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MONDAY, SEPTEMBER 2e, 1w6-Contlnued

SUNDAY, SEPTEMBER 27,1W6

CONFERENCE ROOM S

CONFERENCE FOYER

100 AM-1015 AM
MM PeoIn MMc TOetbg of Urn Shtuttle Low Altmetelr,
Jack L. Button, James a. Garvin, NASA Godderd Space
Flight Center~ A laser altniester Instrrumelnt capable of opera0011 from orbit" altitude on the Space Shuttle has been dgInstrument design and performance testing are
2, 1Wvelaped.
MONDY,SPTEMER
SETEMBR
231967summarized Sample terrain Profile data acquired in airborne
MONDA,
simlatonsof he hutlemiss"o are presented.(p13

MS PM-00 PM RUOISTRATIONIRECEPTION

CONFERENCE FOYER
r30 AM-S:0 Pil

10:15 AM-10MS PU

COFFEE BREAK

REGISRATIONISpEAKER CHECKIN

CONFERENCE ROOM 5
CONFERENCE ROOM 5

10:45 AM-laa PM
DIAL MEASUREMENTS Ov ATMOSPHERIC GASE
Robed T.Menale Jet Arapulsion Laboratory. pmsds

AMMS.
A41:
t35AMMSAM I=OPENING REMARKS

l0:45 AM-11:15 AM (hIseapepes
Mal DOMoPment Of Laser aOd Spectral Equpmen for
MOsOsrmud of Abnssphsul MOlcular Gases, V.E.Zuev.
U-SLSR Acadmy of Scienices, Sberian Branch. We Con-.
alder the problems of laeser use and leaser equipment developed to study the absorption spectra of atmospheric molecular gases as wall as theimeasurements of their concentration in field conditions carried out at the institute of Atmospheric Optics. (p. 1(h

US AM-10:IS AM
MA. UDARS IN SPACE
Dennis K.Killinger, thiewsrity of South F&oiAt Piresior

8:45 AM-111:S AN 0 - ltid pepsi
as
INAScdSA L e aMser foP pcbon
MrnkAtPriogi
101cCenter. NASA's
FrankNlarl.
NAS10a10111Re
science and applications program for the Space Sation is
planning a lidar facility to conduct science expekrimnts. To
accommodate the facility, solid-state Lase technology is be1111:5 AM-II45 AM
ahills
pepsi
ftg developedN . An overview of NASA's systems and technolM= Da" System for wo~ i~ssoilonil Waeis Vepor MOM
ogy program is presened. (p. 2)
In "t Tuspospers, Janm Bosenberg. max-Rlanch.
psWwomesuds
WWUAM
*IS
0.wled
tIS
A-MS
ppsi)
M
nstiute 1W Aetleaomogy. F.R.Germany. The system is doMA2 Uidr W*Specs Technolog Empsdinent Richard ft
scIed sources of error and test methods are discussed.
rsne.I 2
Nelms, Richard H.Couch, John W. Cox, C~arroll w. RowladWn eut4ffedepeiet
M.Ptic
cormick, NASA Langley Researh Center~ The
tt4S AM-120 N
lida rn-sp ac teclinology experiment (UTE) is amiultumission
S estefot MaessimMi Ollftrsnlls! Absorplen Udar3
Space Transportation System (STS) programi to evaluate the
olf
msoo upeleoNN, O n , aeWW.oods.
capability Of a idar experWimn to make measurements of
Saete
warmno.
3%
No.e
f
MihlOn.
Elaepsth
mefee.
a
Space
from
pwaramtars
atmospheric;
other
andl
aerosols
Physica Laboratory. U.K. A new mobe 1UAL facilborne pafform0(11111at01na
is dIecnId and results of simtltaneous nulwmUrernents
ROA-IOAMity
MSAM-IMS
AM
Of two at.mospheri gases in ura and n~r :r'al areas are
MA3 W~ar Expermen en Speosleb LbS.L M.Endsmann.
Presented. (p.2
Wn
Ringer.
V. Klim, Battelle Insttur *.V.. F.R.Germany, W.
120 Will$S PM
stitute for Atmospheric Phyics F. Rt Gernmir H.Ousniei.
U. Munich. F. R. Germany. A sm" backwacater lidar for
M11111
Ranp.Nss~esd IHslsndullsotelwmn Deol Cos
measuremenits from the Spaeolab facility is prmop
memad
to ONDMAL
UMessSMels, William S. Grant. Alan M. Brothers.
Devid M. Traft. Jet A'opulsior Laboratory Measuremntsn
Plots the measurement capabilities of a spaceborn tidar. A
first flight opportnVity may aris with the German 02 mission
results are presented on atmospheicp Parameters and sysin the earty 1990s. (p. 1
tern performance for the mobile atmospheric pollutant manpping sysemn 4MAPM). (p. Il

V

MAONDAY, SEPTEMBER 2B. 1967-Continued

MONDAY, SEPTEMBER 20.1967- Continued

12:15 PM-I230 PM
UMS DIAL Meeosmuernlts of Ainoephties Wain Vapor.
HICM and CKI Using a Continuously Tunable 1.7-wn OC&gP,
Lincoln Lab
Lawe, Dennis K.Killings. Norman Menyuk. MAIT
oratory. A 1.7
Co:MQF, DIAL system has been used to
11 mn
measure water vapor, MCI. and CH. in the atmosphere. in.
cluding both path-averaged and raingeresioled measur
ments at ranges up toe6 and 3 kcm respectively. (p.35)

MC11 Uhmdala of War Presete a"d Toempemose Pvelfe
Meeumeeen1m hm fth ffth Obeast"n System 1E051
S0di1f. C. Laurence Korb, NASA Goddard Space, Flight
Center: CMl Y. Weng. Science Systems & Applicallonls. Inc.
Simulation of Widr experiments from the EQS with a hagI.
resolution alexandrite laser transmtter arid narrowband do.
lactIon Shows pressulre and temperature accuracies better
than 0.4% and I K. respectively. (p.551

1220 PM-200 PM LUNC;I SREAK

MCS AdapWv Kaln.i.3uey Fillier for Differential Abeorp
Russell E. Warren. SRI IntertVes Lids Time Sewtes Doata
national. An adaptive extension of the Katman-Bucy algor.
ithm for on-line estimation of path-integrated concentration
from differential absorption ladsr time series data is pre
sented. (p.501

CONFERENCE ROOM 4
200 PM-&SC0 PM
POSTER SESSION
MC, WDAR MEASUREMENTS AND ANALYSES
Jack Button. NASA Goddard Space Flight Center.
Copesider

Tadeshi Aruga. Mmnistry 0f Posts and Telacommunications.
Japan. Coprsider
MCI NMlIs" of Wintoe"Mat
Conteont of Multheuquency
Lase Sounding of Aerosol and Molecular Atmoephere. V. E.
Zuev. S.I Kavlcyanov. G.M.Krelcov. U-S S.R Academy at Sciences Sftbern Branch. The processing niethods are consadered and comparative analysis of informatio content of
scingle~frequency and multifrequency laser soinding of
aerosol and molecular protiles is made. ip. 401
MC2
emoteols
Deimamlnation of Meteorological end DOpt
, '
Psameter of the Atnmeepiere Us"n a Namon Lidsi. Yu. F
Arsliinov. S. M. Bobrovnikov. S. N. Volkov. V. E. Zuev. V. K
St'umnskui. USSR Academy of Sciences. Stberian Branch
The results ot the experiments on measuring meteorological
and optical parameters of the atmosphere using a Raman
leidr are discussed. Ip.44)
MOI ihlemaownal and Atlmospherfc Coridldsatlois in the
De-elopment and Application of en Ahm f a1aIf
Wets0o
Vapor DIAL System. Edward V Browel1. NASA Langley
Research Center. Syed Ismael. STrSystems Corp. The operational requiremrrents for an airbornaspacebor ne water vapor
DIAL system are derived, and the data analysis techniques
to optinmiz the retrieval of water vapor profiles are discussed. (p 471
MCI Ddlienad Airbomne DIAL Syetam Capabilities fir
0i a nd Multhiawelength Aerosol Measuremeonts. A F
Carter. E V Browell. J H. Sqviter. N. S. Higdon, NASA
Langley Research Center. C.F Boitter. ODV Research Foundation. N. Mayo. PRC Kentron. The NASA Langley airborne
DIAL system has been modified for simultaneous nadir and
zenith measuremenits using eigt transmitted laserbeams.
Unique system characteristics developed for the 1987 Amazon Boundar Layer Experiment and Antarctic Ozone H4ole
Experiment sre described. ip 51)

