative to the receiver optical axis and regular
radiation refraction in the atmosphere, adjustment of the
unit is used. Adjustment involves the preliminary minimizing
of the value {{,» The angle between the axes y and s equals
90°.

It should be noted thet in the suggested unit the presen-
ce of the four beams is not obligatory. The lesser number
of the beams or even one channel may be used when the valuo
(ois slightly different from ¢ end, hence, <[ (r/lo)?>=
{¢ f 7/( Lo) + For this purpose, be:oro the photoreceiver
a device with removable matrices is locatod (2)« The values

{in) n =0, 1, 2, 3,((4,/6‘)‘)(01- ¢{F)) are measurea
alternately. The tima for averaging is 5-7 minutes.
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Textursl edge extraction with
an oplical heterodyne scanning sysiem

Ting-Chung Poon and Jinwoo Park
Department of Electrical Engineering
Virginia Polytechnic institute and State
Blacksburg, Virginia 24081

L intreduction

in many classes of images, some of the important features can be recognized by repeti-
tive structures over a large region. Such a spatial feature provides useful information in im-
age segmentation and classification. Various digital image processing schemes to extract
textural information have been reported based on locai operators manipulating image pixels,
often to extract local statistics from images [1). Other schemes exploiting the textural infor-
mation in the frequency domain have also been investigated along with some successful
demonstrations (2, 3]. In this paper. textural edge detection by bandpass fiitering is consid-
ered. A simple technique for realizing the bandpass filter in a heterodyne optical scanning
system is described and illustrated experimentally. Section li discusses textural edge de-
tection by bandpass filtering in the context of textural image modeling and frequency domain
fiiter function construction. Section ill describes the optical scanning system capable of ex-
tracting the edge in the texture and presents some experimental results.

ll. Textural edge extraction by bandpass fitering

We consider the textural images as spatially repetitive structures. A 1-D textural image
with two textural may be defined as (4, 5)

T(x) = U( —x) cos(myx) + U(x) cos(ayx), 1))

where U(x) is & unit step function, and o, and o, are the so-calied textural frequencies in
radlans per unit length which characterize the spatially repetitive structures in the textural
regions. The textural edge is located at x = 0, and Fig.1 (a) illustrates the situation. A
Gaussian bandpass filter, H(w), shown in Fig. 1 (b), is used to process the input. The fiiter has
the following transfer function

. ® = my ~ A
Hia) = © axpl = (=1, @

where C is an arbitrary amplitude n=.ant, W is a passband parameter to control the band-
w.dth. and Aw determines the amouni of shift of the center of the Gaussian function from the
textural frequency o, . The processed output is shown in Figs. 1 () and (d). We see that the
fifter of Fig. 1 (b) will extract the boundary of the domain of textural frequency «,. In fact, it
will extract the boundary between m, and any neighboring textures. Note that the Gaussian
fiter is offset by an amount Ao from m,. This is necessary in order to suppress the texturai
frequency as bast as possible. Decreasing Am results in some leakage of the textural fre-
quency o,. The effect of leakages is illustrated in Fig. 1 (c).

iil. Optical heterodyne scanning system

in this section we propose an optical scanning systsm to synthesize the filter of the form
shown in Fig. 1 (b). The =et-up is shown in Fig. 2. Two Gaussian laser beams, ¥ and v, having
different temporal carrier frequencies generated acousto-optically are sent toward the input
I(x). The receiving photodetector spatially integrates the transmitted light (or backscattered
light if I'(x) is an intensity reflectant object) and delivers a heterodyne current at the beat fre-
quency of the two receiving beams. As the input is scanned, the heterodyne output current
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carries the processed version of the input, which can be displayed with an oscilloscope. The
optical transfer function (OTF) of the heterodyne scanning system is the cross-correlation of
two pupil functions u and v (6, 7]

[}
OTF() = [ uidv'(x - Asfax, 3

-
where £, is the spatial frequency. Since v and v used in the experiment are Gsussian laser
beams, they may be described in general by

ulx) =@~ ‘T:.". and vix) = ¢~ ‘x;v.u'. 4

wnere Ax is the spatial offset between the two Gaussian beams, which can be introduced by
translating the beamsplitter used to combine the two beams. Substituting the expressions for
v and v into (3), we obtain

_AaMa, _ Arg
OTF(t) = o~ 2'W,) =~ 3. )

Note that this OTF is a Gaussian, one-sided bandpass filtering function as shown in Fig. 1 (b).

The laser in use operates at A = 632.8 nm, and the laser beam width W, is about 0.8
mm. The Fourier transform lens L, in the experimental setup has a focal length /, of 810 mm.
To simulate the textural image of the input object in the experiment, a Ronchi ruling with 80
lines/inch is used, corresponding to a fundamentat frequency of about 3.15 cycles/mm. The
left half of the Ronchi ruling is blocked, yielding a boundary between a textural frequency of
3.15 cycles/mm and a uniform region (o, = 0). The textural image achieved by lowpass fil-
tering with Ax = 0 is shown in Fig. 3 (a). Increasing Ax in the pupil function v, the textural
edge detection by bandpass filtering can be realized as it is evident from Fig. 3 (b).

it should be pointed out that by using this optical heterodyne scanning technique, the
textural edge information is obtained optically prior to electronic detection, thereby allowing
high speed, muitiplexing and interactive adaptation. In addition to imaging and real-time
pre-processing, the optical heterodyne system is capable of ranging by phase tracking or by
holographic means (7], as well as of target velocity determination via Doppler shift measure-
ments simultaneously.
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Figure 1. (a) 1-D input image with two textural rogiomwhon»": #/2 and 00y = 1/8; (b) Gaussian
bandpacs filter; (c) output magnitude response with Gaussian ss filter when

W = 0.1 x and Ao = 0.2x; {d) output magnitude response with the same W as in Fig. 1
(c) but for Aw « 0.3 =
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Figure 2. An optical heterodyne scanning system: BS denctes the beamsplitter, L the lens, M the
mirror, AOM the acousto-optic modulator, SC the optical scanner, u and v the pupils,
La the Fourier transform lens, and PD the photo-detector.

a) b)

Figure 3. (a) Lowpass filtered input image (Ax = 0); (b) Optical textural edge extraction with two
offset Gaussian beams (Ax = 2.69mm)
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A Free Flying Experiment to Measure the Schawlow-Townes
Linewidth Limit of a 300 THz Laser Oscillator

by
C.E.Byvik. A.L Newcomb and R.L. Byer
SUMMARY

Progress at Stanford University in the development of a LIDAR
operating at one micron in a master oscillator power amplifier
configuration required a reasonably stable, narrow linewidth laser
oscillator. The required stability was achieved by the development of a
non-pianar Nd:YAG ring oscillator pumped by a ten-stripe diode laser
array. Ten kilohertz linewidths are typical for this 300 THz oscillator. The
Schawlow-Townes linewidth limit for this laser oscillator is predicted to be
1Hz per milliwatt output. A first time measurement of this linewidth limit
for a laser oscillator operating at 300 THz is the objective of 2 proposed
free-flying space experiment.

Sources for line broadening include mode fluctuations in the
multi-striped laser diode array used as a pump source for the non-planar
ring oscillator (NPRO) and the acoustical and thermal fluctuations in the
terrestrial-based laboratory. The research leading to the space-based
experiment has been aimed at optimizing the NPRO design, exploring low
loss host materials for the Neodymium ion, host materials with optimum
thermo-optical properties, and low noise coherent diode lasers for the
pump source. '

The battery powered space experiment consists of three NPRO's with
linewidths determined by a simple beat note heterodyne technique. The
third oscillator is included for redundancy. Detector redundancy will also
be achieved by including two detector systems. Data acquisition and
system controls will be accomplished through the use of a microcomputer.

The demonstration of a stable, narrow linewidth laser oscillator will
enable space-based experiments such as proposed for a gravity wave
interferometer detector, geopotential measurements, and frequency
standards.
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Development of Laser Heterodyne Radiometer
for Monito: ing Stratospheric Air Pollution

Mitsuo Ishizu, Toshikazu Itabe and Tadashi Aruga

Radio Research Laboratory, Ministry of Posts and
Telecommunications
4-2-1 Nukuikita-Machi, Koganei, Tokyo 184, Japan

Laser heterodyne radiometers using a Co2 laser and a
Pb-salt diode laser as local oscillators have been developed
for the detection of the stratospheric minor constituents.
Among them, sulfer bearing compounds such as OCS and so2 are
related to the formation of the stratospheric aerosols, and
they are the main concern of our study. According to a direct
sampling method, the mixing ratio of OCS molecules in the
atmosphere has been estimated to be 0.5 ppbv at the altitude
of lower than about 20km and to decrease monotonically in the
upper atmosphere. Due to the small amount of the stratospheric
OCS molecules, a solar occultation measurement using a
balloon-borne laser heterodyne radiometer will be required
for the detection. The radiometers which are described below
have been constructed for a laboratory measurement and resulted
in successful detection of many absorption lines in the solar
spectrum around a wavelength region of 10 um.

Fig.l shows the experimental setup of CO2 laser heterodyne
system which mainly consists of a grating-tuned CO2 laser,

a high-speed HgCdTe photomixer, a low-noise preamplifier, a
beam combining optics and a Dicke chopper. The IF signal
generated in the photomixer was frequency-analyzed using a
microwave spectrum analyzer as a tunable filter, which
determined the resolution bandwidth of 15 MHz and swept the
IF signal in the range of 5-1200 MHz by a sweep rate of 10
MHz/sec. The sensitivity of this system was estimated to be

1.'7}(10-19 W/Hz by means of a S/N measurement using a calibrated
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infrared light source.

Figs.2-3 show examples of the ozone absorption lines
observed in the solar spectra. The data were obtained by one
IP spectral sweep with a time-constant of 1 sec at the laser
lines of 9P(30) and 9P(32}, respectively. In these figures
the dot represents spectral radiance calculated from the data
at each IF interval of 11.3 MHz, and the bar~-qgraph indicates
the ozone line strength at the IF frequency of to be appeared
in the spectrum derived from the AFGL atmospheric absorption
line compilation. The coincidence between the measured and
the compiled data are very good except for the line at 940
MHz in Fig.2. This line was always absent in the solar spectrum
in the subsegent observations.

The diode laser heterodyne system used in this work is
depicted in Fig.4. The diode laser was mounted in a
closed-cycle helium refrigerator and operated in a single
longitudinal mode with an output power of 100-200 BW. The
small available power of the laser was compensated by minimizing
aberrations of the focusing lenses and by utilizing a grating
filter for both of the signal and the local light beams. As
well as this optical design, a low-noise pre-amplifier of NF
= 0.55 dB was also specially constructed. The IF signal was
frequency-analized by the same circuit as in Fig.l, but the
spectral feature was obtained by the sweep of the injection
current of the laser. The sensitivity of this diode laser
heterodyne system was estimated to be 5.9)(10.19 W/Hz, which
was only the factor of 3.5 degradation than that of the co,
laser heterodyne system. We are understanding this sensitivity
is one of the best results that ever reported.

An example of the solar spectrum is shown in Fig.5 as
well as a Fabry-Perot fringe pattern of the laser light for
monitoring the wavelength. The sweep rate was 0.5 mA/sec and
the integration time-constant was 1 sec. It could be seen
that the laser covered the spectral range of 18GHz without
any mode-hop and a number of absorption lines were clearly
observed. Unfortunately the identifications of the lines have
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not been made because absolute wavelength has not been decided
so precisely in ou:r present system.

From these results of the construction and testing of
the laser heterodyne radiometers, an airbcrne system has been
under development and will be operated soon.
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Figure 4. Diode laser heterodyne radiometer
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AN EXPERIMENTAL MEASUREMENT OF THE SUSCEPTIBILITY OF SPATIAL
FILTER PROFILING TECHNIQUES TO SATURATION

G. R. Ochs and R. J. Hil}
NOCAA/ERL Wave Propagation Laboratory
Soulder, Colorado 80303

The current interest in the use of spatial filtering techniques to profile
wind and refractive-index turbulence raises the question of how saturation of
scintillation may sffect these systems. Some experimental observations of
saturation effects have now been made with a wind profiling system that is
under development at the Wave Propagation Laboratory. The wind profiling
technique, which is a modification of a method originally proposed by Lee,!
employes zero-mean spatial filters at both the transmitter and receiver to
restrict the observation of refractive-index irregularities moving across a
light path to those of a particular spatial wevelength and at a particular
location along the path. The wind profiling systems employs a number of sets
of spatial filters of different spatial wavelengths to measure winds simultas-
neously at various path positions.

To observe saturation effects, the system was altersd to measure inten-
sity variances from one pair of transmaitter and receiver filters having 20 ca
spatiasl wavelength, and another pair hsving 5 ca spatial wavelength. The
transmitter and receiver filter geometry is shown in Fig. 1. Two sepsrate
Fresnel lenses sre used to form the transmitting filters. A single Fresnel
lens and 32-element photodiode array, conne.ted simultaneously for both spa-
tial wavelengths, are used to form the receiver filters. Note that although
the elements of the transmitting array fi11 the aperture, the receiver ale-
ments are half the width of the transaitting elements and have gaps between
adjacent elements. This arrangement results from the design of the wind
Profiler, which uses an interleaved receiving array to obtain wind direction
information. This configuration formed spatial filters at the center of the
path of 10 and 2.5 cm wavelength. The optical path length between trsnsmitter
and receiver was 1 km. A separate optical! system was employed to measure the
refractive-index structure parameter Cp2.

The mean square signal fluctuations for the 2.5 cm (x22,5) and for the 10
ca spatial wavelength (x219) were measured and compared with Cp2 and with each
other. The data points in Figs. 2-4 represent 15-min averages; a8 5-point
running average was applicd to the data points to show the trends. The rela-
tionship is nearly linesr in Fig. 2, where we plot x219 vS. Cp2; however, the
situation is quite different in Fig. 3, where we plot x22 5 against Ch2. The
velue of CpZ at which x22 5 begins to saturate is about the same as the value
st which the onset of saturation would be observed for single, circulsr, inco-
herent, uniformly-illuminated transmitter and receiver apertures having 2.5 cm
diameter. At higher turbulence levels, however, the variance of the signal
drops off severely. This is shown clearly in Fig. 4, a linear plot of x23 g
vs. x2;9. At the highest turbulence levels, the varisnce is about one third
that of the peak.

There is at present no theoretical description of the saturation effects
on spatial-filter measurements. On the basis of the heuristic theory of
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saturation, and its success in predicting the onset of sasturation for large-
aperture c,.2 scintillometers,2 one would roughly estimate that the onset of
saturation would occur as the parameter AL/2.4 p, becomes larger than the spa-
tial wavelength Leing observed; here A is optical wavelength, L is path
length, and the field coherence length pg = 1.44 (k2LCy2)-3/5, where k = 2/A.
The detes do not violate this notionr slthough it was hoped that they would.
Sensitivity to a narrow range of patn positions requires many cycles on the
transmitter and raceiver. If these cycles must be wide, say 10 ca or greater,
to resist saturation effects routinely for long propagation paths, then the
transaitter and receiver spatial filters will be very large and difficult to

construct.

Reference

1. Lee, R. W. 1974, Remote probing using spatially filtered apertures, J.
Opt. Soc. Am. 64(10), 1295-1303.

2. Ochs, G. R. and R. J. Hill, 1982, A study of factors influencing the
calibration of optical C,2 meters, NOAA Tech. Memo. ERL WPL-106.
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Fig. 1. Transmitting and receiving aspertures.
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Simultaneous Measurementa of Turbulence Level and
Inner Scale Using Laser Scintillation

R.G. Freblich
Cooperative Institute for Research in the Environmental Sciences (CIRES)
University of Colorado/NOAA
Boulder, CO 80309

INTRODUCTION

Laser propagation through the atmosphere produces random scintillation patterns. The
statistics of these intensity fluctuations is determined by the refractive index spectrum of the
atmosphere ®,(4) where § denotes spatial wavenumber. Tatarskii proposed the following
model for the turbulence spectrum

@, (§)=.033C.2¢ 1 Pexp|-1og%/4] (1)

where C,2 is a measure of the level of turbulence and [, is proportionai to the inner scale A
{A0=2.9514). The inner scale is defined as the intercept of ti-e two power law regions of the three
dimensional structure function of refractive index fluctuations.

The level of turbulence has been estimated? from the normalized variance of a luge
incoherent source. This statmxc is dominated by the inertial range of the turbulence. The inner
scale has been measured® by comparing this statistic to the normalized variance of a diverged
laser. The accuracy of these two methods is determined by the number of mdependent samples
observed with the incoherent source. The inner scale has also be estimated*® by a measurement
of the spatial covariance function

e <I(OR)(B.R)>
@ <I(O,R)><I(3,R)> b 2

in weak scattering. Here, 3 is the transverse separation, / is intensity, R is the propagation dis-
tance, and < > denotes ensemble average. For a point source, the covariance in weak scattering
is related to the turbulence spectrum by

R » {
c@meif [ 'P.(ﬁ){l-cosl-',;zx(h%)l)explia-ﬁ%]didzx (3)

The measurements of Ref. 5 were performed with two moving detectors and the observation
time was too long to obtain stable estimates. This limitation will be removed by using an array
of photodetectors to measure the covariance.

EXPERIMENT

Typical values of the inner scale of turbulence near the ground ranges from 3mm to 10mm.
In order to sample the covariance functicn adequately, spacings from lmm to 20 mm are
required. The photodiode array shown in Figure 1 samples the covariance from .75mm to 36mm.
The photodiodes are United Detector HS008 chips mounted on a circuit board. The active area
of each photodiode is .2X.2mm square. Therefore there was no aperture averaging of the signals.
The electronic design is described in Refs. 6,7. The bandwidth was 10KHz, the mean signal
level was 10 volts and the rms system noise was 50 millivolts. The 8 channels were sampled
simultaneously and digitized with 12 bit accuracy using a PC digital acquisition system. The
system noise was calibrated by shuttering the laser for 1.6 seconds. A 5 milli watt Uniphase
laser was focussed through a pinhole and diverged to approximate a point source. The laser fluc-
tuations were less than .1% during a measurement sequence.
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Figure 1 Photodiode array geometry.

RESULTS

Figure 2 displays 4 covariances obtained from 1.6 seconds of data each. This data was
collected on a sunny day with moderate windspeed. The propagation path was 30m long and
1.5m above the ground. During the 8 seconds of observation, the covariances appear stable.
However, the covariances obtained 3 seconds later (Figure 3) indicate a noticeable increase (note
the change of scale). The same behavior was observed on a 20m propagation distance.

010 T ) 1

3

COVARIANCE

1
) 2
SEPARATION (cm)

Figure 2 Covariance measurements for locally stationary conditions.
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1 1
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SEPARATION (cm)
Figure 3 Covariance measurements for locally nonstationary conditions.
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Figures 4 and $ display the covariances for data collected on an overcast summer day with a
light wind. The propagation distance was 350m. Again, note the rapid change in the covari-
snces. ;l‘hm regions of enhanced turbulence are most likely due to the passage of thermal
plumes”.

.003

002

COVARIANCE
g

[
0 1 2 3 4
SEPARATION (cm)

Figure 4 Covariance measurements for locally stationary conditions.
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Figure 5 Covariance measurements for locally nonstationary conditions.

The average of 72 seconds of data during a more stable period is shown in Figure 6 along
with the best fit theoretical covariance assuming the Tatarskii turbulence spectrun: The two
curves are very similar but more data is required in order to determine the exact shape of the
turbulence spectrum. It is believed that when the Reynold’s number is high and the air is dry,
then the turbulence spectrum is described® by a universal function. Given this universal spec-
trum, the covariance measurements will provide accurate estimation of the spectrai parameters
C.} and l;. These two parameters provide essential information about the brundary layer
energy processes.

The atmospheric surface layer is a complicated random fluid. These measurements indicate
that the turbulence spectrum changes quickly and substantially. The atmosphere is not
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homogeneous and stationary. A complete description of this random field is required in order to
predict the statistics of wave propagation in the atmosphere.
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Figure 6 Measured covariance function (=) compared with
theoretical covariance function (- - - ) using Tatarskii’s spectrum
with C,2=9.4x10"m ~2P and 1y=9.59mm .
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“"Atmosphecric Correction Algoritha of Real and Simulated Space
Imagery Using Radiative Transfer Code”

BY
Hongsuk H. Kim
NASA-Goddard Space Flight Center
Greenbelt, MD. 20771

An image processing algorithm which can be used not only to
simulate satellite mulitispectral imagery but also to derive
surface reflectance froa satellite imagery is being developed. In
essence, the algorithm is a pixel by pixel modelling of the
atmospheric radiance which can be either added to a simulated
ground scene or subtracted from space data.

An established atmospheric radiative transfer model, known as Dave
Code, has been adapted for this pixel by pixel correction process.
1) The output of the code was modified by interpolation so that the
model’'s look angle matches the geometry of each pixel of a scan
line. The computed up and downwelling solar radiance of each pixel
was then arranged to give the upwelling radiance for ten surface
reflectances. This N by 10 dimensional matrix (N = the number of
pixel elements in a scan line) is reduced to N by 3 dimensions
using three quadratic coefficients which best fit intensity vs
ground reflectance slope. In table 1, a sample of the printout is
shown.

TABLE 1 UPWELLING RADIANCE IN THE FORM OF QUADRATIC

COEFFICIENTS
Wavelength=472 na
Tmie=0. 262 Size Parameter v=3.0
SZA=48 AZI=90
Look
Angle Al A2 A3
0 0.063806 0.453468 0.10%617
1 0.063816 0.453¢28 0.105599
2 0.063038 0.453301 0.103310
3 0.06307% 0.4%3268 0.103480
4 0.063923 0.453187 2.105389
4 0.063986 0.453036 0.10335%9
S 0.064063 0.4352918 0.10%262
6 0.06415% 0.4%2730 0.105226
7 0.06425%5 0.432383 0.103109
8 0.064372 0.452367 0.105056
9 0.064503 0.482161 0.104938
10 0.064651 0.451883 0.1C4884
11 0.064807 0.451654 0.104731
12 0.064982 0.451346 0.104648
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For Jemonstration, a simulated ground reflectance scene for 472na
that includes a variety of terrestrial targets such as highly
reflective snow, sandy soil. and dark ocean surfaces along with
land vegetation with built-in bidirectional reflectance behavior
was synthesized. 2) Since aerosol scattering and absorption are the
most important variables of the atmospheric effect on remote
sensing imagery, the simulated scene was processed using four
different aerosol optical thickness atmospheres. A wide field of
view of +/-60 deg simulates the data acquisition conditions of
NASA's future Eos/MODIS.1 At a glance, the resultant simulated
satellite images for four different {Mie) conditions shown {in
figure 1 do not display visible differences that might be
associated with increasing aerosols. However, the changes induced
by the aerosols become more obvious in line profile plotting.
Analyses showed aerosol scattering is an important reason for the
brightening effect for dark surfaces such as ocean and vegetations
in the blue spectral region, while significant absorption is taking

Figure 1 Simulated satellite images for four different optical
thickness atmospheres.

1 Moderate Resolution Imaging Spectrometer.
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place for bright ' irfaces such as snow or sandy soil. Consequently
there exists a ret_ectance point at which the upward intensity is
insensitive to changes in aercsol optical thickness. Also the plot
showed, if an imager has a wide off-nadir view angle (i.e. MODI1S,
AVHRR or CZCS), non-linear curlings in total radiance will occur
for both dark and bright surfaces at extreme angles.

These are quantf{tatively observable phenomena and become important
clues in searching for optimum atmospheric parameters to be used
for the removal of the atmospheric effects from space image-y. In
order to perform atmospheric correction, the earlier three
quadradic coefficents, Al, A2 and A3, are used in solving for the
reflectance, ¥y , from the following equation.

3
A3 x (fy) *» A2 x () + Al - LaA=0

where Lx denotes the intensity of upwelling radiance at the
satellite. Using the line profiling method of the derived surface
reflectance, several different optical thickness atmospheres were
tested until a “"correct”™ atmosphere was found. Incorrect optical
thickness parameters result in significantly exaggerated
reflectances, including negatives or values in excess of 1.0. It
would appear correct reflectance from a homogeneous target yields a
single value and this can be only inferred from correct atmospheric
parameters.

This iterative approach was used in removing the atmospheric effect
from a TM scene which was taken over the nuclear power plant at
Chernobyl, USSR on April 29, 1986. An optimum aerosol optical
thickness was determined using line profile plots of the Chernobyl
cooling pond with several sets of J{Mie) correction factors. A
water reflectance of 5% was assumed, hence an effective F(Mie) of
0.39 was inferred. The left image of figure 2 is a ground
reflectance scene of the Chernobyl power station area processed by
this method. The validity of such processing cannot be confirmed at
this stage. However our earlier application of the Dave Code for
ocean atmospheric system modelling leaves us to believe the outcome
of the model has been reasonably accurate.3) This study
demonstrates use of the model can be expanded to pixel by pixel
correction of atmospheric effects from remote sensing imagery of
land and ocean. (Approximately 15 minutes presentation)
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Figure 2. TM Chernobyl power plant scene with and without having
applied the atmospheric effects correction.
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GASCOSCAN and GASCOFIL- Remote Sensing Gas Correlation Spectromsters

for Tropospheric Trace Gas Measucrements
W. H. Morrow and R. W. Nicholls

Centre for Research in Experimental Space Science {CRESS)
York University

4700 Keale St.

North York, Ont., M3J 1P3

Correlation spectroscopy, which is a powerful diagnostic tool
for the determination and monitoring of trace atmosgpheric
contaminants, involves a correlative cowmnparison between the
featuras of a "field spectrum” of a specific region of the
atmosphere, and the features of a “"mask function” which is
repregsentative of the spectral absorption features of the
molecular species of interest. The degree of correlation
between ¢these can be interpreted gquantitatively as a direct
neaszure of the column density of the speciez of interest in the
instrumental field of view.

Both of the spectrometerszs described here use the gas filter
non-dispersive corrzlation method. They incorporate Jas cells
containing a sample of the gas to be detected in the
tropospheric target. A block diagram of the system used in each
is shown 1in fig. 1. Light fraom the target i1z collected by a
telescope and passed through a gas cell choppsr. The light
transmitted by the chopper is zent through a spectrum analyzer
(filters or spectrometer) and focusaed onto a datector (or array
of detectors). The resulting time dependent signal is amplified
by a preamplifier and sampled by an A to D converter attached to
a microcomputer data buss. Synchronization with the chopper ia
obtained ¢triggering interrupts in the microcomputer with aignals
derived from optical pickoffs on the gas filter wheal.

The simpler, smaller and most portable of the two instzruments,
GASCOFIL usues four gas cells on a 10 cm. filter wheel to make
corralation measurements, (see fig 2.) This system has baer
field tested at the Ontario Hydro Lakaviasw Thermai Generating
plant, as a plume tracker, S02 monitor, and quantitative S§02
remote sensor. Fig 3. gshows some of the results of this survey
(Reported earlier in Morrow, Nicholls).

The largar instrument, GASCOSCAN, uses an echelle polychromator
to igolate the spectral regions of interest. This allowsg up to
16 datectors to view ceparate spectral regions in the UV and IR
in the range of .2 to 11 microns. 1In addition, the GASCOSCAN
polychromator has a motorized micrometer drive. This allous
scanning through the spectral featuraes of interest which can be
used to establis. an zero level for the correlation signals.
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The GASCOSCAN optical gystem {gs shown in fig. 4. GASCOSCAN has
been operated as a passive remote sensor or as an active folded
path sensor. In the passive mode IR and UV flux in the field of
view 18 collected by a Newtonian telescope, passzed through a
high speed chopper and a gas cell chopper and spectrally
analyzed and detected with the polychrometer/ detector sysitem.
In the active mode UV and IR flux from a lamp source is passed
through the gas cell chopper and a high speed choppar. The high
spred chopper 4is8 arranged to modulate the 1light between a
refaeraeance path and the 300 meter atmospheric path.

The GASCOSCAN system is currently undergoing field trials for
the detection of NO2, 802, €9, C02, N20, NH3 and other trace
spacies of tropospheric interest.
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Signal Requirements for Remote IR Limb Sounding of
Atomic Oxygen and Temperature in the Thermosphere

R. D. Sharma
Air Porce Geophysics Laboratory
Hunscom AFB
Massachusetts 01731

A. S. Zachor
Atmospheric Radiation Consultants, Inc.
59 High Street
Acton, Massachusetts 01720

SUMMARY

Atomic oxygen plays an important role in chemical and
collisional processes in the earth's mesosphere and
thermosphere. Current techniques, both in situ and remote,
for measuring oxygen atom densities in this altitude regime
have produced results with unexplained large disparities. We
are investigating the feasibility of an approach wherein
vertical profiles of translational temperature and oxygen aton
density are recovered from measurements of the earth's limb
radiance profile near 147 micrometers and/or 63 micrometers
wavelength, corresponding to the OI (3Pe-3P: and 2P -2P;)
transitions of the ground electronic state of atomic oxygen.
The assumption that the ?P fine structure levels are in
thermodynamic equilibrium (LTE) with the local translational
temperature is crucial to the proposed technique, but seems a
reasonable one based on the very long radiative lifetimes of the
level transitions.

The two sought-after vertical profiles can, in
principle, be recovered from a) a pair of limb radiance
profiles representing the total (spectrally integrated)
apparent intensities of the two OI lines, or b) a spectrally
resolved limb radiance profile for just one of the lines. The
use of spectrally resolved data, which makes the LTE assumption
less critical, implies an instrument with resolving power
somewhat greater than 10°, which could be achieved using a
Fabry-Perot system with metal mesh etalons. An IR heterodyne
system, if one could be designed to operate near 147 micrometers
wavelength, would be more complex but would easily provide the
required high resolving power.

Reported in this paper are the results of one-
dimensional inversions, by an onion-peel technigue, of synthetic
data representing both the spectrally resolved and unresolved
cases for various resolving powers and signal-to-noise levels.
The results define the basic sensor performance requirements for
remote IR limb sounding of atomic oxygen and temperature.
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Concepts for Future Msteorologicesl Earth Observing Sensors

David L. Glackin

The Aerospace Corporation
P. 0. Box 92957
Los Angeles, California 90009

Introduction

The Asrospace Corporation is currently surveying advanced sensor concepts
for eovironmental monitoring from space in the late 1990's snd beyond.
The parameters to be measured include a wvide variety of atmospheric,
terrestrial, and oceanographic items. The specific sensor concepts to
be described apply to the measurement of clouds, winds, temperature,

and humidity. Special emphasis in this presentation will be placed

on the subjcet of clouds. The sensor concepts include:

1) a scanning radiometer for low Earth orbit cloud observation,

2) a meter-class telescope for geosynchronous altitude cloud
observation,

3) a millimeter wave radar for cloud top, layer, and base
sensing,

4) a stereo imager with a lidar sounder for cloud top sensing,
$) a lidar vind sensor, and

6) a differentisl absorption lidar (DIAL) for temperature and
humidity profiling.

Clouds

Sengors that are capable of measuring cloud cover, cloud type, and

cloud top, layer, and base height have been studied. The height of cloud
layers and bases is a particularly difficult measurement. Sensors in

orbits that range from low Earth orbit to geosynchronous orbit have been
considered. The goal is to arrive at & systum that can cover the tropo-
sphere snd stratosphere over the globe with a horizontal pixel size of 0.5
km, a vertical resolution of 30 to 300 m, depending on altitude, and &
refresh rate of 15 minutes. The refresh rate might be attained by striking
s balance between the number of satellites in orbit and the predictive
capability of numerical models.
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The multispectral imaging sensor concept is for a scanning radiometer

that operates in the visible and the near, mid, and lonz wave IR, Day/
night sensing of cloud cover and type is provided by the visible and mid to
long wvave IR channels. A channel in the 3.7 micron window band is used

to revesl low clouds and fog, which are often not evident in the long wave
IR. Discrimination of snow from clouds is done with a channel at 1.6
microns, in the daytime. The reflectance of snov is low at this wavelength,
while that of clouds remains high. The synergy of this semsor with other
environmental parameters of interest is high. It can be used to map regions
of snow cover and ice, to discriminate liquid water from ice clouds, and to
seasure cloud-tracked winds, albedo, and sea surface temperature.

High-resolution imaging at geosynchronous altitude calls for a different
concept. A meter-class diffraction-limited three-mirror visible/IR
telescope has been studied for such applications. The goals of this Large
Meteorological Telescope (LMT) are the same as those of the scanning
radiometer for low Earth orbit, but the available coverage and timeliness
are better for a large fraction of the globe. This sensor concept is
similar to that described by Maxwell (1986).

The measurement of cloud layer and base height from space poses a much
greater problem than that of cloud cover and type. Lidar cannot fully
penetrate any clouds but cirrus. Owing to the very high scattering found in
non~cirrus clouds, a lidar sensor could not be used to probe their vertical
structure over depths of more than a few hundred meters. There is no

"magic wavelength” at which more extensive profiling is possible with 1lidar,
Cloud top height, on the other hand, can be measured quite accurately with
a lidar sounder (see below).

Owing to the limitations of lidsr outlined above, another sensor concept has
been studied. Dense clouds are essentially opaque to radiation at infrared
vavelengths and shorter, and are ususlly transpsrent to radiation at
centimeter wvavelengths and longer. In the intermediste millimeter wavelengths
(1 == to 1 cm) clouds are semitransparent. A radar operating at wavelengths
having sufficient measureable backscatter but also sufficient transparency has
the potential for measuring cloud top, layer, and base height from orbit. A
range-gated dusl-frequency millimeter-wave radar (MIWAR) operating in the
window bands at 35 and 94 GHz should be able to profile clouds having a wide
range of liquid water content. Drier clouds such as stratus and cumulus
should be more easily profiled at 94 GHg, vhile wetter clouds such as
cumulonimbus should be more easily profiled at 35 GHs. Multiple frequencies
will also help to separate the effects of attenuation from backscatter. The
exact performance of the instrument is difficult to predict, partly because
the physics is complicated and partly because the requisite data base of
cloud observations does not yet exist. Meteorological radar operating at

94 GHz is now being used on the ground for preliminary cloud studies
(Lhermitte, 1986)., Owing to power and aperture considerations, the MIWAR
does not appear to be appropriate for high orbits.
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The space-based radar concept outlined above is an expensive and risky
proposition. As a partial slternative, an infrared sounder can be used
to messure cloud top height, but with unacceptably large error, and to
make a crude estimate of cloud thickness (Yeh and Liou, 1983), There
appears to be no potential for accurate inference of layer and base height
from such an instrument, Hence, an IR sounder is not a viable alternative
to the MIWAR,

Another partisl alternative is a atereo imaging sensor with a lidar for
pracise range calibrstion. This Stereo Imager/Lidar Atmospheric Sounder
(SILAS) would consist of a device that acquires imsges while looking forward
and backwvard along the satellite track, for the purpose of messuring cloud
height from the offsets in stereo imsge pairs. An associated lidar sounder
would measure precise reference points at selected intervals, for accurate
calibration of the height scale. The lidar could also be used to detect
high=altitude subvisual cirrus (Carswell, 1983), The concept 1s similar

to that proposed by Lorenz (1983), Sterec pairs of images have been acquired
from many geostationary satellites (e.g., Hasler, 1981), but the use of
overlapping geostationary fields of view is unsuitable in an operational
environment, Although it is a powerful technique, the SILAS concept only
solves part of the cloud height problem. Thus, implementation of the MIWAR
concept is indicated.

Winds

Sensors that are capable of measuring the wind vector to +/-2 a/s throughout
the troposphere and stratosphere have bean surveyed. The concept is for

a coherent doppler lidar similar to one of those reviewed by Mensies (1986).
Further details will be provided in the presentation,

Temperature and Humidity Profiling

Sensors that are capable of measuring the verticsal tempersture profile to
+/-1K and the vertical humidity profile to +/-1 g/m3 have been surveyed.

The concept is for a DIAL (differentisl absorption lidar) instrument. PFurther
details will be provided in the presentation.
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Large Aperture Measurements of Optical Turbulence
0. M. Winker

AFWL/ARBA, Kirtland AFB
Albuquerque, NM 87117

There exists a significant body of literature, developed over the last
10 years or so, concerned with the theoretical analysis of atmospherically
induced wavefront aberrations in terms of Zernike polynomial decompositions
and power spectra of the lernike modes (1-4). To date there has not been

a satisfactory experimental verification of these analyses.

An experiment to collect data concerning the effects of atmospheric
turbulence on the propagatfon of starlight through the atmosphere has been
conducted since spring 1986 on the 107" telescope located at McDonald
Observatory in west Texas. The experiment measures phase and intensity of
atmospherically aberrated starlight with high spatial and temporal resolu-
tion. The data being gathered will provide data relevant to the develop-
ment of atmospheric turbulence theory. Observations are scheduled to

continue through the first half of 1987.