MV7 Oplllalnk
of Lidsr Sotomdeiy Layer Height ft
tilevel Stephen P. Palm. Science Systems & Applications,
Inc.: James D. Spinhimre. NASA Goddard Space Flight
Center. Boundary layer heighat isretrieve using data tram a
low sensitivty, high altitude lids system and from simulated
spaceborne lidar systems of varying sensitivities. (p. 631
MCI 1iplom men
-P of Lawe Doppler Anemnomete Nesulle
by Slmiiutanteue Smacksatter Meemuiremenfte Friedrich
Kopp. Glirman Aerospace Research Establishment. F. R
Germaany Simultaneous measurement of Doppler loads sag
folas arid aerosol profiles otter the possibility tn improve the
range allocation and to compare shortwave and IN back.
scatter protldes (p 671
MCI Hihpatl
10
A
esoA
AW, Lids Mseeemsntoerflof Cinoe Cloud Optical Properms C J.Grund. E W Eloranta. U
Wisconsin. The l4SRt. has achieved calibrated eyesafe day
and night measurements or cirus cloud backscatter cross
section. extinction cross section. and bacitacatter phase
tunction. 4p. 71)
MCIO Opft@cy SlnIB an Clmine
Clie. way be Amei
dated liinlelble to Sp-b
SiPle Lill,Sysems. C J
411
Grund. E W Eloranta. U Wisconsin Observed cirrus cloud
backscatter cross sections often ditiwnish with height From
spac&. Simple tadar Systems -viff miss clouds where the back-*
Scatter increase cancels Ithe extinction. lp. 751
MCII Dedicated Sy1mem lor Nadine CMWuMemeseo
mants., Richard Dubinskv. Sienc & Technology Corp. We
present cirrus cloud data using a lidsr operating ot 0.53 orm
and the design of a dedicated system for routine cloud
melasurements. ID 711
MC12 Doefteiclon of Methane Larks with a Condoemi
Lids., E Galleni: CISE Tecnologr innovativ SpA. Italy An
infrared optica psamenc oscillator source has been devel.
oped for use ana correlation lads sy-stemr
for remote sensing
of methane gas leakages The system operates on a smnall
truck in urban environments Ip 8M1
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MONDAY, SEPTEMBER 281967- Conflinud
of Janmes
Marlit 0.31111110
Lider
Obeevalns
MC13
High
Alti1tude
Spon%Booms
U.Mtary land.
Renrout
eumulu
Clouds.
hirne. NASA Goddfard Space Flight Center. William 0. Hart.
Science Systems Applicitiois. Inc. Clouo top structure of
marine stratocumulus was examined using the NASA ER-2
high altitude research aircaft. Statistical properties and
spatial cloud Scales were studied in detail. (p.6S)
MC14 Alrbome Sodum Lidar Measuremets 011Mee.
spherkc Grav~ty Wae" Horizontal Structure over the Rocky
Mo.ntaInIandlGreat Plains. Kevin Kwion. Dan Senft. Chet
Gardner. U. Illinois at urbana-Challpaign. The intrinsic
parameters and propagation directions of the mesospheric
gravity waves are estimated from airborne sodium lidar data
collected inNov. 1986. tp 86)
MCIS Sodium Udar Meesurementis of thle Seasonal endit
W
Nocturnal VarwtIons of the Gravfty WaSe Ve1111al1Wa1:111
bar Spectrum. Daniel C.Serift. Chester S.Gardner. Chao H.
Liu. U illinois at Uibana.Chanspaign. 4 method for computinq the gravity wave vertical wavenun'ber spectrum and rnls
wind velocity is described Spectral slope and temporal and
altitude variations in rms wind velocity are determined.
ip 92)

MC16

Targell Anallysist by Olferontalls ftelteetanee Lkinus,

L Pantani. I Pippi. CNR Istituto di Ricercs suile Onies Elett~aroiegletChe. Italy. P VulkoviC Cvilin. 0 lgniattleviC. InstIrlte ot Physics. yugoslavia The identification of targets by
means of differential reflectance Wiars operating at CO,
laser wavelengths is discussed on the basis of systematic
experliments carried out with a Wiar simulator IP 96)

investigatIon of dol Phlleoasidtlfttc P1recis by a
Lidar Pluareseensor. F Castagnoli. G Cecchi, L. Panfani. S.
Radicati. M Romosi CNP IShgiuto doRicercis suite Oft* Etetrroniaqneticfe Italy. P Mazzinghi. CNR Istituto doElettronca Ouanritsfica. Italy The iaserviscited fluorescence 0f
chlorophyll in living plants Shows a spectrum which is
strongly connected to the photosynthetic process. The laboratory and field experiments carried out at IROV.EO are
described ip 96)
MCI?

MCI$

FUDAR I a Camompc Uda Fluorosenenauend SPee

tionteteor. F Castagnoli. G Cecchi. L Pantani. 13 Radicati.
CNIR lstvtuto di Rrceirca suite Onds Eletfromagnetriche. Italy.
The FLIDAR 2 is the first 1ida I luoroleinSor having a high
spectral resolution and operating at the same time as a
vassive spectrnrneter in the visible The system is light.
wveightl designed for airbiorne operations to 102)

MC19i ON Filmn Detecion enid Characlarkillatn by Lid.
ftueroseneors. G3Cecchi. L Pantan.j. 8 Radicati, A Barbaro.
CNR Istituto doRicerca suite Oncli Etettron'agnetscho. Italy.,
P Mazzinghi. CNR Istituto doEletironica Ouantistica. Italy.
We describe the conclusions of a five-year investigation on
the performances and potential of iodar fluorosensors in dotecting oil films, measuring their thickness, anid identifying
the oil to 1061

vii

V
e -UsingTests
Iuidity PreatAes
WC21 Aernseals
and
Systemn
Umeulta wildIso
ftihunuy
Lasew
Mezaandfts
Elteoticto do France. Since 1981 we have
Claude Cation.
been devesloping a mobile OIAL system to monitor Ithe majoir
meteorologica paranleters (husn'ldlty, temrperature, aerosol)
using Ithe alieiandritle lase as thes transmitter. In July 1987 a
field campaign was started to evaluate the actual perforim
anc of the system after a w*yea test in the lamoatsory.
tp. 1091
Volume by the Ins.
MC21 Spatial Sampling of Ote Me18Asui'
teduectlon of Dedfcaled Aertumrs In 1.116 Systems. Steen
National Laborsatory. Denmark. Various aperHanson. &Sso@
ture; are Proposed with which conditional sampling of the
measuring volume in lidar experiments is possible. The apertures presented determine the relative position between the
particles from which sciattered light's coherently mixed. The
coherent mixed tight is shown to carry information on the
velocity gradients and the vorticity inthe probed volume.
IP. 110)
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TUESDAY, SEPTEMBER 2,1k197
CONFERENCE FOYER

IMO AM-ISIS AM
TuAS I -0 9'
Ulie der Tedmniique Iv Upper Avile.
phere Stuiles, Byron Walsh. Chet Gardner. U. Ibfic#S of
tUbana-Oiampaipn. An imaging bistatic Wiar technique tar
studying the structural characteristics of the sodiumr Baye is
analyze and: disicussedl. (p.128

Y2S AM-30 PM RhOISRTIONISPU.AKER CHECKN

CONFERENCE ROOM 5
80 A* WI ANi

1515
1AM-11"SAM COFFEEBREAK

TuA. OPTICAL TECHNIQUES FOR EARTH SYSTEM
J. Fred Holmes. Oregiof Gradutate Center, Pmesde

COlNFERENCE ROOM 5

IM AM-MO0 AM Onelted pape
TuAl 11611111111
Remote Sesing for Eafib S1yasem Science:
MASK*s Eeul Observing System (Use) Robert Curran, Na.
tional Aeronautics and Spae Administration. The preserita.
lion will describe the general approach taken in developing
the Eo3 concept. This includes it's contribution to the
NASA's proposed thrust entitled "Mission to PIane Earth."
The remainder of the discussion wall focus on more of the
details of several of the active and pass"v instrumets
which use optical techniques. (p.114)

1046 AM-1220 PM
TuB, UNIQUE APPLICATIONS1 OF OPTICAL REMOTE
SENSING
Claude Calien. Eletriaite do France, France, Pm'sxw
1545 AM-11 15 AM (Inufited ppsi)
Tull Uses of Las ereresSensin
of
Techntiqes, in Cal
i1iclagy endl M1e1FIce Humio Inaba. Tohalu U.. Japan. Expenimental studies are reported on lase sensing of cytotoxic
T-cells. which play an essential role in the rejection episode
in clinical organ traris;JAntation, and of microscopic I luores.
cencs.4ntensity distribution in various single cells. (p.134)

MO AM-9O AM (In~ie pop"i
TuA2 fternels Sensin of Earth and Planetary Abine.
pIte Using Gas Cmuslfelen SpecmandinmIN I, Daniel J.
McClese Je. Propulsion Laboratory. Gas correlation spec.
Iroradiomnetry is one of the most frequently used techniques
for remote sensing of atmospheric properties. The techniqu. instrumentation, and its applications are described,
(p.116)

11:15 AM-11IS AM (I6itedapers)
Tu2 Oletxilaed Temperatuare Sens"inIn 0,1c Fiber
Wavaguldes. Arthur l'artog. Vor* VSOP. UK. We review the
Measurement of temperature distributions among optical
fibers including the principal sensing methods. implementa.
lions. and performance of current and future instruments.
(p. 135)

MO=AM-&*5 AM
TuAll Remvote Sensin of Sinachim P opsdls in thle M*d
dls Abneephmv Using Uider. C.R Philbrick. D.P Sipler. U.S
Aw Force Geophysics Laboratory. G. Davidso. W.P. Mos.
kowitL Pt itometrocs. Inc. The results from a mobile Wiar
have been used to derive density and temnperature profiles
between 25 and 85 km ove central Alaska during Feb.-Apr.
1WE.(p. 1201

11.46 AM- 120 M
TuB3 Thrne.RssolW Lids, PFusrossnsew I 06 Pollution
Deslecltenl. A.Ferrario. P. L. P~iaclat. E.Zarizottea. CISE Tecno"*gu lnnovatrve Sp.A. /rely A Iluorosensor system able
to perform time and spectral analysis of oil fluorescence is
bein developed for sea pollution detection. The system is
based on a triple Nd:YAG laser and on a streak camera.
(p.13%

*46 AM-IMS AM
TUA4 Ktoernesaening of N,O. aen CIONO, in OWu
Lowe
Skaftepherm. i. erasunas. i Herman. V Kunde. W Maguire.
NASA Goddard Spae Flight Center L Nerath. W Shaffer.
Science Systems A Applications. Inc. S. Massi. National
Center tor Atmospheric Reseach.: A.Goldman. U Denve A
cryogenric balloon,-bore spectrometer has measured nighttime stratospheric Chlorine nitrate and dimitrogen pentoxide.
The Observations are compared with previous measure,
meits and withimde simulations, (p.1241

1200 M-12:10 PM
Tu4 Sinnallensms Massmoasrsls of Com-a Surface
PK~irnese enid Aftmeepherie Pressure wift a CentIheaer
Ame'A"~ Twe-Celer Lase Alt11meteir. James B.Abehhre. Jan
F. McGarry. NASA Goddard Spame Flight Center. A 50-ps
pulse width lase altimfelte operating at 355 and 532 rim has
been used to measure ocean surface roughness and atmos.
phenic: pressure from an aircraft ovir the Chesapeake Say
and the Atlantic Ocean (p. 14M
12:15 P111-121111
PM
TuBS Ckmud U*id Wale 0~1us Iem Wadr Observatins.
James 0. Spinhime. NASA Goddard Spew Flight Center
William 0 Hart. Science Systems Application. Inc.. Peinout
Boors. U Maryland. NASA ERK2 War observations of marine
stratus Cloud tops have been applied to deriv the structure
of cloud top liquid water with companison lo in situ obseve.
lions. (p.147)
1±230 PM-210 PM

yini

LUNCH BREAK
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CONFERENCE ROOM 4

TuC

200 PM
POSTOEACIUNE PAPERS POSTER SESSION

Reginald J. HNll.
NOAA Wve Propagation Laboratory. meas.
urements made on an incoherent light optical profiling
system that employs transmitting and receiving spatial
filters rvw
aPlronounced saturation effects at high ont-e
grated turbulence levels. (p. 16t1

E
m
Me'avumere of oth Suaecptlblhy e
SpMaal FIlMr PMeng Tedlilques to Saturaton, G. R.Ochs,

CONFERENCE ROOM 4

TuC7 Simultaneous Messuremerts of Turbulence Lel
aid Iner Scabl Us" Loam Scintillation, R. G.Frehlich. Coperatve Institute for Research in the Environmental
Sciences. Estimates of the level of turbulence C,'and the inner scale of turbulence are obtained from measuremints of
the spatial covanance of laser scintillation in weak scattering conditions. (p. I73)

7M0 P1-11I00 PM
POSTER SESSION
TuC, OPTICAL REMOTE SENSING METHOOS
AND OEVICES
Chester S. Gardner. University of Illin'os. Copresider
Norman Barnes, NASA Langley Research Center.
Copresider
TUC" Adns In Gas Anatyams Sased on IR ~Molecla

TuCI

Lasers. Yu. M.Andreev. P. P. Geiko. V.V.Zuev, V.E.Zuev. 0.

ulated Space Ima
Using a Radiatie Transler Code.
Hongsuk H.Kim. NASA GoddardSpace FlightCenter.An im
age processing algorithm has been developed to perform
pixel by pixel calculation of atmospheric radiance for a vanety of Mie and view angles up to 60". Examples of real and
simulated images corrected by this method are shown.
(P.tIn

A.Romanovski. S.F. Shubin, U.S.S.R. Academy of Sciences.
Siberian Branch. Trace gase analyzers with CO, and CO

laser parametric frequency converters provide measuremerts of atmospheric-gas component (CO. NO. OCS, etc.)
m
trations. (p. 152)

TuC2 Sl

Ahmeepllerl Correctmo Algorihm of Real and S•m.

Optical Meod of Simultaneous Measure

mont of Characledstic Scales anil ntensity of AtmsplheP
Turbulence. A. F. Zhukov. V.V.Nosov. U.SR. Academy of
Sciences. Siberian Cranch. A simple optical device is suggested for simultaneous measurement of scales and intensity of atmospheric turbulence. A set of transparencies with
different transmission coefficients is used. (p. 156)

TuC9 GASCOSCAN and GASCOFIL Remote Sensing
Gas Coelation Spectrmets Ifr Troposphel
i Trace Gas
Mesetlemnlis W. H. Morrow, R. W. Nicholls. York U.
Canada.The design and testing of two gas filter spectrometers for making measurements in the 02-11-sm spectral
region on trace atmospheric gases are discussed. (p. 181)

Edge Extrect•on with anOptical Heterodyne
TuC3 Ttal
Scanning 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)

TuCIO SignaldRequr mt for Reamoe R ULmb Sounding
of Atomic Oxygen and Temperature In the Tharmoephee R.
D.Sharma, Air Force Geophysics Laboratory.A.S. Zachor.
Atmospheric RadiationConsultants.Inc. Described are sensitivity and spectral resolution requirements for limb sounding of upper-atmospheric oxygen atom density and translational temperature using the 147- andtor 635,m (01) lines.
(p. 184)

TuC4 Free Flying Experiment to Measm tie Quantum
Unewldth imit of a 300THz law Oscillator, C. E.Byvik, A.L
Newcomb. Rooert L. Byer. Stanford U. Linewidths of the
order of 10 kHz have been achieved ina diodp laswr pumped
Nd:YAG nonplanar laser 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 ina terrestrial-based lab.
oratory. The free flight experiment is described and uses of
stable, narrow linewidth oscillators to gravity wave measure.
mrents and frequency standards are discussed. (p. 164)

TuC11 Concepts for -Auure MeItorological E@r Obsonv.
Ing Sensors. David L.Glackin, Aerospace Corp. Concepts for
future earth observing sensors are described. including lidar.
DIAL, and millimeter wave radar. Applications include
atmospheric, terrestrial, and sea surface parameters.
(p. 185)
TuC12 Large Aperture Masuremelnts of Optical Turbu.
lance, 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 propagation. (p. 1803

TuCS D@%Vopment of a Laser Heterodyn Radkometer for
Monioring Stratospheric Air PoNllut, Mitsuo Ishizu, Toshikazu Itabe. Tadashi Aruga. Radio Research Laboratory,
Japan. Heterodyne radiometers using a CO, laser and a Pb.
salt diode laser were developed and many absorption lines
were successfully measured in the solar spectrum by
ground-based observation. (p. 165)

TuC13 Compact Wkdl-Filid Sensor for Remote Sensing of
Ocen Phenomenal Thomas S. Pagano. Loren M. Woody,
Hughes Awcalt Co. A low-cost high-performance sensor design for low-earth-orbit ocean-color remote sensing is presented with system tradeoffs and performance estimates.
(p.191)
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TIC14 OplillWil Lmca 8OMetae Levels ki Coheren Del
%.64Wn Using Ptolleemn~actors. John M. Hunt. J. Fred
'4olines Fawn Amnzaterdean. Oregon Graduate Center. The
opti" W"ca oscillator power level corresponding to peaki
signal-tonoise ratio is derived. (p.1961

TuC22
.Ecfreop Pham Mo~diatio Gaw Conelatlo
Speclv.0-l"mh. David M.Rider. John T.Schofeld. Daniel
J. McCleese. Jot Propulsion Laboratory. Laboratory results
demonstrating this new techniquC at the modulation fr*
quencies required for remote sensing of winds, temperature.
and species abundances in the upper atmosphere from a
spaceborne Platform are presented. (p.22%

TOCIS
aanos RaNsClasalftoatlon of Earth Saurlace Few
Shuttle Expeirlment. W.E.Sivertsn. Jr..
haag a Spawitena
NASA Langley Research Center New technology for autonomnously classifying earth surface features into water. vegetation, land, and cloudslsnowlicc is discussed and spaceborne sh-ittle experimental results are presented. (p.1991

TuC23 NInvsOn Tehniques for Sachacatter Data from Relmtb SenslIng Systems. John R.Hummel, Kurt A.Kebchull.
OPtMenc& Inc.; Donald E.Bedo. Robe"t A.Swirbalus. US.
Air Force Geophysics Laboratory. An examinatiori of inversion techniques 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 Air
Force Geophysics Laboratory (AFOL). tp. 230)
u2
ov-at
Hogpi
ovewTchqw
for Erihlancingl Resolution in Remote Seneing R.Sambassvan. Councl of Scientific &Industrial Research. India. in op>
ticall remote sensing by photoreconnaissance satellites or in
ground observation by orbiting space telescopes, the diftrac.
tion-limited theoretical resolution possible is degraded by
accidental and vibratory motion of the imaging camera. do.
focusing. atmnospheric turbulence effects on satellite pictures transmitted, etc. Specific uses of a proposed filter and
Computation of the fitter parameters for remote sensing use,
for example, photography through fog in snow-clad mountains. detection of glacier movements, are discussed.
(p.231)