The experimental setup is relatively simple. A lenslet array con-
sisting of a 50 mm diameter region filled with 1 x 1 mmZ square lenslets is
used to perform a Hartmann test (5) on the wavefront at the telescope
entrance pupil. About 900 lenslets are located in the unobscured portion
of the aperture. The focal spots formed by this lenslet array are recorded
on photographic film for later analysis. A gated image intensifier
controls the exposure time. Signal levels are adequate to allow one milli-

second exposures, sufficient to “freeze” the atmosphere. A fast scanning
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mirror gives the ability to record tw> wavefronts separated by a time delay
which may be as short as one millisec nd, allowing the measurement of phase
decorrelation times. Simultaneous measurements of Fried's coherence para-
meter, ro, using a separate instrunent, and measurements of temperature
differences along the optical path within the telescope are used to gauge
the importance of turbulence within the dome versus the turbulence in the

free atmosphere.

The intensities of the recorded spots give scintillation information
and the spot positions are used to reconstruct the phasefront. This infor-
mation is analysed in various ways. Of primary interest is the decom-
position of the phasefronts into Zernike polynomials, from which the
variance of the coefficients of the various Zernike modes can be derived
and compared with theoretical predictions. Recent work (6) predicts signi-
ficant attenuation of low spatial frequency Zernike modes on large aperture
telescopes due to finite outer scale. Measurement of the degree of atten-
uation can be used to characterize the outer scale. A comparison of
results with the relevant theory will be presented.

1. Noll, R. J., 1976: Zernike Polynomials and Atmospheric Turbulence,
JOSA, 66, p207-211.

2. Greenwood, D. P., 1977: Bandwidth Specification for Adaptive Optics
Systems, JOSA, 67, p390-392.

3. Greenwood, 0. P. and D. L. Fried. 1976: Power Sectra Requirements
for Wavefront-Compensative Systems. JOSA, 66, p193-206.

4. Tyler, G. A., 1984: Turbulence-induced Adaptive optics. Performance
Degradation: Evaluaton in the time domain. JOSA A, 1, p251-262.

5. Malacara, D., 1978: Optical Shop Testing, Wiley and- Sons, NY, NY.
6. MWinker D. M., 1986: Digest of the International Conference on the

Optical and Millimeter Wave Propagation and Scattering in the
Atmosphere, May 27-30, 1986, Florence, Italy.
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A Compact Wide-Fleld Sensor for
Remote Sensing of Ocean Phenomena

by

Thomas S. Pagano and Loren M. Woody
Santa Barbara Research Center
Hughes Aircraft Company
75 Coromar Dr.

Goleta, Ca. 93117

Abatract

A low-cost, high-performance sensor design for low-earth-orbit ocean-color remote
sensing is presented with system tradeoffs and performance estimates.

Introduction

Global and mesoscale oceanographic
applications and coastal zone studies
require remotely sensed ocean color and sea
surface temperature measurements for
diverse applications including mapping of
sediments and phytoplankton and estimating
sea-surface temperatures. Phytoplankion
concentrations can be used to determine the
locations of fish and other gea life and are
essential to gaining an understanding of the
carbon dioxide cycle, a link to global
climate changes. This paper describes a
compact wide-fleld sensor for measuring
ocean color and sea-surface temperature

from low earth orbit, designed to meet the
requirements specified by the
NASA/NOAA/EOSAT Sea-viewing Wide-
Field Sensor (SeaWiFS) Working Group
(Ref. 1).

System Requirementa and
Conatzainia

Several key user requirements and
orbital constraints influenced the design of
the SeaWiFS. The required spectral bands
and their purpose are shown in Table 1.

Table 1: Spectral Bands for the SeaWIFS Sensor

Band Wavelength (um) Purpose
Center Width
1 0.443 0.020 Chiorophyil Absorption
2 0.500 0.020 Pigment Absorption
3 0.565 0.020 Sediments/Hinge Point
4 0.665 0.020 Atmospheric Correction
5 0.765 0.040° Atmospheric Correction
6 0.865 0.045 Atmospheric Correction
7 11.00 1.000 Sea-Surface Temperature
8 12.00 1.000 Sea-Surface Temperature |

* Blocked from 0.759 - 0.770 um to avoid oxygen absorption.

191




User requirements, program
schedules, spacecraft accommodations, and
ground-station compatibility all constrain
the sensor design. The Landsat-6
spacecraft is the proposed platform, and its
scheduled launch date limits the design to
an instrument that can be implemented in
18 10 20 months. Also, since the primary
mission of Landsat-6 is the Thematic
iMapper, only a small, lightweight
instrument with low power consumption
can be considered. n order to maximize
the utility of the data, the data output
format was constrained to be compatible
with the High-Resolution Picture
Transmission (HRPT) format used by
axisting ground stations to receive
Advanced Very High Resolution Radiometer
(AVHRR) data [Ref. 2].

To avoid sun glint, the field of view
must be pointable +20° along-track, and to
provide daily coverage, it must scan
+58.5°. Instrument polarization
sensitivity must be less than 2% to enable
existing atmospheric correction algorithms
to be used. Bacause the “water-leaving”
radiance is small, all six of the visible and
near irfrared (VNIR) bands must be
extremely sensitive. Finally, the cost of
the sensor and the risk associated with it
must be low; therefore, only those features
that appeared most promising and
affordable were considered.

System Design

An isometric view of the resulting
SeaWiFS sensor concept is shown in
Figure 1. The telescope rotates a full 360°
cross-track and can be tilted alcng-track
to one of three positions; +20°, 0°, and
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-20°. A fold mirror in the telescope
reflects the scene energy to a mirror that
rotates with the telescope. The scene
energy is then intercepted by a hall-angle
mirror that rotates at half tne rate of the
telescope, relaying the scene energy to the
dichroic beamsplitters and aft assembly
objective lenses. The SeaWiFS scanning
technique results in less than 1.7%
polarization sensitivity with no image
rotation.

A single detector width along-track
is used for each band, resulting in a raster
scan system. To be compatible with the
HRPT format, the sensor must trace 6
scans per second; therefore, for the
Landsat's polar orbit at an altitude of
705 km, the along-track sample spacing
must be 1.13 km. This results in an
instantaneous field of view (IFOV) of 1.6
mrad and an dwell time of 42.32 us.

A 4.8 mil (122 um) detector pitch
was selected for ease of manufacturing of
the long-wavelength infrared (LWIR)
detectors. To make the footprint projection
of ihese detectors equal the along-track
sample spacing (1.13 km), the optical
focal lenqth of the system was chosen to be
7.64 cm.

The SeaWiFS telescope is a 3x
maganification, three-mirror, #/1.3 afocal
system with a 5.9 cm aperture and a 25%
areu obscuration by the secondary mirror.
The night spectral bands are arranged in
four groups of two; each grcup has its own
refractive focusing objectives, tailored to
the spectral bands of the group. On-focal-
plane spectral filters are used to separate
the individual bands within the groups.
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Figure 1: SeaWIFS Ocean-Color Sensor

The 360° scan, in addition to
providing the required 117° scene scan,
allows viewing of an internal biackbody for
JC-restore of the LWIR channels. A space
view for zero reference and a solar diffuser
that folds into the view of the scanning
telescope are provided for calibration. DC-
restore is performed once per scan and
solar calibration can be performed once
per orbit.

Six of the eight spectral bands lie in
the VNIR region of the spectrum. Time
delay and integration (TDI) of five discrete
photodiodes per spectral band is required to
meet the desired signal-to-noise ratio for
these channels. Since each focal plane
contains two spectral bands, each VNIR
focal plane contains 10 photodiodes
arranged in a line array with a one-IFOV
filter-coupling space between the groups of
five elements. This results in a total
optical field of view of 1°. The imaging
elements are space-qualified discrete
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silicon photodiode-preamplifier hybrids
operating in the photovohaic mode. TDI is
performed off-focal-plane after
digitization using a custom TDI electronic
processor. Two discrete photoconductive
mercury cadmium teliuride (PC: HgCdTe)
detactors are used for the LWIR bands.
Cooling is achieved using an A.D. Little
radiative cooler, and the operating
temperature provided by the radiative
cooler is 110K.

The SeaWiFS design resulted in a
sensor envelope of 12.6" x 12.0" x 12.0"
weighing 18 Ibs with an additional
electronics module weighing 7 Ibs. The
average system power dissipation,
including the electronics module, is
60 Watts. The SeaWiFS data rate is
665 kbps (HRPT format).




TuCl3-4

Sensor Performance evaluate the sensor, and the distribution
function of a blackbody of 300K was used to
The expected performance of the compute the infrared radiances. Table 2
SeaWiFS sensor was estimated for the VNIR lists the resulting performance
and LWIR bands using the sensor parameters. These performence values
parameters described above. For the VNIR meet the requirements identilied by the
channels, ocean radiance conditions joint NASA/NOAA/JEGCSAT SeaWiFS Working
corresponding to the reflectances of the Group [Ref. 1}. ’

MODIS specification [Ref. 3] ware used to

Table 2: Signai-to-Noise Ratio (SNR) and Noise Equivalent
Temperature Difference (NEAT) fur ihe SeyW!FS senszor.

Band Wavelength (um) Spectral Radiance SNR
Center Width (mW/cm2.ster-um)
1 0.443 0.020 5.8 474
2 0.500 0.020 4.5 507
3 0.565 0.020 28 401
4 0.665 0.020 1.7 350
5 0.765 0.040 1.0 343
6 0.865 0.045 0.4 243
NEAT (300K)
7 11.00 1.000 0.20
8 _12.00 1.000 0.23
Concjusions

A sensor concept was developed to satisfy the primary requirements of an ocean color
sensor. This concept uses a raster scan with a rotating telescope and results in a small,
lightweight, low-power, high-performance instrument.
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Optimum Local Oscillator Levels for Coherent Detection
Using Photoconductors
John M. Hunt, J. Fred Holmes, and Farsin Amsajerdian
Oregon Graduate Center
Department of Applied Physics and Electrical Engineering
19600 N.W. Von Neumann Drive
Beaverton, Oregon 97006-1999
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SUMMARY
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Photoconductors can be used as optical heterodyne detectors and they have the
advantage of lower cost and larger sise. Much literature is available for the perfect
case where the circuit connected to the detector has no effect on the response of the
detector. For direct detection when the signal is very small these results may be
satisfactory. However, application of an optical local oscillator in the milliwatt
range to the photoconductor modifies its conductance sufficiently tc have a consider-
able effect on both the responsivity of the detector and its interaction with the signal
processing circuitry. Penin et al. [1] recognized that there was a local oscillator
induced interaction with the circuit and derived a formulation for the noise factor of
a photoconductive detector as a function of local oscillator power. Unfortunately,
they did not recognise that the equivalent source term is also modified by the local
oscillator; and consequently, their result is not correct. In this paper, the signal to
noise ratio (S/N) is derived for a photoconductive detector as a function of local
oscillator power and includes both effects. It will be found that there is a finite level
of local oscillator power for which the S/N is a maximum.

In the linear region, the conductance of the photoconductive detector can be
modeled as

Gaatactor = G + G'Pyy (1)

where G is the dark conductance, G’ is » constant (at a given frequency) and Py, is
the optical power applied to the detector. In order to obtain a signal from the
detector, & bias must be applied. A circuit to accomplish that is shown in Figure 1
where Vp is the applied direct current bias voltage which, because of the inductor, is
applied only acroes the detector. The current that flows through the detector is

given by
i == Vg Gror (0, Py) = Ipc + iget + higher order terms (2)
where
Ph Pw '}'Pu.g - Pw +2V PLoPg (3)
Grop = G + G'Pyo for @ = 0 )
Gy (G+ G'Py)

Cror = Gy GPL 4 Gy [ @™ “Be ©®)
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and Pyg is the applied local oscillator power that establishes an operating point
aYout which there will be small fluctuations due to the signal power Pg. Now by
expanding in a series as indicated in Eq.(2), iy can be found and is given (neglect-
ing higher order terms) by

Gt

(G + Gy + G'Pro)

Ipc + ijgee = VB(G + G'Pw) + 2VaG'V ProPs (6)

where use was made of

Phu (7)

g 3Gror(w, Py) Py,
Het — 'B aPy, P =P.o OPHat

The second term in Eq.(6) is the signal current that flows through the AC coupled
conductance. This corresponds to the small signal circuit shown in Figure 2 where

NPT G

It can be seen from Eq.(6) that the signal current is s function of Py o and a simple
calculation shows that it peaks for

_ G+G

Po=—35 (9)

The noise sources are generation-recombination (g-r) noise due to the bias and
Johnson noise from the conductances with the same equivalent circuit as for the sig-
nal. This corresponds to a total noise current variance (neglecting noise on the local
oscillator) of

<i3> = 4lpceBg + 4kTp(G + G’ Pro)B + 4kT,G B (10)

where e is the electronic charge, g is the photoconductive gain, Ipc is the bias
current, B is the bandwidth, k is Boltsmann’s constant, Tp) is the temperature of the
detector, and T, is the equivalent noise temperature of the terminating conductance
and any amplifier that follows.

Using Eq.(6) and Eq.(10) the signal to noise ratio is given by

Vg (G')* Pro Ps G{ £
B ((G + G'Pro) (V4 bvG'/n + kTp) + kTG, ) (G +Gu+ G'Pro)’

S .
N

h G’
where use has been made of g = —‘:!9— and h is Planck’s constant, v is the opti-

cal frequency, and v is the quantummeﬁcienq of the detector. For the usual case
where the g-r noise is dominant, this can be rewritten in a form more suitable to
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graphing as
SBh _ 7'
(S/N)ormaised = N Pyq 1+x)1+y+x)? (12)
where
X = (B:?A, and y = 'EE' .

Equation (12) is shown in Figure 3. A simple calculation shows that S/N peaks at a
finite Py g for which

Optimum Pyq = ‘—-g- [Ve+sere - 1] (13)
This work was supported by the U. S. Army Research Office.
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Detector C

Fig. 1 - Bias Circuit
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RADIANCE RATIO CLASSIFICATION OF EARTH SURFACE FEATURES--
A SPACEBORNE SHUTTLE EXPERIMENT

W. E. Slvertson, Jr.
NASA Langley Research Center
Hampton, VA 23665

Abstract

New spaceborne technology 1is being developed for autonomously detecting
and classifying four primary Earth features--water, vegetation, and bare land,
and a cloud-snow-ice class. Using this technology, a space-based remote
imaging system could provide automatic pretransmission screening and selection
of remotely sensed information. Classification is based on camera output
radlance ratio values. The hardware is relatlvely small and could be operated
in concert with other spaceborne sensors to remotely monitor Earth
resources. This paper discusses the technology concept and spaceborne Shuttle
test flight results.

Introduction

Land, vegetation, water, clouds, snow, and 1ce are unique classes of
Earth features (Ref. 1). New technology has been tested onboard the Space
Shuttle that will allow an instrument to automatically classify these features
(Ref. 2). An image generated by the instrument is subdivided into pixels.
Each pixel is identified relative to its Earth feature class and its location
within the image. The experiment is identified as the Feature Identification
and Location Experiment (FILE).

Overview

The FILE instrument (Figs. 1 & 2), flown on the October 1984 Space
Shuttle 41-GC missfon, includes a sensor electronics unit containing two
charged couple device (CCD)' silicon detector cameras with their associated
classification electronics, a buffer solid-state memory data storage unit, two
magnetic tape recorders, two 70-mm film cameras, and a telemetry and tape
select control interface unit. Image data are generated by the CCD sensors,
are stored in the buffer memory, and are transferred to a tape recorder. The
tape recorder is seiected via telemetry control. Each image includes VR and
IR digital images, Earth feature classification counts, and Creenwich Mean
Time (GMT). The two Hasselblad 70-sm film cameras record Iimages
simultaneously with the CCD cameras.

Each CCD camera is configured as a two-dimensional array of 100 by 100
detector diodes providing 10,000 pixels for each CCD image. The two cameras
are equipped with an optical assembly including a 10.6-mm focal length, &-
element, 30° field angle lens; an F/5.7 aperture stop; and an interference
filter having a half-power bandwidth of approximately 11.2 nm. One camera
operates with a filter having a spectral band centered at 0.65 wm. The second
camera operates with a filter having a spectral band centered at 0.85 m.

The fleld-of-view for the FILE instrument is approximately 21.4° by 16.2°.

Each 70-mm film camera uses a 100-mm focal length lens with a square
flield-of-view of 29.2° by 29.2°. All CCD and film cameras are boresight
aligned to allow the film camera images to correlate with the C(CD images for
use in postflight analysis of FILE classification accuracy.
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Calibration for Clouds

The FILE instrument uses a simple ratio technique for wmaking a
classification decision (Ref. 3). Each CCD camera voltage ouput is a function
of input radiance level. The voltage ratio is compared to a simple linear
algorithm, derived from spectural signature information (Ref. &), to determine
the Earth feature class for each pixel location within the detector array.

The FILE instrument is callbrated to provide a full-scale output voltage
signal In response to a maximum expected radiance input. Clouds provide the
highest expected reflected radiance values. Estimates of cloud radiance
values sensed in orbit should be 75 percent of the solar spectral radlance
measurement values viewed on the surface of the Earth (Ref. 5). For the 51-G
mission, solar zenith angle was estimated as 24° and the solar spectral
radiance values are reduced by a factor equal to the cosine of 24°., The
product of measured solar spectral cradlance times the zenith angle factor of
0.9 and the factor of 0.75 for cloud reflectance at orbital altitude, results
in the expected maximum radiance values (FILE full-scale signal) for clouds
equal to 29.8 mw/cmc-sr-um for the 0.65 1m camera and equal to 21.8 mw/cm-sr-
um for the 0.85 um camera. Based on these values and full-scale response, an
f stop value of 5.6 was selected for each camera.

Mission and Data Collection

The FILE instrument was fintegrated on a Pallet payload and flown onboard
the Shuttle Challenger on the 9-day STS 41-C mission. The vehicle was
launched from the Kennedy Space Center (KSC) in Florida, on October 5, :984.
Orbital altitude ranged from approximately 372 km to 225 km during FILE data
collection. A total of 242 images was recorded. Sun angle over the image set
ranged from approximately 23° to 63°. Each Earth-view image data set
fncludes: a VR image, an IR image, real-time-decision classification counts,
and GMT. Electronic CCD camera data are recorded on the tape recorders and
are retrieved postflight via electronic readout. Each postflight processed
classification Image is compared with the FILE 70-mm correlative photographs
to aid in evaluating the system performance.

Processing and Analxsls

All FILE/41-G images were processed and resulted In rendering good agreement
between postflight processed classification {images and their companion
correlative 70-mm film Images. The pixel ratio is initially processed using
an algorithm analytically defined from spectral signature data and an image 1is
generated In which each pixel is properly located within its ratlo image and
the pixel is color coded as to the Earth feature class. An 8- by 10-inch
color classification image 1s generated and 1s compared with 1its companion
FILE 70-mm Earth views of the scene via an optical transfer scope. Co-
registration of the images in the transfer scope along with photo
interpretation allows the evaluation of the accuracy of FILE classification.
A FILE image from the 41-G mission is shown in Fig. 3. The outlined area In
the 70-mm image in Fig. 3 1is a map of the embedded area covered by the CCD
cameras. An experimentally defined algorithm is shown in Fig. & and was used
to process all FILE/41-C images. Resulted classification images were in good
agreement with their companion correlative fllm images.
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A subset of 37 FILE cloud images was selected and studied. These cloud
data subsets were analyzed to statistically define VR values and ratilo
values. The wedn and standard deviation values for clouds are as
follows: WR 2 (1.08) 2 0.078) IR. The WR cloud level 1s W 2 199.23 » 38.52
out of a full-scale value of 255.

Concluding Remarks

Twc-channel (0.65 um and 0.85 m) ratio detection technology can be used
to autonomously classify Earth features from low Earth orbital altitudes., A
simple straight line algorithm can be implemented to function in real time
with Earth surface targets illuminated with Sun angles ranging from 23° to
63°. An experimentally successful algorithm has been defined with a water
decision slope of 0.8 (VR = 0.8 IR) and a vegetation decision slope of 0.695
(W = 0.695 IR) and a cloud decision VR threshold of 4% percent of the VR full
scale response value. The experimentally defined algorithm effected
classification decisions that were in good agreement with 70-mm correlative
images.

Solar-elevation angle varied over a range from 23° to 63° during the data
takes, and this resulted in a calculated mean cloud radiance signal of
approximately 70.3 percent of the expected full-scale value. The mean of the
measured cloud signal level values for a set of 37 cloud images is 199.23 out
of 255 or 78 percent of the full-scale signal level and is in good agreement
with the expected value.

The FILE Shuttle spaceflight results obtained from the 31-G flight
demonstrate the suitability of radiance ratlo technology using a simple y = mx
algorithm to autonomously classify the four Earth surface features water, bare
land, vegetation, and clouds/snow/ice. The technology is potentially useful
for developing advanced decision-making automatons for use with space-based
real-time sensor systems. The FILE technology 1s especially attractive as a
cloud sensor where, in advance of or during a mission, a threshold value for
percentage of cloud cover can be programmed and/or adaptively modified for use
in the control of other remote sensors.
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THO SCINTILLATION METHODS OF MEASURING TME INMER SCALE

Regineld J. N

NOAA/ERL Nave Propegetion Laboretory
328 Broacdhewy, Soulder, Colorado 00303

Lot o2(L, kK, Ca2, 5o) De the irrsdisnce verisnce of s momochromstic
spherical wave of wavelength A and wavenumber k = 2n/A efter propegeting along
e path of length L. The turbulence is sssumed isotropic with refractive-index
structure constant Cp2 and inner scele 2o. Sisilarly let ¢722(L, Ky, k3. Cp2,
2g) be the irrsdience correlation, <(Iq-<Iy>)(I2-<I2>)>/<Iy><1p> for iredien-
ces I, and I from spherice) waves of wavelengths Ay, and Az. Let @2(L, D,
Cal, 1o) be the irradiance varisnce of redistion propegeting along the same
peth and trensmitted through a circuler, uniforaly-{1lumineted, phase-
{ncoherent sperture of diameter D and messured using 8 receiving sperture of
dismeter D. It is assumed thet D exceeds two Fresnel-zone sizes 30 0,2 is
spproximetely independent of the optical wevenumber. Oefine scaled variances
by dividing by the ssymptotic expressions for 25 = 0,

Fu M) = PLk.c /0.8 k7410 2 (1)
3,2 1,/0) = ¢ 2.0,c,2,00/0.9 P07 2 (2)

The {aportent point in (1) and (2) is that the norselized variences depend oniy
on one persmeter.!.2

For the sethod of Ochs and H1112:3 the {nner scale is obtained from the
quentity

o s R YA VI i g

~2 2
P _w) Lk.c 2,1

s lum O AR e, 0.0

ne l!ﬂl./k . d = YL/k/0 .
The {mpertance of the norselized varisnces in (1) and (2) is that they cleerly
show that q is @ on of only two di ionless persmeters; one is the

desired result, L/k, std the other, YL/k/D, 1s known. For the bichrometic
method? the inner scale is obtained from the quentity

2 2
0 (Lnk k,,C %,8.)
QUL kg Ky ) 8 =Lt N0

(4a)

o (Lk,.6.2.0) dFiLkyctie )
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tof (L, c 20 ) - 07 Prrak,.c e

ALKy kg tg) = =g = > = > (40)
” "-ok‘oc" '.O) [ (Lokztcn o.o)
176 =2, .. _ .8/6 =2
O Ay (4e)
(1-8%) 2 =2
Yo% (Vrx) *(x)
where
r o= Kk/k, , k, = fk k, . x = 8 Mk,

e lk‘ - kzl/(l:1 +ky)) = le=1]/7(re1)

R = /F,k,/[(k, *+ k,)/2] = /(e ¢ 1)

..Vk'/kznlzr/(ro 1) ' _ D-Vk./kz = ¥2¢e/fr - 1| .

Equation (4b) follows from (4s) using a trignometric identity in the Rytov
integrand;5 (4b) expresses the bichromatic intensity covarisnce in terms of
monochromatic varisnces for hypotheticel radistion of wavenumber ka propagating
o paths of length L and LS. The advantage of introducing the scaled variances
in (4c) is that Q is then cbviously & function of only two dimensionless persme-
ters x and r, not of the four parameters L, kq, k2, and 1o separstely.

GRAPHICAL COMPARISON OF THE TWO METHODS

Figure 1 shows the quantities q(x,d) and Q(x,r) as functions of
X = 3,//L/K for g and x = 2o/L/k3 for Q. The sccurste refractive-index
spectrum of Hil1l is used to produce this figure. Three cases are shown for Q
corresponding to r = 0.05970, 0.5947, and 1.440. These values of r can be
obtained from the wavelength pairs (Aq, A2) = (10.6 um, 0.6328 im), (1.064 ;m,
0.6328 um), and (0.4400 pm, 0.6328 pm), respectively; although any wavelength
pair resulting in one of these three values of r is aiso shown since Q depends
only on x and r. Assuming k in (3) and kz in 4(s,b,C) corresponds to the wave-
Tength 0.6328 um, then the range of the sbcisss in Fig. 1 is sufficient to
include all cases L from 40 @ to 1000 @ and 2o from 1 m@ to 20 am. Two cases
are shown for q corresponding to d = 0.116 and 0.0667. The value d = 0.118
spplies to the experiment by Ochs and Hi11,3 namely L = 260 m, k = 2%/0.6328 pm,
and D » 4.4 ca. The value d = 0.0867 could be cbtained from the case L = 1000
», k= 28/0.6328 um, and D = 156 ca. Of course, any other combinstion of L, k,
and D resulting in one of the two given values of d is also presented in Fig. 1.
The bump in the refractive-index spectrum! produces & maximus in the curves for
q(x,d) and a minimum in the curves for Q(x.r), the x-position of which depends
ondaend r.

Consider the sensitivity to errors Sq snd Sq given by
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at 3 log., q
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where Aq, AQ, ond Alp are the errors in the respective quantities. The
logaritheic derivatives give Sq and Sq in the limit of smel) errors. These sen-
sitivities, Sq and Sq, relate the fractional error in the inner scale to the
fractionsl error in the measured quantities qQ and Q. The values of Sq and

ars therefore the slopes of the curves in Fig. 1. Large sbsnlute values of

snd Sq are desired, so steep slopes sre desired. Systematic errors, which sre
difficult to assess, are more likely to limit the accuracy of the inner scale
ssasuresent than are the errors due to noise. Saturstion of scintillation is a
systematic error in both systems. Errors due to noise will be significant under
conditions of very small Ca2 in both methods.

On Fig. 1, the steepest slope at x > 0.8 for q(x,0.0687) is sbout twice, in
sagnitude, the steepest slope of the curve for Q(x,0.05977). The slope of the
g-curves remains steep for yet greater x whereas the Q-curves become flat.

Mence for x > 0.6 the method of Ochs and Hi112.3 has an advantage. The experi-
ment performed by Ochs3 obtained 2, from 3 sm to 10 mm, which corresponds to
0.6 ¢ x < 2. The curve for q(x,0.0667) has twice the magnitude of slope at x =
0.6 as does the curve for Q(x,0.5947). However, for yet smaller x. the
q(x,0.0667) curve reaches a maximum where Sq venishes and thereafter decreases,
theredy introducing » possible ambiguity in the measured velue of 2,5. The curve
for Q(x,0.5947) reaches its minimum at x = 0.1 and increases to its asymptote as
X decreases further. Therefore there is an advantage to the bichromatic

method4 for x < 0.6, but x must be greater than some value, which depends on r,
to saintain unsmbiguous sensitivity to 2o.
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Fig. 1. The curves for Q(x,r) sre labeled by their values of r, and those for
q{x,d) asre labeled by their values of d.
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LASER-EXCITED OPTICAL FILTERS: LASER POWER REQUIREMENTS

by T. M. Shay

Los Alamos National Laboratory, P.0O. Box 1663, CLS-5 MS/ES3S
Los Alamos, New Mexico 87545

SUMMARY

Narrov bandwidth optical sources are readily available.
However, tunable narrow bandwidth, wide (field-of-view
optical filters are not available. The laser-excited
optical filters (LEOF) presented here are in principle
tunable narrow bandwidth, wide (field-of-view optical
filters. These filters can simultaneously provide high
resolut.on (0.001 nm), wide field-of-view (2x), high quantum
efficiency, and electrically tunable optical filtering.
Narrow bandwidth operation of laser-pumped atomic vapor 4
filtexrs were f!trst denonstrated by Gelbwachs _et a1.l by 4
Marling et al.“, and recently by Chung et al.? The first 3
electrical tunini of these devices was demonstrated by
Gelbwachs et. al." In addition, alkali vapor based LEOFs can
operate on 130 transitions between 921 and 474 nm. LEOFs are
ideally suited for extracting weak narrow bandwidth signals
buried in strong nonrescnant optical background radiation.
Potential applications of these filters include laser radar,
laser communications, detection of Raman radiation, atomic
spectroscopy, etc.

LEOFs represent a significant advance in optical filter
technology. Thay provide for the ¢first time a narrow
linewidth, high sensitivity, wide field-of-view, and wide
spectral coverage simultaneocusly. These filters should also ,
be relatively simple, compact and reliable. As a result of
these characteristics , we expect LEOF receivers to be e
utilized in in many practical applications in remote
sensing, optical communications, and any other application
where a narrow bandwidth optical signal needs to be
extracted from strong non-resonant background noise.

LEOFs are atomic resonance filters which utilize photon
absorption from the first excited state of an atom up to a
higher lying level. A narrow bandwidth laser is used to
punp the necessary population into the atom's first excited
state. The ¢filtering process is initiated by photon
absorption from the first excited state of the atom to a
higher lying level. Subsequent radiative cascade from the
upper level of the absorbing transition results in the
emission of blue-shifted photons proportional to the number
of absorbed photons. Because only photons which are within
the doppler width of a particular atomic transition are
frequency shifted these filters are inherently narrow
bandwidth. Thus LEOFs are very narrow bandwidth frequency
shifters. The wavelength shift is typically between 100 nm
and 500 nm. With such large wavelength shifts, colored glass
can be used to isolate the unshifted background radiation
from the photodetector while transaitting the blue-shifted
(signal) photons to the photodetector. 8ince the atomic B
absorption of photons is an isotropic process these filters R
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are also intrinsically wide field of view . Furthermore,
since the key step in this filter is a simple resonant
absorption process single photons can be filtered. Hence,
this optically pumped filter concept may realize a very
sensitive gquantum counter.

The basic LEOF receiver concept consists of three
parts. The first part is a prefilter which provides coarse
filtering and transmits only radiation centered around the
signal wavelength through to a laser pumped atomic resonanca
cell. The main function of the prefilter is to eliminate any
violet noise photons f.om the entering the atomic vapor
cell. The second nart is a laser pumped atomic vapor cell
which acts as a narrow bandwidth frequency shifter, this
element shifts incident photons within a narrow signal
bandwidth into the violet spectrum. Finaily, a spectral
filter which passes the shifted radiation and blocks the
unshifted radiation is utilized to ensure that only the
shifted violet photons reach the photo-detec:or and the
background noise photons are effectively rejocted.

The net result of sandwiching the atomic vapor cell
between the prefilter and the spectral filter is that no
incident 1light can be detected by the photc-multiplier
unless it has been shifted in frequency through the quantum
absorption process in the atomic vapor.

A simplified theoretical model which 1is used to
calculate the laser pump powver required to achieve a given
realizable filter quantum efficiency is presented. This is
the first LEOF filter model which includes the effect of
resonance trapping. The effects of resonance trapping on
both the laser pump power and the filter realizable gquantum
efficiency is included in this model. The required laser
pump power will be a dominant factor in determining the
practicality of LEOF. The results of these calculations
will be presented for several wvavelengths of a Rb LEOF. The
model calculations show a highly nonlinear dependence of
laser pump power on the realizable filter quantum
efficiency. 1In addition, these results demonstrate that a
quantum efficiency of >10% should be possible with laser
pump powers of as low as 4 mnW per square centimeter of
aperture. This low pump power is significant since it
eliminates the major practical problem in implementing these
filters, i.e., the complexity of the pump laser. As a
result of this 1lower pump power requirement, simple,
efficient, continuous semiconductor lasers are now suitable
sources for pumping atomic vapor (filters. Single
semiconductor laser arrays have demonstrated output powers
of several watts. Thus single samiconductor arrays at this
power level can be used to pump filter apertures as large as
a thousand square centimeters. The use of semiconductor
lasers as the excitation source for laser-pumped atomic
vapor filters makes these filters highly practical, because
seniconductor arrays are reliable, eflicient, and long lived
devices. The results of laser power versus realizable
quantum efficiency calculations for the 532.4 nm and the
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523.5 nm Rb transitions will be presented. The 532.4 and
523.5 nm transitions correspond to the wavelengths of the
doubled NdA:YAG and doubled NA:YLF lasers respectively and
hence are of interest for practical laser systems. However,
many other wavelengths are also available from alkali LEOFs.
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LASFR REQUIREMENTS FOR
WIND SHEAR DETECTION FROM AIRCRAFT

Stephen B. Moody, Stanley R. Byron, and T. Rhidian Lawrence

Spectra Technology Inc.
2755 Northup Way
Bellevue, Washington 98004

and

Russell Targ
Lockheed Missiles and Space Co.
3251 Hanover Street
Palo Alto, California 94304

Sussary

Wind shear events that are threatening to aircraft safety can
potentially be detected directly froa the aircraft by Doppler lidar
techniques. The main requirements for such a systea are sufficient range and
reliability under realistic conditions to provide advance warning of shear
conditions. With remote wind sensing from the aircraft, it should be possible
to significantly improve aircraft safety by allowing pilots to better respond
to, or even avoid, wind shear events.

As a starting point, we have evaluated the feasibility of wind shear
detection from an aircraft using existing Oﬂz Doppler lidar technology.
Coberent C0p lidars bave well proven capability for remote wind speed
measurement. Experimental systeas have operated from both the ground and from
aircraft. Solid-state laser technology may offer a mcre attractive solution
in the long term. However, at present, there is no proven solid-state
technology that is both coherent and eye safe. Therefore, we have chosen to
investigate the feasibility of a nearer tera C0, solution to the wind shear
detection probleam.
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Based on an estimate of the perforsance needed to support pilot
avoidance of wind shear, we bave arrived at the lidar performance objectives
sumsariged in Table 1. While the specific values are certainly debatable, the
general features embodied in this specification are important if the lidar
approach is to see actual deployment. The cost, power, and volume constraints
of this specification were established by demanding that the lidar not
substantially degrade the economics or the logistics of aircraft operation.

Table 1. VWind Shear Lidar Objectives

Direction: Forward Looking

Range: >3 kn

Range Resolution: <0.3 ka

Wind Velocity Resolution: <2 m/sec Along Flight Direction
<8 m/sec Transverse to Flight

Wind Field Update Interval: <1.0 sec

Weather: Clear Air to Heavy Rain

Sise of Optical Head: <0.s a3

Power Ipput: <300 ¥

Cost: <$100,000

To establish laser requirements for such a lidar, we have exercised a
model that incorporates the effects of atmospheric backscatter, stmospheric
transaission, and the heterudyne detection process. This model includes the
effects of precipitation, based on relatively crude estimates taken from a
compilation of literature values. Based on this model, one can derive a map
of required 002 transmitter performance, which is summarised in Figure 1. The
bolded curve of this figure indicates a region of pulse energy and PRF
performance that can meet the desired performance goals. Liamits on PRF are
set at the low end by the data update requirements and at the high end by
signal processing throughput capability. The high-end PRF limit will tend to
move to the right with time, as computing technology improves, and therefore,
the indicated limit should be treated as only an indication of the problem.
However, there is also an absolute upper limit established by the propagation
time to the range of interest.
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Figure 1. Perforaance Map of 002 Coherent Lasers for
Wind Shear Detection

Figure 1 also shows the performance of a wide variety of actual existing
coherent C0, transaitters. It should be clear that the needed performance
envelope is surrounded by existing capability for a wide variety of design
conditions. Consequently, the selection of a design point becomes a matter of
practical considerations.

Pulsed excited 00'2 lasers generally scale in sise and weight with pulse
anergy rather than average power. In addition, sise and weight are more
inportant considerations than input power. As a result, the low PRP region of
Pigure 1 proves to be quite disadvantageous. While the detailed derivation
lies beyond the scope of this paper, the optimum transmitter PRF tends to fall
in the range of 1000 Hs, as a compromise between the average power scaling
which dominates at very high PRF, and the per pulse energy scaling which
dominates at very low PRP.
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An example of a CO, laser approach, which matches this 1000 Hs optisum,
is a Q-switched, cw-excited, low pressure discharge technology. We have
adopted a laser performance baseline of 2 mnlJ/pulse, at 2 kiis PRP. Other
pulsed 002 laser technologies can potentially also fulfill the requirements.

Pigure 2 shows the predicted performance of the proposed systea during
rainfall, along with a tabular summary of the systea paraseters.