TuCIS Two Scitlatto Met1od. of Measuiing the Inne
Scala Reginald J. Hill. NOAA Wave Propagation Laboratory.
The method of twowavelength taser-irradiance correlation is
compared with the metlhod using one-wavelength variance
with a large~aperture scintillometer vanance. (p,203)
TuCI7 Lase-lExcited Optical Filters: Lase Power RequIre.
metT. M. Shiay. Los Alamos National Laboratory. These
atomic filters of fer gigahertz bandwidth and very wide field
of view. A simplified theoretical model for calculating laser
pump power is presentcd. (p.207)
TuCII Lase RequIremnwts for Wind Shear Detlectlon from
Akrcraft. Stephen E. Moody. Stanley R. Byron. T. Rhidian
Lawrence. Spectra Technology. Inc.. Russell Targ. Lockheed
Missiles and Space Co. Remote Doppler wind shear defec.
tion can potentially improve the safety of air transport. We
discuss the laser requirements for makring the appropriate
measurements from aircraft. (p.210)
TuCIS Experbimentall Observations of Line Mixing in an
Inrare C%, 0Branch. Bruce Gentry. NASA Goddard Space
Flight Center L. Larrabee Strow. U Maryland. Baltimore
County. Deviations from an isolated line calculation as large
as 65% have been observed in a CO, 0-branch. A simple
model which reproduces the data is introduced. (p.214)
TuC2D Effect of Line Mixing on Atmosphesric Blghtrien
Teipeaurs New 15 jam. L. Larrabee Strow. U. Maryland
Baltimore County. Dennis Reuter, NASA Goddard Space
Flight Center. Calculations indicate that fine mixing may
alter atmospheric brightness temperatures near the 667-cm-'
CO, 0 branch by as much as 3 K. (p. 218)
TuC21 TUnable Wavegulde COj Laser Local Oscilltators for
Spcbo, e nfardWIleteodyne Spectromelivrs, John J.
Deagnan. C.E.Rossey. H-.E.Rowe. J.F.McGarry. NASA Goddaid Space Flight Center: U.E.Hochuli. P.R.Haldemann. U.
Maryland. A compact automated CO, laser local oscillator
uses 30 W of rf-power. is tunable over - 60 transitions, and
has demonstrated lifetimes of over 30.000 h. (p.222)
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730 AM-b10 PMl REGISTRATIO#ISPEAKElt CHECKIN

IMS AM-t220PM
110.REMOTE SENSiN TECHNOLOGY. 2
Martin Endemanin. fiatlelle lnstitut. F.R Germany. Pooskidr

CONFERENCE ROOM S
&X0 AM-ItIS1 AM
WA. REMOTE SENSING TECHNOLOGY: I

John Petherain. RCA Astro ElectronICs.

Presider

&XI AM-901 AN (Inited pep.
Renmo Sonw
WAI Diode Pumrped Solid State Laows Owr
ftg Robot L. BSM. Stanfordl U.; hoa J. Kanm Lightwave
Electronics Corp Adiode lase pumped Monolithic nonpianar
ring oscillator, foillowved by a Li.dB gain optica amplifier has
been used for successful demonstration of coherent lase
radar at 282 T~lz (1064 nmJý (p.234)
*06AM-*3D AM (iw'imd paper)
WA2 Focal Plane A"a Teolnology fer Oplisal Remoete
Siensng James A. cutts. Martin H. LeipoWd Jet Pimopulsion
Laboratory. Progress in the development of solid-state self.
scanned imuang arrays foir remnote sensing inthe Infrared
region highlighting recent developments is reviewed. (p.238)

WA4AM-li-15 AM (Owdied opupas
In Stld StM* Laoom faor Reuses Soensng
W91 P op
Aroni Mooradian. MIT Liocomi Labo ratory. (p.246)
11:15 AM-114SAM (Invited papas,
W92 Saouncs &WdTeulnioy fair Coliteent Lidor Wind
Momialle Michael Vaughan. Royal Signals A Radar Establishnlont. U.K. The required characteristics of laser
sources, both pulsed and cw. are doescribed and illustrated.
Technology questions inattaonin quantum-hrinted system
perfonlaince we briefly outihnad. (p.247)
IAA-21P
wld
W33 Developromni at Ceuplsdoawli, Law Dolldes for ft
Ifei Sens 'ingRichard K. OsFioei Richard A.Elliott. Joseph
Puretz. Jon Orft".Oregon Graduate Confer We discuss the
poironnuancs characteristics of elecronically funabl
ooupled-ait djiode lases and their use in short range

nremote detectioni of methane. The devices were fabricated by
f~caeed-an~eanimicomachilnin. 4p. 240

WA3 Suim Fieqluency Mixin at Two TuAmble Nd:YAG
Lawms for Sodhant Fluonsecenee Uder Mesaurements, T.H.
Joys, AllT Lmicoln Laboratory. Anew source of sodium resonance radiation is bein developed for sodium fluorescence
tidar measurements. This source has several advantages ove

I1215 PM-I120 PM
W64 LaserExcited Opfticl Filien Experknots in Rb Vpow.
T'.M.Shay. J.0. Dobbims Los Alamos National LaLooratory; Y.
a. Chign. Utah State U We report the first experimental damanstration of a lase-excited optic" filter in Rb vapor. Meas.
urinemafts of flter linewlidth are presened. (p.251)

1000 AM-I0t15AM
WA4 Dud AlexandelsLaeerfee Autnomous daApplios.
lions. John J. Degnan, NASA Goddard Space Flight Confer.
Progres On a tunablie dual alexandrite laser transmitter for
an autonomous DMAL lidar mission inthe NASA ER-2 high ahlti
tuas research aircraft is described. (p.240)

1I= PM-200 PM

convenitioa dye lass sources, 1p. 231)

1015 AM-IO5 AM COFFEEBREAK

LUNCH BREAK

CONFERENCE ROOM 4
200 PM-110 PM
POSTER SE4SON
WCý OPTICAL SYSTEMS AND COMPONENTS
Harvey Mefif I NASA Goddard Spaice Flight Center.
Waow Talieuchl, Th. National Institute for Err~mriental
Studies. Japan Coproissdo
WCl Akbonts Polesition Lidar for Soundino Claude and
Underlpin Surfame A. 1.Abramochkin. V. V. Surkov, V. E.
Zuev, 1.V. Samolahvalov, V.1.Shamnanaev. U.&SSR Academy
of Scis'oss.t Siberian tranch. An automatized fidar has been
constructed hased on different types of polarization and simultanecus return reception in several fields of view. (p.254)

WEDNESDAY. SEPTEMBER 3061987-Continued

WEDNESDAY, SEPTEMBER 3I01967-ContinuedL

WC2 Pamen-S&tte Dye Lase for DIAL Measurements of
Atite t To poshture. Pressure, aid Density, Upendfa

for 0.M. ApWC1O Os- tetrRsonse Cteracterftzsti
plies Won. P4 S.Lee. SPASystems & Research Corp. Geary K.
Schwernnnr. C.Laurence Korb. NASA Goddard Space Flilhit

N Singhr. Rita Mahron. Thomas 0 Wilkerson U Maryland
Generatiorn of narro*band. Raman shifted dye lase radiation
in the oxygen A band 1760- 770 nml is ciwaactefr.ed for atmos.
"phoc *imperaturs. pressure and der-sityr DIAL. measuremerits ip 25ei

Center The response of a pholomn-jltiplierr tube is studied to
characterize the gain Stab dly. linearity. and the cause and offact of signal-induced noise. (p.290)
WC111 Speclks, Effects on Lase Wavelength Measure
meits with a FL.55 Wixtilteter. C~oOg R Prasad. C Lau,
enc'e Korb, Geary K. Schwernmer. NASA Goddard Space
FlightrCenter The presence of sr- -'klo produces error, !n !
measurE T~ents of laser frequency iond line shanes. Me. suremerit accuracy is impofoed try tIN usr, of thin idfuter5. wide
cletectc'r. and sional averaging. ip 293)

WIC3 CO, Lase Preamptrtlfer lto Lidair Appllcatk^~Kinoui
Chian, U Resear-ch Foundation. Jack L button NASA God.
dard Space Fiight Cenrtir A CO, laser creamolifier has been
te-sted in the iabcoatlory for use ina-CO: lidar system A puised
optical gain of nearly 700 was verified for a CO, TEA laser input pulse at 10 59 m..mI.262)

WCI

WC12

Low-Pressuire GainC&H Lawai-Detector Operation

Dinvelaopmenti of Spectral Equipment for Invast-)w

tiorms of Atmospheric Gases. V E. Zuev. V. P. Lopasov. Yu. N.
Ponomnarev. L. N. Sinitsa. 1. S. Tyrtishkin. A. a. Antipov.
U S.S R. Academy of Sciences. Siberian Branch. The resutti
of development of a set of high-resoluticii laser spectrorn.
elers in the 0 2- 1&.m spectral range and experimental investigatioris of gas absorption spectra are presented.
(P. 297)

wilth a CO, Transversely Excited Atmospheric (TEki Law,
Jan E van der I aan. SRI ,nte'r'at'ona* Operation of a lowpressure CO, gain cell is evaluated experirentally as an optical receiver preamplifier for CO, TEA la"or lidar applications.
tp 2661
WC5 Laer Soures and Seinsitivilty Calculations fora NeawInfirared DIAL System. Martin J T M-1on. Barrie W.Jollifie.
Roger HtPartridge. PeterT Woods. National Physical Labor.
at"y. U K. The design of a DIAL system to operate at - 3300
nmi is considered, including the spectroscopy of target gases
anid possible laser sources ip 2V70

WC13 Effective Source of Coherentr Radliation Based on
CO, Lasers and Z~GO, Frequency Convertes, Yu. M. An.
dreev. V. G. Voievodlin. P. P Geiko. A. 1. iribenyukov. V. V.
Zuev. V. E. Zuev. US S R Academy of Sciences. Siberian
Stanch Several ZnGeP, moriocrystal frequency converters of
CO and CO, lasers have been constructed. The external energy conversion efficiencies are tenths to 490 o. (p.300)

WC$ Shimple 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
in a -letercidyne remote sensing system are frequency locked
using the signal from the target and a cavity length transducer. (p 274)

WC14 Enhtanced Direct Detection of CO, Lidar Returns Us.
ing a Lase Preamnplifier. Dennis K. Killinger. Milr Lincoln Lab.oratory: Jack L..Bufton. NASA GoddardU Space Flight Center:
E. J. McLellan. Pulse sý stems. Inc. A CO, laser p.eamplrfwre

has been used ina direct-dete:1ion single-frequency CO, lidar

WC? Pulsed Frequency Stable. Narrow Linewldth Lasers
and Opticail Remote Senising. K.K Lee. Perkin-Eim~er Corp A

system. An increase by a factor of up to 200 in the SNR of the
lidar returns has been achieved. (p.304)

method of constructing a pursed. frequency stable, narrow
linewidth laser is described, and its applications to optical
remote sensing are discussed. ip 278%

WCIS Plans for an Aisborns. Multispectral Laser imaging
Potaulmete System. James E. Kalshoven. Jr.. NASA Goddard
Space Flight Center. Prel~minary design of a system using a
polarized laser and linear array detectors to measure the de-

WC8 Rapid Tuning Device for a CO, Uidar. V. Klein. M4.
Endemanri. Battelle Insti'tut e V.. F R.Germany A rapid tun-

ing device for a pulsed CO. laser is precented that enables us
to tune the laser within <c3 ms to live pairs and to emit up to
ten discrete wavelength pairs within 1 s. (p.282)

polarization characteristics of the earth's surface is described. (p.3=8

WC116 Design Conceptlsi for an Advanced Airtbomis Meor
ologilcal Uidar (LASE IlIL Geary Schwie-mmrer. NA.SA Goddard
Space Flight CerWtr
ztion tccked alexar 'rite laser and
tandem etalon filter design concepts for a high altitude airborne differential absorption tidar to measure atmospheric
temperature profiles are examined. (p.311)

WC9 Airborne Wavemeiter for an Atmospheric DIAL Expe*
ment. Joseph H Goad. Jr., NASA Langley Research Center A
waverneter for laser wavelength centroid and wavelength profile measurements is being developed and designed. This
subsystem is part of a downlookirig differential absorption
lidar experiment that will measure vertical water vapo and
aeroiscl profiles from a NASA ER-? aircraft. (p.286)
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WC1?I I7 cne IWa fOwan Allrospherted Temrperatlure
Phiofs Massearments Pagrai an Overview. Bertraid L.
Johnson. C, Laurence Korb, John Osgana Harvey Matli
Geary Schwernmer. Lor'is Ucce~liril. NASA Goddwwd Space
Flight Center Pion 3 I-smant.l CNRS Laboratok. d. Afeteor*
oilogre Dirnamigue France. Mireille Bourdet., CNRS Instil ut
National d'Astronomile at do Geophysique. France; Gwwud
Mingle. CNRS Servce d'Aeonomle. France. The LASE 11
(laser atmospheric sensing experiment) Isthe development
of a Wiar Instrument system, using a dual alexandrlte laser
transmitter. to remotely measure temperature profiles of the
earth's atmosphere from an ER-? aircraft. The proposed
Instrument development is discussed. (p.313)

?M A:0M-1200 PM REGISTRATIONISFEAICER CHECKIN

CONFERENCE ROOM 5
&XI AM-10:i5 AM
ThA, SCATIERNO AND TUR3ULENCE
Eugenio Zanzottera. CISE Sp.pA.. Italy, Ptasrder
t30 AM-910 AM (Iamivipaper)
ThAi NoniniearOpticald Wnecion
of LaserRadtionwkhi
Water Droplets. Richard V.Chang, Yale U.Nonlinear opt"ca
scattering and emission from large transparent water drop.
lets irradiated with a high-intensfty taser above and below
the dielectric brbaltdown threshold are reviewied. (p.334)

WC116 hnlt,
tin a New Hgl Spectral-fleeoullton Lii
Technique frI.Backacatter Ratio and Atmospheric Tem"peira
birn PullaM C.Y.She. R.J.Alvarez 11,H.Moosmuller. 0. A.
Krueger. Colorado Slate U.Experimental implementation of
a proposed new hlgh-spectra'-resolution Wlar techinique for
backacatter ratio and atmospheric temperature measure
ments usin a pulsed lase systm is discussed. (p.311P.

9:00 AM-t30 AM (hnvited paper
ThA2 Rem ote Sensing of Refractive Turbuedenee with OP.
tical Spatial Flifers, James H.Chumside, NOAA Wave Propa.
gatlon Laboratory. The strength of refractive turbulence in
the atmosphere can be measured remotely using Incoherent
optical spatial filterin techniques. High spatial res-Aution
can be achieved. (p.336)

WC19 0.537 incohierient Doppler Uidac Curwen Status. J.
Sroga. A.Rosenberg, RCA Astro.Space division. We describe
the current status of the O.53,m Incoherent Doppler lidr. A
description of the system alon with preliminary atmos
pheric measurements Ispresented. (p. 320)

9:0 AU-9:45 AM
ThA3 Minldarw for Pollution Monitorin g and MONO@l
Sc*t
teein Studies. Christian Werner, German Aerospace Research Establishment, F.R. Germany. A simple backscatter
lldar was developed to measure aerosol and clouid backscat.
ter In different polarization directions. Different modules for
airborne and ground-based measurements ame
available.
(p. 342)

WC20 Porabl UV.DIAIL System for GrowM41-ased Mess,
usrnftensof LcwerStratlMRplOpnem
Pr.ite Design andl
Pe0frfmamene Simulastion M.0. Rodgers, J. 0. Bradshaw, 0.
0. Davis%Georgi& Instit ute of Technology., R.E. Stickel, Atlanta U.Center~K. Asal, Tohoku institute of Technology, Japan.
Comparison of alternative designs for a portable, lightweight
UVODIAL ozone system is discusse. Focus iseon suitability
of each for operation in remote areas. (p. 324)

*46 MAM-I WOAM
ThA amprove Diodalkaeer RndM
odt cw Warr,
Hiroshi Babe. Katmuml! Sakurai, U. Tokyo. Japan, Nobuo
Takeuchi, National Institute for Enwionmantal Studies.
Japan. Toshlyukl Uieno, Chiba U., Japan. A portable diodblase randomm~odulation ow Wiar was developed, to
measure the daytime aerosol profile as well as the nighttime
using a narrowband optica filter. (p. 346)

WVC21I I alrodotlo to thie 110111n. Wiar System. Richard
Richmond. Jan Servaites. Wnght -Patterson Air Force Base.
The WPAFB 1004n, collimator is being utilized as the receive
optics for what will be the largest operating Wlar inthe world.
(p.320)
WC
400NU Lkle Centier Staiblilty in a GeAlAs DOdef
Laser T. M. Shay, J. D. Dobbins. Los Alamos National
Laboratory, Y. C. Chung, Utah Slate U. A solitary GaAlAs
lase system Is presented which demonstrates a long-term
center freuency stabllty of 0.4-kHz in closedi loop operation
and 4-kHz In open loop operation. (p.332)

AU
10OS0 AM111-110:1
ThAI Tumbulenoe Meseuremente in tihe Convective Sosmi.
smyLayeir with a Short-Pls CO, Doppler ider. Wynn L
Eberhiard, R. Michael Hardesty, NOAA Wave Propagation
Laboratory; Tzvl Gal-Chen, U. Oklahoma. Turbulence and
momentum flux inconvective conditions are measured by an
azirmtthally scanning Doppler lidar, with the gas mix
selected to optimize the pulse length. (p. 350)

IM0 PM-lOSS PM
CONFERENCE BANOUET
(Now
I l~lmbrW10:1
ill

AM-11t46 AU COFFEE BREAK

Xiii
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M46S Au-1221 PU
jai"s Hawley. Ev

00

AtIC
ews

111POWu
auII-11S AN 0Ie

P
aefta
end, Ab~mool.1dariulsm
ThW IM ess Ai~
for Miosere*W Shimes J.Pinon, U.Psmw eq Mafri Cut*~
fithLeanrme prectM an airborne 1ide system is
FrwaIn
developed- for atosCpheic studies. "tincludes thee phases
with complemntary object ives anid dowsrdn lser sumWO
WhIch am Fpsed~(p.350

tIM War MsesmmeMn al Onu-A IarLaper Peruasnows

Ed, In W. Eloranta. U. Wlacon~. Lide techniques for
of atmospheric boudr~y laye parameters
meesu oremn
wll be presented along with data from a new 11der system
optimlied for the observatIon of threeoensoneroio alma.
-hfstructure fp 3
A. I.CAMs
Of tleTrepespher
f
well & R Pal, A.CL CXN*hninhm York U, Casnoda. Multiwavelenth 11der measuerements of the troposphere haft
inelastic scatterkng p a-oesses
been mad usin elastic anod
arid the results hove been compared with in autu messure'
mnots (p.36

ThWs Wa Mea- -

1aco u-11is PM

Th4

Wier Molahere Moesurlnsnhs Obaq COWUIX.M
H. MGMl David VfWtilemr Richar Ferrara. NASA Godefard
Snowe Fight Center. Rema 11dm is used to measure atmow
pheic moisure prfile ham near the surface to 7 It with
1504n vertical arid 2mm temporal resolutimn (p.367)
Mseeme Using H10'
eTuowbqeat
Thu AOW ofma
David A.Kruege, C. Y.She. COd
One" Issehiulon UdmW.
orado Slate U. The effects of uncetairdnte In parameoters
mid ofWInie0in iMitVn the accuracy of remote temperature
and pressure measureenft using MMAwe opreaorle
.371)

AiV

MONDAY, SEPTEMBER 28, 1987
CONFERENCE ROOM 5
8:30 AM-10:15 AM
MA1-4
LIDARS IN SPACE
Dennis K. Killinger, University of South Florida,
Presider

HAlo!