5
2 mJ/PULSE
100 PULSE INCONERENT AVERAGE
1 Mz BANDWIDTH
4} 20% RECEIVER EFFICIENCY
70% OPTICS EFFICIENCY
18 cm APERTURE
€
x 3
w
Q
z
<
c Ll
1 -
A A L Il | A
0 10 20 30 40 50 60 70

RAINFALL RATE (mm/hr)
Figure 2. Predicted Lidar Range in Rain

In the past, focused cw type systems have been demonstrated, iacluding
sctual operational in-flight testing by the RSRE (Great Britain).
Unfortunately, it can be shown that for constant average power, the systes
signal/noise scales as (r./fp)o’s, where ™ is the laser pulse length, and 7,
is the interpulse spacing. For the proposed approach, this factor provides an
advantage of %30 over cw systeas, which corresponds to s range advantage of
more than 5. This factor is suifficient to make true cw approaches impractical
in conditions of precipitation.
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Experimental Observations of Line-Mixing In A Infrared CO, Q-Branch

Bruce Gentry
NASA Goddard Space Flight Center
Code 617
Greenbelt, MD 20771

and

L. Larrabee Strow
Dept of Physics
University of Maryland, Baltimore County
Catonsville, MD 21228

I. Introduction

The successful remote sensing of atmospheric temperature, humidity, pressure,
and trace gas profiles depends upon a detailed knowleage of the radiative
characteristics of atmospheric gases. For example, existing passive remote
temperature and humidity sounders utilize infrared spectral channels that
sense atmospheric COp, N,0, 03, and Hy0.

The retrieval of a temperature or humidity profile from the observed
atmospheric radiances using iterative inversion techniques requires the
ability to accurately ialculate the average atmospheric transmittance across
each sounding channel.® While reasonably accurate line parameters (strength,
pressure-broadening coefficients, frequency, and lower-state energy level) are
available for these calculations, an accurate model for the line shape must
also be used to accurately interpret the soundings.

Line-by-1ine atmospheric radiance calculations generally assume that the
observed spectra are due to the superposition of contributions from isolated
lines having Lorentz or Voigt 1ineshapes. This isolated line approximation
can break down when rotationally inelastic collisions produce interference
effects among overlapping lires during the absorption process. This effect,
which we call line-mixing appears as a redistribution of the intensity within
a band and has its most dramatic effect in Q-branch spectra when the Q-branch
profile tends to narrow as the pressure is increased. This is seen most often
at pressures much greater than one atmosphere in Q-branches with very sma}l
rotational spacings. A number of papers treat the theory of ‘this effect. o3

Present sounders such as HIRS on the NOAA-9 satellite and the Upper Atmosphere
Rasearch Satellite(UARS) instruments CLAES and ISAMS utilize CO, Q-branch
emission to determine atmospheric temperature profiles. Proposed Earth
Observing System (EOS) passive sounders may also use COp Q-branches for
atmospheric sounding.

We present here the first observations of the effects of collision induced
1ine-mixing in self-, N,-, and Oz-broadened infrared C0, Q-branch for total
gas pressures up to 1 a phere using a tunable diode faser spectrometer,
The experimenta) absorption coefficients differ by as much as 65% in the Q-
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branch wing from those calculated assuming an isolated Lorentzian l{ne

model. We have also developed an approach which uses the known pressure
broadening coefficients and a simple energy gap scaling law to model the
effects of line-mixing. Calculations incorporating this model require no
additional fitting of the data to reproduce the experimental observations to
within the accuracy of the data (standard deviations of 2-3% for self- and Np-
broadened spectra and approximately 5% for the 0,-broadened data).

I1I. Theory

The absorption csefficient may be written in the framework of the impact
approximation as

() = F 10 LE 45 I - W) - A0 ot )

where |j> and |k> denote doubled state vectors or, in other words, radiative
transitions, d; and d, are dipole moment matrix elements, p, are density
matrix eIement! that g*ve population differences between 1ev51s involved in
the doubled state |k>, ¥ is a diagonal matrix with <j|v|k « v§ g and v is the
frequency, ¥_ is the diagonal matrix <j{¥_ |k> =« v.§, and v i the transition
frequency asfociated with the doubled stafe |j>, B 4§ the tdtal pressure, N is
the absorber number density, and W is the relaxation matrix in doubled state
space or what is sometimes called line space. The diagonal elements of W

are the pressure-broadened halfwidths. T[he off-diagonal W-matrix elements
represent -1 times the rate at which collisions transfer intensity from one
line to another. A spectrum corresponding to non-interacting Lorentzian lines
results when the off-diagonal elements of W are zero. When the off-diagonal
elements of W become large enough collisional narrowing of the Q-branch
profile takes place. All of the parameters required for the calculation of
the spectrum, except for the off-diagonal elements of W, can be obtained from
experimental measurements.

Our approach for estimating the off-diagonal W-matrix elements is to first
model the rotationally inelastic state-to-state rates in each vibrational
state using a simple rotational energy gap Taw.4 The off-diagonal W-matrix
elements are then equated with the corresponding inelastic transition rate
matrix elements. The procedures used to calcugage and evaluate W have been
discussed in some detail in our recent papers.?:

III Experimental Results

Figure 1 is a plot of the self-broadened Q-branch of the (110,030) {-000

C0, band centered at 2076 cm-1. The experimental data were obtained using a
diode laser spectrometer and 40 cm cell., Figure 2 is a plot of the same co,
Q-branch broadened by N, taken with the same diode laser mode and a 40 m
pathlength obtained witﬁ a White cell. The total pressure in both cases was
720 torr and the €0, partial pressure was 7.2 torr for the N, broadened
spectrum. Both the observed Q-branch transmission as well as the absorption
coefficients are shown. The percent deviations of the experimental absorption
coefficients from those calculated assuming the both an isolated Lorentzian
line model (no mixing) and our model including line-mixing are plotted in the
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bottom graph. Clearly the theoretical spectrum that includes 1ine-mixing
reproduces the data much better than the spectrum calculated without line-
mixing. We note again that the parameters used in this calculation to
estimate the line mixing were not obtained from fits to the data but were
calculated directly from the CO, line widths and strengths, Similar results
were obtained for the self- and oz- broadened spectra at total pressures of
both 720 and 360 torr.

Iv Conclusions

Line-mixing has been observed for the first time in the infrared absorption
spectrum of a foreign gas broadened CO, Q-branch at pressures of up to one
atmosphere. The experimentally determgned absorption coefficients are up to
65% lower in the Q-branch wing and 20% larger inside the Q-branch than those
calculated assuning an isolated Lorentzian line model. A procedure based on
the use of a simnle energy gap scaling law has been shown reproduce the
effects of line-nixing to the level of the uncertainty in the data. The
excellent agreement of the calculations with the observed spectra should
provide confidence in similar calculations for other infrared Q-branches
particularly those Q-branches in the thermal infrared which are candidates for
use in remote sensing applications.
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THE EFFECT OF LINE MIXING ON ATMOSPHERIC BRIGHTNESS
TEMPERATURES NEAR 15 um

L. Larrabee Strow Dennis Reuter

Physics Department Code 611, Laboratory for Atmospheres
University of Maryland Ba'timore County NASA Goddard Space Flight Center
Catomaville, Maryland 21228 Greenbelt, Marylaand 20771

1 Introduction

Rotatioaal collisional nasvowing, or line mixing, has recontly been detected in the Q-branch spectra of
two 7 ~ £ bands of CO; near 2000 cm™! for both seif- and Ny-broadesing {1,2]. The observed line mixing,
which is cansed by rotationally inelastic collisions that produce interference effects among overlapping lines
during the absorption process [3,4] was found to alter absorption coeflicients by as much as 65% in the
wings of these Q-branches. This paper coasiders the influence of Q-branch mixing ca atmospheric radiative
transier near the strong v2 Q braach of CO, at 15 um.

Advanced satellite borne infrared atmospheric temperature sounders have been proposed that will detect
atmospheric emission in the region of the 12 Q branch at 15 um with much higher resolution than existing
instruments such as the HIRS sounder on the NOAA-9 satellite. Increases in resolutios t0 0.5 cm™* or better
will dramatically increase the sensitivity of the soundings to the CO, line shape. A candidate platform for
& new high resolution infrared sounder is the proposed EOS (Earth Observing System) to be placed on the
Space Platform [5]. We present here calculations of line mixing in the 3 Q branch wsing the same theoretical
formulation that successfully predicted line mixing to an accuracy of better than 10% in the 2000 cm™! CO;
Q-braach spectra. Our resuits are presented as brightness temperatures at the top of the earth’s atmosphere.
These brightness temperatures correspoad to radiances averaged over 3 0.5 cm™ wide channel.

2 Theory of Line Mixing

The absorption coeflicient for overlapping lines may be written in the framework of the impact approxi-
mation as (3,4

k()= 1M {de‘l (v = ».) - SPW|""[k)dass } i)
3k

where |5) and |k) demote doubled state vectors or, in other words, radiative transitions, d, and ds are dipole
moment matrix elements, p» are density matrix elements that give population differences between levels
involved in the doubled state |k), » is a diagonal matrix with (jlv|k) = vé,s and v is the frequency, v, is
the diagonal matrix (j|' k) = v,6,, and v; is the transition frequency associated with the doubled state
|3), P is the total pre N is the absorber number density, and W is the relaxation matrix in doubled
state space or what is ». ..imes called line space. If mixing is oaly allowed between the Q branch lines the
diagonal elements of W are the Q-branch pressure broadening coefficients and |y), |k) represeat the Q-braach
transitions. The offi-diagonal matrix elements of W are the negative of the rate at which collisions transfer
intensity from one line to another. If these matrix elements are sufficiently small the spectrum becomes the
sum of nom-interacting Lorentsian lines.

The W matrix elements are cakculated by way of a scaling law that parametrises rotational energy
transfer as a function of the energy gap between the rotational energy levels. The procedures followed here
to generate the W matrix elements are similar to those described in Refs. 1 and 2. The pressure broadened
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halfwidth for a single line can be writtea 20

Wn""( 2 3"::"’ z: xx':) (2

Fiwer® Japper )

MW,,hmMmgmﬁcaudQ(J).udK,, is he collision rate for transitioas from j
0 3’ withia a single vibrational state. The odd rotational levels are missing in the ground state of CO; due
0 nuclear symmetry requisements so the sum over 5/ . in the lower vibrational level includes culy states
of even 5. The sum over 5., is the upper level includes all 5 values except for the miming 3.,,., = 0
level. The factor of two ia the sum over the ground state relaxation rates reflects the fact that in the groand
vibrational level the density of rotational states is one half that of the wpper vibrational level.

For an energetically upward transition the state-to-state rates are moleled with the following scaling law

Kji; = ay(T./T)*® ('AT::') - exp (:'—’;.A—E") ' )

where 8;, a3, and aj are the parameters to be determined. Detailed balance gives the rates for energetically
downward transitions. The CO; rotation constant, B, = 0.4 ecm™?, is inciuded in the power law postion
of Eq. 3 to give a; the unit of a rate. The (7.,/T)"® term provides the hard sphere past of the collision
rate while the exponential term provides a parameter to describe the temperature or velocity dependence
of the collision cross-sections. There is no assurance that the resulting scaling law is physically reasonable
beyond the required increase in the cross-sections with temperature. The least-equares determination of a;,
o3 and a3 was performed using widths for 5 = 2 to 50 at six temperatures betweea 200 and 250K oa the
left hand side of Eq. 2. These widths were assumed to vary with temperature as (T../T)%"® in accordance
with aumerous experimental obeervations [6]. The absorption coefficients are then calkulated by letting
Wjj = ~Kji;, 5 ¥ 3, which follows from the assumptioa that the collision rate is independent of vibrational
state.

Once the relaxation matrix eclements are determined the spectrum can be calculated in a straightforward
manner wsing Eq. 1. For frequencies near the 15 um CO; Q branch most of the radiance at the top of the
atmosphere comes from pressures less than 200 torr. In this case the first-order spproximation for Eq. 1
derived by Rosenkrans (7], which is exact in the low pressure limit, is suficiently sccurate and was used in
this work.

3 Radiative Transfer and Atmospheric Model

Assuming a plane parallel atmosphere in local thermodynamic equilibrium and negligible scattering, one
can write the monochromatic radiance at nadir at the top of the atmosphere as

in I*
R = B (T.)0(P.) + L AL LEC ZelPlynp v, «

where ¢, is the emissivity of the surface, s, and B, (T) is the Planck function for emitted radiance of a
blackbody at frequency » and temperature T, 1, (P) is the atmospheric transmittance from pressure P to
the top of the atmosphere and 3] represents the contribution of reflected radiation, which is segligible in
our case. Due to the streagth of 3 of CO3, most of the radiance originates from pressures less thaa 200 torr
0 the surface term is also negligable.

Radiances were cakculated between 684 and 670 cm™!, a spectral region that is of interest for sounding
the upper troposphere and the stratosphere. Three temperature profiles correspoading to moathly mean
sonally averaged climatological temperature profiles for April at 40° N and January at 20° N and 70° N were
chosen for these calculations. These three profiles are quite different in the region of the tropopawse. The
January 20° N profile has a high, sharp tropopasse while the January 70° N profile has a low tropopause and
an almost isothermal region through much of the stratosphere. The April profile is intermediate between
these two.
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Two radiance cakulations were performed for each of the three climatologies, one with line mixing
and the second without line mixing. The radiances, calculated at a resolution of 0.01 cm™!, were thea
averaged over a 0.5 cm ™! square bandpase to simulate the resolutioa of a satellite radiometer before being
converted to effective brightness temperatures. A 66 layer atmosphere and line parameters from the AFGL
Line Compilation [8] (except the v Q-branch parameters) were used. Only the Q-branch lines of the 1,
fundamental were allowed to mix. The H20 continwum is included in the calculations but contributes very
little to the radiance near the strong 3 Q branch.

4 Results

The differences between the brightness temperatures calculated with and without mixing for each of the
climatologica' temperature profiles are shown in Fig 1. As seen in this igure line mixing effects may alter the
brightness temperatures by more than 3 K at 667 cm ™! directly below the Q-branch head. These deviations
are dependent upon the profile, and for some profiles line mixing changes the calculated temperatures
by much less. A weak dependence of the brightness temperature on line mixing is due in part to the
fact that for some profiles the regions being sensed by the channels are in a relatively isothermal part of
the atmosphere. However, 3 K effects are significantly larger than projected requirements of 1 K/km for
temperature profiles obtained from future infrared sounders. Several other weaker CO; Q branches are
currently being investigated for use in temperature sourding {5|. These weaker Q branches emit radiation
irom lower parts of the atmosphere that are not as isothermal and thus their brightness temperatures may
be more sensitive to line mixing.

Clearly, line mixing can play a significant role in atmospheric radiative transfer for CO2 and may affect
the retrieval of atmospheric temperature profiles from future sateilite radiometers operating in the 15 um
spectral region. Several of the proposed channels for future infrared temperature sounders which sense in
the mid to upper stratosphere are centered in the spectral region shown in Fig 1 where mixing aflects the
spectrum most severely. The effects of mixing, if ignored, will introduce calibration errors in radiometer
channels that are spectrally very close to each other. This deleats one advantage of using CO; Q branches
for sounding, the ability to use sounding channels that are very close, and which are therefore affected
similarly by calibration errors and atmospheric effects that vary slowly in frequency.

& Conclusions

Calculated equivalent brightness temperatures at the top of the earth’s atmosphere may be lowered
by more than 3 K when the effects of line mixing are included. Thus atmospheric temperature retrieval
methods which are dependent upon a model of atmospheric transmittance should include these effects if
the retrieval products are to be accuraie. Laboratory studies of room temperature line mixing in higher
frequency CO2 Q-branches broadened by N; and by O; have shown that line mixing can be accurately
calculated if the standard line parameters are known. This line-mixing model should be sufficiently accurate
for atmospheric radiance calculations in the 15 um CO; Q-branch, if temperature dependencies are ignored.
The temperature dependence of line mixing has not yet been measured in the laboratory, thus our methods
for including temperature effects await experimental confirmation.
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TUNABLEZ WAVEGUIDE CO2 LASER LOCAL OSCILLATORS FOR
SPACEBORNE INFRARED HETERODYNE SPECTROMETERS

J. J. Degnan, C. E. Rossey, H. E. Rowe, and J. F. McGarry
Instrument Electro-optics Branch, Code 723
NASA Goddard Space Flight Center
Greenbelt, MD 20771

and

U. E. Hochuli and P. R, Haldemann
Dept. of Electrical Engineering
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INTRODUCTION

For over a decade, the technique of infrared heterodyne
spectroscopy has provided sub-Doppler resolution spectra of
planetary atmospheres from Earth-based telescope facilities. The
goals of our current local oscillator development program are
twofold: (1) to design, build, and demonstrate a totally
automated, compact, space-qualifiable engineering model of an RF-
excitcd €02 laser local oscillator; and (2) to extend the
lifetimes of such lasers to a degree where they can be seriously
proposed for longterm near earth or planetary flight missions.
The current status of these two research areas is discussed.

AUTOMATED LASER LOCAL OSCILLATOR

A photograph of the brassboard automated LO is shown in Figure 1.
The unit is approximately 51 cm long by 33 cm wide by 10 ¢m high
and is powered by a 28 volt source through a single connector.
The system is built onto an aluminum baseplate which contains
five cooling channels for carrying away heat. A block diagram of
the automated laser local oscillator is shown in Figure 2. With
the exception of an IBM Personal Computer interface board, all of
the components of the block diagram are contained in the laser
head pictured in Figure 1.

The CO2 laser LO is powered by an RF drive unit consisting of a
144 MHz oscillator and an all solid state amplifier. The
excitation RP power 1is computer-controlled up to the amplifier
maximum of 30 Watts via a programmable variable attenuator at the
input to the RF amplifier. A monitor circuit measures the RF
output of the attenuator and relays it to the control computer.
An impedance matching circuit, attached directly to the laser
body, matches the 50 ohm output of the amplifier to the 1800 ohm
laser plasma resistance following gas breakdown.

The waveqguide CO2 laser body is constructed from stainless steel

and contains a 50 cubic centimeter gas reservoir which allows gas
in the small active laser region to be replenished thereby
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extending the 1life of the laser. The active wavequide is 9 cnm
long and has a 1.5 mm square bore formed by a thin flat beryllium
oxide (Be0O) plate on top of a BeO U-channel. The RF power |is
input, via a spring-loaded plunger, to a gold electrode stripe
implanted in the outer surface of the thin plate. A second gold
electrode implanted in the outer surface of the ceramic U-channel
serves as the ground electrode and is mechanically pressed
against a thin stainless steel plate which 1is conductively
coupled, in a thermal as well as electronic sense, to the rest of
the stainless steel housing. The ends of the waveguide are
termiuated by a 983% reflecting output mirror and a zinc selenide
Brewster window. The laser is intentionally undercoupled (at the
expense nf output power) to permit operation on several low gain
lines and to increase intraline tunability.

A 150 line per mm , first order Littrow grating in close
proximity to the zinc selenide Brewster window forces the laser
to operate on 2ne of the available vibration-rotation transitions
in the 9 to 11 micron region. The grating is rotated about the
intersection point of its reflecting surface with the waveguide
axis by a stepper motor driven optical mount. This permits the
selection of the operating transition by the system
microprocessor in either a preprogrammed or interactive mode.
Figure 3 indicates the approximately 60 transitions in the 9 and
10 micron bands which have been observed to date from the 9 cm
long discharge. Power observed in the zero order grating
reflection is comparable to the power out of the 98% coupler
suggesting that the grating loss is on the order of 2 or 3%.

The Littrow grating is mounted on a multistack piezoelectric
translator (Pz2T). Application of 1 Kilovolt DC to the stack
results in an approximate 6 micron change in the stack length
which runs nearly parallel to the resonator axis of the laser.
This permits tuning over a full free spectral range of the
resonator. The precise operating wavelength within a given
transition can be selected by applying a DC bias voltage to the
PZT. The computer accomplishes this via a D/A converter output to
a remotely programmable, high voltage power supply. A high
voltage stack PZT was chosen over a low voltage bender bimorph
type translator , which resembles a vibrating drum head, because
of the former’s greater alignment stability and relative lack of
low frequency mechanical resonances.

Most of the laser power is directed out of the plane of Figure 1
by a beam splitter to a sscond level which, in the £final full
heterodyne spectrometer, is envisioned to contain the photomixer,
low-noise preamplifier, and an acousto-optic spectrum analyzer.
The remainder is direcced by a series of beamsplitters into
auxiliary circuits which provide absolute wavelength verification
or wavelength stabilization and control.

We have attempted to provide good passive stability in the
operating laser wavelength. Low ripple, 1low drift rate HV
supplies have been selected for the PZT control. The structure
supporting and maintainiig the distance between the laser end
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reflectors has been constructed entirely from low expansion,
Super Invar which has a thermal expansion coefficient of about
3x10-7. This support structure is kinematically attached to the
aluminum baseplate so that the aluaminum baseplate and stainless
steel laser housing are free to expand without stressing the
Super-invar resonator structure or changing the laser beam
alignment. Nevertheless, normal changes in the ambient
environment would be expected to result in wavelength
instabilities which exceed the one MHz target for high resolution
heterodyne spectroscopy of planetary atmospheres. Thus, a portion
of the laser output is passed through a 10 c¢m 1long confocal
etalon controlled in temperature to about 0.010C. Operation of
the laser can be stabilized to any point on the C02 transition
gain curve by applying a DC bias voltage to the etalon P2T,
applying a second DC bias voltage to peak the etalon
transmission, and then dithering the etalon resonator length by
applying a 1low voltage, 400 Hz sinusoid to the etalon P2ZT
terminals. Phase sensitive detection of the modulated AC output
is then used to detect a drift of the laser frequency from the
etalon set point. This generates an error voltage which is added
to the laser P2T bias to lock the laser to the etalon set point.
Since the etalon fringe width is on the order of 7 to 10 MHz and
the laser is expected to have reasonably good short-term passive
stability, stabilization at the sub-Megaherz level should be
possible.

Since mechanical wavelength references, such as the etalon, are
not immune to long term shifts in their calibrated parameters, a
miniature differential absorption spectrometer was included in
the package. As the CO2 laser frequency is scanned by the laser
PZT, the spectrometer observes the radiation through two gas
cells - an empty reference cell and one containing an absorbing
gas such as NH3. This permits an unequivocable identification of
the CO02 transition and provides, if necessary, an absolute
wavelength reference for inflight recalibration of the grating
drive and/or frequency stabilization etalon.

LASER LIFETIME

With respect to laser lifetime, six of eight sealed-off RF-
excited lasers built under the program survived beyond 10,000
hours (1.14 years) of continuous operation, four exceeded 20,000
hours (2.28 years), and two functioned for over 30,000 hours
(3.42 years). The average life of the lasers was 18,000 hours or
slightly more than two years which is more than adequate to
support an interplanetary mission such as the Mars Observer. 1In
many cases, lifetimes were shortened by failures in cooling
systems which were not immediately detected and allowed the laser
housing temperature to rise as high as 80 C. Some lasers
recovered in a few days when cooling was restored while others
suffered permanent reductions in power. 1In most cases, a gas
refill brought the power back to its original 1level which
suggests that outgassing at elevated temperatures may have been
responsible for premature failure of these tubes.
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Electrooptic Phase Modulation Gas Correlation Spectroradiometry

David M. Rider, John T. Schofield, and Daniel J. McCleese

Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Grove Drive
Pasadena, CA 91109

Recent work[1] has demonstrated a new type of gas correlation spectroscopy where electrooptic
phase modulation of a molecular spectrum together with selective absorption by a reference gas is
used to quantify the abundance of a gas phase species selectively. The use of electrooptic phase
modulation for gas correlation measurements is a significant enhancement of the gas correlation
technique because it provides a means for remotely measuring winds as well as atmospheric species
abundances and temperature in the stratosphere and mesosphere(2,3].

Wind speeds are measured with this technique by determining the wind induced Doppler shift in
the naturally occuring infrared atmospheric emission. Doppler shifta measured with a gas correla-
tion wind sensor viewing the earth limb have contributions from spacecraft velocity, earth rotational
motion and atmospheric winds. These contributions amount to an observed Doppler shift of ~ 600
MHz[3]. Doppler shifts are measured by determining the minimum in the gas correlation signal as
a function of the phase modulation frequency. The wind speed measurement capability requires
efficient phase modulators (EOPMs) that operate at frequencies near 600 MHs and tune over an
80 MHz range. Previous work[1] demonstrated the technique with 100 MHs phase modulation. In
this paper we present laboratory gas correlations measurements made with high efficiency EOPMs
working at frequencies near 600 MHz and performance measurements of a tunable (+ 55 MHz) 600
MHz EOPM.

Electrooptic phase modulators operate by the linear electrooptic effect where a change in the
index of refraction of a material is induced by an electric field. This work has focused on cad-
mium telluride (CdTe) modulators which are suitable for applications in the midinfrared. Phase
modulation is accomplished by applying a sinuscidally varying voltage across a properly oriented
crystal of CdTe. This induces a sinusoidal variation in the index of refraction of the crystal so that
light passed through it undergoes a periodic retardation of phase velocity—phase modulation. The
effect of phase modulation on a spectral line is to redistribute the radiation into a series of upper
and lower sidebands that are separated from the input line by multiplies of the frequency of the
sinuscidal voltage applied to the CdTe crystal. The relative intensity of a given order sideband is
described by the square of the Bessel function of the same order.

The argument of the Bessel functions, a quantity called the modulation index, is determined
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by the electrooptic coeflicient of the crystal, the orientation and dimensions of the crystal, the
amplitude of the applied voltage and the wavelength of the light.

Our approach to building tunable 600 MHs modulators has been to incorporate 1.5 x 1.5 x 50
mm® CdTe crystals into a high-Q series LC resonant circuit. In these circuits the crystal and in
the tunable versions a tunable air spaced capacitor serve as the series capacitance. The inductor
is constructed from a copper plate with a length chosen to provide the resonant inductance (~78
cm) and a width equal to the length of the CdT'e crystal (5.0 cm). A mica or air spaced capacitor
in parallel with the series LC is used to impedence match the circuit to a broadband amplifier that
supplies the RF drive power. Using this approach it has been possible to construct EOPMs that
operate between 300 and 700 MHs, depending on the length of the inductor, with tuning ranges in
excess of 100 MHs. Modulation indices greater than 0.7 have been achieved with less than 4 W of
average drive power.
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Fig. 1. Schematic of Laboratory setup for electrooptic phase
modulation gas correlation measurements.

Electrooptic phase modulation gas correlation measurements are made with the modulators
using the setup shown in Fig. 1. A 100 cm™! portion of the »; band of N30 near 8 um is used for
the lab measurements. Nitrous oxide is the tracer species of choice for wind measurements in the
20 to 40 km altitude range. Measurements are made in absorption in analogy to solar occultation
atmospheric measurements using a simple glow bar as the light source and a 1 cm path length
sample gas cell to simulate the atmosphere. In the experimental setup the broad band light from
the glow bar with the N3O absorption spectrum imposed is directed through the EOPM and then
through a 1 cm path length reference gas cell, also containing N3O, and is imaged onto a cooled
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mercury cadmium telluride detector. The spectral region cf interest is isolated with a band pass
filter.

The gas correlation signal is generated by squarewave modulating the RF power to the EOPM.
This gives rise to the gas correlation signal due to changes in the spectral line overlap of sample gas
and the reference gas spectra induced by phase modulation. This gas correlation signal produced
with a 600 MHs EOPM for N3O is shown in Fig. 2 as a function of sample cell pressure for a fixed
reference cell pressure. The N3O opacities between 0 and 10 torr span the range that would be
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Fig. 2. N3O Gas Correlation signal with 600 MHs phase modulation for
a reference cell pressure of 60 torr and 0-100 torr sample cell pressures.

observed from an orbiting platform in a 20 to 40 km altitude limb view of earth. The characteristic
shape of the curve is determined by the amount of N3O in the sample cell and the linewidths
of the N30 absorption. At low pressures where the absorption linewidths are small compared
to the phase modulation frequency the signal increases with the amount of N3O in the sample
cell. At higher pressures where the absorption lines become saturated and pressure broadened the
signal decreases with increasing sample amount. This effect results when the absorption linewidths
become comparable to the modulation frequency and the phase modulation induced side bands lie
within the linewidth of the unmodulated spectral line. This high pressure region is not sampled
in the remote sensing application but the behavior of the curves at high pressures has been useful
for accessing our models of the effects of phase modulation on molecular spectra. These results
demonstrate that EOPMs can be used to generate a gas correlation signal at the modulation
frequencies required for remote sensing of winds, species and temperature. They have validated
our numerical models of the interaction of atmoepheric spectra with EOPMs and the atmospheric
wind sounder concept.
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The research described in this paper was performed at the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Asronsutics and Space Administration.
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INVERSION TECEMIQUES POR BACKSCATTER DATA FROM REMOTE
SENSING SYSTEMS

John. R. Hummel

Kurt A. Kebchull

OptiMetrics, Inc.
121 Middlesex Turnpike
Burlington, MA 01803

Donald BE. Bedo
Robert A. Swirbalus
Optical Physics Division
Air Porce Geophysics Laboratory
Hanscom AFB, MA 01731

An examination of inversion techniques applicable to
bakscatter data from remote sensing systems has been made.
The purpose of the study was to develop an inversion
technique that could be used with remote sensing systems
?nder,dcvclopnent at the Air Porce Geophysics Laboratory

ml‘ . ’

An inversion approach has been developed based on
fundamental radiative transfer characteristics of the atmo-
sphere. The approach is rooted in fundamental physics but,
still, does not eliminate the problem of more unknowns than
equations. Por the approach to be used, one must still make
an assumption about the type of aerosol responsible for the
backscattered signal. Preliminary results from test flights
of the blalloonborne AFGL remote saensing system will be
presented.
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Publiceions & Informeéion Ol recnrete
(Souncil of Scientific & Industrial Aeeearch )
Hilleide Roed

In optical remocte sensing by photo-reconnaissance seellites or
in ground-obeerveéion by ortiting epace telescopes, the diffrection-
lisited ti.coretical resolition possible,is degraded by sccidental &
vibrdozy motion of the imaging camera, defocussing, smospheric
tubulence effects on ldllutt-plﬁwn tranemitted,stc, For inst ance,
an orbiting space telescope(height, h- 275km stove earth) with an
effective focal length,{ = 57.6m eand equipped with a CCD camers with
pixel,d=1S sicrons, haes a theorstical resolition:

R = (h.d./f) => = 7.16ca(l) on gmmd; housver, in prectice
dus to image-degradeion, the fessible tclolttion‘of 10=-15a only(uhich
can be improved with rigid s ellite etitude-control,to t=2m). Incres-
aing the pixels from 800 x 800 to 1600 x 1600 merix, though could
improve resolution 4 times, bit makes the sdellite det a-tranamit ting
stenna deldy, Again CCO-copled aultispectral scaner of the LANOSAT
Gcamera, has a spectral banduddth of 150-250 nm es against the desired
10=-25 na' bandui dth needed for high resoltion true color imagery in
temcte senaing, High resoltions are nesded in identifying repidly moving
niseile targets, Thus, wdthowt reducing pixel size, it is shown poseible
uvsing Fourier deconwlition methods, to schisve any desired resolution,

The basic principle of retrieving resolution in defective remcte-
senaing imagery is through the webl-inown ‘spetial frequency filtaring'
pgposed by Marchal and Croce in 1953 ed developed by George Stroke,et_gl.
[ Stroke, "Introduction to Cohersnt Optics & tb.logrqah;( Acadenic Press
Inc., USA), 169 edn; phyp, Lett., 51A(1975),383_7, Bt this procedurs for
image-deblurzing uaing the point-gpresd function h (X,4)e,uhich s the
blurred image of a refersnce point source by the efellite c-ou(}\,,u
synthesized es Fourier Transform Holographic Filter devised by Stroke),
spplies to e single chosen wevelengthy it is thus imperd ive to extend
ihis work for deblurring Qolour images, inwluing spectral components(

Ry, R,,.. Ay)e However, deviatng holographic filter & sach of the
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three tristisulus vevalengtha(i, 2, nd 1) also irtroduces "cross-talk"
in the deconwolved(cosrected) image, dus to X; ws 1",?“ example, a8 in
Leithalpdnaiks colour hologrsphy scheme,

In the new conwlwt ion asthod proposed for correcting defect-
ive imege disribution;. (:,,)(4" = 1,2,3...0) to get the trus( diffre
ction limited) image f, {14), we have the imaging und(\r L= 1.2,...n)
k(,(’%) = q‘(’t’) ® ‘\.,""9 = F Qh X h(‘ "--(1) ___‘\
here ® denctes 'conwlition', W speial atocorrelsion mda ennjuc&o
complexs N(1,4) 4s the multi-spectral sprsad function for the cosponent
wavelengths }; nd}; . the “cross-talk" imaging fields \t- (4 ﬁ) w1l
yaniah on. must hole

W x W ) = 8(=tyes T i 21)- 8 =
huo& is Kmnocm'- delte, being 0, if either (#d,or X¥YeF 0
Howsver, in synthesing the filter, as in wonochromsic case, spresd-funct-
ions for each of the spectral components (A;) must be lsboriously reco-
rded; insteead it is possible to‘Tm ext ended white-l1ight source,uith all
the spectral componants co-existing, and the delta function can be reple-
ced to s sufficient degree of spproximetion by the sinc functions
5. ~ ( sl (3-2;)rx] )(sin [(R:-3;)ry) ) e 3)

Y R-2ppx /N -2 py
ufiers p is en sdjustible parameter, Then the requsite polychromstic
holographic futor can be synthesised s H;(4v)being the inverse Fourter-
Transform ofh.‘ , = const,P(u)Q(v;) ,for e.g. P,Q=x % in (-x g u <g) and

0 in|y>C Here & = (A-3 )/ 211 (~ depends on temporal pess band of the
filter,can be designed to ne-lengthe)

Specific spplicaions of the filter,snd compt stion of the
filter parameters for remcte sensing spplicetions,for example photogra-
phy through fog in snpw-clad mount ains, detection of glacier movements
sre discussed,
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Diode Pumped Solid State Lasers For Remote Sensing

Robert L. Byer and Thomas J. Kane
Edwand L. Ginzton Laboratory
Stanford University
Stanford, CA 94305
(415) 723-0226

de

The potential for global wind sensing from a satellite platform using laser sources and coherent
Doppler radar was first proposed by R. M. Huffaker{1]. The prospect for global remote wind
sensing motivated our work at Stanford University toward the development of a solid state laser
transmitrer coherent radar system. The potential for coherent wind velocity measurements
using Nd:YAG was evaluated by Kane, Zhou and Byer in 1984{2]. That analysis showed the
advantages of higher frequency coherent radar for improved backscattering and for improved depth
resolution at a fixed velocity resolution.

Inanimpommsue%in 1985, Zhou, Kane, Dixon and Byer{3] demonstrated a diode laser pumped
monolithic Nd: YAG oscillator with a threshold of 2mW, a slope efficiency of 25% and a linewidth of
10kHz. Almost simuitaneously, Kane and Byer{4] invented the nonplanar ring oscillator with the
capability of single frequency output and the advantage of immunity to feedback.

When combined with previous progress in slab geometry lasers(5], the diode laser pumped solid state
laser oscillator, coupled with single mode fiber to mixers and detectors led to the demonstration of
coherent laser radar at 282THz. The Stanford Coherent laser radar coherently detected backscatter
from clouds and from clear air{6). It combined all of the elements of classical FM radar butin a

compact, all solid state laser system.

Withtberaﬂddcvelopmentofdiodehsumddiodehs«mys,ithubempossiblewcomeiw
of an all solid state laser radar system with a transmitter efficiency of greater than 10% with operating
ﬂfeﬁmuﬁggm&m”ﬂ&bmaﬁﬁ&&fuaﬁomﬂ&wum&ugmmukm
consistent with satellite platforms. Progress in the development of diode array pumped soli
state lasers will be reviewed.

The diode laser pumped Nd: YAG could potentially have met all of the laser transmitter requirements
for global remote wind sensing save one; eye safety. For coherent tranmission and detection, the
beam must remain within a di ion limited spot at the surface of the earth. The power density
required for successful wind measurements placed the intensity at the surface of the earth near the
cyesafety limit for 1064nm operation. To alleviate this problem, we have recently developed(7] acw,
room temperature, diode laser pumped 2010nm laser source in Tm:Ho:YAG. The properties of this
laser source will be described and the potential for its application to global wind sensing revewed.

AL S e e S
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Yocal Plane t;:ny Technology
or
Optical Reaote Sensing

by

James A. Cutts and Martin H. Leipold
Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, CA 91109

Progress in the development of solid-state self-scanned imaging
arrays for remote sensing in the infrared region highlighting
recent developments is reviewed.
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Sum Frequency Mixing of two Tunable Nd:YAG Lasers
for Sodium Fluorescence Lidar Measurements*

T.H. Joys
Lincoin Laboratory, Massachusetts institute of Technology

Lexington, Massachusetts 02173 U.S.A.