Frank Allarlo
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
scientific 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

were 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 investloitions to be

conducted include measurements of the vertical profiles of atmospheric
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

2
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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 (AO) to be
issued, soliciting detailed scientific experiments and the associated lidar
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 light-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 (OAST),

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 university thrust which Jncludes materials growth, laboratory test and
characterization of new solid state materials, infrared detectors/detector
arrays, and development of prototype lidar systems for aircraft 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
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solid state laser materials to broaden the wavelength coverage into the

middle Infrared range of the electromagnetic spectrum In order to enable
space and aircraft measuremnents 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
Additionally, the status of the

the LASA conceptual definition studies.

OAST research program in solid state laser materials 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.

4

HAZ-1
LIDAR In-Space Technolog

Experienat

Richard R. Mlesm
NASA Langley Research Center
Hapton, Virginia 23666-5225
SMUARY
The LIDAR In-Space Technolog Experiment (LITE) Is a miltimission Space
Transportation System (STS) program to evaluate the capability of a lidar
experimnt 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 system operation in
space, such as lifetim therml dissipation, alinement control, environmental levels, and autonomous operations. The second technology objective
Is the evaluation of lidar techniques In space, such as signal-to-noise
verifications, resolutions of Az and Ah, and atmospheric characteristics
at different wavelengths and at different altitudes. The third technolog
objective is to provide a test bed for new lidar techniques such as a
Doppler lidar system or a Differential Absorption Lider (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 system such as the wavemeter being developed for LASE.
In order to verify these technolog objectives have been met, we will make
measuremnts 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 In
the early 90's. A conceptual design of the LITE experiment has been
initiated at Langley Research Center using a solid-state laser having a
minimm of 1-J output at the fundamental wavelength, 1.06 um incorporating a
second and third harmonic generating crystal to provide the green and blue
light. In addition, a 1-i 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-n telescope that was acquired from Goddard Space Flight Center on loan and
is a engineering mcdel 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, system electronics, boresio't system, camera system,
environmental measuring system, and the experiment plateform.
The laser transmitter module consists of a flashlaep-pumped, Q-switched,
Nd:Yag laser with a fundamental output of 1.06 Pin. The fundamental output
energ is in excess of I J per pulse with the selectable pulse rates of
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either I or 10 pulses per second. Zn addition, the module includes second
and third harmonic generation which converts part of the fundamental energy
Into harmonic energy at .532 wo and 355 umr. The net energy at 1.06 um is
200 WJ, 400 a) at .532 W3 and 150 al at .355 urn. The laser Is housed in a
sealed container and cooled by way of a heat-transfer unit which is
connected to the enhanced MON pallet coolant system.
The telescope receiver as mentioned before is a 1-r, 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 boresight 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 comand services as well as all the control functions in
the instrument. The high-speed digitizer contains an analog-to-digi tal
converter and a buffer memory which allows data from the detectors to be
arnuired and stored at a very high rate during the data taking mode and
reproduced at a 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 (OASIS) onboard to monitor the environmental levels
seen at various places on the optical bench during the launch orbit and
deecent modes of the experiment.
All of the subsystems are mounted on a platform that is 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 early 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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There are plans for a second German spacelab mission (DW-vission)
(originally

scheduled for late

1988)

which will be

basically

a

zero-g mission,
but will also include earth observation experimnats.
3ncouraged 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 lidar is only an add-on experiment during the D2mission, and since the available ti"e to construct the experiment
is short, we are driving the following guidelines:
-

Use presently available techniques
Use available space-qualified pressursized containers to contain the various critical subcomponents
(e.g. laser, powersupplies) to minimize qualification testing
Demonstrate the expected benefits of the active technique in
combination with passive sensors
Validate lidar data by independent measurements

We present an outline of the measurement goals,
design and performance evaluations.

the

Instrument

Measurement Goals
The Spacelab-lidar is
designed to evaluate the measurement
applications of spaceborne backscatter lidars for meteorology and
climatology with a comparatively simple instrument.
It forms an
Intermediate step between an airborne lidar and an operational
spaceborne lidar on future earth observation satellites. This
step is
necessary to gain more insight into tte 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:

9
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-

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 measurements of these atmospheric
parameters at different time, over a selected location with good
probability for adequate weather conditions.
At the present
status of planning,
this site will be in
the western sahara
desert.
Lach measurement over this site will take only some 5
minutes and yield Cita from a strip of about 2000 km length.
Simultaneous to the lidar measurements from Spacolab,
a gound
truth campaign will be carried out to validate the data gathered
by the Spacelab-lidar with groundbased and airborne instrumentation.
Another set of measurements performed with the Spacelab-lidar
will yield atmospheric backscatter data along a strip of some
8000 ka length (20 min measurement duration) over central Surope.
Data from this measurement will cover a wide variety of meteorological 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 satellites and from ground based observation stations.
Inst•ument Design
The figure shows the Spacelab-lidar as it Is mounted in
Space
Shuttle.
It is located in two Getaway-Special (GAS-)
containers
that are mounted to the Unique Support Structure (ISS) of the
Spacelab Facility. The GAS-containers have been selected 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 system.
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 ZR-radiomoter for validation measurements.
The transmitter laser is a flashlamp-pumped Nd:YAG laser with
frequency doualer.
The transmitted energy is
300 mW
at the
fundamental frequency of 1.06 am and 200 W at the harmonic at
0.532 pa.
Both frequencies are emitted simultaneously with a
pulse rate of 10 Hz.
The beam divergence behind the beam
expansion telescope can be as low as 0.2 =rad at 1.06 as.
Power
consumption of this laser is 600 N (average).
One feature of the transmitter assembly is that the laser
can be directed over an angle of 8 mrad in each direction.
10
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beoa
steering capability ii required for an active alignment
transmitter and receiver containers of the lidar in space.

of

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 Spacelab.
However, since it is not certain yet if the froonloop 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 lid that is opened for
the measurement. This container has an extension on the rear aide
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 telescope in the main structure of the GAS-container is open to the
space environment.
A compact Cassegrain-telescope is used 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 small
focal length (F - 2),
and a relatively large secondary mirror.
The obscuration by this secondary mirror is 19 %, and including
the mounting structure,
the effective area of the receiver is
0.15 m2. 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
used 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 FOV.
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 serial 'MACS'-bus for measurement-,
control- and
11
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house keeping data. The data from the video camaera are stored by
a Spacelab video-recorder rack.

TimeScale
The design of the Specelab-lidar is sufficiently simple to allow
for
However,
its construction within a tine frame of 19 months.
another 12 months
the integration of the instrument in Spacelab,
and the Shuttle integration takes another year. Due
is required,
it is
to the uncertain launch date of the next Spacelab mission,
not certain yet, when the Spaielab-lider will actually be flown.

4,-_0

-

0

-

c0

VU

61U

S-..,•
1

,,.,•

•

S•

.
120.
.. ,.,

•..
\•

S....12

,•'•

.:,..

.•

"•,,•

,.0
,, ,,--

4-il

\

CC

-

I'A \

i\\

-,......

-

JIM-I
NqA4-!

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 developed for altimetry measurements of the Earth's sirface
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 gim. 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.
Primai. data produced by this instrument are the laser pulse time-of-flight, pulse energy, 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 measu-ement of topographical profiles of
volcanic, mountain-region, and 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 acquited on a number of flights at altitudes as high asl2 km
%bove 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 :n 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 I atn of pressure inside the
canister and still provide the maximum clear apertu• of 0.38 m for laser altimeter operation. The
motorized door is dosed 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 computer, tape recorder, camera, and IR radiometer. This canister also is sealed to provide up
to I atm of internal 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
power 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.
13
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Figure I Shuttle Lase Altimeter insmunem.
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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
backscatnered 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 at a 15 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 800 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.
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Development of Lasers and Spectral 34quPment for- 11eaOUreMent
of Atmospheric Molecular Gases
Institute of Atmospheric Optics, Sib erian Branch, USSR
Academy of Sciences, Tomak, 634055, U.S.S.R.
The paper considers the problems of laser applications.
and laser equipment developed to investigate the vibration-rotation absorption spectra of atmospheric molecular gases
as well as the measurements of their conecentration in the fiold conditions based on researches care out at the Instltute of Atmospheric Optics SB USSR Academny of Sciences.
I * The set of spectrometers developed includes:
wide-band intracavity spectrometers;
laser spectrometers with multipass gas cells with a basis up to 110 2;
opto acoustic spectrometers;
a fluorescent laser spectrometer*
Intracavit-y spectrometers allow the wide-range detection
to be made with the width up to 200 cm'l and threshold sensitivity to absorption -107 - 10O8 cm 1l.
Laser spectrometers with ixternal multipass cells with

bases 3*70 and 110 a, spectral resolution<WO3 eel, the
operating temp erature range 40 e.. 80*C wem. developed
using the ruby-., Nd-gleasaT alezandrite- and d'ye-lasers.
Optoacoustic spectrometers were developed using the ruby-,
3d-glass- and C0 2 -laserso A spectrophone was used as a receiver. The absorption sensittvity is 10-8 - .1
cirl ir

A multipurpose laser spectromater operates in the six
spectral ranges within 0.2 -1.2 ~Mo The fluorescent channel
sensitivity is 10-l" Carl.
2e Using the spectrometers developed the following absorption lines were recordeds some thousands of new absorption

lines, teo"

of previously unimown %2 09 C02 , C2%9, 1209 lIE,,

CE9H~r molecular absorption bands and their isotopes,

M1B-2

The quantitative spectroscopic data obtained were widely
used for laser gas analysis of the alosphere.
3. During the last decade a preat deal of research has
been undertaken together with the development and use of lader spectrometers at the Institute of Atmospheric Optics in
the field of laser application for determining concentrations
of different atmospheric gases and, especially, atmospheric
pollutants. Special attention Is paid to the C0 2 -laser use
an being the most perspective for the above purposes Ti
•
In this case we have widely used the differential technique
in the trace gas analyzers*
Over the last several years much attention has been focused on solving the problems of increasing applications of
C0 2 -laser 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 obtsini
the high-quality ternary semiconductor ZnGeP 2 monocrystal and in creating the high-efficienc7 nonthreshold parametric frequency
converters of C0 2 - and CO-laser radiation. Due to the approach developed this made it possible to analyze any gas with
the absorption lines within the 2-11 pm wavelength range corresponding to the maximum transmission region of this crystal.
As follows from the analysis of optical linear and nonlinear characteristics, the ZnG.P 2 monocrystals are the most
applicable for the frequency conversion of the 2 - 8.5 Pa
radiation. In particular, they are the most effective frequency doublers of CO-laser radiation and C0 2 -laser second harmonic radiation, for example, when the cascade higher order
harmonics are generated.
When usinM
the ZnGeP 2 monocrystal the 2-11 pn wavelength
range can be overlapped by the frequency-converted radiation
of one C02 -laser with application of two-cascade frequency
converters capable to mix the C0 2 -laser self-radiation and
that of its harmonics. Dense overlapping of radiation spectrum is obtained with the use of two C0 2 -lasers or one doublefrequency laser. Additional possibilities are presented by
mixing the CO2- and CO-laser radiation frequencies.
Flnally, we are faced with the problem of overlapping of
19
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the entire wavelength range by a fine "tooth-comb" of synthesized narrow ( 10--3 cil)
laser lines and on this basis it is
possible to develop the laser sets for analyzing any atmospheric gas with absorption lines in this wavelength range.
The joint results obtained until now at the Institute of
Atmospheric Optics and at the Siberian Physico-Technical Institute at Tomsk State University have made possible the growth
of the ZnGeP 2 single crystals with the diameter up to 20-25 -m
and the length up to 150 m. The best samples are characterised by the values of absorption coefficients in the region of
maxdmus transmicsion of__O.1 ca-1.

Our investigations supported the possibility of creating
the efficient sources of coherent radiation in the middle
infrared on the basis of C0 2 -lasers and frequency converters
with the ZnGeP2 monocrystals.
High damage level of ZnGeP 2 operation characteristic3 allows the C02 -laser radiation fiequency converters with ZnGeP 2
to be competitive with those based on CdGeAs 2 and another
nonlinear crystals.
Previously we reported on the measurement of CO concentra
tion using a mobile trace gas analyzer equipped with a frequency-doubled C02 -laser [2] * As the measurements indicated,
the unit was capable to detect the CO concentration up to
4 ppb at the 2 km path* At present we have developed an improved variant of a mobile fully automatized gas analyzer.
Pigure I shows a block-diagram of the modernized gas analyzer including low-pressure two frequency-tuned COi and one
CO-lasers and a set of the ZnGeP2 monocrystal frequency converters.
The laser wavelength tuning, piezoelectric frequency adjuastment and adjustment of ZnGeP 2 monocrystal to synchronism
direction as well as digitizing and processing of photoreceiver signals are made using a computer complex "CAMAC NERA-60".
The potentialities of this complex are expanded when using
a memory on hard magnetic disks.
The results of simulated estimation were supported by field measurements of the multicomponent real atmosphere and
demonstrated high-operational characteristics both of the
20
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A DIAL System for High Resolution Water Vapor Measurements

in the Troposphere
Jens Bwsenberg
Max Planck Institut fUr 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,
wbere 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 resolution are of course decredsing 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 psec. 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 HaO at about 15 ndNir. The
tuning accuracy to the center of the low pressure line is
estimated as 0.004 cm- 1 . 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 oscillatoramplifier configuration is spectral impurity, defined as fraction
of power out of assumed laser line shape (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 < I%, 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 basic difficulty for a remote sensing system 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*(Oowa.oo).
So a convenient test is to choose on and off line
wavelengths such that
, 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 nonlinearities, 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 line 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,
fig.2 for an unstable
stratification during the afternoon with a patchy pattern typical
for a convective situation. Fig.3 is a measurement on the same
day in the late evening. Stratification was stable in this 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 measurements 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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H153-1
A Differential Absorption Lider System for Measurements of
Tropospheric NO, NO 2 . SO 2 and 03
Barrie W Jolliffe, Elizabeth Michelson. Nigel R Swann
and Peter T Woods
Division of Quantum Metrology, National Physical Laboratory
Teddington TWI 1 OLW, UK
1.

INTRODU*C`TION

A differential-absorption lidar facilit5 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, NO 2, SO 2 and 03 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 operated 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 presented.
2.

LASER TRANSMISSION SYSTEM

The DIAL facility uses frequency-duubled and -tripled YAG lasers to excite three tunable
narrow-linewidth dye lasers.
Figure I shows a schematic of the laser transmission and
receiving systems. The oscillator cavities of the dye lasers have elements within them so that
NO 2 measurements
each laser generates alternate pulses with two indepe ident wavelengths.
are made at wavelengths around 448 nm; SO 2 and 03 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 nmn which is generated by frequency
mixing 1.06 pum YAG radiation with that of a frequency-doubled dye laser at 576 nm.
Radiation at 1.06 pan is also transmitted to provide data on atmospheric particulate scattering.
All of the beams are transmitted collinearly into 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 Dalil-Kirkham receiving telescope is capable of being scanned to provide threeThe transmitted beams are propagated coaxially
dimensional coverage of the atmosphere.
with the telescope. The backscatter-return signals are collimated, separated in wavelength by
dichroic beam splitters and directed via narrow-bandwidth interference filters onto one of
three photomultipliers 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. Reliabie measurements are now achieved
at ranges of > 50 m.
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4.

DATA COLLECTION AND PROCESSING SYSTEM

The mobile DIAL facility houses a dedicated LS! i1"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 serves as the interface for instrument control and data
collection, houses four transient recorders (20 MHz at 10 bits or 10 MHz at 12 bits) to
digitise the data from the four detection channelb.
All the transient recorders used have
demonstrated non-ideal performance and some e!fects 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 indu'trial areas and examples
are given below. The results have also been compared with those obtained by calibrated
in-stack monitors.
(i)

SO 2 Measurements

Three-dimensional profiles of atmospheric 502 concentrations have been measured around oil
refineries and power plant. Figure 3 shows the concentration profiles of a plume emitted by
a 70W power plant at three distances downwind and illustrates the 'touch--down' of the
plume :nto the ground.
Alternatively the total SO 2 emissions of any source can be
determined by sc:ning the laser beam across the emitted plume close to the stack exit.
Measurements have been carried out which agree with those obtained by calibrated monitors
within the stack to t 10%.
(ii)

NO 2 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 NO 2 air
quality. Figure 4(a) shows a result obtained when monitoring the dispersal of NO 2 emissions
downwind of a nitric-acid production plant. Figure 4(b) shows the concentrations of trafficrelated NO 2 in a street in central London, illustrating that maximum NO 2 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 2 .
(iii) Simultaneous NO and NO2 Measurements
Simultaneous range-resolved measurements of these two gases have been carried out to
provide data on the dispersion ad chemical reactions occurring in industrial plumes and
urban atmospheres, and examples of :he results will be presented.
(iv) 03 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 CO2 DIAL Measurements
William B. Grant, Alan M. Brothers, and David H. Tratt,
Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove
Drive, Pasadena, California 91109
Introduction
There are a number of measurements of atmospheric trace species and
aerosols of potential interest in the 9 to 11 micron spectral region covered
by C02 lasers.
While direct detection C02 lidar systems have been used
ior such range-resolved measurements, the measurement range for such systems
is limited to 2 to 4 km (Flanigan, 1986).
Heterodyne detection OD2 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 analys's complexity. This paper will describe measurements
made using the Mobile Atmospheric Polluta-t Mapping System (HAP!).
HAPH Description
NAPM is a dual C02 laser DIAL system mounted in
more important system compot.ents are listed in Table 1.

a

semitrailer.