An interesting coincidence of nature is that by sum frequency mixing the output of
two appropriately tuned Nd:YAG lasers, the sum radiation may be made resonant with
the sodium D, transition wavelength. By exploiting this coincidence we have

generated high power pulsed sodium resonance radiation. We plan to use this new
source of sodium resonance radiation for characterizing the sodium layer in the
earth’s atmosphere. Figure 1 shows the cw wavelength tuning curves of the two
Nd:YAG laser transitions. The 1.064 um laser has a tuning range of about 6 A while the
1.319 um laser has a tuning range of about 4 A. By operating the lasers at the
wavelengths indicated by the arrows in Fig. 1 it is possible to generate sodium
resonance radiation. In addition, it is possible to easily tune the sum radiation over the
complete sodium Doppler absorption profile.

A schematic of the apparatus for sum frequency generation of sodium resonance
radiation is shown in Fig. 2. The output of two simultaneously Q-switched etalon tuned
Nd.YAG lasers ( one operating at 1.064608 um and the other operating at
1.319224 um ) are superimposed and made to propagate coaxially by a dichroic
mirror. The combined radiation is then focused into a lithium niobate crystal heid at a
temperature of 224 “C. As a result of the nonlinear response of the crystal to an electric

* This work was supported by the Defense Advanced Research Projects Agency.
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field, radiation is generated with a frequency corresponding to the sum of the two
Nd:YAG frequencies. The sum radiation is then directed into a sodium vapor cell where
resonance fluorescence is observed whenever the sum radiation is tuned to the
sodium absorption transition.

Both Nd.YAG lasers operate with a pulse repetition rate of 2 kHz, pulse lengths of
about 200 nsec., and within spectral envelopes of 1 GHz. The 1.064 um laser operates
with an average power of 2.45 Watts while the 1.319 um laser operates with an
average power of 1.2 Watts. Under these conditions, 600 mWatts of average sum
power is generated. This corresponds to an average 16% conversion efficiency of
Nd:YAG radiation into sum radiation. The sum radiation has a peak power of about
1.5 kW and is contained within a spectral envelope of 2 GHz.

Of course, laser radiation coincident with the sodium transition is usually
obtained from dye lasers. However, the generation of pulsed resonance radiation by
sum frequency mixing has some advantages over dye lasers. For example, this source
of radiation should be more easily scaled to high powers and should prove to be more
reliable at high power. In addition, tuning of the sum frequency may be easily
controlled by a diode laser.

By injection seeding a 1.319 um Q-switched Nd:YAG laser with the output
radiation of a GalnAsP/InP diode laser, the Nd:YAG laser could be frequency tuned by
current tuning the diode laser. In the absence of any intracavity frequency selective
elements, 108 W of diode laser seed radiation narrowed the spectral envelope of the
Nd:YAG laser from > 8 GHz to 340 MHz. By quickly current tuning the diode laser we
have switched the frequency of a SkHz Q-switched Nd:YAG laser by as much as 10
GHz on a shot to shot basis.

We are presently configuring our laboratory in order to transmit the sum radiation
into the atmosphere and to receive the fluorescence from the mesospheric sodium
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Figure1. CW tuning curves of the two Nd:YAG lasers. By operating each laser at the
wavelength indicated by the arrows, it was possible to generate sodium resonance

radiation.
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DUAL ALEXANDRITE LASER FOR AUTONOMOUS LIDAR APPLICATIONS

John J. Degnan
Instrument Electro~optics Branch, Code 723
NASA Goddard s¥aco Flight Center
Greenbelt, MD 20771

INTRODUCTION

NASA’s Lidar Atmospheric Sensing Experiment (LASE), a Jjoint
effort of the Langley Research Center and the Goddard Space
Flight Center, is a first step toward the realization of the
agency’s goal of developing autonomous Differential Absorption
Lidar (DIAL) instruments for future airborne and spaceborne
remote sensing applications. The scientific goal of the (first
phase of the LASE program is to measure water vapor, aerosol, and
cloud profiles from a high altitude ER-2 (extended range U-2)
aircraft. The science motivation and overall system concept has
been presented previously {1]. The present paper will discuss the
design and performance characteristics of the Tunable Laser
Subsystem (TLS) being developed at the Goddard Space Plight
Center.

A simplified block diagram of the overall LASE facility is shown
in Pigure 1. The TLS consists of five subsystems - a dual
wavelength Alexandrite laser head, a Laser Control Unit (LCU), a
Laser Thermal Unit (LTU), and two Lamp Driver Units (LDU’s). Each
of these is described in the following sections.

LASER CONTROL UNIT

A modular 8-bit National Semiconductor MA2802 CPU is the
microprocessor "brain"™ of the TLS. A fiberoptic RS232 port
provides two way communications between the Langley Command and
Data System (CDS) and the Goddard LCU while isolating them
electrically. Through the LCU, the CDS can command the TLS to
fire one or both lasers, move to new operating wavelengths, or
perform wavelength scans. In a DIAL experiment, the TLS generates
dual on -line and off-line pulses at a repetition rate of Spps.
The rate is determined primarily by prime power and thermal
considerations in the aircratt.

The outgoing pulses are sampled by a high precision wavemeter
which relays wavelength information to the CDS. The latter
transfers the information back to the LCU and, if a wavelength
correction is required, the LCU makes appropriate adjustments to
the tuners in the laser head to hold the laser within 0.5 pa of
the desired wavelength. Besides monitoring and controlling the
other subsystems which make up the TLS (as outlined below), the
LCU also controls and synchronizes the timing of the overall DIAL
experiment by transmitting a TTL precursor pulse to the CDS near
the start of each 200 millisecond fire interval. The LCU is 13.5
inches 1long by 10 inches wide by 7 inches high and weighs 17.5
pounds.
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DUAL LASER HEAD

The laser head contains two identical Alexandrite lasers to
generate the on and off line radiation in the DIAL water vapor
experiment. The lasers are electro-optically Q-switched to
provide approximately 170 =mJ of energy in a 160 nanosecond
pulsewidth. The on and off line gullcs are separated spectrally
b{ 70 picometers (pm) and temporally by about 400 microseconds
although both parameters are adjustable. The temporal separation
is long enough so that a common optical receiver can record the
backscattered waveforam and ground reflection of the first pulse
before the second pulse is emitted but short enough so that the
on and off line pulses see the same "atmosphere".

Coarse tuning of each laser over a 720 to 780 nm range is
accomplished by a stepper-motor controlled 5-plate birefringent
tuner. The spectral linewidth of each laser is further narrowed
to about 1 pm by two angularly tuned intracavity etalons which
are also controlled by stepper motors. The angular positions of
the six tuning elements are controlled by the LCU which
references software tables generated during preflight laboratory
calibration experiments. Position sensors in the birefringent
tuner and etalon mount assemblies permit accurate determination
(to about one step) of a reference or "AT HOME" position for each
tuner during flight.

The temperature within the ER-2 Q-bay compartment is expected to
vary between 15 C and 40 C. 1In order to provide good wavelength
stability and accurate calibrations during flight, the six tuners
are housed inside a proportionally controlled oven. The oven
controller, 1located in the LCU, maintains the temperature within
+ 0.1 C of a set temperature slightly above maximum ambient.

During flight, the Q-bay pressure can also vary from a noaminal
sea level value of 14.7 psia to 3.5 psia at cruise altitude. To
minimize the complications of a changing pressure, the lasers are
housed inside a pressure vessel formed by a lightweight but rigid
machined aluminum isogrid optical baseplate and an aluminua half-
cylinder covering most of its lergth. The all-metallic vessel
also helps to shield nearby subsystems from radiated noise
originating from high voltage flashlamp and Q-switch firings
within the head. As an additional precaution, no data
communication Dbetween subsystems occurs during the one
millisecond interval per Spps cycle when the two lasers fire.

The laser light passes through two windows in the pressurized
case to an unpressurized forward optics compartment on the laser
deck. Approximately 88% of the energy in each beam (or 150 mJ) is
directed through a five power beam expander and deflected by a 45
mirror through the laser baseplate to windows in the aircraft
fuselage to support the DIAL experiment. A series of
beamsplitters directs the remaining 12% into a pyroelectric
joulemeter for inflight measurement of the laser energy, a
wavemeter for active feedback control of the laser wavelength,
and a series of fiber optic cables which provide synchronization
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and timing (TOA, TOB) signals to other LASE subsystems. The dual
laser head is 46.8 inches long by 12 inches wide by 9.675 inches
high and weighs about 95 lbs.

LANP DRIVER UNIT

Each Lamp Driver Unit contains a 1500 watt high voltage ver
supply, Pulse Porming Network (PFN), simmer suprly, high voltage
lamp trigger, and computer interface/control circuitry for one
laser. Po loving fonization of two series lamps by the trigger
circuit, a DC "keep alive" current of 0.5 amperes is maintalned
by the simmer supply. The high voltage power supply charges the
6 microfarad energy storage capacitors in the PPN to a value
remotely set by the LCU up to a maximum value of 2.95 KV or 260
Joules. At the end of the charge cycie, the LTU verifies the
voltage on the LDU capacii.ors and the presence of simmer current
prior to issuing a flashlamp fire command. The capacitor is then
ga:cha:gcd’ through the lamps in a 220 microsecond pulse (between
points).

Since the Alexandrite laser gain varies strongly with wavelength
at a given pump level, the LCU selects an initial PPN charging
voltage based oa internal software tables generated during
laboratory calibrations. This maintains the circulating optical
power at a safe level over the full tuning range of Alexandrite.
1f the output energy of either laser exceeds or falls short of
the desired value as determined by the joulemeter in the laser
head, the LCU adjusts the respective PPN voltage accordingly
within a tange of the tabulated value to allow for reasonable
variations in lamp output, field alignment, etc.

Bach LDU weighs 65 lbs and is 19.5 inches long by 14.5 inches
wide by 7 inches high. The major heat generating elements are
mounted on a watercooled stainless steel baseplate. For
additional cooling, a low noise brushless fan draws air from the
Q-bay through an EMI screen, circulates air through the unit, and
exhausts it into the Q-bay through a second EMI screen. To
further reduce radiated EMI, a triaxial cable is used between the
LDU and the laser head and Rrl gaskets and filters are used
throughout. Purthermore, since the LDU’s are not pressurized, all
high voltage components are encapsulated or conformal-coated to
prevent arcing or corona at altitude.

LASER THERMAL UNIT

The LTU contains & 3 gpm low temperature loop (LTL) for cooling
the laser flashlamps and power supplies and a 1 gpa high
temperature loop (ETL) for independently controlling the
temperature of the two Alexandrite rods. The HTL control
temperature is set remctely hetween 43 and 80 C by the LCU based
on internal tables of optimum temperature versus wavelength. To
reduce weight, the LTL and HTL loops share a common coolant and
an air-pressurized bellows reservoir. To maintain system purity
over extended periods, the LTU uses a deionized water coolant, an
all stainless steel design, and contains particulate and
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deionizing filters. A 1KW heater in the HTL loop can raise the
rod temperature at a rate of 3.2 degrees per minute. During laser
operations, microprocessor-controlled solenoid valves permit
leakage of lower temperature coolant from the LTL into the HTL to
compensate for heat deposited b the flashlamps into the rod and
maintain the HTL temperature within a 1 C control bandwidth. The
LTU box is 10.375 inches long by 28 inches wide by 9.625 inches
high and weighs 51.25 pounds when filled with coolant.

During flight, approximately 2.8 Kilowatts of heat deposited into
the LTL is transferrad, via a liquid-to-liquid heat exchanger in
the LTU, to a 60/40 ethylene glycol/ water mixture in the Langley
Thermal Control Unit (TCU). The TCU in turn exchanges the heat
with air flowing through a liquid-to-air RAM exchanger on the
belly of the aircraft.
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Development of Coupled-Cavity
Laser Diodes for Remote Sensing

Richard K. DeFreez, Richard A. Elliott,
Joseph Puretz, and Jon Orloff
Oregon Graduate Center
19600 N. W. Von Neumann Drive
Beaverton, OR 97006-1999

Summary

Several recent developments in diode laser technology such as
multiple emitter phase-locked arrays and epitaxial growth of materi-
als that can be used to make lasers which emit at wavelengths rang-
ing from the visible through the near infrared make these devices
attractive candidates as sources for spectroscopic applications and
remote sensing systems. The perceived advantages of diode lasers
include efficiency, small size and weight, and direct modulation capa-
bility. But in fact mode hopping under current modulation,
wavelength drift with temperature, and their relatively broad
linewidths make conventional diode lasers less than ideal sources for
laser spectroscopy. Elaborate stabilization schemes and external cavi-
ties are often used to overcome these shortcomings.

The invention of the cleaved-coupled-cavity (C3) diode laser a few
years ago introduced a new level of sophistication to diode lasers.
Two section coupled-cavity diode lasers, of which the C? laser is an
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example, are three terminal devices which allow the two sections of
the laser cavity to be driven with different currents. In effect one sec-
tion can be considered to be an electronically tunable Fabry-Perot
etalon which controls the wavelength of the laser. Line narrowing
and improved secondary mode suppression are also observed with
these devices.

The major problem with C3 lasers is their fabrication which
involves cleaving a laser die and repositioning and precisely aligning
the two cleaved sections. Ideally the width of the air gap between the
two cavities should be a small integral number of half-wavelengths to
maximize the coupling efficiency and it is also desirable to be able to
choose the length of the two cavities. However the cleaving process is
not capable of the precision required for reliably producing devices
with the desired properties.

At OGC we have recently developed a micromachining facility
utilizing a focused beam of ions from a liquid metal source. This sys-
tem produces a 0.25 n2, 20 keV beam of Ga*' ions focused to a 250
nm diameter spot which may be scanned with 50 nm precision over a
working area of a few square millimeters. The focused ion beam
(FIB) sputter-etches semiconductor materials at a rate of approuxi-
mately 0.25 um3sec—! and can be used to micromachine grooves and
other features in wafer surfaces. The process is so precise and gentle
that optically smooth surfaces can be formed wherever needed on a
diode laser die to produce output mirrors, coupling etalons, and turn-
ing mirrors!-3.

Micromachined-coupled-cavity (MC?) diode lasers have been
fabricated with the FIB system. These include modification of com-
mercial devices, ten emitter phase-locked arrays, and broad area long
wavelength devices. The commercial devices are Mitsubishi ML-4102
AlGaAs diode lasers with nominal emission wavelength of 786 nm.
When modified to form MC? lasers they can be tuned to two discrete
modes separated by 30 A and each mo’e can be continuously tuned
over 3 A. Secondary mode suppression of more than 25 dB is
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observed. The phase-locked arrays are Xerox PARC AlGaAs lasers
which when micromachined to form coupled-cavity lasers produce 50
mW in a single tunable longitudinal mode.

Th long wavelength devices are fabricated from
InP/Ing 53Gag 47As/InP double heterostructure material grown by
MOCVD which produces lasers emitting at 1.65 pm. This
wavelength lies in the 2v; overtone band of methane hence these
lasers are a potential source for methane DIAL systems. The perfor-
mance characteristics of MC? lasers fabricated from this material are
being determined and their suitability for use in methane detection
systems evaluated.
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LASER-EXCITED OPTICAL PILTER:
EXPERIMENTS IN Rb VAPOR

by
T. M. Shay and J. D. Dobbins

los Alamos National Laboratory
P.O. Box 1663
CLS~-5 MS/ES3S
Los Alamos, N.M. 87545
(505)-667-8390

and
Y. €. Chung

Utah State University
Department of Electrical Engineering
Logan, Utah 84322
(505)-667-8390

Narrow bandwidth optical sources are readily available:
however, tunable narrow-bandwidth, wide field-of-view
optical filters are not available. Laser-excited optical
tilters (LEOFs) are in principle, tunable narrow-bandwidth,
wide field-of-view optical filters. LEOFs can sizultanecusly
provide high resolution (0.001 nmn), wide field of-view (2x),
and high quantum efficiency. These devices are ideally
suited for extracting weak narrow bandwidth signals buried
in strong nonresonant optical background radiation.
Potential applications of these filters include remote
sensing, laser communications, laser radar, detection of
Raman radiation, atomjc spectroscopy, etc.

We report the first demonstration of a LEOF in Rb vapor
and in addition the (first pumping of a LEOF_with
semiconductor lasers. In our expsriments, the Rb(5p2P3 2)
level is populated by the aksorption of 8.7 mW of laGsr
power trg? a tr.qu’ncy--tablo semiconductor laser tuned to
the Rb(5s 31/2 = 5p“P4,4) transition. A cw tunable dye laser
is used as’ "a opticéi test oscillator. The dye 1laser
frequency is scanned through the 572 nm Rb(Sp to 7d)
transition. When the dye laser photons are absorbed by the
Rb(Sp) atoms, violet sidelight fluorescence, from excited Rb
atoms is observed at wavelengths of 421, 359, and 335 nm
and is detected by a photomultiplier. Thus ws are performing
a laser induced fluorescence experiment, where 572 nm
photons are absorbed and violet photons are emitted from
axcited Rb atoms. There is no detectabls signal on our
photomultiplier tube when the dye laser is tuned off the 572
nm Rb transition and a strong signal is detected when the
dye laser is tuned to the 572 na transition. Furthermore,
the full-width-at-half-maximum of the sidelight fluorescence
is measured to be 1.18 GHz , in good agreement with a
calculated doppler width of 1.02 GHz. The results of these
experiments will be presented.
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An Airborne Polarization Lidar for Sounding Clouds
end Underlying Surface

A.d.Abramochkin, V,V,Burkov, V.E.Zuev, I.V.Samokhvalov,
V.I.Shamanaev

The Institute of Atmospheric Optics, Siberian Branch
USSR Academy of Sciences, Tomsk, 634055, US S R

The information on the scattering coefficient of clouds and
their phase state, as well as on the presence of oriented par-
ticles can be obtained, and the classification of an underly-
ing surface can be made based on the analysis of lidar-return
polarization.

An optical schematic of the lidar "Svetozar-3" is shown in
Fig.1. Here 1 is a laser with a radiation wavelength 532 nm;
2,12 are phage platee A/4; 3 is a Glan prism; 4 is a light-
scattering cavity; 5,6 are phototubes; 7,8,9,11 are lenses;

10 is a diaphragm; 13 are interference filters; 14 is a Wollas-
ton prism; 15,16 are photomul tipliers. The lidar has three si-
milar receiving telescopes with lenses 9 of 0.1 m diameter
which are symmetric about a transmitting lens 8.

The lidar operates in several modes. 1 - At each laser
flash the prism 3 turns at a given angle thus making the tran-
smitter's polarization plate to rotate about a reference plane,
A block consisting of a prism 14 and photomultipliers 15,16
also rotates in synchronism with priem 3., Polarization planes
of the receiving channel of the transmitter remain coplanar.

2 - Prism 3 is removed, diaphragm 10 is the same in all three
channels. The laser transmitter has circular polarization, and
the Stokes vector of the received lidar return can be deter-
mined based on the signals from all the photomultipliers. 3 -
Plate 2 is also removed, diaphragms 10 are different. The tran-
smitter has linear polarization, but the lidar retwn is re-
ceived from three different fields of view. Thus multiple sca-
ttering can be taken into account.

The recording system consists of a multichannel digitizer
with a 25 ns interval and 6 bit accuracy, a microcomputer, a
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video terminal, a disc recorder and corresponding interfaces.

The lidar power-supply system has been developed for an
airborne electric circuit 115 V 400 Hg,

For sounding clouds, sea and Earth's surfaces from board of
several types of aircrafts a slanted mirror, which changes the
original state of light polarigzation, should be used. Such va-
riation can be tgken into account by utilizing g mirror reflec-
tion matrix. For a single radiation passage it hae a form 1

{ C 0 0
0 cE20-5i260  2cosDPsin20 0
0 =2cos28sin20cos A (cof?ﬁ-sinzzﬁ)cosA sind

0 2c0s20sin28sind  ~(cos20-sin2B)sina  cosA

Here {0 1is the angle between a mirror normal projection on the
plane perpendicular to the lidar optical axis and a reference
Plane. An ellipsometricsl angle A depends on an angle of ra-
diation incidence to a metalligzed mirror gurface 9 o Bor the

(1)

255




R
50
40
30
20

10

a b
~ ] S50t .
N waler wel ice ioe+ wel snow
u ) o+
L || FAawzaos 1 d=o22017 | b dearsrom
= 20...
I [ R 1
i L1111 | rm 1 1111 , I
0 G2 04 06 o 0 02 04 G6 0 a2 a4 aé 44 4
Fig.3
PIC)) J
Fig b

90

256




wCl-4
angles ¢-0°; 20°; 40° gnd 60° A= 180°, 170°, 155° and
120°, respectively. When & = 45° the mirror reflection mat-
rix is simplified to

! 0 0 0
0 -1 0 0
0 0 -csA sind

0 0 sind cosA
To determine the Stokes~vector components at laser-beam
circular polarization it is sufficient to use signals from
four photomul tipliers

Si=R00)+F (90, 0);  Se=F10,0)-F(30) 0);

S3=F(45,0)-F1135,0); S =F(45 2/4)-F(135" a14).

Pigure 2 shows both calculated and experimental dependen-
ces of the distance A/, between the maxima of polariged
F(t,0°,0) and cross-polarized F(t,90°,0°) components of a li-
dar return on the cloud-scattering coefficient G .

Figure 3 illustrates the probability density histograms P
of the depolarization values 5 obtained at sounding the upper
layer of sea water (a), wet ice (b), and ice covered with wet
snow (c). The possibility of detecting oriented particles in
the atmosphsre is shown in Fig. 4. This is a result of simula~-
ted experiment. The lidar in the circular polarization mode
sounded the wire gauze of vertically oriented metallic fila-
ments of thickness 0.1 mm. The curve O(#)illustrates the depo-
larization dependence on the rotation angle ¢ counted off
from a reference plane. The problem of polarization sounding
is considered in more detail in {2,3].
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Raman Shifted Dye Laser for DIAL NHeasurements
of Atmospheric Temperature, Pressure and Demsity

Upendra N. Singh, Rita Mshon, Thomas D. Wilkersom

Institute for Physical Science and Techmology
University of Maryland
College Park, Maryland 20742

In recent years Differential Absorption legt (DIAL) measurements in the
3l-

A-band of molecular oxygen have been suggeste as a means of profiling
atwospheric variables such as temperature, pressure, and density. Laser
souicu of pulsed, tunable (760 - 770 nm) and narrow-bandwidth (0.02 - 0.03
ca” ") radiation, having a high degree of spectral purity (>99%) in this region
of the oxygen A-band, are thus highly desirable. This paper reports on the
current state of progress in our laboratory efforts in this field.

Commercially available dye lasers can meet the tunability and linewidth
requirements for the DIAL sources, but are usually found to have some
amplified spontaneous emission (ASE). The ASE, being broadband in nature,
results in a noa-absorbed component vhen such a laser is tuned to the
resonance frequency of absorption lines. Even 1% of ASE can make an
absorpiion measurement inaccurate. Hence, great effort is needed in
eliminating any source of ASE, namely by conservatively pumping the dye laser
oscillator and by optically isolating the amplifiers by means of apertures and
wedged dye cell windows.

Becausc the performance of dye lasers declines fairly rapidly with
increasing wvavelength above 700 nm, it is advantageous to utilize the Raman
effect to generate radiation efficiently at the first Stokes frequency. The
necessary tunability is retained in the_dye laser pump. Because of their very
small collision broadening cocffichnus. hydrogen and deuterium gases allow
the preservation of the narrow linewidth output from the dye laser, at
pressures in the R..sn cell of up to about 14 atmospheres (~200 psi).

rimental Setu; . diagram of the experimental arrangement is shown in
Figure 1. This versatile setup allowed us to constantly monitor the
performance parameters of the laser system. A frequency-doubled Nd:YAG-pumped
Quanta-Ray PDL-2 dye laser (modified) was used in the experiments reported
here. A high finessg etalon (F=30) was used to obtain a single mode,
narrowband (0.02 ca™ ") output at 760 - 770 nm and 577 - 583 nm. The
corresponding pulse energies were 20 mJ and 40 mJ. Radiation in the 760 - 770
nm spectral region was either generated directly in a dye laser or was
produced by Raman shifting the visible dys laser radiation at 577 - 583 mm in
Hy. The shift in H, 1s 4155 ca™ ", which corresponds to the frequency of the
dominant vibrational phonon field. The Raman cell length was 1 m, and the
bean waist was located in the center of the cell to keep the power density on
the windows at a minimum. The beam confocal parameter was always much less
than the length of the cell, being of the order of 10 cm for the 2 m focal
length lens and less for the others.
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The laser linewidth was measured with a Fabry-Perot interferometer (Tec-
Optics FP-1). The wvavelength of either laser was monitored both with a
waveneter (Lasertechnics 100 OCP) and by recording a high resolution
absorption spectrum obtained with the WVhite cell. The White cell consisted of
two high reflectivity msirrors of 4.8 m radius of curvature and 30 cm diameter,
separated by 2 m.

Result: The Raman conversion efficiency to the first Stokes line was measured
as a function of the beam confocal parameter, the pressure of H), and the pump
energy. While linewidth considerations restricted the usable pressure in the
Raman cell to less than 14 atm, the conversion efficlency increased with
increasing confocal parameter and with increasing pump energy. Ve measured
458 conversion efficiency to the first Stokes (58% quantua efficiency) at 14
atm of Ky with a 2 m focal length lens and 29 mJ of pump encrg¥ at 580 na.

The linewidth of the Stokes output was measured to be 0.03 ca™*. Figure 2a
shows a plot of the conversion efficiency (first Stokes) as a function of
pressure for two different confocal parameters. Figure 2b shows the first
Stokes energy as a function of pump energy for various focussing parameters at
17 ata pressure of H,.

Wizh the experimental arrangement shown in Figure 1, we measured the
differential transmission at the center of nl} z9 lines3(§HHH 0.06 - 0.1 cm”!
at 1 atm) in the P-branch of the 02 A-band (b"Z (v=0)-X"Z (v=0)) in air at NTP
contained in a White cell of 60 m path length. Two sets of data are
presented, corresponding in one case to the radiation being directly generated
in a dye laser, and, in the second case, to the use of Raman shifted dye laser
radiation. The results are shown in Figure 3a and b. Also shown for
comparison, are the measurements of Ritter and Wilkerson’ which assume a Vgigt
profile. The latter were obtained using a cw dye laser, having a 10" cm”
bandwidth, and should inherently have a higher accuracy than the pulsed
measurements. The discrepancies in our measurements can possibly be
attributed to the finite linewidth of the pulsed lasar or to the presence of
some amount of ASE. For reliable LIDAR results these measurements must be
reconciled, and further progress will be reported.

Research supported by NASA, NOAA, and the University of Maryland.
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CO2 LASER PRE-AMPLIFIER FOR LIDAR APPLICATION

Kinpui Chan"and Jack L. Bufton

Goddard S; Flight Center
Gtmbl:l?MD‘;O‘Tll

A laser pre-amplifier based on the multiple-pass geometry inside a low-pressure, pulsed CO, laser
discharge has been developed for lidar applications near 10 um wavelength. The laser pre-amplifier
prod in pulse on the order of 100 usec duration with peak power gains as large as 1000
(30db). Design considerations, predicted preformance, and initial laboratory test results for this laser
pre-amplifier have been previously presented (refs. 1 & 2). In this paper we report the results of a
suiuofhbmammonthewgainandgﬁnsubﬂitywhenthishserpre-ampliﬁetisused
with a CO, TEA laser source. measurements form the basis for application of the pre-amplfier
to enhanced direct-detection in a CO- lidar.

Figure 1 is a schematic diagram of the CO; laser pre-amplifier test apparatus. The laser pre-amplifier
developed at Pulse Systems Inc. consists of a 0.5 m long plastic tube with end-housings sealed for
low pressure operation. Zinc selenide optical windows at each end of this tube provide input and
output ports. The input port £1s0 has a 4X Galilean beam condenser telescope. Two optical flats,
that are separated by an invar rod structure and are tilted toward each other at a 2 angle, provide a
7-pass optical cavity within the uniform, rectangular cross-section plasma of dimension 1.5 cm by 4
cm between electrodes. Total lengih of the optical gain region is 2.1 m. The triode discharge
geometry uses a resistor array, a wire screen, and a pair of solid slabs as electrodes. The initial
high-voltage discharge between the resistor array ends and the wire screen is tollowed by the
main discharge of 1.4 to 2.8 kV between the wire screen and the slab electrodes.

Laser pre-.mplifier ion can be achieved with a variety of operating pressures, gas mixes, and
discharge voltages. ing pressure in the range of 20 torr to over 100 torr is maintained with a
vacuum pump and a flowing-gas mixture of helium, nitrogen, and carbon-dioxide. A typical TEA
laser gas mixture of 70% He, 15% N, and 15% CO; works quite well. Pulse energy into the laser
discharge in the range of 1 - 4 joule is varied by selecting discharge capacitors of 0.5 - 2 uf and using
a variac to coatrol input ac power for the high voltage transformer circuits. Variac vol is typically
set for the maximum value which still provides a uniform laser discharge. Continued increases in
voltage above this value result in a free-running condition where discharges occur without a trigger
input. At large voltage input into the discharge self-lasing can also occur if even small amounts of
optical feedback are present.

The CO, TEA laser is modified to accept a low-pressure gain cell inside the laser cavity. The gain
cell has an optical length of 15 cm and a measured gain of 2 at 15 - 20 torr operating pressure. It is
based on the same low-pressure, low-voltage pulsed discharge used in the pre-amplifgxer. The hybrid
CO;, laser TEA laser is designed to confine TEA laser output to a narrow bandwidth of about a
hundred MHz near CO, laser line center rather than the 3 - 4 CHz pressure-broadened gain envelope
of TEA lasers. This is necessary since the laser pre-amplifier has a similar narrow bandwidth of
amplification for its low operating pressure. The shape in frequency space of the optical gain
function for both units is approximately Gaussian and is centered on the laser line. Typical
full-width-at-half-maximum (FWHM) at 20 torr is 135 MHz. At 60 torr this optical bandpass
increases to 330 MHz and to 650 MHz at 120 torr.

On the detector end of the pre-amplifier tube a positive lens is used to capture the amplified signal and
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focus it onto a HgCdTe photoconductor detector f}imm}! Typical detector clement size of 0.5 mm
provides a normalized detectivity, D" = 1011 cm!/2Hz1/2/wan at a bandwidth of 5X106 Hz. The

combination of detector size and lens focal length of 105 mm results in a field-of-view (f.0.v.)
matched 10 2a/Lgr = 4.8 mrad, where 2a and L ¢ are respectively the diameter of the pre-amplifier

input port and the effective optical path length from the input port to the detector. A larger f.o.v.
would collect no more amplified lidar signal but would collect more amplified spontancous emission
(ASE) power.

Laser gain pulses are observed at the output of the pre-amplifier on the various P and R branch lines
in the 9.4 um and 10.4 um bands. Optical gain is primarily a function of pre-amplifier gas pressure
and energy into the discharge. At low gas pressures (i.e. 30 - 40 torr) the gain is relatively high,
achieving the largest peak gains for a given discharge energy. This results from a concentration of
energy into the narrow optical bandwidth provided by the pressure-broadened CO; gain envelope.

Optical gain decreases for CO, lines in the wings of each P & R branch in the same manner as it
would for the output of a CO, laser source. The decrease in peak optical gain at the higher operating
pressures can be compensated somewhat by increasing discharge energy input.

The tempzral shape of the optical gain pulse is Lorentzian. Pulse duration is determined primarily by
laser gas operating pressure. At the low pressure end near 20 torr, the pulse width is at 2 maximum
near 250pusec FWHM. At higher pressures the pulsewidth falls inversely with pressure to less than
50 psec FWHM at 120 torr. The pulse risetime is also much shorter at higher presssures achieving
values near § psec at 100 torr. Amplified spontaneous emission (ASE) power is readily observed on
the detector at the pre-amplifier output, even in the absence of a TEA laser pulse input. Its time
dependent waveform, identical to that of the optical gain pulse, has a peak power of about 1 nwatt.
On the other hand, no increase is observed during the gain pulse in detetector noise level due to ASE
noise.

Figures 2 and 3 report measured peak optical gain vs. time for CO, TEA laser pulses of about 200
nsec gain-spike duration. Operating wavelength was the 10P(20) line at 10.59 um. Both the
pre-amplifier and the gain cell were triggered together at a 1 Hz rate. The TEA laser trigger was
delayed to coincide with the maximum of the pre-amplifier gain pulse. This maximum was evident
from the peak of the ASE pulse. Measured peak gain of nearly 700 is noted in Fig. 2 for operating
pressures of 40 torr and 15 torr respectively for the pre-amplfier and gain cell. The measured peak
gain is consistent with a small-signal amplification of over 3%/cm for the 2.1 m optical gain length of
the pre-amplifier. The decrease of gain with pre-amplifier pressure is illustrated in Fig. 3 where peak
gain is about 200 for 80 torr pressure. The most dramatic difference in the time-history of optical
ain in these two figures is the reduction in the periodic variation (approximately 100-second) in gain
m a nearly 7:1 change at 40 torr in Fig.. 2 to only a 1.7:1 change at 80 torr in Fig. 3. This gain
drift with time is likely a result of temperature-induced drifts in TEA laser output frequency. The
reduction in peak-to-peak gain drift at the higher pressure is obviously a result of the wider
pre-amplification bandwidth at that pressure.

Short-term gain stability is characterized by the standard deviatic u of gain with-respect-to the mean
gain. Statisitics for thirty pulses near the peak gai= in ig. 2 gave 2 mean of 580 and a standard
deviation of 56.3. For sixty pulses in Fig. 3 the mean and standard deviation are respectively 178
and 21.8. Both cases exhibit a short-term gain modulation.of about 10%. Some of this variability
may be due to limitations in our gain measurement procedure, which involved readings of peak gain
from an oscillosccpe display of each gain pulse. It is noteworthy that when the low pressure gain cell
was disabled, amplification of the TEA laser pulses was highly variable. Measured short-term gain
modulation was at least 35% and was superimposed on a 10:1 or greater periodic variation.

Despite the flexibility in achieving a variety of optical gains and bandwidths, the PSI laser
pre-amplifier design is fixed at a given input aperture size, bore-diameter, and 7-pass folded optical
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path. These physical size constraints result from practical choices and interactions among electrode
spacing, gas pressurcs, and discharge voltages. The physical constraints have an important effect not
only on the overall gain performance of the pre-amplifier, but also on its optical coupling to the
collector telescope and the infrared detector. The pre-amplifier input aperture diameter (2a) is fixed at
12.7 mm. The collecting telescope in a LIDAR receiver must achicve beam reduction to this size
while also providing a large diameter collector. The result is a trade-off in terms of collector telescope
diameter and its fielg-of-view ( f.o.v.). Calculations based on collimated beam propagation through
the pre-amplifier predict a compromise is reached in the neighborhood of A - Q = 6 cm - mrad,
where A is the diameter of the collector telescope and Q is the full angle (1/e<) lidar divergence angle.
At this operating point the optical insertion loss is about a factor of four.

In CO4 lidar applications the net optical gain of 10 - 100 after insertion loss is expected to
dramatically improve the performance of a direct-detection receiver. Pulse-to-pulse gain variability
and gain drift can be minimized by operation at higher pre-amplifier pressures, but gain monitoring
will be required on a pulse-to-pulse basis to achieve acceptable lidar system performance. Gain drift
could also be reduced by frequency stabilization of the COy TEA laser, but this would add

undesirable instrument complexity. The increase of optical gain with time on the leading edge of the
Lorentzian gain pulse could be used to achieve a time-dependent gain as partial compensation for the
range-squared signal reduction in lidar returns. Further assessment of lidar application of the CO,

laser pre-amplifier will require field trials.

Figure 1 CO3 laser pre-amplifier test apparatus.
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Measured CO; laser pre-amplifier optical gain for hybrid TEA laser pulses at 10.59 um. }
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LOW-PRESSURE GAIL -CELL LASZR-DETECTOR OPERATION
WITH A CO, TRANSVERSELY EXCITED ATMOSPHERIC (TEA) LASER

Jan E. Van der Laan
Electro-Optics Systems Laboratory
SRI International
Menlo Park, CA 94025

The recent development of a low-pressure CO gain-celll preampli-
fier for optical receivers has stimulated renewed interest_in the
technique in the lidar community. Early work in this areal indicated
that a gain factor of only 2.5 could be achieved using a 72-cm long
gain cell. Because low gain did not appear to justify the added cost
and complexity to a lidar system, interest in the technique decreased.

In 1985 Pulse Systems, Inc. (PSI) introduced the LDP-30 laser
detactor preamplifier and advertised it for use in laser range-finder
receiver applications. Evaluations of PSI's LDP-30 operating at 30
torr show that it typically produces optical gains up to 1000 for
pulse durations of 100 us. This improvement in gain over previous
work is achieved by using transverse discharge, low-pressure, and low-
voltage CO, technology developed by PSI in a 7-pass 40-cm cell
configuration (total gain-path length of 280 cm). The previous work
was performed using conventional multimode longitudinal-discharge
lasers.

To obtain the gains suggested, the laser signals being amplified
must be generated by a laser with a line width less than or equal to
the gain bzndwidth of the amplifier gain cell. This regquirement
implies that a low-pressure CO, laser must be used as the source.
Indeed, the LDP-30 characterization studies at PSI were conducted
using a PSI low- pressure laser as the source.

Although the gain described by PSI is impressive, it should be
understood that there are some fundamental problems using low pressure
lasers in lidar and range-finder applications. First of all, most
lidar applications and certainly range-finder use require reasonably
~high range resolution, which is ultimately determined by the laser

1Richard Cunningham, "Gain Cell Boosts Range of CO, Lidar", Laser and

Applications, (September 1°83). (Reports on work by Ed McLellan
of Pulse Systems, Inc.)

2. F. Lotspeich, "CO, Laser Preamplifier Capabilities for Low-Level
10.6-)m Direct-Detection Receivers®, IEEE, J. Quant. Elcct.,
Vol. QE-13, pp. 371 (1977).
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pulse width. Currently used (O, TEA laser range-finders have pulse
widths on the order of 100 ns. Low pressure lasers on the other hand
tend to have very long pulse widths because of the long temporal gain
of the plasma at low pressures (i.e., FWHM gains in excess of 200 us
at very low pressures, e.g., 20 torr). Clearly, low-pressure lasers
are not appropriate for use in direct-detection range-finders unless
some means is incorporated to reduce the pulse width. Several
techniques are available to reduce the pulse width, but all involve a
sacrifice in power. A trade-off study of the luss in power versus the
gain achieved using the gain-cell preamplifier is required to resolve
this issue.

A different approach for achieving the resolution required is to
use currently available TEA laser range-finders and a low pressure
gain cell in the receiver. Here, the problem is somewhat different in
that the TEA laser has a very short pulse width because of the effects
of atmospheric pressure (760 torr) on the temporal-gain characteristic
and at the same time the effect of pressure on the gain bandwidth
increases the laser line bandwidth to approximately 3 GHz (FWHM). The
effect of this wide line width operated with a low-pressure gain cell
is not difficult to see; because the TEA laser energy is distributed
over 3 GHz and the preamplifier gain cell amplifies only a limited
portion of this bandwidth, the net gain should be significantly lower
than reported. Work being performed at SRI International using a TEA
laser operating on the 10 um R-22 transition, and low-pressure gain
cell, however, indicates that gains in the order of 300 can be
achieved. This gain appears to be higher than anticipated considering
the narrow line width of the LDP-30 relative to the pressure-broadened
TEA laser. Analysis of the laser configuration, however, explains
this apparent anomally. Although the TEA laser operates in the TEMy,
mode, the short gain length of the laser (23 cm) will support a number
of axial modes. The effect of these axial modes have, in the
frequency domain, is to radistribute the spectral power over the 3-GHz
gain bandwidth into a comb of six lines having a FWHM gain of
approximately 50 MHz as illustrated in Figure 1. 1In our test, the
LDP-30 is operated at 80 torr, which provides a gain bandwidth of 440
MHz at the FWHM (linewidth derived from Voight line profiles). By
adjusting the TEA laser grating to center the comb on the LDP-30 gain
line as shown in Figure 1, maximum amplification can be achieved for
that axial mode. Because our gain estimate of 300 is relative to the
total unamplified energy, which inclues all axial modes, the single
axial mode maximum gain is not fully realized, but it is much greater
than would be achieved if the energy were evenly distributed over the
full 3-GHz bandwidth. The high gain observed in our evaluations,
however, cannot be fully employed using our current TEA laser system
because of stability problems. Pulse-to-pulse frequency shifts of the
aligned axial mode relative to the gain-cell center frequency results
in fluctuation of the gain, which decreases the signal-to-noise ratio
(SNR). The gain fluctuation in .ur setup is the noise-limiting
mechanism rather than background or spontaneous emission noise. An
example of the amplified TEA laser pulses is shown in Figure 2. 1In
this example, ten amplified pulses and one unamplified pulse are
ohserved by multiple exposure to illustrate the peak-to-peak fluc-
tuation of the signal. Statistical evaluation indicates that the
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unamplified SNR {s 50:1, while the amplified SNR is 10:1. Calcula-
tions based on the line width of the axial modes and the LDP-30 at 80
torr suggest that a shift of 120 MHz of the axial mode frequency would
account for the lower SNR. Although the stability is critical, once
aligned on a single axial mode, the laser held that single axial mode
for extended periods, which allowed other parameters to be measured.
Among these measurements were temporal gain characteristics, which are
shown in Figure 3, and a gain linearity evaluation shown in Figure 4.
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The temporal gain for the LDP-30 is shown for two presures, 80
and 20 torr. The 20 torr data was provided by PSI. This illustration
clearly shows the pressure effects on the temporal-gain
distribution. The FWHM gain is 30 us at 80 torr and 240 us at 20
torr.

The linearity data shown in Figure 4, indicates that the
amplifier provides linear gain with inputs as high as 32-uJ. At 64-uJ
input corresponding to an output of 5.8 mJ, saturation effects are
cbserved. The exact mechanism for this saturation has not been
deteimined because the purpose of the test was to evaluate the
linearity at low levels of input. Net shown on this illustration, but
obtained in subsequeint test, two orders of magnitude more attenuation
were added to the inpit signal, which extended the available data down
to 0.03-uJ input. With the current instrumentation, we are unable to
measure below this level with accuracy. It is recognized that during
the linearity tests a gain factor of 130 was observed. This lower
gain factor indicates that the laser was not aligned for the optimal
axial mode during this measurement. This finding should not have any
effect on the linearity of the data except that the saturation effects
occur at a higher input level.

In summary, our evaluation to date using a low-pressure gain cell
with a TEA laser indicates higher than anticipated amplifier gains can
be achieved but at cost of SNR. The noise mechanism that limits our
measurements was laser frequency instability. No attempt was made to
stabllize our laser so it is not known how serious this problem is.
The results suggest, however, that by reducing the TEA laser cavity
length, thereby reducing the number of axial modes, the achievable
gains may be even higher.

For range-finder applications in whi:h a reasonably high SNR can
be tolerated, the high gains obtainable using the TEA laser and low-
pressure gain cell receiver preamplifier are very encouraging. For
applications in DIAL measurements a better understanding of the system
noise is needed. Additional work in this area is being conducted at
SR1, which will include actual receiver measurements over a lidar
range.

This work is being performed as a SRI IR&D effort with additional
funding and support under Contract DAAK11-82-C-0158 with the U.S. Army
Chemical Research, Development and Engienering Center, Aberdeen
Proving Grounds, MD.
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LASER SOURCES AND SENSITIVITY CALCULATIONS FOR A
NEAR-INFRARED DIAL SYSTEM

Martin J T Milton, Barrie W Jolliffe, Roger H Partridge, and Peter T Woods
Division of Quantum Metrology
National Physical Laboratory
Teddington, Middlesex, TW11 OLW, UK

The applications of DIAL systems operating in the near ultraviolet and visible
spectral regions are limited to the small number of species t:at absorb in those
regions. However, the infrared spectral region offers the possibility of detecting a
much larger number of gases, including most of the hydrocarbons. Although many
DIAL systems have been constructed for use in the mid-infrared (at 10 um in
particular), relatively few attempts!™4 have been made to use the near-infrared
despite the large number of strong absorption lines, particularly around 3 um. The
design of a direct-detection DIAL system to operate in this region involves a
considerable number of differences from DIAL systems operating in other spectral
regions. We consider here: the spectroscopy of target gases, possible laser sources,
and the sensitivity and accuracy that might be expected from such a system, with
particular consideration to its use for measuring hydrocarbon concentrations at the
ppm level in the atmosphere.

The Spectroscopy of Target Gases

Figure 1 is an atmospheric transmission spectrum of part of the near—infrared
measured with a high resolution Fourier-transform spectrometer. It can be seen that
the region 3.59 um to 4.39 um (2785-2280 cm~!) is an atmospheric “window”, with
transmission in excess of 95% even for path lengths of several hundred metres.
Figures 2 and 3 show the spectra of ethylene and butane, both measured
atmosphericaily broadened by nitrogen. Both of these species, in common with most
other hydrocarbons, exhibit absorption within the region 3.23 um to 3.60 pm
(2775-3100 cm~1). The ethylene spectrum consists of a number of lines about 1
em~l wide and S cm™! apart. This kind of structure is characte-istic of other light
hydrocarbons (for instance methane and ethane). The spectrum of butane shows no
such structure (when measured with & resolution of 0.01 cm™1), but only broad
features with widths of the order 10 em™l. This is characteristic of other heavy

(>C3) hydrocarbons.
Three conclusions can be drawn from these properties of the spectra:

(i) Speciation of light hydrocarbons should be possible with a source linewidth
of < 0.5 ecm-1,
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(ii) Speciation of heavy hydrocarbons is unlikely to be possible with any source
linewidth.

(lif) Sources operating beyond the 3.59 -- 4.39 ym window require a linewidth
sufficiently small to avoid water~vapour lines, particularly for measurements over
long path lengths.

Sources and Sensitivity

It is clear from these observations that two approaches can be taken towards the
design of a mid-infrared source for DIAL measurements of hydrocarbons:

(i) A broad linewidth source for measurements of heavy hydrocarbons, with a
linewidth only limited by the need to avoid water vapour lines, but not capable
of speciation.

(i) A narrow linewidth source (< 0.5 cm™1) capable of speciating light
hydrocarbons.

Clearly the linewidths and wavelengths required determine the type of laser system
that can be used and the energy available for transmission. A pulse length of
between 10 and 12 nsec is required, in order to give a range-resolution of
approximately 3 metres.

646-‘653 nm 3RD STOKES 3.27-350p

—

153-1.58
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- AR o

2
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1.53-1.58

Fig. 4. Methods for generating near-infrared from a tunable dye laser using SRS
and mixing.
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The schemes considered here for generating pulsed tunable near—infrared laser
radiation to meet these specifications all use NA:YAG lasers as the primary laser
energy source and visible dye lasers to introduce wavelength tunability. Figure 4
shows some possible methods for generating near-infrared using Stimulated Raman
Scattering (SRS) and mixing. In this case we have only considered SRS in
hydrogen, because of its high gain, large frequency shift and narrow linewidth. The
possible mixing processes considered are Difference Frequency Mixing (DFM) and
Optical Parametric Amplification (OPA). Although both of these processes rely upon
the same nonlinear interaction within a crystalline medium, they differ in :hat for
OPA, the highest frequency input beam is also the most intense, but for CFM the
highest frequency input beam is the least intense. This distinction is only significant
in the ideal case in which the process is saturated and all of the highest frequency
input photons are downconverted. Hence, in the saturated case, OPA is only
limited by the high intensity (fixed frequency) "pump®, whereas DFM is limited by
the "low” intensity (tunable) input.

Not only do the possible output energies of the various schemes wvary, but their
output linewidths also differ. For dye and YAG laser. linewidths’ of 0.1 cm~! and
0.7 ecm™! respectively, the linewidth expected from scheme 1 is approximately 0.1
em~l, from schemes 2 and 3 is approximately 0.8 cm~! and from scheme 4 is
approximately 1.5 cm-1,

Calculations of range and sensitivity of a DIAL system based on some of these
infrared sources will be presented.
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A Simple System for Frequency Locking Two CO, Lasers

Douglas C. Draper, J. Fred Holmes, John Hunt, and John Peacock
Oregon Graduate Center
Department of Applied Physics and Electrical Engineering
19600 N.W. Von Neumann Drive
Beaverton, Oregon 97006-1999

SUMMARY

An optical heterodyne system requires a local oscillator which tracks the frequency of
the transmitter. Otherwise the heterodyned signal, which has a frequency equal to the
difference between the transmitted and local oscillator frequencies, would drift outside the
bandwidth of the receiver.

In some remote sensing systems the same laser is used for both the transmitter and
the local oscillator. One or both of the frequencies may be shifted to provide the desired
difference frequency. Acousto-optic or electro-optic modulators can be used to shift the
frequency. For systems where two different lasers are used a method is needed to keep the
lasers locked at the desired frequency difference.

The system reported here accomplishes the locking without elaborate tracking sys-
tems usir. only the received signal to control a built in cavity length transducer. No
modification of the normal optical paths are required. This system provides good isolation
between the optical signals and requires only the addition of some simple electronic cir-
cuits.

The optical “emote sensing system is shown in Fig. 1. The transmitter laser beam is
expanded 30 times, and the local oscillator beam is expanded five times. The return sig-
nals are intercepted by one-inch mirrors and combined with the local oscillator using a
beam splitter and then focused onto the HgCdTe optical detector. Quarter-wave plates
are used to produce circularly polarized beams. The combination of the local oscillator
and target signal fields will have a hcterodyne component with a frequency equal to the
difference between the two optical frequencies. This component which represents the
heterodyned receiver signal can be used to control the optical frequency of either laser.

The lasers are standard three and five watt production models manufactured by
Laakmann Electro-Optics, Inc. They are tunable by means of a diffraction grating which
is manually adjusted with a micrometer dial. A canty length tuning mechanism is pro-
vided by a piesoelectric length transducer on which the rear laser mirror is mounted. An
electrical signal applied to the transducer varies the laser frequency in response to the
changing cavity length. After the two lasers are brought to the same spectral emission line
by manually adjusting the diffraction grating, the system will maintain control by
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detactirg the frequency difference from the detector and applying a correcting voltage to
one of the length transducers.

Figure 2 shows the control electronics. The received signal is amplified using existing
signal processing circuitry and the frequency is detected by a phase locked loop (PLL).
The PLL also removes amplitude variations on the signal before detection. The detected
signal is amplified to provide large control loop gain for small frequency errors. Special
filter circuits are needed to compensate for the response of the built in cavity length trans-
ducer which can cause instability.

The measured laser response to electrical control inputs as a function of the input
frequency is shown in Fig. 3. The lasers respond at 20 MHs per volt at low frequencies.
Of particular interest is the pronounced resonance at 3.4 kHz evidenced by the extreme
increase in response and phase shift at this frequency. The response is that of a second
order system with a damping ratic of 0.025 and is due to the piezoelectric length trans-
ducer in the laser. Because of this response the laser has a natural tendency for frequency
modulation (FM) at the resonant frequency of 3.4 kHz, and any disturbances in the laser
frequency at rates higher than the resonant frequency are virtually impossible to control.
This limitation precludes the use of the transducer for phase locking.

To reduce the effects of the natural resonance, a notch filter at 3.4 kHs is added. As
additional filter is also used to improve stability. The filter has a double pole at 4 Hz an3
a sero at 100 Hz. The double pole causes the control system gain to decrease rapidly with
increasing frequency, and the zero reduces the phase shift at higher frequencies. A max-
imum control loop gain of 120 dB is obtained using this compensation. With these condi-
tions the theoretical steady state error to a unit step input is 10~* which for a frequency
drift of 100 MHs translates to just 100 M7 e+ -2,

FMiso*--- .« ~ I .Hz to 50 kHz on this system which represents 0.1% to 1% of
the 5 MHs difference frequency. Any FM that occurs in either laser due to inherent laser
instability or external disturbances such as vibrations cannot be removed by the system if
the FM rate is above the 3.4 kHz maximum response of the length transducer. Any
significant improvement in FM for these higher rates would require a frequency control
element capable of responding to higher frequencies, such as a higher frequency trans-
ducer or electro-optic or acousto-optic modulators inserted in the laser beam. The long
term steady state error in the difference frequency is of the order of 100 Hs or about 0.01
% of the 5 MHs control frequency. This drift is mostly due to the continual changes in
the laser emission frequencies in response to temperature variations. The lasers drift 900
MHs per degres C and are controlled to within plus or minus 0.1 degree C by water cool-
ing. Therefore a 0.1 degree change in vemperature represents a 90 MHs change in laser
frequency. The expected steady state error is 10~* times 90 MHZ or 90 Hs which is con-
sistent with the above measurement.

The performance reported has been demonstrated in the laboratory in a simulated
field environment using a rotating diffuse target at 10 meters from the transmitter to
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generate a fully developed speckle pattern at the receiver. The target rotation, which
simulates the effect of turbulence, causes the speckle pattern from the target to have large
fluctuations in received optical signal with random phase. Based on the detector sensi-
tivity the received power level was measured ct 107!? watts. A similar system using a sin-
gle laser and a stationary diffuse target at 1000 meters in an actual field environment pro-
duces a similar power level and variation at the receiver input with moderate wind and
turbulence. Actual field tests of the two laser system are planned this summer.

This work was supported by the Army Research Office.
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PULSED FREQUENCY STABLE NARROW LINEWIDTH LASERS AND OPTICAL REMOTE SENSING

K.X. LEE

PERKIN-EIMER CORPORATION, 100 Wooster Heights Road, Danbury, Ct. 06810
Usually people consider single mode pulsed lasers to be frequency stablized.
But in a pulsed laser, mods selection 1is no: equivalent to frequency
stablization. This {s because vith any type of mods selection method or
davice, a long term frequency drift may occur from pulse te pulse dus to
thermal or mechanical disturbances of the cavity length. Furthermors, short
tera frequency drift (chirping) may occur within one pulse due to vapid

refractive index variations of the active gain medium.

Phase conjugation resonators (PCR) have been recognized mostly for the spaticl
or mode propsrties of their output bon.l Phase conjugation mirror (PCM)
using nearly degenerate fourwave mixing (NDFWM) has also been recognized for
its capability of providing narrowv optical bandpass filter. Indsed, assuming
adiabatic approximaticn, pump nondepletion, and weak nonlinear coupling, it is
found thacz as |K|l L dincreases, (here K 1is the complex coupling
coefficient given by K= 27% ¢ 2‘3) Ip/nc; 1Ip is the intensity of the
pump, L 1s the nonlinear interaction length), the bandpass becomes more
sharply peaked. When the oscillation condition is reached, (i.s., [KL[~772)
the bandpass approaches zero.z The bandpass is only limited by the

linewidth for the pump.

Frequer:y chirping is minimized {f the pulse duration is longer than the
cavity round ctrip tims. We shall demonstrate that phase conjugation
oscillator, with one phase conjugation "mirror" pumped by frequency very
stable, cw, narrow linewidth lassr, together with active amplitude modulation

mode-locker, can provide a plused, frequency as stable and narrow linewidth as

the cv pump laser. 278
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We begin Yy utilizing or constructing & frequency stable, narrow linewidth, cw
laser a la Pound-btov.:’. as indicated in Figure 1. Then passing through
some 1solation elements, and frequency modulate the laser before pumping the
four-wvave mixer of the phase conjugation resonstor, Figure 2. Lec the
frequency stable, narrow linedwidth, cw pump laser has central frequency of
£, and linewidth of Af. Let the PCR has cavity length of L, then the
cavity mode spacing is Aﬁfc = c/4L, half of the mode spaciang of wusual
olcillacot“. Let the modulatioa frequency be fm and assun.‘A£<<£u<¢1

fc <<f“. Then the pump beams of the PCM have three distinct lines,

fe, £, £ &£, and each has linewidch of Af<<fm. When the
oscillation condition is ar- 4 * “he bandpiss approaches zero and is only
limited by the linewidth o. . , .arp, which 1is Af. Since Af<<fm, there will
be mno coupling between these f° and fo + fn lines. Thus if the

PCM material is so chosen (such as resonance or resonance enhanced material)
such that at fo' the oscillation condition is met, then the two side bands

are also very near the cscillation condition. Thus, the PCM also acts as a
bandpass filter for both sidebands. Thus, the circulating optical frequencies
in the PCR are the same as that of the pump waves which drive the PCM. These
frequencies are “he most likely to oscillate because the enhanced reflectivity
of the PCM. Furthermore, one can show that 3 the standing waves with
frequencies £° and fo + fn in the PCR cavity are not only

frequency synchronized, but also phase synchronized in time to the phases of
the pumping waves. A practical technique to enhance the bandpass selactivity,

and syncnronization of both frequency and phase in the PCR, one can inject a

small amount of the cw pump via forward FUM at the PCM.
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1f we freqeuncy modulate the cw pump, dus to the synchronization of both
frequencies and phases in the PCR, and the negligible short term frequency
chirping, the output of the pulsed oscillator preserves the frequency

characteristics ss well as the information content via MM in the pump. ]

Note that, the controlled frequency modulation of the pumps can not only

H

encode information to be transmitted but also broadens the effective gain
bandwidth of the PCR. Thus, for some laser wmedia, subnanosecond frequency
stable pulses can be obtained. Furthermore, since the resonance frequency of
the PCR is independent of the cavity length, one can use a v:ry shor: PCR

cavity, such that the pulse width of the PCR can further be shorte.ied.

We shall briefly describe the applications of such device to the study of

optical remofe sensing.
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A__Rapid Tuning Device for a GOz LIDAR

V. Klein M. Endemann
Battelle Institut e.V
An. Romerhof 33
D-6900 Frankfurt/Main 90

1 Introductijon

A rapid tuning device for a TEA CO2 laser has been developed
for multispectral DIAL measurements in the atmosphere. This
equipment is part of a LIDAR experiment for the remote
detection, identification and quantification of several
atmospheric pollutants within a range of 2 km.

2 The Experjmenta] Setup

For the accurate identification and quantification of numerous
gaseous pollutants within a target volume in the atmosphere it
is necessary to use the multispectral differential absorption
technique (examination of this volume on several different
wavelengths). The optical main components of this experiment
are a 50mJ (P40) TEA COz laser with a repetition rate of
300 Hz and the above mentioned rapid tuning device, forming
the transmitter and a conventional 8"-Newtonian telescope with
a LN-cooled HgCdTe-detector as the receiver, which is mounted
directly besides the laser head. This LIDAR experiment is
fully controlled by a 16 bit microprocessor system (68000
CPU). The laser is tuned on up to 10 discrete wavelengths in
the fingerprint region of 9 um through 11 mum by ¢tilting
reflective gratings at the rear side of the closed resonator.

For our application it is essential to perform this tuning in
a very short time due to the high repetition rate of the laser
to probe two wavelengths within the atmospheric correlation
time (2#10ms). This technique eliminates errors caused by
temporal variations of the pollutant concentration within a
given volume due to small scale atmospheric turbulence
(eddies) .

A single transmitter laser with high PRF (300 Hz) is used to
simplify the alignment and to improve the overall reliability
(compared to a two-laser-transmitter).

For our application it is desired to emit pairs of laser
pulses, separated by 3 ms, at a repetition rate of typically
80 Hz. A rotating polygon mirror in combination with a fixed
grating., constantly rotating grating or resonant galvanometer
scanner would imply several technical difficulties. Therefore
we selected an alternative approach.

We have developed a frequency switching device, that allows to

change the emission wavelength within a timescale of 1 ms, and
allows to probe up to 10 independent line pairs within 1 sec.
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This device consists of an optical chopper as a light switch
and two computer controlled reflective gratings (Fig.1). The
chopper blade, equipped with two Si mirrors, is rotating at a
constant speed (5.000 rpm) and is mounted in an angle of 45°
with respect to the axis of the resonator. The laser pulses
are emitted either when the beam is directed by the chopper
mirror onto grating #1 or when the beam is passing through
to grating #2.

The exact position for the mirror when the laser must fire is
determined by two high resolution light sensors and a trigger
mark on the outer surface of the rotating chopper mirror
itself. The chopper is actually using only one of the two
mirrors for switching the light., while the second one serves
as a counterbalance and as a back up. The light is alternately
pointed onto the two gratings which are directly mounted on
the axis of two high resolution stepper motors (50.000 steps
Per rev.).

The deflecting angle of the gratings can be altered in
smallest steps of 0.126 mrad. The maximum rotating speed is
10 rev. per sec.

The stepper motors are computer controlled via intelligent
interfaces. Once these interfaces are programmed it is pos-
sible to perform even complex sequences of motion profiles Dby
transmitting only a single start command from the host
computer. This leads to a very flexible application of the
tuning device. When several pairs of laser pulses have been
emitted and averaged, both gratings are repositioned for the
next set of wavelengths. The accurate position of the gratings
is determined by high resolution optical encoders (100.000
steps per rev.). Fig. 2 shows the actual setup with the
partly uncovered chopper housing.

Stepper motors are frequently showing a strong tendency for
overshooting their final pointing position and are confined in
a damped oscillating around this position once they have
completed their operation. This oscillation may exceed the
travel time itself and is heavily dependent on the torque of
the motor and the dynamic load on its axis. For preventing
this behaviour the present setup is equipped with an additio-
nal load in form of a small flywheel, which is significantly
damping the disturbing oscillation.
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Chopper wheel z”"\éﬂ
Nith 2 nirrars/

Chopper notor

" Laser bean

brating #2

Grating 81

Fig.1 Three~dimensional view of the rapid tuning device

jcations h api vi

Optical elements...l Chopping Si mirror, 2 Reflective Gratings
(150 grooves per mm)

Chopper drive.................. DC motor (24 Volts, 5000 rpm)
Gratings drive........ Stepper motors (50.000 steps per rev.)
Pointing accuracy for the gratings................ 0.126 mrad

Maximum settling time for the gratings after
rotating into a new position..... P heces et ecences o 20 ms

Shortest time between two pulses
on different wavelengths..... Geessseseeeaceas cesesereens 3 ms

Repetition rate for pulse pairs....... ceecsenss ... typ. 80 Hz
Maximum acceleration of the grating drives.... 60 rev per sec?

Maximum speed of the grating drives........... 10 rev per sec
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Rirbdredi o i Vool i IoUG & o if.

Fig. 2 The complete tuning device, partly dismantled

3 Conclusion

A new rapid tuning device for a COax laser has been developed
for an application within a LIDAR experiment. First laboratory
test results show the successful approach (3 ms pair separa-
tion). The minimum switching time between adjacent grating
positions can be as lowas 20 ms. Thus the achievable
repetition rate for the pulse pairs can be nearly 50 Hz,
depending on the selected sequence of wavelengths. Further
laboratory test work and measurements in the open field will
lead to a nearly automated system, running under the
complete control of a micro computer.
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An Airborne Wavemeter for an Atmospheric DIAL Experiment

Joseph H. Goad, Jr,
NASA Langley Research Center
Mail Stop 474
Hampton, Virginia 23665-5225

Summary

A wavemeter is being designed and developed as a subsystem to support ti'e
NASA LASE (Laser Atmospheric Sounding Experiment) ER-2 airborne project. The
prime objective of this project is to use a DIAL remote sounding system with
a pulsed tunable Alexandrite laser to measure vertical profiles of water
vapor and aerosols. The technology to make the required wavelength centroid
and wavelength profile measurements has been demonstrated by others in
laboratory enviromments. The developmental effort in building this wavemeter
is to operate within requirements inside the Q-bay environment of an CR-2
aircraft. In this environment, the temperature can vary from 15 to 40
degrees Celsius and the pressure can vary from 14.7 psi to 3.5 psi. The
interferometers in the wavemeter must be isolated from this thermal and
pressure variation. A thermally controlled housing and thermal vacuum
chm‘ers have been designed and brassboarded to demonstrate the required
stability.

The wavelength centroid measurement to meet the atmospheric science
requirement for the LASE experiment, is met by providing absolute spectral
accuracy of $0.25 picometers at a nominal wavelength of 729 nanometers. The
wavelength spectral profile accuracy is met by providing an instrumental
resolution at full-width-half-maximum of less than 0.5 picometers with an
amplitude uncertainty of 10 percent.

Fabry-Perot interferometers have been constructed of low thermal
expansivity materials to form the three stage instrument. Two stages
operating in a “bootstrap” mode provide the wavelength centroid position
measurement; the third stage provides data to retrieve the wavelength
profile. Two laser beam paths exist in the wavemeter: one for real-time
control of the tunable Alexandrite laser, and the other to provide
interferometer stability information for post-flight checking. The optical
design is shown in figure 1. A graph of the long-term opto-mechanical
stability is shown in figure 2. The data demonstrates that the instrument
variations are well within $0.25 picometers. Figure 3 shows an example of a
linearized fringe profile with an instrument resolution of 0.32 piccmeters.
These preliminary experimental design data were measuresents with a single
mode, stabilized He-Ne laser.

I wish to acknowledge the contridbutions of the LASE wavemeter subsystem
development and design team, in particular, and also many other personnel
assigned to the LASE project.
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Detector Response Characterization for DIAL Application

H. S. Lee
SM Systems and Research Corporation
8401 Corporate Dr., Suite 510
Landover, MD 20785

G. K. Schwemmer and C. L, Korbd
NASA/Goddard Space Flight Center
Code 617
Greenbelt, MD 20771

For accurate DIAL measurements, the detector output should have a linear
response to the input light signal, In addition to good linearity, the
detector snould also have good gain stability and negligible signal-induced
noise,

The requirement for gain stability is less stringent compared to the other
requirements as long as the gain stability pattern is preserved between the
pair of on-line and off-line pulses. The linearity of the detector response
is critical in the sense that the nonlinear behavior of the PMT responsivity
is normally dependent upon the signal amplitude itself. Therefore, for off-
line and on-line signals which are not identical, the effect of the non-
linearity is not canceiled in the DIAL signal processing. The same argument
applies for the signal-induced noise term. The cause and characteristics of
the signal-induced noise which appears as a bias is not well understood.

To study the signal-induced noise characteristics, we have set up a laboratory
experiment which simulates the effects of strong ground return signals from
aircraft measurement. The setup consists of a stabilized single mode CW He-Ne
laser, a spatial filter, a narrow slit (5 um) mounted on a rotating chopper
and a sev of auxiliary optics as shown in Fig. 1. The simulated strong ground
return lidar pulse is generated by chopping the CW laser beam focused on the
slit. In this way, we generate a Gaussian pulse with a typical FWHM of 500
nsec. Tne spatial filter (SF) in the beam expander is used to create a near
Gaussian profile of the laser beam which is directly transferred to a temporal
pulse profile by the chopper., T-2 PMT is operated in a gated mode. The PMT
output signal is amplified, digi.ized, and recorded on a magnetic tape using
the pressure-temperature lidar data acquisition system. For a given laser
pulse shape, experiments are carried out by varying the intensity, PMT dynode
voltage, and gating time. Preliminary results show a signal-induced bias
(ncise) effect with a duration >60 us at the 0.1% level. Investigation to
further chracterize the cause and effect is underway.

We have studied the gain stability of the detector system using a CW LED 1ight
source, The PMT is gated on for each signal in the on- and off-line pulse
pair for a duration of a few tens of microseconds each. The temporal
separation of the pulse pair is maintained at 300 us to simulate field
measurements. The PMT output signal is then amplified, digitized and recorded
using the same data acquisition system., A set of data is acquired by varying
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the light intensity, and PMT dynode voltage. Preliminary results show that
the absolute gain stability is a strong function of the PMT dynode voltage as
well as the light intensity. The relative gain is stable to 0.1% or better
over a period of a few tens of us. The error due to this effect is further
reduced in a DIAL measurement,

PMT
2
DATA -
ACQUISITION :af, PMT 1 | M,
SYSTEM
ND. B.sS.
He-Ne LASER BEAM EXPANDER ' CHOPPER
1 Al A
! | Y v M,
S.F. Ly L,

APERTURE

Figure 1. Schematic of Experimental Setup
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Speckle Effects on Laser Wavelength Measurements with a Fizeau Wavemeter
Coorg R. Prasad*, C. Laurence Korb, and Geary K. Schwemmer

NASA/Goddard Space Flight Center
Greenbelt, M0 20771
Code 617
*NRC Research Associate

In this paper, we present results of an investigation of laser wavelength
measurement with a wavemeter incorporating a coated Fizeau high resolution
wedge., The effect of speckle on the measurement has been studied and several
approaches have been taken to reduce the effect of speckle.

Measurements of atmospheric pressure and temperature profiles by a dif-
ferential absorption lidar operating in the 760 nm region i"ﬁ using absorption
by oxygen in this region have been proposed by Korb et al.**< Absorption
troughs between pairs of strongly absorbing lines are used for the pressure
measurements in order to desensitize the measurements to the effects of laser
frequency instabilities. The results of measurements of the atmospheric pres-
sure profile made remotely from an agrcraft have shown an average deviation of
less than 2 mb from radiosonde data.” Atmospheric temperature measurements
call for the on-line laser to be centered on a narrow absoiption 1ine, whose
widths range from 0.1 cm™* (FWHM) at sea level to 0.03 cm™* (FWHM) for the
Doppler<broadened profile at high altitude. Hence, this calls for a laser _
transmitter with a bandwidth narrower than the line width (0.005 - 0.02 cm'l)
and a stability of the centroid frequencx about a factor of ten better (0.001
- 0.002 cm™*). Studies by Korb and Weng~ have shown that tor a three-mode
laser the {elative frequencies of each of these modes should be known to
0.0005 cm™" and the mode energies to ten percent.

A wavemeter for measuring the mean wavelength and spectral shape of the pulsed
narrow bandwith alexandrite_lasers employed in the pressure-temperature lidar
has been under developzent.5 This instrument contains a high resolution (HR)
multibeam Fizeau wedge” with a wedge angle of 8 arc/sec, a spacing of 5 cm and
a refiectivity of 92% for the high resolution measurement of laser frequency
and a low resolution wedge which was not used in this study. Laser light is
input through a 50 um core graded index optical fiber cable and collimated by
an off-axis parabolic reflector. The fringe pattern from the wedge is
incident on a Reticon photodiode array with 1024 elements (located on 25 um
centers). The laser light falling on the HR wedge displays a speckle pattern,
witq speckle sizes varying from 2 to 15 mm (spatial frequencies 0.067 to 0.5
mm~"). This pattern is a random distribution of speckle that changes with any
displacement or orientation of the fiber., Thus, the fringe pattern incident
on the diode array exhibits an intensity variation due to speckle that
severely distorts the fringe pattern produced by the wedge.

Earlier measuremenzs’ of the line shipe of the narrow bandwidth alexandrite
lasers using an interferometer have shown ihat both the lasers have a three-
mode structure with a sgacing of 0.027 cm™* between the outermost modes for
one laser and 0.016 cm™* for a second laser. In addition, the three modes are
not equally spaced. The laser output contains a mix of frequencies arising
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from laser oscillation in many transverse modes as well as in three longitud-
inal modes. As a result of the spatially inhomogeneous multimode laser out-
put, mixing of the laser spatial modes is required to assure that the spectral
information measured by the wavemeter is the same as that which is used for
atmospheric urasurement. However, the process of mixing the output generally
introduces <peckle. One of the reasons for using the multimode optical fiber
is to scramb.e the laser modes while acting as a pinhole (50 um) for the col-
limator. Tais approach however, produces large speckle elements with sizes
which are of the order of the fringe spacing of the HR wedge. Another example
of a mixer is a diffuser which can also take the form of an integrating sphere
and which also produces speckle.

Qur approach has been to use a "thin" diffuser which mixes the different
spatial modes. We have performed a number of experiments to study the effects
of such diffusers on the speckle and also on the measured laser lineshapes.
For these experiments, the optical input system shown in Figure 1 was used.
The laser beam was taken either directly, or through the optical fiber, to a
spatial filter consisting of a 10x microscopic objective and a pinhole
assembly, and then collimated using the off-axis parabolic reflector before
going through the 4R wedge. The output from the wedge falls on the Reticon
dioce array. A cylindrical lens then may be introduced between the HR wedge
and the diode array. A continuous wave He-Ne laser oscillating on three modes
was used initially to characterize the system. The diffuser for mixing the
spatial modes was placed on the pinhole holcdar at the focus of the microscope
objective.

The diffuser can be considered as a random array of apertures or obstruc-
tions. In a “thin" diffuser, this array is essentially two-dimensional while
in a "thick" diffuser, a three-dimensional distribution of scatterers is
present. The pattern of light emerging from such a two-dimensional array is
better suited for our purpose since it does not degrade the finesse of the
system substantially by increasing the size of the source to be collimated. A
thick diffuser Jike opal perspex, while being a better diffuser, degrades the
finesse of the system.

Various diffusers were tried such as thin parchment, vellum paper, and opal
plastic films. The surface of the opal plastic film has microscopic grooves
which scatter light. Speckle is also produced by these diffusers. The size
of these speckles and their frequency can be changed by moving the diffuser
away from the focus of the microscopic objective., The spatial frequency was
as high as 4/mm when the diffuser is away from the focus, to as low as 0.04/mm
(i.e., a single speckle element covers the full aperture of the wavemeter)
when at the focus. The farthest displacement permissible is set by the
finesse desired (which is 40), and this corresponds to a speckle spatial
frequency of 4/mm. For this value of the finesse the laser spot size at the
diffuser can be fairly large (2100 um), and the energy density in this spot,
that is necessary for obtaining an acceptatle S/N ratio at the diode array, is
of the order of 0.1 J/cm®. Hence, the chance of damage to the diffuser is
small,

Since these speckle patterns change randomly with any displacement of the

diffuser, the accuracy of measurement is improved by averaging over a number
of measurements wherein the diffuser is translated randomly in a plane
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perpendicular to the optical axis. Further improvement in measurement
accuracy through reducing the speckle variance is possible by integrating
vertically along the fringes. This was accomplished by introducing a
cylindrical lens. But the cylindrical lens itself introduces errors if not
positioned precisely since the elements of the Reticon diode array are only
25 um high, Instead of this, a larger array with 2.5 mm high array elements
was utilized.

For evaluating the effectiveness of these procedures, the diode array output
was acquired, digitized, and stored on magnetic tape. These data sets were
then analyzed to obtain the mean value and the variance of the frequency and
the relative intensities of the different modes that are contained in the
laser output.

The diffuser can also be used in conjunction with the optical fiber coupling
to increase the spatial frequency of the speckle and thus improve the accuracy
of the measurement. In the first series of experiments, the CW He«Ne laser
was the source, and comparison of the wavemeter data for different input
schemes was carried out, Following this, the pulsed alexandrite laser was
used as the source. The results of these experiments will be presented.
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Development of Spectral Equipment for Investigations of
Atmospheric Gases

V.E.2uev, V.P.Lopasov, Yu.M.Ponomarev, L.B.Sinitsa,
I.S.Tyryshkin, A.B.Antipov

The Institute of Atmospheric Optics, Siberian Branch
USSR Academy of Sciences, Tomsk, 634055, US S R

High-resolution laser spectrometers developed at the Institute
of Atwospheric Optics for investigating tho absorption spectra
of atmospheric and atmosphere contaminating gases at 0.2 to

10 pm are reported.

The complex of spectrometers consists of: wide-band intre-
cavity laser spectrometers; laser spectrometers with multipass
absorption cells with the base up to 110 m; opto-~acoustic spe-
ctrometers; a fluoreascence laser spectrometer.

The intracavity lager spectrometers allow the wide-range
recording of 200 cm”! width spectra to be made per pulse of ge-
neration (2, ~1 ms) at spectral resolution 0.05 om”!, The thres-
hold absorption sensitivity of spectrometers reaches 1077
10~8 em™? that corresponds to use of 10000 m path length in
classical apec'troacopy.

Wide-band intracavity spectrometers based on Nd glass la-
sers, dye lasers, and thermostable, room-temperature Pz"' and
l'z'sL:lr color lasers have been developed. The total sgpectral
range of spectrometers is 4000 em™? in the range 0.55 to 1.2gm.
The parameters of spectrometers are given in Table.

Laser spectrophotometers were constructed based on a cla-
sesical scheme with external multipass abeorption cells and ls-
sers with a narrow (< 0,001 om™1) frequency-tuned line of ge-
neration. To determine the absolute values of weak spectral
line parameters with high precision, the mul tipass absorption
celles with bases of 3, 30 and 110 m have been designed. Multi-
pass systems pProvide a pass length to 8000 m, A 30-m cell has
two optical systems that allow simultaneous measurements in
two spectral regions. The guses in the cells can be investiga-
ted in the temperature range =40 to +80°C. The spectrometers

- J1zie
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based on ruby, KR4 glass, alexandrite and dye solution lasers
have been constructed (see Table). They are equipped with the
wavelength measuring systems, systems for computer signal pro-
cessing and have spectral resolution to 10"‘" ca~1 and the ab-
sorption sensitivity 1078 ™1,

Opto-acoustic spectrometers provide high-precision measure-
ments of relative absorption coefficients of the gas under stu-
dy, and allow ocne to obtain information on the absorption satu-
ration parameters. At present the opto-acoustic spectrometers
based on ruby, Nd glass, cO2 lasers have been constructed. The
spectral resolution of opto-acoustic laser spectrometers is de-
termined by laser radiation line width and reaches 10‘1 -

-5 °1O"5 ca~1. The use of high-power lasers with pulse dura-
tion 15-100 ms allows one to study nonlinear spectroscopic
effects in gases.

A multipurpose laser spectrometer. An automatized multi-
purpose lcser spectrometer operating in the ultra-violet, vi-
sible and near IR has been comstructed for obtainirg absorpti-
on and fluorescence spectra. The spectrometer consists of:

1. a tunable frequency-doubled dye laser, 2. a fluorescence
cavity with a monochromator, 3. a spectrophone for recording
an opto-acoustic absorption spectrum, 4. a multipass gas cell
for recording the absorption spectra, 5. a system for proces-
sing the data and controlling a spectrometer based on a compu-
ter.

The parsmeters of the spectrometer are: spectral excitation
range - 265, 290-305, 350, 530, 580-610, 1060 nm; spectral
range of fluorescence recording - 0.2-1,2 ym; fluorescence
channel sensitivity - 10" Men™1; spectrophone threshold sen-
sitivity - .'!"IO"8 e~ 1/3; optical path length of absorption
cell - 4.,4-132 m; measurement error of signal ratio - O.5%.

The results of spectroscopic investigations. High sensitivi-
¢y of the spectrometers constructed allowed one to record se-
veral thousand of new absorption lines, many vibration-rota-
tion bands of nao. 002, c.‘,nz, N,0, NE3, CH,, HBr end their
isotopes. The recorded spectra have been assigned, the spect-
roscopic constants of molecules have beem determined. The ab-
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sorption spectra of atmospheric air in the range of laser ra-
diation have deen defined more accurately.

The spectral 820 absorption line contour has deen studied,
the line shifts caused by duffer-gas pressure have been measu-
red, that reveals the necessity of taking into account the line
shifts in the atmospheric-optics problems to dbe solved.

Table. Parameters of the spectrometers

Spectrometer  SPectral Spectral  Absorption

range, resolution, sensitivity,
) ca-? ca~1
Intracavity laser spectrometers Npor pg.‘l.u.
.
Na-glass 1405-1.09 0408 10™8 20-100
AT 0.89-0496 0.08 1077 50-200
P, SIAF 1.09-1.25 0.08 3040™8 50-300
Dye 0655-0461 0405 5090~7 50-100
Laser spectrophotometers
P;th
ength .
Ruby 0.69% 1073 1078 60-4000
Dye 0¢56-0464 7.90~% 5040~9 60-8000
Alexandrite 0¢71-0.8 504073 108 60-4000
Na-gless 1+05-1+09 7+q0~4 10~7 12-268
Opto-acoustic spectrometers Intengity

l/mllu'12 ’
Ruby 0.69 102 10~9 108
Ni-glass 1.06 5040™3 1079 108
Nd-glass
(doubled 0.53 504073 109 20107

frequency)

coz-mu- 1046 101 10"8 2-107
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Effective Source of Coherent Radiation Based on
coz Legers and MaPz Prequency Converters

Yu.M. Andreev, V.G, Voevodin, P.P. Geiko, A.I. Gribenyukov,
V.V, Zuev, V.E. Zuev

The Institute of Atmospheric Optics, Siberian Branch
USSR Academy of Sciences, Tomsk, 634055, U S S R

The znGePZ monocrystals have high nonlinear figure of merit,
third after Te and CdGoAaz.ZnGerz is sufficiently birefringent
(B = + 0.04) for three-frequency matching mixing practically
all over the transmission range. However, mainly due to low op-
tical transmission of the monocrystals available, the experi-
mental studies of frequency converters (FC) have bYeen limited
until recently to approbation of the 002 laser radiation up-
[1] and downconverters [2].

The technological advances allowed us to obtain the ZnGePa
monocrys‘’al bulls of 20 to 25 mn diameter and 150 mm length.
The spectral behavior of the absorption coefficlient o for
four crystals is presented in Pig. 1. The samples 3 and 4 are
unique [3]. The yield of samples with the maximum transmission
range O( = 0.1.0.0.2 cm~! 1s several per cent. Significant ex-
ceeding of losses for the extraordinary waves has been obser-
ved in the region of so-called short-wave anomalous "shoulder"
of absorption. The difference is caused by the presence of
growth layers and oriented second-phase inclurions. The absorp-
tion peak at 9...9.1 um is assumed to be connected not with a
three-phonon absovrption only [2], since crystal-to- crystal va-
riations of peak intensity are observed. As follows from the
analysis of optical properties, the znGePz monocrystals are
most applicable for conversion of 2...8.5 um radiations. In
particular, they are the most efficient frequency doublers of
CO laser radiation. PM angle for SHG is presented in Pig. 2.

The characteristics of different 002-13301- FC with znGeI’2
have been experimentally investigated. The work has been done
together with the laser designers (4-8]. The CO laser frequen-
cy doubler [9] enables one to study in detail the possibilities
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Fig.1. The transmission spec-
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Pig. 3. CO laser generation pulses power (1) and duration (2)
and the SHG external efficiency 7 versus modulation
g;queney £ at different pumping-beam mode struc-

es.
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of cascade fourth-harmonic generation (FHG) of CO2 lagers.

In all the cases the type 1 phase-matching conversions
have bcen studied. Some crystals were partislly anti-reflec-
tion coated, the others were oriented clogse to the Brewster
angle. The crystal length was mainly 7...10.5 mm. A 3 mm crys-
tal was uged in the first cascade of FHG of a hybrid 602 la-
ser, and a 7 mm crystial was used in the second one. The effi-
clency of the second cascade was limited by absorption of
plasms formed on a Lif filter placed in front of it. The sum
frequency generation of nonselective 5.7 W CO, laser radia-
tion and 4.7 W CO laser radiation was obtained in a 3.1 mm
crystal at a beam convergence angle 0.5°. A CO laser radia-
tion parameters and SHG efficiency are presented in Fig. 3.
The 3.1% maximum of average-power SHG efficiency of a G-swit-
ched CO laser was obtgined at 84.5 mW pumping at £ = 75 Hz.
The 4 oW maximum of the average SH radiation power was obtai~
ned at 194 W at £ = 89 Hz. The external angular acceptance
width for SHG of 002 ¢'d CO lasers and sum=frequency harmonic
were 4°, 2°06' and 2°50' (without radiation selection) res-
Pectively. The temperature synchronism widths were 45°C...50°C
in the first case, and 80°C in the second case. The sour-
ces developed are applicable for solving many prcblems of
applied spectroscopy.
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Enhanced Direct-Detection ot CO, Lidar Returns
Using a Laser Pre-Amplifier*

by

D.K. Killinger
Lincoln Laboratory,Massachusetts Institute of Technolcgy
Lexington, Massachusetts 02173-0073
(617) 863-5500, Ext. 4740,

J. L. Bufton
NASA/Goddard Space Flight Center
Greenbelt, MD 20771
and,

E.J. McLellan

Pulse Systems, Inc.
Los Alamos, NM

The relative merits and technical differences between direct-detection and

heterodyne-detection for CO,, lidar are well known. Direct-detection of‘ers enhanced |

information concerning the average intensity of the lidar returns but at tt 3 expense of
reduced signal-to-noise level. Heterodyne detection requires an increase in system
complexity, provides an enhancement in the S/N ratio of 4 to 6 orders .:f magnitude,
but is limited in its ability to scan rapidly through several CO,, laser lines.

Recently a new detection technique has been studied which provides signal
detection of the lidar returns and combines some of the advantages of both heterodyne
and direct detection. In this technique, a CO, laser pre-amplifier is placed between

the lidar telescope and optical detector and serves as an optical amplifier of the
received lidar photons. The technique is not new. It was first used in the 1950's with
the development of the ammonia maser, and was originally used to amplify optical
emission from astronomical ammonia sources. Such optical amplifier techniques
have been investigated in the past, but problems were often encountered with the
gain, spontaneous emission noise, and entrance field-of-view , with the result that the
device could not be used in a practical system. ! Recently, the development of a
low-pressure, pulsed discharge, multi-pass CO, laser amplifier has overcome most of

these problems and has been shown to provide enhanced detection in laboratory
experiments.

In this paper we report the first experimental use of such a laser pre-amplifier in a
tunable, single-frequency CO,, lidar system. This technique has demonstrated an

improvement in the S/N ratio of the lidar returns of up to 200. A schematic of the lidar

*This work was supported by the National Aeronautics and Space Administration
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system is shown in Fig.1. A pulsed, hybrid-TEA CO, laser (Laser Science Inc.,

PRF-150) was used to generate 100 mJ, 300 ns duration, single-frequency, 3 Mhz
linewidth, laser pulses which were tunable over approximately 40 lines . The output
from the laser was monitored by spectrometers and power meters, and the majority of
the laser output was directad out the laboratory window toward a topographic target(
building) at a range ot 300m. The backscattered lidar returns were detected by a
30-cm diameter telescope, recoliimated into a 20 mm diameter beam with a length of
1.5 m, and focused onto a cooled HgCdTe detecter. Measurements of the lidar signal
level and background noise level were recorded.

The laser pre-amplifier placed infront of the detector was developed at Pulse
Systems Inc. and consisted of a low-pressure (40 Torr), pulsed discharge CO» laser

which was operated as a traveling-wave- amplifier within a seven-pass folded optical

path.2 The temporal profile of the optical gain of the pre-amplifier is shown in Fig. 2

and lasts for approximately 200 us. The linearity of tha laser pre-amplifier was tested
in the laboratory by passing a CO, laser pulse through the pre-amplifier and

measuring the change in the amplitude of the pulse. By varying the amplitude, the
linearity of the optical gain was measured as a function of amplitude and the results
are shown in Fig. 3. As can be seen, the pre-amplifier was linear in gain ovei a range
of nearly 4 orders of magnitude in variation of the input pulse amplitude. Such results
are important since they imply that the pre-amplifiar can be used in a DIAL system
without distorting the amplitude of the returned lidar puise amplitudes. Further details
of the design considerations of the laser pre-amplifier have been presented

elsewhere< and in a companion paper at this meeting.

The lidar tests were conducted by first measuring the signal and noise values of the
lidar detector signals as viewed on an oscilloscope without the pre-amplifier in the
optical path. The pre-amplifier was then inserted into the optizal path as shown in
Fig.1. Measurement of the S/N values prior to turning on the discharge indicated that
the optical insertion loss was a factor of 4. Finally, the pre-amplifier loser discharge
was turned-on and the S/N values measured. The observed gain in the signal level
of the lidar return after turning-on the pre-amplifier discharge was approximately 800,
with no increase in the measured noise level observed. Taking into account the
optical insertion loss, the appropriate gain in the lidar S/N ratio was , thus, 200. The
gain was found to be sensitive to the relative optical alignment of the lidar telescope
and entrance/exit optics of the pre-amplifier and detector. The amplitude stability of
the returned lidar signals appeared to be the same as the laser pulse amplitude
stability. While most of the optical gain tests were conducted using the 10.6 um P(22)

CO, line, similar results were obtained as the CO, laser was tuned through most of the

prominent lines of the 9.6 um and 10.6 um bands.

In conclusion, these preliminary studies have indicated the advantages and
technical difficulties in the use of the pre-amplifier. While, in general, the results are
qQuite encouraging, several features and operating parameters have heen quantified
which appear to influence the utility of the pre-amplifier for use in a practical lidar
system . These factors include, for brevity, (1) the advantage that only optical
radiation falling within the linewidth of the CO,, laser lines is amplified, (2) the use of a
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pulsed, high-gain discharge results in significant signal gain without the usuz.
increase in background optical noise, (3; amplified spontaneous amission (ASE) is the
dominant noise sourcs, (4) the optical design is a compromise of several factors which
consider the interplay of total optical gain and ASE, and the field-of-view of the
entrance and exit optics, (5) care must be used to maka sure the pre-amplitier itself
does not go into self-lasing, (6) while the optical gain varies during the 200us pulse
discharge, it is rather easy to measure the enhanced gain of the lidar pulse which
appears on-top ot the ASE pulse envelope (see Fig. 2), and (7) a hybrid-TEA CO»

laser with frequency stability of only 10 to 20 MHz is quite adequate to ensure that the
laser linewidth falls within the bandwidth of the pre-amplifier. Further studies are
being conducted to investigate these factors and better quantify the gain parameters of
the pre-amplifier.
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Plans for an Airborne Multispectral Laser Imaging
Polarimeter System

James E. Kalshoven, Jr

NASA Goddard Space Flight Center
Sensor Concepts and Development Branch/625
Greenbelt, MD 20771

There has been difficulty in making effective use of the natural
depolarization properties of the Earth's surface as a parameter
in land remote sensing. This arises from the problem in building
a theoretical foundation upon which to interpret the data from
reflected polarized solar radiation which is complicated by
atmospheric effects and a diversity of viewing and phase angles.
By designing an experiment that substantially eliminates the
atmospheric and phase angle effects, a data base could be
developed upon which theoretical models could be verified,
refined, and predictions made. This 1is the goal of an airborne
imaging polarimeter system being planned at NASA Goddard Space
Flight Center.

By 1lluminating the surface with 100% polarized light, the degree
of depolarization can be measured by a remote sensor. This
depolarization varies with surface characteristics, including
soil type and moisture content, plant species and stress
conditions, and ocean, lake, and river dissolved and suspended
matter.[1],[2] By  using different wavelengths, additional
rorrelations can be made to extract information from the
surface.[3]

The planned system would employ a frequency doubled, polarized
Nd:YAG pulsed laser as the source to provide irradiance at 1060
and 530 nm. A cylindrical lens would diverge the laser beam
along one axis while leaving it unaffected in the other axis.
This line of l1light would then 1irradiate the surface of interest
in a direction perpendicular to the 1line of flight, A dual
t.elescopic receiving system would be used at each wavelength to
detect the two orthogonal polarization states of the reflected
radiation. Each wavelength would require two telescopes with the
oroperly oriented polarization filter and narrow bandpass
frequency filter. A third telescope could be added {if the
azimuth of polarization 18 desired as explained in the next
paragraph. In the focal plane of each telescope would be mounted
‘a linear array of detectors oriented parallel to the transmitted
line of laser light. An image of the surface under investigation
would then be generated as the system moves along in the aircraft
perpendicular to the line of laser 1light, Each pulse of the
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laser would contribute an additional narrow swath of crosstrack
data to produce the continuous image.

Measurement of the orthogonal polarizations, A(0) and A(90), at
the detector arrays allows the determination of the I and Q
Stokes parameters for calculating the polarization factor, P, as
follows:

By employing an additional receiving telescope and detector
combination and measuring polarization at 0, 60 and 120 degrees,
the additional U Stokes parameter can be determined to allow the
calculation of the azimuth of polarization, 8, as follows:

2/73[A(0) + A(60) + A(120)]
2/3[2A(0) - A(60) - A(120))
-2/3[A(120) - A(60)]

© = 1/2 arctan{[U/Q]

SO
nun

Images can be generated as described by Prosch [4] in the triple
telescope systenm, or through computer manipulation and
enhancement in either the dual or triple telescope system.

There are many variations and tradeoffs possible on actual system
specifications. Aircraft flight qualified Nd:Yag lasers with
energy of at least 500 mj (@€1060 nm) and 300 mj (€530 nm) per
pulse are in use at NASA. Using a fast 50 mm lens for each
polarization state and wavelength and a 512 element linear array
with at least 5% Q.E. at 1060 nm, SNR's approaching 100 at 1060
ne and 50 at 530 nm can be obtained. This assumes a narrow
apectral filter (less than 10 nm) for daytime observations. Each
pulse would irradiate a surface area of about 2.5 by U400 meters
from an altitude of 1000 meters. Depolarization measurements of
3 to 5% can be obtained.

Production of depolarization images of the Earth's surface, as
opposed to "point measurements,” will be significant to Earth
resources analysis. It will provide a new field parameter for
theoretical modeling programs and aid in the 1nterpretation of
passive spaceborne solar polarization measurements.
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Design Concepts for An Advanced Airborne
Meteorological Lidar (LASE II)

Geary Schwemmer
Laboratory for Atmospheres
NASA/Goddard Space Flight Center
Greenbelt, M 20771

The use of differential absorption 1idar (DIAL) instruments in high altitude
atrcraft platforms for mesoscale meteorological applications dictates
requirements on the instrument systems which approximate or approach
spacecraft platform requirements. Unattended automated operation, power,
mass, volume, and data rate may be constrained to some extent. The ability to
utilize such a platform provides a good opportunity to demonstrate technology
developments which will enhance the possibility of developing spaceborne 1idar
atmospheric sounders. This paper describes the investigation of techniques to
increase alexandrite laser efficiency and frequency stabiiity, and the use of
Fabry-Perot etalons in a double narrow-passband receiver filter.

NASA/Goddard's Laboratory for Atmospheres is investigating the feasibility of
a number of techniques to increase the capabilities of meteorological lidar as
part of feasibility studies for LASE II. LASE Il includes a DIAL instrument
that will measure atmospheric temperature and pressure profiles for mesoscale
meteorology. It is designed to modularly conform to the LASE facility
developed by NASA/Langley Research Center. The LASE facility will be
installed in NASA's ER-2 high altitude research aircraft. Considering the
typical 0.1% efficiency of narrowband alexandrite lasers presently being used
in ground- and aircraft-based lidar systems, an ER-2-based system would
require between 3 and 4 kw of electrical power. A polar orbiting system would
require about 8 kw, :

The primary reasons for such a low efficiency are:

1) The xenon flashlamps used to pump alexandrite have a large portion of
their energy in spectral regions which are not absorbed by the laser rod, and

2) The use of lossy intracavity etalons to spectrally narrow and tune the
laser output increases laser threshold and decreases gain, therefore decreas-
ing the laser efficiency. Alexandrite lasers that do not use high resolution
tuning optics, and which are optimized for efficiency, routinely achieve 1%
and greater efficiency.

To avoid the loss in efficiency due to tuning optics insertion losses, we are
experimentally evaluating the use of tunable narrowband, single mode diode

lasers as an injection source for high power pulsed alexandrite lasers. By
forcing the pulsed laser radiation to build up from the narrowband injected
radiation, most if not all of the frequency selective tuning optics may be
removed from the cavity allowing large increases in efficiency. Injection
locking a high power pulsed laser with low power narrowband laser radiation
nas long been used in CO, and dye lasers. Allied Corporation has successfully
demonstrated the use of Single mode diode lasers to injection lock a high




WwClé-2

power pulsed alexandrite laserl, Under a contract from NASA.Z Allied is
developing a frequency-stabilized, diode injection locked narrowband
alexandrite laser to characterize its output qualities and evaluate its
potential as a LASE Il transmitter. In addition, the Laboratory for
Atmospheres is experimentally investigating techniques for active frequency
stabilization of diode lasers to features in the oxygen absorption spectrum a
760 and 770 nm taat we use to make lidar meas:renents of atmospheric pressure
and temperature,

To address the problem of inefficient spectral match of flashlamp pumping and
alexandrite absorption, we will be looking at the possibility of pumping
alexandrite with the frequency doubled output of diode pumped Nd:YAG lasers,
and, should they be developed, with visible red diode lasers. A small,
continuous-wave alexandrite laser was operated with near 50% convegsion
efficiency when pumped with 647 nm radiation from a krypton laser,

Presently, our efforts are confined to modeling the characteristics of laser
pumped alexandrite lasers.

The requirement to make daytime as well as nighttime temperature profile
measurements with LASE Il imposes design criteria on the receiver optics that
are used to reduce the daytime background radiation by eight orders of
magnitude. The receiver field of view should not be smallar than 1 mrad in
order to complietely encompass the transmitted laser beams which must have a
divergence of 0.7 mrad or greater due to eye safety. Additional background
rejection_is accomplished by using optical filtering with a total bandpass of
0.8 cm -1 FWHM. Since the on-line and off-line laser wavelengths may be
separated by more than this_amount, a double bandpass filter is used, each
with a bandpass of 0.24 cm™" FWHM., To achieve the double narrow bandpass and
high throughput, we are examining the use of tandem Fabry-Perot etalons with
spacings chosen so that the resultant combined free spectral range is the
product of the two individual free spectrai ranges. Two of the resulting
passbands are isolated and the others blocked using a suitable interference
filter with a bandwidth of approximately 1 to 2 nm.

Design concept details for the diode laser injection locked alexandrite
transmitter and the double narrow bandpass receiver filter will be presented
and discussed.
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Overview of an Advanced Lidar for an Atmospheric Temperature Profile
Measurements Program

Bertrand L. Johnson, Jr.3, C. Laurence Korb3, Pierre Flamant®, Mireille BourdetS,
John Degnan?, Gerard Megied, S. Harvey Melfi2, Geary Schwemmer3,
Louis Uccellini®

Introduction

The LASE (Laser Atmospheric Sensing Experiment) program is managed by the
NASA Langley Research Center (LaRC) and is the development of a modular lidar
facility which can be operated autonomously from the high altitude (60,000 feet)
NASA ER-2 aircraft. Phase I of this program is the development of a lidar
instrument system by LaRC to measure atmospheric water vapor profiles. Phase II
(also refered to as LASE II) is the development by the NASA Goddard Space Flight
Center (GSFC), in cooperation with the Centre National d'Etudes Spatiales of France,
of an advanced lidar instrument system to measure temperature and pressure profiles
of the earth's atmosphere. GSFC is developing the solid state (Alexandrite) laser
transmitters for both phase I and phase II.

Science

The scientific objectives of the LASE II effort center on the study of mesoscale
phenomena and take advantage of the high altitude capability of the ER-2 aircraft.
The LASE I system will provide a unique data set to study the interaction between
stratospheric extrusion and ocean-influenced planetary boundary layer prior to and
during major oceanic cyclone events. The observational requirements are: for
altitude range - O to 15 km; vertical resolution - 0.5 km; horizontal resolution - 10
km; and temperature accuracy - S1 degree K.

2 National Aeronautics and Space Administration, Goddard Space Flight Center,
Greenbelt, Maryland 20771, USA

b Ecole Polytechneque, Laboratoire de Meteorologie Dynamique du CNRS, 91128
Palaiseau Cedex, France

€ CNRS Institut National d'Astronomie et de Geophysique, 77, avenue
Denfert-Rochereau, 75014, Paris, France

d Centre National de a! Recherche Scientifique (CNRS), Service d’Aeronomie, 91370
Verrieres-le-Buisson, France
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Lidar Temperature Measurement

A differential absorption lidar (DIAL) technique forms the basis for the proposed
high accuracy temperature and pressure measurement. It uses two tunable pulsed
lasers, one located on a portion of a resonant absorption line of oxygen and a second at
a nearby reference frequency. The energy backscattered at each frequency by
aerosols and molecules in the atmosphere is measured as_a function of time using a
range gated receiver which allows the atmospheric oxygen absorption to be measured
over a known path. Since oxygen is uniformly mixed in the atmosphere, and the
mixing ratio is known a priori, then the measurements can be structured to determine
either the temperature or pressure profile. A two-wavelength differential absorption
lidar technique developed by Korb et al of GSFC is used for measuring the
atmospheric temperature profile. The approach uses a measurement of the
absorption at the center of a line in the oxygen A band which originates from a
quantum state that depends strongly on temperature through the Boltzmann
distribution and can be used to obtain a highly sensitive temperature determination .
A small change in temperature produces a large change in absorption coefficient;
roughtly 1.5% per degree K. The atmospheric absorption coefficient is found
experimentally using the ratio of the on-line and reference backscattered signals.

Iastrumentation

The laser transmitter to be developed for LASE II is a tunable dual wavelength
Alexandrite; tunable over the range 759 to 770 nm. The Alexandrite laser
transmitter for the LaRC LASE I program, presently undergoing integration and
testing, is tunable over the range of 720 t0 780 nm. The LASE II transmitter will be
based on this development. The proposed baseline approach is for a long folded
resonator design and injection-locking techniques are presently being studied to
narrow the linewidth, and increase laser efficiency and frequency stability.

CNES/CNRS of France is developing the wavemeter which will measure the spectral
characteristics of the laser beams for each emitted pulse. The values of the two
centroid wavelengths are computed by the wavemeter in real time and are used in a
servo-loop to provide active control of the laser frequency. The complete
information on the measured spectral profiles is sent to the system computer for
storage. True spectral energy distribution is computed during post analysis.

Daytime and nighttime measurements will be made and the receiving optics must
reduce daytime background radiation greatly (==le8 times). To accomplish this, a
dual bandpass filter system using Fabry-Perot etalons is being investigated.
Laboratory studies to improve PMT detectors for this application are continuing.
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To meet the scientific objectives of the experiment the laser linewidth must be
narrower than 0.005 cm-! and controlled to 0.001 cml. The wavemeter must
measure the absolute value of the frequency to 0.001 cml. The required receiver
bandwidth is 0.24 cm™] for each laser wavelength.

Status

In-flight atmospheric pressure profiles have been made by Korb et al on the NASA
Wallops Flight Facility Electra aircraft. Ground-based lidar atmospheric temperature
measurements have also been made. This research program is continuing and an
upgraded lidar system is scheduled to make further pressure measurements near the
end of this year. With further system refinements flight lidar temperature profile
gxeasuren;ents are planned late in 1988. We anticipate that the LASE II system will

y in 1993.
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Implementing a New High-Spectral-Resolution Lidar Technique for
Backscatter Ratio and Atmospheric Temperature Profiling

C. Y. She, R. J. Alvarez 1I, H. Moosmiller, and D. A. Krueger
Physics Department
Colorado State University
Fort Collins, Colorado 80523

Lidar systems rely on backscattering from air molecules (Rayleigh
scattering) and from suspended aerosol particles (Mie scattering) for their
return signal. Due to the thermal motion of both molecules and particles the
backscattered 1light s Doppler broadened 1in frequency. Molecular
backscattering has a temperature dependent linewidth of 2 GHz. Aerosol
particles, being many orders of magnitude heavier than molecules, show much
slower thermal motion and the resulting Doppler broadening can be neglected in
most circumstances. The spectrum of backscattered light, consisting of a wide
Rayleigh and a narrovw Mie scattering component, is shown in Fig. 1(a). Basic
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Fig. 1. (a) Rayleigh/Mie 1light scattering
spectrum of air molecules consisting of a
sharp aerosol peak and a broadened molecular
Rayleigh spectrum. In the same figure, the
transmission curves of two atomic filters,
F’(v) at low temperature and F(v) at higher
temperature, are shown. Residual scattering
spectra after the transmission through the
low temperature filter and high temperature
filter are given in (b) and (c), respec-
tively.
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lidar techniques do not separate these two signal components and & lot of
interesting information inherent to ths return signal {s lost. VWhat is left
is the ability to localize spatial gradients i{n the density of backscatters,
which are wmostly due to clouds, haze, smoke plumes and inversion layers,
Further information such as aerosol backscatter ratio and atmospheric
temperature can be obtained from a basic lidar system only if assumptions on
atmospheric extinction and air molecular density based on modeling or on other
measurements are wumade. Techniques that can be wused to measure these
parameters directly are therefore of interest. While Raman scattering and
differential absorption have been used to measure tropospheric temperature,
the signal-to-noise of these lidar techniques is lower than that of the
Rayleigh-Mie scattering technique. In order to extract atmospheric
information from Rayleigh-Mie scattering, the aerosol- and molecular-
scattering components, which are contained in a narrow bandwidth of 2 GHz,
must be spectrally separated and analyzed. An obvious solution is to use a
scanning Fabry-Perot interferometer to analyze the spectrum of the scatrtered
light induced by a single-frequency laser Indeed, the early and only
atmospheric parameter measurement using Rayleigh-Mie scattering was performed
in this manner.! In this 1971 experiment, Fiocco and co-workers made a remote
temperature measurement at 4-km height; they achieved a measurement accuracy
of a few degrees by averaging o~ er a 2-km path and a 1-h time duration. Since
much of the spectrum is w..etected at any given instant, a scanning method is
time consuming and therefore not suitable for lidar applications. A desirable
high-spectral-resolution 1lidar (HSRL) technique should be one that uses a
single-frequency laser as the 1light source and an adequate narrow-band
blocking filter that permits separation of molecular scattering from aerosol
scattering and analysis of the scattering spectrum without scanning. Such
methods havé been conceived. Using a Fabry-Perot interferometer at a fixed
setting as the blocking filter, in 1983 Sroga et al.? made successful
atmospheric backscatter ratio measurements despite alignment difficulties. In
1981 Schwiesow and Lading® proposed temperature profiling with a HSRL using an
interferometer, although no experimental result has yet appeared in the
literature. Realizing the problems in alignment difficulty and small dynamic
range in aerosol rejection associated with interferometers, Shimizu et al. at
Colorado State University proposed in 1983 the use of narrow-band atomic
blocking (bandstop) filters in a HSRL for atmospheric parameter measurements.*
These filters reject Mie scattering and transmit different portions of the
spectrum of Rayleigh scattering as shown in Fig. 1. Theoretical
calculations®’® indicate that when this HSRL technique 1is successfully
implemented, many basic 1lidar systems can be modified to perform routine
atmospheric temperature profiling with 1-K accuracy, 30-m depth resolution,
and a 10-sec measurement time at a range of 5 km.

At Colorado State University, experimental efforts for implementing a
prototype 1lidar system based on our 1983 proposal have begun. In this paper,
we report the progress of this undertaking. Our experimental program has been
divided into three stages of development. First, we develop a suitable atomic
vapor filter (AVF) and test the proposed concept with a tunable cw dye laser
system. Second, we setup a pulsed dye laser amplifier and repeat the
laboratory experiment with a pulsed laser system. Third, upon the successful
development of the first two stages of the program, we setup a prototype HSRL
system for field measurement of tropospheric backscatter ratio and temperature
profiling.
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The laboratory measurements of atmospheric temperature and backscatter
ratio using a cw laser system have been completed. For this experiment, a
barium heat-pipe oven has been constructed and i{s used as the AVF. By varying
the oven temperature, the band width of this AVF may be varied from 1.4 GHz to
1.8 GHz with ease. The transmission profiles of the AVF at various settings,
which are needed for the experimental determination of backscatter ratio and
atmospheric temperature, are traced out with a single frequency tunable dye
laser. Setting the frequency of a narrow-band dye laser (band width of 1 MHz) )
at the center of the barium absorption (5537 A), the light scattered from a :
small volume in room air passes through the AVF and is monitored on and off ;
the barium resonance at different oven temperature settings. Using the i
formulae 1in Ref. 4, the backscatter ratio and atmospheric temperature can be .
measured. In this manner, laboratory measurements of atmospheric temperature
and backscatter ratio have been made, yielding an accuracy of 1 K and 3%, !
respectively. This result has been published recently.® We have achieved the {
same measurement accuracy under ditt-rent atmospheric (temperature and
pressure) conditions.

At present, we are in the process of conducting laboratory measurements
with a pulsed tunable laser system. A pulsed dye laser amplifier has been
constructed. When the cw dye laser is sent through the pulsed dye amplifier, '
a single frequency tunable pulsed output of 1 MW per pulse is obtained. The i
measured band width of this output is about 160 MHz, quite adequate for the i
proposed experiment. Unfortunately, in addition to the single frequency |

!

output, the beam contains a weak broad band flourescence whose spec:ral
distribution has not been measured. Using this tunable source, the ! q
transmission profiles of the barium AVF at different settings have been taken. i

The functional shapes of these transmission profiles are, within experimental
accuracy, identical to those taken with a cw tunable laser, indicating that
the broader bandwidth (160 MHz) of the pulsed system causes no problem.
However, wunlike the transmission profiles obtained with the cw dye laser, the
flat bottomed peak attenuation does not correspond to zero transmission. This {
residual transmission resulting from the weak broad band flourescence in the
beam output ranges from 1.5% to 12% depending on the output power, and the
condition of the dye as well as other parameters yet to be determined. We are
investigating the factors affecting the amount of this residual transmission
and are trying to minimize it. With the presence of the residual "
transmission, which is, of course measureable, the formulae for determining {
backscatter ratio, r, and the ratio of molecular factors, fm/f'm. can be given
as:

1 - le /Nz(l + ¢€)

1 - eNl/Nz(l + ¢)

r (1)

1 - ¢ Nl/(l + e')N2 . §2 2 ‘
1 - eNl/(l + t)N2 N2
where N, is the total (or off-resonance) scattered photon counts. N_,, f , and
¢ are respectively the on-resonance counts, molecular factor, and” residual
transmission of the AVF at one oven setting; the corresponding primed
parameters, N), f’, and ¢’ are those at a second oven setting. As discussed
previously."z a@mosphetic temperature may be determined by comparing the
measured and calculated values cf fm/f;' We anticipate that the results of

fm/f'm
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laboratory measurements with the pulsed laser system along witn the effects of
residual transaission and signal strength on signal-to-noise of the
measurement will be presented in the meeting.

Ve have ordered equipment and setup & remote sensing laboratory at the
CSU Christman Field, an old University airport site. Among other items, a
commerical pulsed dye laser amplifier has been ordered; its performance in
broad band flourescence emission and residual transmission will be
experimentally assessed. In addition, a transient digitizer has been acquired
for range resolved messurements, and it is being interfaced with a computer.
A schematic of our proto-type HSRL system is shown in Fig. 2.

FBc
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Fig. 2. Schematic of a HSRL system. The
laser is tuned and locked to the absorption
peak of an atomic barium filter. The lidar
return is divided into three channels and
detected after different filtrationms.

This research is supported by the U.S. Army Research Office under
contracts DAAG”9-83-K-0095 and DALLO3-§6-K-0175.
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0.53 ym Incoherent Doppler Lidar: Current Status

J. Sroga and A. Hosenberg
RCA Astro-Space Division
PO Dox 800
Princeton, NJ 08543-0800

INTRODUCTION

Measurements of the atmospheric wind field have been shown by simulations to
improve global numerical weather prediction (Atlag, et al., 1985) and several
spaceborne lidar systems have been proposed to meet the global wind
measurement requirements. Menzies (1986) has given a comparison of the
relative performance of four potential spaceborne Doppler 1lidar systems
utilizing either czoherent (heterodyne) detection at 1.06 uym and 9-11 um
wavelungths or .incoherent (direct) detection at 0.35 uym and 0.5 um
wavelengths. This pape- describes a ground based, 0.53 um incoherent
Doppler lidar and presents preliminacy results of atmospheric testing to
demonstrate this incoherent Doppler lidar technique.

System Description

Pigure 1 shows a block diagram of the 0.53 um Doppler lidar prototype. The
transmitter consists of an oscillator amplifier MNd:YAG laser constrained to
yield transform limited, single Frequency pulse with a KDP crystal converting
the 1.06*® um radiation to the 0.53 um Doppler lidar operating
wavelength. The transmitted beam is expanded by a 5X telescope and directed
into the atmosphere via steering optics. The operating characteristics of
the transmitter are given in Table 1. The backscattered signal is collected
by a 31.75 cm dJdiameter Cassegrain telescope and coupled into a high
resolution Fabry-Perot Interferometer for analysis of the Doppler shift. The
FPI design utilizes a multichannel Image Plane Detector (IPD) and is similar
to the one flown on the Dynamics Explorer Satellite (ilays et al., 1981).
Table 2 lists the characteristics of the receiver system. The photoelectrons
detected by the FPI-IPD system are converted in digital signals for storage
and processing by a multichannel Data Acquisition System (DAS) consisting of
several TRAQlL multichannel ADC camac modules (12 bit, 500 kilz) interfaced to
s Stride 460 microcomputer via a camac to IEEB 488 controller. The Stride
operates under 3 multiuser system with one megabyte of ram, 33 megabyte hard
disk, one floppy disk drive, a quacter inch tapa system and graphics
capabilities. The DAS sampling period is synchronized to within <50 ns of
the laser trarsmitter pulse.
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[ st .

The 0.53 ua Doppler lidar is currently undergoing atmospheric testing to
dexonstrate the incoherent Doppler lidar technique. Pigure 2a shows an
example of the FPI-1PD spectra obtained with the systea pointed vertically.
The dats are plotted as a histogram of the IPD signal intensity at various
range gate samples with the sample label 1 being the transmitted laser
spectrun which yields the system reference wavelength. The remaining samples
are measurements of the atmospheric backscatter spectra sampled at the
altitudes indicated. The 1PD was operated at low gain to prevent the near
field signal from saturating the IPD causing a nonlinear response. The data
have not been corrected for the inverse range square attenuation but a icale
change at z-900m accentuates the spectral measurements at higher altitudes.
The backscatter signal from the clear atmosphere (z-300-1500m) show the
narrow band aerosol backscatter spectrum superimposed over the broader,
molecular backscatter spectrum. A photomultiplier used to monitor the total
backscatter signal showed multiple thin cloud layers between 5 and 6 km. The
samples labeled 17-21 are the backscatter spectra from these clouds and show
the same narrow spectral distribution as the transmitted laser.

This data has been analyzed according to the procedures described in Sroga
and Rosenberg (1986) to estimate the total aerosol and molecular
backscattered signals, relative Doppler shift and regression errors. Figure
3 shows the ratio of the total aerosol to total molecular backscatter deirved
from the regression analysis of this data and shows the capability of this
system to spectrally differentiate between aerosol, molecular and cloud
backscatter. A coeleostat is currently being implemented in the system to
allow slant path Doppler lidar measurements and improvements in the laser
performance and detector dynamic range are planned. Results of these slant
path measurenents will be presented.
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TADLE 1.

Energy
Pulse Width

Parndwidth (transform limit)
Beam Divergence
Repetition rate

TADLE 2.

Telescope

Fiber Optic Coupling

Fabry-Perot Interferometer
Btalon Spacing
8talon Reflectivity
Interference Filter

Image Plane Detector

Quantum EBfficiency
Anode
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0.53 um Doppler Lidar Transmitter

SO0 mj/pulse (SLM )
40 ns (ruiiM)
25 Milz (FwWi)
0.5 milliradians
1 iz

0.532 ym Doppler Lidar Receiver

31.75 cm £/16 Cassegrain
£/6 final system

30.48 cm (Zerodur)
73% @0.532 um
1.2 nm (fwhm)

ITT model FA151

Z-MCP

S20 photocathode

5-10% @ 0.532 um

12 Concentric, equal area rings
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Figure 3.

Figvr- 2. a) Atmospheric Data, b) Regression fit

1) iransmitted Laser Spectrum, 2) z=300 m, 3) z=600 m
4) 2=900 m, 5) 2=1200 m, 6) z=1500 m, 17) 2=4800 m,
18) z=5100 m, 19) 2=5700 m, 20) z=6000 m.
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A Portable UV-DIAL System for Ground-Based Measureaments

of Lower—-Stratospheric Ozone Profiles:

Design and Performance Simulation
M.0. Rodgers!, R.E. Stickel?, K. Asai3, J.D. Bradshaw!, and D.D. Davial,

Recent developments in stratospheric chemistry such as the observation of a
springtime "ozone hole"™ over the Antarctic!, have illustrated the need for a
rugged, lightweight instrument for the determination of lower stratospheric
ozone profiles over remote areas., Variations of the widely-used UV-DIAL
nethodologyz appear to provide the most promising approach to the development of
such and instrument.

To date, the majority of ground-based UV DIAL ozone measurement aystems3
have been designed to produce ozone profiles over the entire stratospheric
altitude range. In order to achieve usable signal returns from the middle and
upper stratosphere, UV DIAL systems must typically employ very high energy laser
transmitters and large receiving telescopes. In addition, they must operate at
wavelengths of 2 305 nm to maintain atmospheric extinction within acceptable
1imits.

While these design features are essential to making high altitude
stratospheric ozone measurements, they nevertheless present some difficulties if
one 1s interested in lower stratospheric 03 measurements especially when these
measurements must be made at remote sites. As alluded to in the above text, the
first, and perhaps most obvious of these difficulties, is that large telescopes
(nraving apertures of up to about one-meter) and high energy lasers (often

emitting 2 1J/pulse of energy) result in a system that is both large and heavy

TSchool of Geoghyaical Sciences, Georgia Institute of Technology, Atlanca,
Georgia, USA; <D.E. Milligan Science Research Institute, Atlanta University,
Atlanta, Georgia, USA; 3school of Telecommunications Engineering, Tohoku
Institute of Technology, Sendai, JAPAN.
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and onc “hat consumes substantial amounts of electrical power. These systems
therefors tend to be limited in their mobility, and thus, suitability for
deployment at remotely located sampling sites. A second difficulty involvea the
large and sometimes variable background scattered UV solar flux collected by
these systems. This scatter frequently overlaps the detection wavelengths of
these systems., In many cases, this background can be sufficiently large as to
restrict observations to nighttime conditions. However, if one is willing to
sacrifice upper stratospheric 03 measurements, both of the above problems can be
significantly reduced in scope through the use of shorter ozone detection
wavelengths. With the greater ozone absorption at these shorter wavelengths,
smaller laser systems and receivers can be used while maintaining good system
performance. Likewise, the solar backgound detected at ground level drops
rapidly with detection wavelengths below about 305 nm and becomes undetectable
at less than about 285 nu.

In this paper we present a comparative performance analysis of several
alternative ozone detection schemes based on measurements in the 285-305 nm
wavelength range. Each of these alternatives are critically compared in terms
of size, weight and power consumption as well as projected system performance.
Among the alternatives considered, perhaps the best compromise in terms of
size/weight/power vs. performance is provided by the system illustrated in
figure 1. In this system a fixed 299.5 nm generated by the first Stokes
Hydrogen Raman Shift of a quadrupled Nd:YAG laser. This fixed frequency would
be transmitted along with a second tunable wavelength (A = 305 nm) generated by
a frequency-doubled Nd:YAG driven dye laser to provide differential absorption
measurements of the lower stratospheric ozone profiles. The estimated

signal-to~noise ratio for this system for the determination both undepleted and

depleted antarctic ozone profiles is given as tadle I,
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Tadble 1: Estimated Signal-to~Noise Ratios for Ozone Detection
Under Antarctic Conditions

Altitude Standard Ozone Model Reduced Ozone Model

(km) - 6§ min = 30 ain - 6 main = 30 min
integrition integration integration integration

10 20 A 18 3]

1" 22 50 21 47

12 22 L)) 21 &6

13 21 a7 21 46

8 17 38 17 37

15 13 29 13 29

16 1N 2N 11 24

17 8.5 19 8.5 19

18 5.8 13 6.3 14

19 u.. 908 “-9 '1

20 3.1 7.0 3.5 7.8
21 2.2 8.9 2.5 5.6
22 - 3.4 -— 4.0
23 - 20. - 209
24 -— - - 2.1
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Introduction To The 100" Lidar System (MEGALIDAR)

Richard Richmond
Electro-Optics Branch
Avionics Laboratory
Wright-Patterson AFB, OChio 45433

!

| a2, Jan Servaites 15"‘436
.”{1:;3~~ Electro-Optics Branch
"a. { Avionics Laboratory

Wright-Patterson AFB, Ohio 435433

Introduction: The colossal 100" collimator facility is
being developed into a lidar system. The collimator is a 12
story high chamber with a 100" diameter f/6 mirror at the
bottom of the chamber. By opening the top of the facility, the
collimator is converted into a vertically pointed telescope.
By installing a suitable detector at the focal point of the
telescope, the chamber becomes the receiver of a extraordinary
lidar system. The purpose of this paper is to introduce the
facility at Wright-Patterson and the efforts, both present and
planned, being undertaken to make this one-of-a-kind LIDAR
facility a reality.

v : The objective of this effort is to -
develop the means to probe the middle and upper atmosphere
(15-250 xm) with a 100-inch aperture lidar which will provide
the information necessary for investment, deployment and oper-
ational decisions concerning National systems which operate in
or through the atmosphere. Current information has been
obtained by expensive sounding rockets and satellites. Sound-
ing rockets give only a single profile for a particular loca-
tion and time. Satellites provide atmospheric density inte-
grated along the orbit and over time. Such spotty data cor-
rupts calculations about operation of systems such as Infrared
Search and Track System (IRSTS), Strategic Defense Initiative
(SDI), Trans-Atmospheric Vehicle (TAV) or Boost Glide Vehicle
(BGV) or National Aerospace Plane (NASP), re-entry vehicle
countermeasures, and low-altitude orbiting satellites.

¢ The 100 inch mirror is mounted at the
bottom of the collimator and is six stories below ground
level. A turning mirror is used to direct the focused return
signal a* the detector one story below ground. The entire
interior of the tower is painted matte black, and the system
ig, in effect, a vertical fixed telescope. At ground level,
there is a large cylindrical chamber connected to the colli-
mator tower. This chamber was designed to house devices under-
going tests in the collimator. For LIDAR experiments, this
area is large erough to easily hold laser sources and beam
steering optics of the transmitter. This would allow the laser
beam to be transmitted coaxially with the receiver. A diagram
of the facility is shown in figure 1.
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Because the return signal strength (or userful range) in a
LIDAR systenm is dirsctly groportional to the area of the
receiver, the 55 ft* (5 n“) area of the 100 inch colli-
mator would make this system the most sensitive one in oper-
ation in the world at present. What this large aperture would
mean in terms of extending the range of LIDAR measurements
should be obvious.

Laser Source: During initial tests to study the feasi-
bility of using the collimator as a Lidar system, a Q-switched
Ruby laser was the source. The laser is capable of producing
approximately 1 Joule with a pulse width of from 10 to 30
nanoseconds. Mechanical difficulties have prevented using the
Q-switch during these initial tests. Without the switch, the
pulse length is approximately 600 microseconds long, as seen
in the top graph of Figure 2. This signal is the return
obtained when the top of the collimator is opened and the
laser is bounced off the roof of the building.

Data Acquisition System: The backscatter radiation col-
lect by the telescope will be monitored by a photo-
multiplier tube that was mounted at the focal point of the
telescope and connected to a transient digitizer for record-
ing. A variable delay trigger will be vsed to trigger the
recorder so that returns from a specific range or distance
could be recorded.

First Results: Shown in the lower graph in Figure 2 is one
of the first sly returns obtained with this system. This was
using the laser without the Q-switch. Sky conditions were
overcast with the base of the cloud less thar 1000 ft above
the ground. Because of the long length of the laser pulse, no
attempt has yet been made to analyze this return. Useful data
acquisition and analysis will be undertaken when a suitably
short laser pulse is available.

Future Plans: The collimator facility can be considered
as a wavelength non-specific lidar receiver. It is the size of
the system that makes this device so attractive. Different
wavelengths and detection schemes can easily be accommodated
within the chamber. The quality of the mirror is such that it
is usable from the visible through the infrared. It is pos-
sible that the mirror can also be used into the ultraviolet,
but the mirror would have to be evaluated at those wavelengths
before much work was done in the UV.

In any case, for each type of test to be conducted, a
suitable detector would be installed at the focal plane of the
telescope. The source would be a separate unit. It is not
anticipated that the collimator mirror would be used as part
of the transmitter optical path. If the transmitter is small
enough, it can Le installed within the collimator chamber and
the beam steered up through the collimator tube. Larger
sources can be installed immediately next to the chamber tube,
either on the facility roof or at ground level.
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400 Hz LINE CENTER STABILITY IN A GaAlAs DIOCE IASER

by

T.M. Shay, J.D. Dobbins ¥.C. Cang ,
Ios Alamos National Laboratory Utah State University

P.O. Box 1663, CILS~-5 MS/ES535 Dept. of Electrical Engineering

Los Alamos, NM 87545 logan, UT 84322

SUMMARY

Frequency-stabilized semiconductor lasers are practical

sources for a wide variety of potential applications §
including remote sensing, laser spectroscopy, optical
frequency standards, coherent optical communication,
coherent optical sensors, laser gyroscopes, etc. In
particular diode lasers are conveniert sources for injection
locking tunable solid state lasaers. Solitary semiconductor
lasers are essentially impervious to acoustical and
mechanical disturbances since they have no external optics.
Oon the other hand, the operating <frequency of a
semiconductor laser is very sensitive to temperatura and .
current variations, therefore standard diode laser systens

have very poor frequency stability. Thus the first step in

frequency stabilizing a diode laser consists of stabilizing ,
the temperature and injection current of the laser. :

We have frequency-stabilized the 1line center of a
semiconductor laser. We report a line center (frequency-
stability of 4 kHz open loop and 400 Hz closed loop for time
periods of one hour. A commercial injection laser is
stabilized to the Rb (D,) transition. The stabilization
electronics consist of two active control loops. First, a
temperature control locp is utilized to maintain the djode
laser heat sink temperature stable to within +3 x 10°° ©¢
and thus compensate for environmental temperature changes.
Second, a first-derivative frequency locking loop
compensates for drift in the laser current source, short-
term temperature changes, and maintains the laser frequency
locked to the Rb transition.

p e cry g S e gen e o o st e = e

Temperature stabilization is achieved by active
stabilization of the diode-laser heat sink. A thermistor
senses the laser heat sink temperature. When a temperature
increase is sensed by ¢the thermistor, the temperature-
control circuit turns on the peltier cooler attached to the
laser heat sink. Using only this heat sink stabilization we
have been able to maintain our laser center frequency stable
to within +44 kHz for ovsr one hour.

PO —

~re

The laser center freguency fluctuations were reduced to
+ 1.5 kHz by adding the first derivative frequency-locking
loop. The results of these frequency-stabilization
experiments will be presented.
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Nonlinesr Uptical interaction of Laser Radiati.n with Water Droplets
Richerd K. Chang

Yale University
Section of Applied Physics and Center for Laser Diagnostics
New Haven, Connecticut 06520, USA

In considering high-intensity laser propagation through the atmosphere,
nonlinear optical effects such as stimuliated Remen scattering (SRS), stimu-
lated Brillouin scattering (SBS), supertroadening, self-focusing, and dielectric
breakdown of the optically transparent air become even more important when
the air contains water droplets. For transparent water droplets with large size
parameter (defined as droolet circumference 21a divided by wavelength of
interast A\), the droplet can be envisioned as a lens to concentrate the incident
intensity (1) at three main locations:' (1) outside the shadow face with =103 x
lo, (2) inside the shadow face with = 102 x |5; and (3) inside the illuminated
face with less than 102 x |5. The.nenuniform internal-field distribution and
internal intensity enhancement significantly effect the nonlineer optical
effects. Furthermore, a large transparent droplet can be envisioned as an
optical cavity for specific internal wavelengths which satisfy the droplet
cevity resonance condition [commoniy referred to as morphology-dependent
resonances (MDR's)] associated with a sphere or spheroid.2”* An analogy to @
Fabry-Perot interferometer can be made by associeting the 1iquid-air interface
with the reflector (vie total internal reflection) and the droplet circumference
with the round-trip distance. For spheres-® and spheroids,’ the Q-factor of the
droplet and the precise wavelengths which satisfy the MDR’s cen be predicted
by Lorenz-Mie and T-ma*-ix formalism.

The combination of enhanced internal intensity at the input wavelength
ond high feedback for the internally generated Raman radiation (associated
with the O~H stretching mode of water) greatly reduces the threshold for SRS
in single micrometer-size water droplets.® A 1 GW/cm? pulse from the
second-harmonic output of & Nd:YAG laser (A = 0.532 um) is below the SRS
threshold of water in 8 1-cm optical cell but exceeds the SRS threshold of o
30-um radius water droplet.® Multiorder Stokes emission has been observed in
the SRS spectra from water droplets.%-'°

The ‘hreshold for SBS of water in a cell is known to be lower then that
for SRS. Although SRS from water droplets has been observed,®'' SBS from
water droplets has to date not been reported. Coherent anti-Stokes Raman
scattering (CARS) from water droplets has been detected, and the effects of
the phase-metching angles resulting from the locelized internal-field distribu-
tion and the spread of the propagation vector within the droplet have been
studied.'?-'3 Time-dependent phase-modulation broedening (commonly referred
to as superbroadening) of the elastically scattered 1inewidth as well as the
SRS linewidth from 8 single CS, dropliet has been reported.'* CS, was chosen
becsuse of its large intensity-dependent index of refraction coefficient [i.e.,
n=ng + Nylg(t), where n, is 1arge for CS,]). Although similar experiments were
conducted for water droplets irradiated with a 1S-nsec, » = . 532 um laser
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beam, phase-modulation dbroadening was not observed for input intensities
beyond the dielectric breekdown threshold. However, with subnenosecond and
subpicosecond laser pulses, it may be posstble to detect phase-moduiation
broadening in the elastic scattering and SRS spectra of water dropiets before
the onset of dielectric breskdown.

The presence of water droplets in the air greatly lowers the laser-
induced breakdown (LIB) threshold and thus sets an upper 1imit on the laser
intensity thet can propeagete through the stmosphere. Although the intensity
distribution is largest in the region outside the droplet, the multiphoton
fonization end avalanche multiplication processes favor the liquid. Whether LIB
is initiated in air (just outside the shadow face) or in water (just inside the
shadow face) is dependent on the droplet size and on the purity of the water.

The temporal sequence of LIB with droplets is summarized in Fig. 1 for e
cese in which LIB is first initiated in air during the rising portion of the input
pulse (as the intensity reaches intensity level A), and the remeaining portion of
the laser pulse sustains the external plasmas and the shock wave outside the
droplet shadow face. When the rising portion of the input pulse reaches
intensity level B, LIB of water occurs, and the remaining portion of the input
pulse is then optically blocked from reaching the region outside the droplet.
Furthermore, the remaining portion of the input puise sustains the internal
plasma and the shock or detonation wave (depending on |5). For water droplets
with e & 30 um, LiB of water is initiated inside the droplet. For larger
droplets (e.g., 8 > 60 um), LIB of air is initiated outside the droplet.

Experimentesl determination of the location of L1B, 1.e., within or outside
the droplet shadow face, relies on spatially resolving the plasma emission
spectra {(both the continuum end discrete stomic lines) associated with LIB
within the liquid droplet and/or in the surrounding air. The presence of
discrate atomic hydrogen emission and the absence of discrete fonized nitrogen
emission outside the droplet imply that LIB has occurred only inside the
droplet. The stomic hydrogen results from the plasma-induced decomposition
of water within the droplet and is expelied from tha droplet during the
explosive vaporization stage. The lack of ionized nitrogen implies thst neither
LIB of air nor shock wave induced ionization of air has occurred.' The time-
aversaged, spatially resolved plasma density and atomic temperature have been
deduced from the Stark broadened linewidth end the intensity ratio of etomic
emission lines.'®

The temporal evolution of the plasma front essociated with LIB has been
investigated using o streek camera. When LiB is initiated within the water
droplet, the plasma fronts propagate in the following directions: /1) in air,
away from the droplet shadow face; (2) in liquid, toward the illuminated fece;
and (3) in air, awey from the the 11luminsted face and toward the laser.

The creation of plasma within the water droplet transforms a normally
transparent droplet into a highly absorbing droplet. During the laser pulse
duration in the 10-nsec range, the droplet volume and shape remain neerly
unchanged. However, during and after ihe laser pulse, the internal tempersture
is greetly increased (superheated) and the temperature distribution is highly
nonuniform.! As the internal temperature and therefore the internal pressure
rise, convection becomes the dominant mechanism ceusing mass transport
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owaeay from the droplet. Because the internal heating is greatest just within the
shadow face, it is expected that the explosive vaporization will be asymmetri-
cal relative to the droplet interface and mass transport will occur mainly sway
from the shadow face.

Using a8 time-resolved shadowgreph technique, we recorded the temporesl
evolution of the hot vapor transport and the remaining superheoted droplet,
after & high intensity laser pulse (A = 0.532 um) irradiated & lerge trensparent
water droplet (a & 35 um). From these shadowgrsphs, the propagation velo-
cities of the following were deduced: (1) the contact surface normel to and
transverse to the laser direction; (2) the deformation rate of the remaining
superheated droplet; and (3) the recoil of the remaining droplet propelled by the
hot water vapor streaming from the droplet shadow face. When the hot vepor
front intercepts the neighboring droplets, vaporization occurs on those
interfaces which face the laser-vaporized droplet.”

H In conclusion, experiments involving high intensity (A = 0.532 um,
10-nsec pulse duration) laser beam interaction with single water droplets
(with a & 30 um) have demonstrated that nonlinear optical effects are
important. The thresholds for coherent -cattering processes, such as SRS, and
for LIB ere greatly lowered becausa of the droplet morphology. Experimental
studies on the location of LIB, propagation velocity of the plasma front, plasma
density and atomic temperature,'-'® and evolution of the contact surfaces
ofter explosive vaporization have provided the data needed for theoreticel
calculations essociated with laser-induced heating of droplets.

This work was done in collaboration with B. T. Chu, J. H. Eickmans, W.-F.
Hsieh, D. L. Leach, C.F. Wood, J.-Z. Zhang, and J.-B. Zheng. We gratefully
acknowledge the partial support of this research by the U. S. Air Force Office of
Scientific Research (Contract No. F49620-85-K-0002), the U. S. Army Reseerch
Office (Contract No. DAAG29-85-K-0063), and the U. S. Army Research Office
DoD-University Research Instrumentation Program (Grant No. DAAGO3-86-G-
0104).
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Fig. 1. Schematic of LIB loca-
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REMOTE SENSING OF REFRACTIVE TURBULENCE WITH OPTICAL SPATIAL FILTERS

James lI. Churnaide
NOAA Wave Propagation Laboratory
328 Broadway
Boulder, Colorado 80303

1f & point source of light is allowed to propagate some distance through
atmospheric turbulence, it will generate a randoa pattern of irradiance con-
taining a wide range of spatial scales. Simfilarly, if an extended light source
is viewed through atmospheric turbulence by a point detector, the irradiance at
the detector will vary as if the extended source was a randos pattern containing
a wide range of spatial scales. These phenomena can be analyzed by assuming
that light scattered by each scale size of refractive fluctuations in the
atsosphere at each position along the propagation path reaches the observation
plane with no perturbations fros refractive fluctuations at other scale sizes or
path positions. This analysis will be valid as long as the path-integrated tur-
bulence is low and saturation of scintillation can be neglected.

From this type of analysis, one can show' that the strength of refractive
turbulence in the atmosphere can be remotely measured using incoherent optical
spatial filtering. We assume a source of incoherent light in the x-y plane
whose irradiance is proportional to coo(KTx). where Ky is the wavenumber of the
transmitter and x is one component of position in the transajitter. Negative
irradiances can be implemented by coding the positive and negative regions with
different polarizations, as an example, and adding the sign at the receiver;
they should not be a cause for concern. Similarly, the receiver, located some
distance L away along the z axis, collects light through a filter whose
transmission is proportional to con(xax). The light transaitted by the
receiver filter is collected by a detector and the variance of the photocurrent
is measured.

The variance of the photocurrent is proportional to the value of the power
spectral density of the refractive index fluctuations at a single wavenumber at
a single path position. The wavenumber being sampled is

K=K, +Kg (1)
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and 18 ia the same direction cs the transaitter and receiver filters. The tur-
bulence is being sampled at a path position of

Kp
G+

where 3 is the distance from the transaitter.

t I L (2)

As long as K is within the inertial subrange of turbulence. a measuresent of
the power spectral density can be converted into a measurement of turbulence
strength using

Co3 = 30 x11/3 o (K) ()

where Ca2 is the refractive index structure paraseter and ¢,(K) is the measured
power spectral density of refractive turbulence fluctuations. If the power
spectrua is simultaneously measured at a wavenumber higher than the imertial
subrange, the inner scale can also be inferred. It can be approximated byt

2
c
°o K "30 '.“‘z"‘zms,

where K, is the second wavenumber and Cn? is found using Eq. (3) and the first
wavenumber.

The spatial resolution that can be achieved depends on the number of cycles
of the spatial filters. For equal transsitter and receiver apertures, it can be
approxisated by

-l
az R - ) (8)

where I.r and ll' are the number of cycles in the transmitter and receiver aper-
tures, respectively.

An experiment was performed to measurs the spatial resolution of the tech-
nique in the center of a 110 m path. The light source was a light eaitting

339




diode with a wavelength of 0.93 un. This was placed at the focus of a
26.7-ca-square Fresnel lens. The spatial filter consisted of 1.27-ca-wide
strips of tape separated by 1.27 cm on the front of the Fresnel lens. At the
receiver, an identical spatial filter was used In front of a 22.2-ca-diaseter
lens that collected the light onto a photodetector. The detector photocurrent
was amplified, digitized, and recorded for later processing.

The spatial filters that were used wore nearly approximate 1/2 +
1/2 cos(Kx) than the desired cos Kx transmission function. However, the signal
fluctuaticns due to the constant term tend to occur at such lower frequencies
than those due to the desired tera. These were eliminated by digitally
filtering the recorded time series.

The spatial resolution was measured by moving a 44 kW kerosene heater along
the optical beam and measuring the relative response of the system. Since we
had 10.5 cycles across the transmitter and 8.7 cycles across the receiver, Bq.
{S) would predict a spatial resolution of 3.6 n. The value actually measured
was about 4 m, in close agreeaent with this prediction.

In a variation on this technique, one can imagine the transmitter to consist
of a point source moving at sose velocity v in the x direction.® If we look at
the received signal fluctuations in some frequency range near &, the effective
wavenumber of the transaitter is given by w/v. By measuring the power spectral
density of the received signal, one is simultanecusly measuring a different
wavenuaber at a different path position for each frequency resolution elesent.
The specific values are found by replacing ‘T with @/v in Bgs. (1) and (2).

Near the center of the path, the spatial resclution of this synthetic aper-
ture spatial filtering system can be approxisated by

L

Az = E;E; . (8)

Another interesting application is to put the source in low-earth orbit and

measure vertical profiles of turbulence fros the ground. In this case, the
height resolution is given by




.
A - 7)
N (

where h is the height of the seasuresent.
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Minilidar for pollution monitoring and multiple scattering
studies

Christian Werner
Institute for Optoelectronics
German Aerospace Research Establishment (DFVLR)
D-8031 Wessling, Fed. Rep. of Germany

1. Introduction

A simple backscatter lidar was developed to mecasure aerosol
and cloud backscatter and extinction values. It can be used
as ground based instrument as well as airborne unit. For
different research goals different modules are available.

The main reason for development was the multiple scattering
lidar experiment (MUSCLE), a joint DFVLR - Hebrew University.
experiment.

The system can also be used as an unit, which gives auxiliary
datz to other remote sensing instruments, for example cloud
top height for the stereo imager.

2. Multiple Scattering Lidar Experiment (MUSCLE)

High optical depth values giving rise to multiple scattering
effects are very common in measuring lidar echo from clouds.
In order to investigate the cloud albedo, the cloud thickness
for non-cirrus-clouds, and the liquid and ice water content,
multiple scattering calculations must be included. The
multiple scattering theory is based on single particle scat-
tering theory assuming spherizity and the probability for the
occurance of more than one scattering event between the lidar-
transmitter and ~-receiver. Since the probability depends on
the special geometry of the lidar involved, the theory will
be developed for the Minilidar system.

In many cases the assumption that the single scattering origi-
nates from spherical particles introduces an additional in-
accuracy. Ice crystal particles and desert durst particles are
examples for the need of more sophisticated theory.

Lidar measurements can detect such non-spherical particles by
analyzing the two first parameters of the Stoke scattering
vector: Spherical particles will not affect “he polarization
of the incident linearly polarized light whereas nonspherical
particles will give rise to a depolarization effect. This is
true for single scattering events {optical thickness less
than 0,1).




Multiple scatter effects involve several different scattering
angles and therefore when present depolarization effects will
also be measured for spherical particle of high optical depth.

In order to distincuish between depolarization caused by non-
spherical particles and depolarization caused by multiple
scattering from optical dense spherical particle layers the
theory will be developed based on the delayer increasing de-
prtarization concept.

The hardware, the minilidar must have the possibility to
measure the different polarized backscatter components and
measure these components with different field of views. To
vary the polarization direction of the transmitted radiation,
two concepts are under construction.

The system was developed for proxy operation too. A trained
technician can handle the system.

It is possible to add the minilidar to an existing sensor
package to give range resolved backscatter information from
clouds or aerosol layers which may be of interest for a
passive sensor to increase its range resolution.

3. Technical desciription ¢f the system minilidar

Laser:

Nd:YAG, linear polarized, Spectrum GmbH
Wavelength 1064 nm

pulse length 10 ns

pulse energy 10 3

pulse repetition rate /3 Hz

beam divergence 3 mrad

power 24 - 30V, 1.5A

receiver optic modul 1

effective receiver area 62 cm?
field of view 3, 6, 10 mrad
detector YAG 444 PIN photodicde
polarizer with second detector as optiaon
modul 2
effective receiver area 896 cm?
field of view 3, 6, 10 mrad
detector YAG 444 PIN photodicde

polarizer with second detsctor as option

modul 3
combination of modules 1 and 2, modul ! without depolarization optic.
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Signal processing:
2 channel A/D conver:=er
10 Bic, 20 Mz as option
IBM=PC~-AT via GRIB.

Option: laser energy monitor

Figure 1 shows the three possible modifications of the system
minilidar.

=

Figure 1. System Minilidar a. Laser
b. receiver
c. beamsplitter for polarization
separation
d. detector
e. receiver

4. New concepts
There is a second unit under development for measuring the

backscatter with circular polarized light. Figure 2 shows
the concept.

——
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Figure 2. Concept of the backscatter microlidar with carcular
polarized transmitted light and optical detector
preamplifiers.

The laser is used as transmitter and signal amplifier. The
quarter-wave-plate and the Brewster window are used to separate
the transmitted laser radiation from the received backscatter
signal.

A second Nd:YAG rod is installed in the cavity to amplify the
signal. Tests with laser diode pumped Nd:YAG amplifiers will
be reported.
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IMPROVED DIODE-LASER

RANDOM~-MODULATION CW LIDAR
Hiroshi BABA, Katsumi SAKURAI,

The University of Tokyo, Dept. of Pure and Applied Science,

Komaba, Meguro, Tokyo 153, Japan

Nobuo TAKEUCHI,
The National Institute for Environmental Studies,
Yatabe, Tsukuba, tbaraki 305, Japan

and
Toshiyuki UENO
Chiba University, Faculty of Engineering,
Yayoi-cho, Chiba 260, Japan

Diode laser (DL) has the advantages such as compact size, small
veight, small consumption pover, low driving voltage, high powver effi-
ciency, easy handling of pover and frequency modulation, long lifetime
and low cost. Although the peak powver is much smaller than that of the
giant pulse solid-state laser (more than eight orders of magnitude),
the average power is not so small. So the use of a cw-DL realizes a
compact, reliable, practical, portable lidar system. Introducing the
pseudo-random-modulation technique, we already reported the construc-
tion of a DL random-modulation cw (RM-CW) lidar and the successful
operation of the nighttime aeroso! measurement'’-2’. In this paper, ve
report the outline of the RM-CW lidar, the improvement of the DL RM-CV
lidar, and the measurement of the daytime aerosol profile measurement
as vell as the nighttime one.

[ FUNDAMENTAL of the RM-CW LIDAR] The principle of the RM-CV lidar is
already mentioned in the Ref. 1. For a square-shape M-sequence, a;
Ci=l,...,N) (a;=! or 0), the cross-correlation with the corresponding

(1,-1) N-sequence a’; gives the delta function-like result. Random-
code modulated pover is written as Pga;. Receiving signal y; is the
convolution of Pga; with the response function of the aerosol spatial
profile G;. The signal 2, integrated over M periods is written as

M MN
2 EYiscke DN S E PG on- 5657042

Expectation value S, of the cross-correlation of 2; with a’; recovers
the function corresponding to the A-scope of a pulsed lidar:

S|=E[S|]=N{P0(N*I)G'/2+b}.

In a case of using a cw DL as the light source, the receiving signal
intensity is in the photon counting region, and the signal-to-noise
ratio is written as
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SNR= S, 7/ VIS, J=V ME P, (N+1)G, 72V (P [N+1)G/2+b}.
| | 0 [

Were $§=9.c At/hy (mo is the PHT quantum efficiency, € is the
constant relating to the discrimination level of the ADC, At is the
sampling time) is the conversion coefficient from the detected powver
to the digitized count nusber.

[ IMPROVED DL RM-CV LIDAR SYSTEM] The target of DL RM-CV lidar is to
realize a portable, rractical system for the measurement of atmospher-
ic phenomena at short distance. Since currently comsercial DL has the
power level of less than 100 mW, the detection range is roughly 1 ka
for a thin medium (ex. aerosol), and severa! km for a dense target(ex.
topographic targets, and cloud).

The specification of the improved system, which is similar to the
previous'’, is shown in Table 1. The points of significant improvement
are the use of a narrov-band optical filter, and the removal of elec-
tric noise and amplifier distortion. Other points of difference are :
1. the size of the telescope from 15 ca to 20cm in diameter,

2. the use of a DL in the single mode operation, N
3. the removal of accumulation limit for the digitized count of 2'°, i
4. the fiexibility of M-sequence code selection (12th-order or lover), ;
5. the addition of scanning function. f
Table 1. Specification of the improved DL RM-CV Lidar. »;
LASER: GaAlAs-DL (Hitachi) 5
Vavelength 780 na
Qutput 30 a¥
Driving current 40mA(bias. + 40wA(mod.)
Bean Divergence 0.4arad.
MODULATION: M-seq. random code
Clock Time 60ns

M-seq.order 12th, 10th or under
(Number of elements 4095, 1023 or under)

Range resolution On
RECEIVING OPTICS
Telescope Cassegrainian (reflection)
Aperture 200mm
Focal length 2000mm
FOov 0.5 - 3mrad
Opt. Filter Bandwidth 0.3nm(FV)
DETECTOR
PMT Hamamatsu R928
SI1GNAL PROCESSOR
ADC 3 bit (clock time 60ns)
Accumulation up to 232
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The picture of the optical head
is shovn in Fig. 1. The lock of the 7~y -y

oy
—

single-mode DL frequency to the
center of the narrow-band optical
filter vas pursued by giving the
feedback to the DL drivingcurrent,
so as to waximumize the doubly-
sodulated receiving signal, which
was detected through the optical ,
filter. However. in most cases, the !
frequency stabilization of the DL
vas simply carried out by keeping
the temperature constant. The ad-
justment of optics was carefully . Y
done, after estimating the compli- v arnitiarabl M 8 R el
cated behavior of the geometrical
form factor (cross-over function)?’ :

) . proved LD RM-CW lidar. The trans-
due to the tilted anglg |nC|Qence mitter is located down-left of t:e
to the narrow-band optical filter. raceiving telescope. The head is
The use of the filter makes possi-  handled by a single person after
ble the photon counting operation decomposed into three parts.
even at daytime.

Fig. 1. Optical head of the im-

[DAYTIME AEROSOL MONITORING] The distance-square corrected A-scope
for the aerosol distribution is shown in Fig. 2. The data was taken at
2 pm. The elevation angle was 10°. The sky was partially covered by
cloud. The aerosol profile was measured up to 500 m with the SN ratio
of 10. Although the spatial resolution was 9 w, the rapid variation
of the aerosol spatial profile was smoothened by the integration of
160 sec. The data shows the boundary layer is almost homogeneously
mixed by the convection in the early afternoon. The addition of scan-

2

0 Nov. 28, 1986
- 14:37
Z
S 5T
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(0 d Y
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0 500 m

DISTANCE

Fig. 2. Range-square corrected A-scope of the daytime measured
aerosol profile. The integration time is 160 sec. The data was
taken at 2 pm. The sky was stightly covered by cloud.
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Fig. 3. Visibility weasurement by a DL-RM-CV lidar. The data vas
compared vith a transmissometer data.

ning function vill wmake possible the crosssection measurement of air
pollution phenomena such as plume dispersion.

CAPPLICATION TO THE VISIBILITY MONITORING] One of the most promising
application of the DL RM-CV lidar is the visibility seasurement, Al-
though the real field test of the improved system is just to ready,
the prototype has been used to seek the possibility of the field use
of the DL RM-CM lidar. After the careful adjustment, the prototype
systes wvas compared vith a transmissometer. The region of the compar-
ison vas taken almost the same. The visibility data obtained by the
slope method from the lidar measurement was compared with the trans-
missometer data in Fig. 3. The agreement of the both data is complete
if we take into account the wind condition and the difference of the
measuresent site of 300 m. The dispersion of the automobile-stirring
dust was also wonitored in addition to the boundary layer structure.

Ve would like to thank Meisei Electric Co. Limited for the coope
ration to the development of the systen.

1) N.Takeuchi, W.Baba, K.Sakurai, T.UenoiAppl. Opt. 25 (1988) 63-67.
2) N.Takeuchi, W.Baba, K.Sakurai, T.lUeno, N.Ishikawa:Proc. 12th ILRC 8-10, Toronto, (1988) 41-44.
3) N.Takeuchi, and T.Sato: submitted to Review of Laser Engineering(in japanese).
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TURBULENCE MEASUREMENTS IN THE CONVECTIVE BOUNOARY LAYER
WITH A SHORT-PULSE CO2 DOPPLER LIDAR

Wynn L. Eberhard and R. Michael Nardesty
NOAA Wave Propagation Ladoratory

325 Broadway
Boulder, CO 80303

Tzvi Gal-Chen
School of Meteorology
University of Oklshoms

Norman, OK 73019

INTRODUCTION

A pulsed, coherent CO2 Doppler lidar (Hardesty et al., 1983, 1987) will
attempt a conical scan technique to measure turbulence and momentum fluxes in
the convective boundary layer. Kropfli (1986) has shown success witn this
method using a Doppler radar in the convective boundary layer, but the lidar
has an advantage in relying on the ubiquitous aserosol particles as tracers of
air motion in a variety of meteorological conditions. We describe the data
acquisition and processing methodology, progress in optimizing the lidar's
spatial resolution, and the planned field measuresent program.

METHOD TO OBTAIN TURBULENCE AND MOMENTUM FLUX

The lidar measures the radial component of air velocity at each range R
while repeatedly perforaing conical scans through 360° azimuth (8) at an ele-~
vation angle (¢9).

The conventional VAD (velocity-azimuth display) method is first applied
in data processing to obtain the wind averaged over each circle swept out by
the range gate. A least-squares fit of

VR(O.i) = AOi + A" sing + ‘21 coso (1)

to data at esch range gate of the ith scan yields the wind components u =
Aqj/cosé toward 0 = 90° and v = Ap;/cosé toward & = 0° at each height 2 =
Rsing. The offset term Ag; includes contributions from the vertical velocity
and the horizontsl divergence over the domain of the VAD circle. The mean
wind for the period is determined by averaging over the scans to obtain Ag,
Ay, and A2, (If more complicated flow deformations occur, they can be deter-
mined by averaging the radial velocity over i and fitting a sinusoidal series
of higher order in 6.) The result of this procedure is the period-mean fit

Ve(0).
The momentum fluxes are calculated from the deviation VR'(0,1) of the

individual wind measurements from VR(68). The aversge variance over N scans
is

350




TS IR WP YO e

Ny
:
3
&
£
¥
b
Rl

ThA3~2

v .l)'fv-u’ 2)

where var[Vgp] is a function of 8. The var{VR] is related to the turbulence
veriances and covariances (Wilson, 1970; Kropfli, 1986) by

29 o var({v] eoszo cos’ 0 (3)

var[val s varfu) eoszo sin
¢+ var{w] sinz¢
+ coviuw] sin2¢ sind + covivm] sin2¢ cosé

+ coviuv]} coszo sin20 ,

where cov(uw) signifies u'w’, var(u) signifies u'u’, and (_) represents a
temporal average. If the variances and covariances sre homogeneous, 8
Fourier decomposition of (3) extracts the covariance terms, for example

360

coviuw] = m-;—m ‘I, varivp) sine do . (4)

Other Fourier coefficients yield var{u] + variv], ver{u] - var{v]), ver{w),
coviw], and coviuv].

shen coviuw] and covivw) are of primary interest, a ¢ of roughly 45°
gives the best resulits. An elevation sngle close to 0° is better for
obtaining var{u] and var{v], wheress ¢ near 90° is better for measuring
var[w]. A messurement period should continue long enough to sample a number
of advecting eddies at the largest scale of interest in the turbulence
spectrum. In convective conditions, @ 7eriod roughly 1 h long should suf-
fice.

LIDAR OPERATION WITH SHORT PULSES

Hardesty et sl. (1983) gave a geners! description of the lidar, although
it now uses a laser trensmitter with higher performance (Hardesty, Lawrence,
and Cupp, 1987). We have routinely operated this injection-locked TEA laser
with @ 7:2:1 mixture of He:CO02:N2 to produce 1 J pulses at 10 Hz repetition
rate. The pulse energy extends (Fig. 1) over asbout 6 microseconds or 900 »
renge interval.

The outgoing pulse is directed through an off-axis paraboloid telescope
with 28 ca dismeter prisary amirror and through a computer-controlled scanner
to sny specified direction in the upper hemisphere. The same telescope
collects radiation backscattered from serosol particles and directs it to the
signe) detector. A polarizing element in combination with a wedged plate
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Fig. 1. Pulse shapes for three gas mixtures (He:COz:Nj).
Solid line is 7:2:1 mixture and 1 J pulse enargy. ODashed

near the Brewster angle act as & transmit/receive switch. The backscatter
signal mixes coherently with a CW local oscillator laser, whose frequency is
offset 22 MHz from the injection laser to obtain the sense a3 well as the
magnitude of the radial velocity.

A smell fraction of the transmitted energy mixes with the local oscilla-
tor on a8 separate detector to monitor the energy and frequency of the
transaitted puise. The data acquisition system swicches from the pulse moni-
tor to the signal detector sfter an operstor-sslectadble delay.

A real-time processor estimatys the mean Doppler frequency at esch range
gete vor a selectsblie number Of asveraged pulses. A coaputer writes the
results to digital magnetic tape and generates a color display.

For the turbulence measurements we desire a shorter pulse compatible with
the processor’'s smallest range gate (150 m) to resolve as much of the energy-
containing turbulence as possible. We also need to eliminate the long tail
of the pulse to to reduce the minimum range to 500 m. A faster pulse rate of
20 Mz is preferred. Pulse energy as low as 0.1 J can be tolerated and still
attain adequate maximum range of sbout 10 km. By eliminating Ny from the gas
aixture, we obtained 8 nerrow pulse (Fig. 1) with 0.2 J energy. Unfor-
tunately, this mixture degraded raspidly, producing only sbout 10,000 puises
before the laser discharge began arcing. The pulse shape (Fig. 1) from @
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7:2:0.3 mix is marginally satisfactory, and the lifetime is barely accep-
table. We asre experisenting with gas mixtures and also constant flow reple-
nishment in a further search for shorter pulses and 8 ainisum of one hour of
continuous operstion. The conclusions from these trisls will be presented at
the meeting.

LIDAR AT FIFE

Measurements will dbe performed as part of the First ISLSCP Field
Experiment (FIFE), where ISLSCP is the International Satellite Land Surface
Climatology Project. FIFE will supply satellite and ground truth data to
help validate algorithas to yield quantitative information concerning land
surface climatologicel conditions from satellite-observed radiance dats. The
charscterization of the planetary boundary layer is an important component of
FIFE.

FIFE will take place in a region of grass-covered, moderately rolling
terrain near Manhattan, Kansas, during four sepsrate phases in 1987. The
lider will participate in the most extensive experimental phase June 25 -
July 16, Surface stations snd instrusented sircreft will measure, among
other parsmeters, the turbuience and the vertical flux of horizontal somen-
tum, which will be compared with the lidar results. A csse study of prelimi-
nary results from this new spplication of lidar will be presented at the
meeting.
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THE LEANDRE PROJECT : A FRENCH AIRBORMNE LIDAR SYSTEM
FOR METEOROLOGICAL STUDIES

J. PELON
Service d’Adronomie du CNRS Université Plerre et Marie Curie
75239 Paris Cédex 05, FRANCE

Introduction
én airborne lidar system for weteorological studlies is beeing

developed in France by the CNRS (Service 4’Aéronomie, Laboratoire de
Météorologie Dynamique -J. Pelon and P. Flamant principal (investigators-,
and Institut National des Sciences de 1°’Univers -M. Bourdet project
manager-) and the CNES. [t will be (implewmented on board the French
Research Airplane, a Fokker F27. which uill be also instrumented with
numerous in situ sensors.

This project is the natural development of the previous studies
performed at the Service d’Aérconowmie and the Laboratoire de Météorologie
Dynamique uwith ground based lidars. The LEANDRE systems use state of the
art technology and are conceived compact modular and automatized. The
LEANDRE project constitutes a very important step for wmeteorological
studies at small and wmiddle scale toward the Pfuture implementation of
lidar systews on space platforms.

I. The LEANDRE programme
The scientific objectives of the LEANDRE project are related to the

study of the lower atmosphere uith specific emphasis on planetary boundary
layer and louw troposphere meteoroliogy.

The airborne lidar developwent will be conducted in three phases for
aerosol and cloud, wuater vapour, pressure and tewperature and wind
measurements. These objectives are summarized in table {.

In the first tuwo phases a backscatter lidar and a Differential
Absorption Lidar (DIAL) with solid state laser technaolagy and similar
optical and electronic detection systems will be developed. In the third
phase a backscatter lidar using CO, laser technology and specific
heterodyne detection systems will be conceived. The first flights of the
LEANDRE systems are scheduled from the end of 1988 for phase la to 1992
for phase !I[}].

11. Description of the LEANDRE lidar systems
The concept of the LEANDRE system {is mwmodular to facilitate its

evolution and adaption betueen phases. It (is driven by the choice of
lowest human intervention and cowpactness connected to a Llouw pouer
consumption.

The lidar system is composed of subsystems organized as shoun on
eig. 1.

Cowmpatibility will be the most iwportant between the Pirst two phases,
in these phases it is planned to performs nadir and zenith weasuremwents as
the maximum flight altitude of the Fokker is about 8 km. Ability to suitch
from nadir to zenith viewing during flight is foreseen. A wmobile wirror
uwill be used for the nadir viewing to allow horizontal structures to be
studied perpendiculariy to the flight track. The control by a central
computer of the experiment with delocalized self contral of each subsystem
allous to wmwake real tiwme data processing to display the measurement
parameters as a function of height and tiwe. The developwent of all
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Phase : Measured : Altitude : Scientitic :Schedule
: Parameters : range : Objectives s
: Ctechnique) : : :
: H :- small and widdle s
: : :scale dynamics :
: aerosols H := fluxes and convection :
la : : 9-30 km :in the planetary boundary: 1988
: : : layer :
s clouds s := exchanges PBL/free :
s s : troposphere :
: depolarization s= cloud radiative budget :
: ratio s := exchanges stratosphere-:
: : : troposphere :
: (backscatter : : :
: lidar) : : s
s id. + : : :
Ib : water : 8-8 km : : 1989
: (DIAL) : : 3
11 ¢ temperature : 9-20 km :
: pressure : :- meteorology : 1990
: (DIAL) : : :
(881 : aIrosols : -8 km 1~ synoptic scale :
: winds : : dynamics : 1992

(Doppler lidar)

Table 1 : Objectives of the LEANDRE Project

EuISSIn e
RECEPTION FONER F-27
TRON
SISTBS eecthonics K eUIER
OETECTION LEAGRE DATA
ELECTRONICS J:D e S | s ) [
CORUIER
J
oATA
DISPLAY

Fig. 1 : Schematic of the LEANDRE lidar
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systens for implementation on board the plane has begun for phases | and
Il whereas for phase 111l only laboratory developments are presently
pertforsed. Phase 1] uill not be discussed here.

il.a Emjtter

As mentioned before all phases will have a specific emitters :

. In phase la the emitter is a pulsed Nd-Yag laser ewmitting in the
infrared at 1.06 um and in the green at 0.S3 um, uith respective energies
of 250 and 150 wm) in 10 ns pulses at a 10 Hz repetition frequency.
Polarization is Linear and beam divergence can be adjusted by mesans of &
beam expander. A local wminicomputer controls the operating mode of the
lagser (emitted energies, securities), and addresses paraweters of
importance such as energies to the central computer through the control
electronics Ccf. fig. 1).

. In phase la and I, the laser source uill be an alexandrite osciilator
emitting tuwo pulses separated by about 70 us at tuwo frequencies on and off
an absorption line of water vapour or oxygen, for humidity or pressure and
temperature measurements by the DIAL technique (1.2,3). A prototype of
this laser oscillator is presently developed at the Service d’Aéronomie
C(1). The ruggedized industrial varsion developed for the airplane should
be capable of ewmitting tuice 50 wmJ wonomode at 10 Hz for phase 1!
experiment. The computer checking the laser operation should furtherwore
control the emitted wuavelengths. This will be performed through a
wavemeter using wmultibeam Flizeau interferometers similar to the one
developed by CNRS and CNES in the frame of the LASE 1] project.

I1.b Receiver

In the Ffirst tuo phases a compact 30 cm Ritchey-Chretien telescope
has been chosen. In phase la, the detection optical system is designed to
separate the two wavelengths and the tuo polarizations received. In phase
Ib., 11, only the tuo polarizations are separated, the tuoc wuavelengths
beeing detected in sequence on the same channel. Narrow banduith Pilters
(2.2 nm) are used to limit background noise for day weasurements.
Temperature 3f the receiving ontical box is controlled to avoid uavelength
drifts of the filters. As wmuch as four photomultiplier tubes or
photodiodes can be used simultaneously to detect the backscattered
signals.

Itle. Detection electronics

As mentioned before up to four detectors can be used at the same time,
in phase la they will be adapted for detection at 9,53 um and 1,06 um on
both polarizations. In a first step three photomultipliers will be used
and one photodiode for ground echo detection. All photowmultipliers will be
gated to reduce their gain by a factor of 100 during the laser emission
and in case of high signal detection (clouds, ground echo). High dynamics,
fast recovery preamplifiers are mounted in the sockets of the PrM tubes.
They are followed by gain switched amplifiers : the gain automatically
increzses by a factor of 100 for louw detected signals.

The signals issued from the three PMT channels uwill be fed into three
12 bits 10 MHz analogical digitizers. A complewmentary 100 MMz 8 bits
digitizer will be used in parallel on one channel to analyse a selectable
region of the atmosphere uith a ten times higher rasolution.
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11.d Data acquisition and storage
The acquisition system is based on a Hewlett Packard micro 1000

computer. The data stored i(n the internal memories of the transient
digitizers are transfered to the computer by Direct Memory Access. The
computer controls the data compression (1 to S shots can be averaged
depending on flight configuration) and data storage on a 1600 bpi tape
recorder through a 49 Mo Winchester disk. The computer is also in charge
of the real time data display implying backgr-cund substraction, solid
angle cowmpensation and also inversion of lidar data to physical parameters
(scattering ratio, depolarization, humidity, tewmperature...).

The data are displayed on a 8 level color scale as a function of
height and time every 2 seconds corresponding to a 200 m horizontal
resolution, with a vertical resolution of SO to 300 m depending of
altitude range. This can be saved on a printer.

Data frow in situ sansors (pressure, temperature, deu point,...) and the
navigation system (speed, yauw, pitch...) and other systems (visible and IR
radiometers) can be stored uwith the lidar data.

Conclusion

This lidar system will be one of the new instrument for meteorological
research implemented a board the French atmospheric research aircraft. It
is conceived as an evolutive system with complementary measurement ability
and should give an neuw insight in synoptic scale meteorology.

References
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Lidar Measurement of Boundary Layer Parameters

Edwin W. Eloranta
Department of Meteorology
University of Wisconsin
1225 W. Dayton
Madison,Wis 53706

(608)-262-7327

Atmospheric boundary layer air flows are organized by a variety of
circulation patterns such as thermals, longitudinal roll vortices, and
gravity waves. Studies of these structures are made difficult by the large
range of spatial and temporal scales represented in these structures.
Spatial scales vary from a centimeter for the smallest turbulent eddy to
tens of kilometers for a cloud street circulation. Early morning thermals
have typical dimensions which are smaller than 100 meters; during the the
day these cells grow to sizes on the order of 2 kilometers. The lifetime of
a typical cell ranges from a few minutes to the order of an hour. The
overall structure of the boundary layer evolves with the diurnal cycle
while the structures inside are swept rapidly along by the wind. While
much has been learned about these circulations with aircraft and other
traditional measurement techniques, active remote sensors such as radar
and lidar are required to provide complete description of the evolving
three dimensional structure.

It is possible to study boundary layer flow structures with lidar by
mapping the distribution of aerosol optical backscattering. Circulation
patterns are often marked by inhomogeneities in aerosol content. These
inhomogeneities make the circulation patterns visible to lidar. One
mechanism for the creation of aerosol inhomogeneities arises from
surface aerosol sources. These aerosols are carried aloft into cleaner air
by surface based thermals while air entrained into the boundary layer to
replace the rising air of the thermal is cleaner than its surroundings.
Pictures of lidar observed structures will be presented.
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It is nearly always possible to observe a change in aerosol backscatter at
the top of the convective boundary layer. This makes lidar an ideal tool for
the measurement of boundary layer depth. The top of the boundary layer is
frequently contorted by thermals pushing from below interspaced with
downdrafts of clear air. Additional contortions are generated by shear
disturcances. Conventional measurements of boundary layer depth suffer
from sampling errors because they provide only single point measurements
of the depth. Lidar is able to measure boundary layer depth in a region
containing many thermals thereby providing an accurate mean depth
measurement.

Inhomogeneities in the aerosol content are swept along with the wind; this
makes it possible to measure wind speed and direction by observing the
motion of the aerosol structures. Wind measurements are derived from
two-dimensional spatial cross correlations of the aerosol structure
observed at a small time separations. Inside the convective boundary layer
sufficient structure is wusually avaliable to allow remote wind
measurements with non-Doppler lidars. Comparison of these wind
measurements with conventional tower, pilot balloon and kytoon measured
winds show differences which are limited only by the differences in the
spatial averaging involved in the measurement techniques.

The cross correlations used for wind measurements also allow remote
measurement of turbulent intensities. As the time separation is increased
the maximum value of the cross correlation decreases. This decrease
occurs as result of turbulence which distorts the aerosol pattern as it
moves. Observations of the rate of correlation decay provide turbulence
measurements.

The correlation measurements also provide direct measurements of
typical shapes and orientations of boundary layer structures. The
organizing effects of the wind direction are clearly evident in these
measurements.

We have recently completed construction of a new lidar for the study of

atmospheric structures. This system has been optimized to study
three-dimensional structures in the boundary layer.
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Lidar scans of the volume included in a 30 degree azimuth sector between
0 and 15 degrees can be obtained in approximately 3 minutes. Such a scan
includes 5400 separate lidar profiles with as many as 2048 data points
per profile. This provides a detailed three-dimensional picture of the
convective structures inside the scan sector. Under favorable conditions
clear air convective structures are visible at ranges up to 15km from the
lidar. Examples of data obtained with this system will be presented.

This research has been supported by the U.S. Army Research Office under
grants DAALO03-86-K-0024 and DAAG29-84-G-0028.
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LIDAR MEASUREMENTS OF THE TROPOSPHERE
A.l. Carswell, S.R. Pal and A.G. Cunninghan
Dept. of Physics and CRESS, York University, 4700 Keele St.
North York, Ontario, Canada, M3] 1P3

This paper reports on an extanded program of measurements of
tropospheric properties using lidar remote sensing techniques. Two lidar
systems have been employed. One is a dual f:-equency ruby lidar operating
at low pulse repetition frequency (0.2 Hz) and high energy output ‘~ 3 ] @
694 nm and ~450 m] @ 347 rm) and the other 15 a Xe Cl excimer lidar
operating at a single ultraviolet wavelength (308 mm) with prfs of up to S0
Hz at energy levels of the order of 50 m]. Both systems are equipped with
high speed digitizers (100 MHz) and ar¢ coupled to IBM PC's for data
capture and analysis. The excimer lidar data system also includes a high
speed signal averaging system. The ruby system has a multichannel receiver
so that several return signals (at different wavelengths or polarizations)
can be recorded simultaneously but the Xe Cl lidar has only a single
receiving channel.

During the last year many thousands of soundings of the troposphere
have been nade with these systems and on a number of occasions the lidar
measurements were done in conjunction with in-situ airborne measurements of
the troposphere conducted by the Canadian Atmosphe:r - Environment Service.
On these occasions the aircraft instrumentation included a variety of
sensors to monitor the microphysical and chemical properties of the
boundary laye aerosol and cloud formations. In particular, aercsol and
cloud particle sizes and concentrations were recorded as well as the cloud
liquid water content. In these collaborative measurement programs the

objectives were to compare the lidar data on the aerosol and clouds to the
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in-situ measurements. An sverall objective of this lidar program is to

investigate the extent to which lidar is capable of providing useful
quantitative information on the troposphere.

To date the study tasks have been divided into two broad areas (1)
Lidar Methodology Development and (2) Atmospheric Properties Measurement.
(1) Lidar Methodology: Although lidar has been used for many years as an
atmospheric probe there are still many unanswered questions relating to its
optimal application for this task. One particularly aseful capacity of a
lidar is its ability to provide information on the 3-dimensional
distribution of atmospheric contituents (both gaseous and particulate).
However the lidar observable, the backscattered signal intensity as a
function of space and time, is not simply related to the atmospheric
optical properties (volume backscattering coefficient and volure extinction
coefficient). The relation of the lidar signal strength to the physical
and chemical properties of the atiosphere is even more complex. In this
program activity we have been examining the dcquisition, analysis and
presentation of lidar data in a variety of ways in an effort to ascertain
the value of the information which can be derived.

The approach has been to gather a time series of lidar returns for a
range of atmospheric conditions of interest. The primary measurement
is the range-dependent backscattered signal P(R) where R is the distance to
the scattering volume. Most data are collected in the vertical direction.
Rayleigh/Mie (elastic scattering) returns at 694 and 308 nm and Raman
returns at the first Stokes vibration-rotation frequencies for nitrogen,
water vapour and liquid water using principally the Xe Cl 308 mm source
have been recorded. These traces are digitized with a 10 to 20 nsec time

resolution to provide the basic raw data set. Single shot traces are
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recorded for all strong signal cases whereas often only multipulse averages
are recorded for the weaker signals - generally Raman returns. Data have
been collected using both linear and logarithmic amplifiers to examine the
signal dynamic range considerations in a number of instances.

The time series is first presented as a ten-level intensity modulated plot
of the range-squared corrected signal S = In[R¢P(R)] where S is shown as an
altitude-.ime display. Both colour and black and white displays are
avai'able and the intensity contrast limits can be varied to enhance
details for either the high signal levels (clouds) or low levels
(aerosols). This display has been found to be very useful for demonstrating
the time dependence of the atmospheric properties and for indicating
regions with interesting or unusual features which merit more detailed
analysis. The trace-to-trace correlations and the overall features of the
returns can quite readily be identified in this format in addition to the
integrated spatial and temporal behavior of the atmosphere.

For more detailed analysis the individual traces are used to determine both
the extiction coefficient o and the volume backscattering coefficient B8, by
inverting the single scattering lidar =quation using the analysis described
by Klett (Appl. Opt. 24 1638 (1985)). In this inversion, the affects of
the real input data and the theoretical assumptions on the derived values
of 0 and B, are being investigated. Where possible these lidar-derived
values are compared with the in-situ measurements either directly or with
the aid of relationships determined from laboratory measurements. (R.N.
Dubinsky, A.l1. Carswell and S.R. Pal, Appl. Opt. 24 1614, (1985).

(2). Atmospheric Properties: The measurements to date have been mrinly
centred on the lower 3 km of the atmosphere. Both aerosols and clouds have

been investigated and the spatial and temporal variabilities of these have
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been recorded to investigate both seasonal and meteorological effects. The

interactions between ac¢rosols and .luuds have been observed on several
occasions and a number of interesting features are presented. The
simultaneous monitoring of the atmosphere with normal Mie backsattering and
the nitrogen and water Raman radiation has proven to be very useful. A
great deal of new information is obtainable from these multi-signal
analyses particularly in the case of low density aerosol layers, and
examples of this behavior are described. In this regard, work is in
progress to investigate the inversion of the Raman lidar equation by
extending the normal Mie inversion algorithms. The Raman signals provide
additional information on the volume backscattering coefficient,
indepenc;lent of the atmospheric extinction since these two parameters can be
separated by the simultaneous Raman and Mie analysis. Progress in this
direction is described along with camparisons of the lidar data with
theoretical Mie calculations based on the in-situ measured atmospheric

properties.
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Lidar Moisture Measurements During COHMEX

S. H. Melfi
NASA/Goddard Space Flight Center
Code 617
Greenbelt, MD 20771

David Whiteman
NASA/Goddard Sgace Flight Center
Code 674
Greenbelt, MD 20771

Richard Ferrare
University of Maryland
and
NASA/Goddard Space Flight Center
Code 613
Greenbelt, MD 20771

Water vapor is one of the most important state variables of the atmosphere.
Its concentration and distribution with height influences atmospheric
circulation and dynamics, and figures prominently in a number of atmospheric
processes including: 1) atmospheric stability, 2) cloud formation, 3)
radiative transfer, 4) storm development, to mention only a few.

High vertical (150 m) and temporal (2 min) resclution profiles of water vapor
have been obtained using a Raman lidar_and have shown structure which is
unobtainabie using standard techniquesl. This paper will present recent
results using the Raman lidar in a meteorological experiment conducted in
northern Alabama during July 1986. The experiment, referred to as COHMEX for
Cooperative Huntsville Meteorological Experiment, had as one of its objectives
the investigation of the role of tropospheric moisture on convective storm

development.,

A block diagram of the lidar system is shown in figure 1. It consists of an
Nd-YAG tripled (355 nm) laser firing at 10 pps and a 60-inch diameter tele-
scope. The output of the telescope is divided by a dichroic beamsplitter into
two channels, one located on the Raman band due to water vapor (407 nm) and
the other due to nitrogen (387 nm). The signal from each photomultiplier is
fed into both an Analog-to-Digital converter (ADC) and into a photon counter
(PC). The ratio of the water vapor to nitrogen Raman signals hai been shown
to be proportional, to first order, to water vapor mixing ratio.© The signals
are normally accumulated for typically 1000 shots thus providing an indepen-
dent atmospheric profile of water vapor mixing ratio every 2 minutes. A
comparison of a lidar-derived profile with a balloonsonde measurement of water
vapor is showr in figure 2,

During the COHMEX experiment, lidar measurements of atmospheric moisture were
made each night during the week of July 16 to 23, 1986, with the exception of
the night of July 19-20. Each observation period lasted an hour or more
during which moisture profiles were acquired every 2 minutes. All the
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profiles from each observaticn period were formatted together to provide an
image of the spatial and temporal variation of the moisture field over the
lidar. An example of one image acquired during the early morning of July 22,
1986, is shown in figure 3. The figure indicates variations in water vapor
mixing ratio shown in shades of grey as a function of both altitude (0 to 7
km) and time (3:00 a.m. to 5:10 a.m. CDT). The scale shown on the figure
indicates the assigned relationship between atmospheric moisture and shades of
grey, ranging from black at 0 g/kg to white at 20 g/kg. Figure 3 was con-
structed using data from both the ADC and PC. The transition is at a constant
mixing ratio value and is barely noticeable in the image at around 2.5 km.
Below this altitude the mixing ratio is derived from ADC data, and above this
altitude it comes from PC data., The higher altitude resolution of the ADC
which approaches 15 m gives a grainy appearance to the image below the
transition level.

A number of interesting moisture features are obvious in the image of figure
3. They include: 1) the height of the previous day's boundary layer at about
1.8 km which is identified by the relatively constant high moisture within the
layer, with rapid drying above, 2) the undulations at the top of the boundary
layer which indicate turbulent fluctuations, and 3) the moisture reversal with
altitude between 4 and 5 km (dry-moist-dry). This data along with other
examples will be discussed in more detail during the presentation of the
paper.

References
1. S. H. Melfi, D. Whiteman, “Observation of Lower-Atmospheric Moisture

Structure and Its Evolution Using A Raman Lidar," Bull. Am. Meteor. Soc., 66,
1288 (1985).

2. S. H, Melfi, "Remote Measurements of the Atmosphere Using Raman
Scattering,” Appl. Opt., 11, 1605 (1972).
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Figure 3. The moisture field over the lidar site during the early
morning hours of July 22, 198€
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Accuracy of Temperature Measurements Using

High Spectral Resolution Lidar

by

David A. Krueger and C. Y. She
Department of Physics
Colorado State University
Fort Collins, Colorado 80523

The High Spectral Resolution LIDAR (H§RL) technique has been proposed
(1,2) to measure the temperature profile in the atmosphere with a resolution
of 1°K in real time with a spatial resolution of 15 to 30 m. A 10-nanosecond

pulse centered on frequency, {a sent into the atmosphere. The returning

v
LI
light {s split and each beam is passed through one of two very narrow atomic
F but with slightly different band widths

corresponding to different vapor temperatures. Tuning the laser frequency to

vapor filters centered on »

coincide with the center of the filter will remove the strong central aerosol
scattering peak. The transmitted light is that scattered by the air molecules
at a range determined by the time delay. The ratio of these two =signals is
then compared to that calculated from kinetic thcury (3,4) for different
temperatures. The signal through the two filters will be given by

N, = J Fi(v - vp) R(v - »;) A (v) dvj 1 =1lor2

where R is the calculated intensity of the scattered 1light, F 1is the
transmission profile of the atomic vapor filter, A is the amplifica“ion factor
of the electronics, and v is the frequency uf the returning light. F will be
a function of the temperature of the atomic vapor.

Computer simulations of the line shape of the scattered light have been
used to determine the sensitivities of the measured quantities, PJ and N2 to

variations in the atmospheric properties (e.g. temperature, pressure, ratio of
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the bulk viscosity to the shear viscosity, ratio of the thermal conductivity
to the shear viscosity, internal specific heat, or the effective mass of an
"air molecule®”). We have also investigated the effects of a frequency
mismatch of the laser with the absorption pezk of the atomic vapor filter. 1In
the actual experiment, one uses ratios of the intensities of the scattered
light after filtering through two filters, Nl/Nz. This will eliminate the
fluctuations in the overall intensity of the scattered light. Ultimately the
filcers will be optimized by varying their temperatures. For the present
analysis, we have used the three ratios from Ba filters with vapor
temperatures equal to 650°K, 725°K, and 800°K all centered at 553.7 nm. The
filter 1line shape 1is the theoretical one given by Shimizu et al. (1).
Comparisons are with a base case that corresponds to parameters given in
Table I. For small wvariations of the parameters, the sensitivities of the
measured ratios of intensities i{s given as a range of the percentage changes.
An atmospheric tsmperature variation of 1°K changes the measured ratio by less
than 0.5% which {s over an order of magnitude more than a pressure variacion
of 1 mbar. Uncertainties of 10s in the air viscosities, thermal
conductivities, and internal specific heat lead to less than 0.09% change 1n
the measured ratios. A frequency mismatch of 100 MHz between the laser and
the atomic vapor filter will be reflected in a large (1.4%) change in measured
ratios. This highlights the importance of accurate tuning of the dye laser.
The available theory for the lineshape is for a gas of a single diatomic
molecular species. To account for the mixture of nitrogen, oxygen, and carbon
dioxide we have used two averaging techniques. In the base case we simply use
the average mass of a molecule in the atmosphere. Alternatively we have
calculated the separate line shapes corresponding to atmospheres of nitrogen,
oxygen, or carbon dioxide. These were then weighted according to their
Rayleigh cross-sections and abundances in the atmosphere. The difference in
these two averaging techniques is roughly 1.4%.

Because R is a function of the dimensionless x and y (3,4), the
variations of N with wavelength, molecular mass, pressure, and temperature are
not independent but depend upon only two parameters, (%Ex) and (gsy)

o - L[l ] - i+ Bl
. %‘I[%(%xum) + (‘}37) {%ﬁ{%‘%}]
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For the three pairs of filters used above we find

(ﬁ*) = -0.42, -0.54, and -0.44
and
(g;y) = 0.025, 0.017, and -0.0083

The {insensitivity to pressure changes as compared to temperature changes is a
reflection of the small value of (%37)/(§Ex) for the three pairs of filters.

In addition to uncertainties in the properties of the air, the measured
values will fluctuate due to noise in the incoming signal, due to variations
in the width of the filter transmission corresponding to temperature
fluctuations in the atomic vapor, and due to noise in the electronic amplifier
circuit. Because of the small time slica (approximately 10 nanoseconds) the
dark current will be insignificant, but the shot noise will be significant.

In summary, a temperature variation of 1°K will change the measured
ratio, NI/NZ by about 0.2 to 0.5%, whereas a pressure variation of 1 mbar
produces 1less than 0.02% change. Ten percent variations in viscosities,
thermal conductivities, or internal specific heats produce changes of about
0.1s. Mismatch of the laser line and the atomic filter frequency by 100 MHz
can give variations of up to 1.58. Different methods of averaging over the
main molecular constituents of air give variations of up to 1.5% also. Of
course some of these uncertainties can be minimized by calibrating using
scattering from air at known temperatures and pressures. Thus temperature
determinations of 1°K and pressure variatjons of 20 mb are presently feasible.
In fact, experimental verification of this temperature measurement technique
has been carried out recently in the laboratory with a cw signal-frequency
tunable dye laser (5).

(1) H. Shimizu, S. A. Lee, and C. Y. She, "High Spectral Resolution Lidar
System with Atomic Blocking Filters for Measuring Atmospheric
Parameters,” Appl. Opt. 22, 1373 (1983).

(2) H. Shimizu, K. Noguchi, and C. Y. She, "Atmospheric Temperature
Measurement by a High Spectral Resolution Lidar,* Appl. Opt. 25, 1460-6
(1986).
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3) G. Tenti and R. C. Desai, "Kinetic Theory of Molecular Gases. I: Models
of the Linear WValdmann-Snider Collision Operator,® Can. J. Phys. 53,
1266-1273 (1975).

(4) G. Tenti and R. C. Desai, "Calculation of Time Dependent Correlation
Functions,” Can. J. Phys. 33, 1279-1291 (1975).

(3) F. J. Lehmann, S. A. Lee, and C. Y. She, "Laboratory Measurements of
Atmospheric Temperature and Backscatter-Ratio Using a High-Spectral-
Resolution Lidar Technique,” Opt. Lett. 11, 563-565 (1986).

TABLIE 1
Quanticy
Base Case Change Range of Change of Nl/tl2

T = 294°K -1°K 0.23% to 0.47%
P = 830 mbar 1 mbar 0.002% to 0.015%
n
2ulk. _ .76 108 0.008% to 0.069%
Tshear

n
Thulkc B _ g 408 108 0.010% to 0.083%
3 M

therm
°inc"k8 -l 10% 0.010% to 0.083%
&y = V) cerYfilter 100 MHz -0.68% to -1.44%
uavg - 28.966 amu Averaged line 0.32% to 1.4%
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