The

The 50-mJ pulse energy iii sufficient in typical Pasadena atmospheres
(0 - 10-7 m-1 to give a single-pulse, speckle-limited signal-to-noise ratio
(see Shapiro et al., 1981) of greater than 0.9 for ranges out to 2 - 3 kin,
after which it decreased per the lidar equation.
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 complex than for direct detection.
The algorithm
developed for handling the data included the steps of smoothing the data
over several 30-s 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 measurements. 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
MAP?4 has been operational since September 1986.
During that time it
has been used to make measurements both of atmospheric parameters and system
performance.
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KAPH was used early in the program to address the question of DIAL
signal averaging dependence with the number of lidar signals averaged, N,
raised by Menyuk et &l., 1985, with other references included therein. They
analyzed data obtained using backscatter from a fixed hard target, and found
significant departures from the expected N- 1 / 2 reduction in the measurement
standard deviation. MAPH was used to demonstrate that for atmospheric backThis result
scatter, the N-1/ 2 law was obeyed out to N - 1000 or more.
arises because the aerosols decorrelate in times of a few microseconds, so
that independent speckle patterns are measured for each lidar pulse, which
These results agree with those
is not the case for the fixed hard target.
In addition, it waa shown that if the lidar
of Hilton and Woods, 1987.
pulse-pair ratio changes during the course of the measurement, significant
This would be the
departures from N-1/ 2 dependence are to be expected.
case if the gas concentration changed during the measurement, if the aerosol
distribution changed when there is significant molecular Rayleigh scatter,
(See
or if the aerosol spectral properties changed during the measurement.
Grant et al., 1987a.)
MAPM was next used to assess the ability of heterodyne-detection CO2
lidar to measure water vapor concentrations at long ranges, and in the process, a thorough study of water vapor absorption coefficients at CO2 laser
It was shown that the four or five sets of C02-laser
frequencies was made.
measured water vapor coefficients can br; brought into substantial agreement
by using a value for the ethylene absorption coefficient at the 10P(14) CO2
laser line (used for calibrating spectrophones) of 35.0 ± 2.0 atm-l cm-I,
and that the values for the water vapor continuum 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.
HAPM was then used to measure water vapor concentrations using three different line pairs, each optimal for a different concentration-range product.
(See Grant et al., 1987b.)
MAPM has also been operated on CO2 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 equation.

This

result

is

significantly

better

than

the

8% demonstrated

by

Fukuda et al., 1984 and Rardesty, 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 sensitivities as
well as to estimating how coherent-detection DIAL sensitivity scales with
pulse energy.
Future Uses of MAPM
Among the possible uses for HAPH, several can be considered in the near
future: measurement of SF 6 tracer releases (see, e.g., Uthe, 1986); studies
of emissions from factories; studies of aerosol spatial, temporal, and spectral properties in the free troposphere (see, e.g., Menzies et al., 1984);
and studies of the aerosol spectral properties as they affect DIAL measurements (see Petheram, 1981).
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Table 1.

Major MAPN Compomeats

model NO.

Specificatioes

Item

Supplier*

Semitrailer

Diamond 1 Co.

Pulsed CO 2 Lasers

Laser Science, Inc.

PRP 150I

30 1o8

Ultra Lasertech

3822

1-2 V

cv C0

Lasers

35' leog

RYE-4, IIX-7

neslab

Laser Coolers
NeCdTe DetectorS1 goal

Now England Research
Center

NgCdTo Detector Mon.

Baeetn Electronics

ROOSA

I us x I

Transient Digitizer

Hevlett-Packard

5182A

20 Nfa 7.7 off. bite

Data Computer

Hevlett-Packard

1000,Nicro 29

Seen Wirror Mount,
Controller

Aerotrech

Optical Table

Modern Optics

0.25 =.x 0.25 m
77K

OM 130-24H
UNIDU KII

300K

24" aperture
4' x 10' X 1' £
louer shelf

S.O.R.L.

WOAR

Optical Chopper

Rofin-Sinar

7505

Linear Phase Filter

Cir-Q-Tel

0.2 to 2.5 Ma

Off-Axie Parabolic
Receiver mirror

J.

4" off axis, 12" diam.

Flat Mirrors

Priesm

Winadow

Nordare store

Dome

B.

Uessr-expqadign

Linear IF

Teles.

amplifier

L. Wood Optical

10-200 3:

1 5/8" thick

0.4 nll polyethylene

o.Meyers A Co.

Digital Delay Cenerator California Avionics

Mention of the supplier's nam

loX, IS cm diam.

24" dia,

Unlimited

RNG Electronic3

by the Air Force. NASA,

0OXI1

2-n dim. fiberglass
EST 301OLD

f- 30 MNi. Af- 10 MIz

103 Cl

lOOns resolution to 10 9

does not constitute an endorsement of the supplier

or JPL.
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DIAL Measurements of Atmospheric Water Vapor, HC1, and CH. Using a
Continuously Tunable 1.7 w Co:NgF 2 Laser*
Dennis K. Killinger and Norman Menyuk
Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173-0073
(617)863-SS00, 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 solidstate, cobalt-doped magnesium fluoride laser (Co:MgF 2 ), 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, HC1, and CH4 in the atmosphere. Both pathaveraged and range-resolved DIAL measurements have been made at ranges up to
6 km and 3 kin, respectively.
Early investigations of the Co:MgF 2 laser by Houlton 1 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 an-d-accurate
wavelength control of the laser. These modifications were necessary to make
the Co:MgF 2 laser a practical radiation source for remote sensing
measurements.
The schematic of the Co:MgF 2 DIAL system used in our experiments is
shown in Fig. 1.3 The Co:MgF 2 laser was cooled to 770K and was longitudinally pumped by a 1.32 um Nd:YAG laser which emitted 400 MJ, 800 us
duration, linearly polarized, TE40
1 0 pulses at a 3 Hz pulse repetition
frequency; the output power of the Co:MgF 2 laser was approximately 10 mJ
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 ltnewidth 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 intracavitycetalon, 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 2 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 %onsing
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 "InchwormN which changes the
slant angle ov the thin etalon in the laser cavity.
7T-s work was supported by the National Aeronautics and Space Administration and the Air 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 positions.
In the continuous scanning mode, the output of the Fabry-Perot is
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 Laboratory as a function of the laser wavelength.
The wavelength scan covers
approximately 5 cm-1 . All the major absorption regions can be identified
with known water vapor absorption lines.
The Co:MgF 2 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 atmosphere. 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 2 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 2 DIAL system for the
detection of HCl and CH4 in the atmosphere.
By scanning across the prominent
lines of HCl and CH4 near 1.7525 um and 1.6713 on, respectively, the sensitivity of the DIAL system was established; within these sensitivity limits
there was little
indication of detectable HCl (< 0.2 ppm) or of CH4 (< 2 ppm)
in the atmosphere.
Further studies using an artificial plume of HCl injected
into the atmosphere were conducted which demonstrated range resolved DIAL
measurements of an 4Cl plume with a sensitivity of a few ppm and range
resolution of 200 m.
References
1.
2.
3.

P. F. Moulton, IEEE J. Quantum Electron. QE-18, 1185 (1982).
S. Lovold, P. F. Moulton, D. K. Killinger-,1---N. Menyuk, IEEE J.
Quantum Electron. QE-._,
202 (1985).
N. Menyuk and D. K7iTT inger, Appl. Opt. (1 August 1987).
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Analysis of Information Content of Multifrequenc7 Laser
Sounding of Aerosol and Molecular Atmosphere
avktyanov, G*M. Krekov
V.3. Zuev, 8..
Institute of Atmospheric Optics, Siberian Branch, U.S.S.R.
Academy of Sciences, Tomsk, 6340559 U.S.S.R.
The use of a single-frequency lidar for investigating
the space-time structure of atmospheric aerosol has a limted field of application due to a possible ambiguity of interpreting the experimental data LI-3J. 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 atmosphere is determined by the known equation
2

..
where 5(4,1) is the signal normalized in the point Z;
and fi• are the aerosol coefficients, and G!,, and P,, are
the molecular coefficients of total scattering and backscattering.
The number of unzkoo-a functions in (1) exceeds that of
the measured ones by a fa,•tor of three ( takiLn into acco)
.. s/lt/"
unt the known relation Jp.,Cj.1) / e,,(I,),l) r,,
for any number of sounding wavelengths No"At single-frequency sounding the introduction of the profile S (a) =

=

and the use of any a priori

information on its characteristics was the only possible
method for making supplementary definition E 1-3) ( it was
impossible to separate 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 definition is the substitution of the spectral behaviory)(1), ,
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by the eXpansion over a certain set of known Iunctions,
with the estimate of the parameters of expansion by the laser sounding data. When using the series on powers of incre"senti
0-)) /IA,
C
(in logarithmic scale)

Q2Pe) ý-,)

T-+7

•--7,i•'j•
ý-&-),&
f1)+ Z''9
(••¢
=~•,,..~& I +~ /1
&•,€,,•)
Jecl
~
f
~ A-A

k2)
(3)

One can often limit oneself in (2,3) only by the first increments correct to the two parametric functions
7
2-"04 ,6 4&(nA , characterizing the i .lative decrease of
t , ci'
with the ) increase, and varying within the limits to be estimated ( as a
rule, 0 S ? ,e
2 [4] ). In the analogous (2,3) expansion
for
,
,
the parameter
= 4 9, and the terms beingof
more than the first order of magnit"Ade 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 wq.(1). For
simultaneous restitution of three profiles !a, 9
',
even in the case of the use of only linear parts of expansions (2,3) without taking into account the a priori information on
the number of operating frequencies must
not be less than five. Im practice, with less number of operating frequencies one should use any simplifying assumptions or the accompanying measurements (model estimates)*
Figures I and 2 present the results of the numerical experiment on single-frequenc7 (Fig.l) and double-frequency
(Fig.2) sounding of aerosol profiles (the aerosol model [4]
was used).
A comparison of Figs.(i) and (2) indicates that the double-frequency sounding even with rough simplifying assumptions allows the lidar measurement information content to
be increased versus single-frequency information content.
Further increase of the number of sounding wavelengths allows the decrease of arbitrariness in selecting the spect-
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and their estimate from the lidar
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Leaving for aimplicity of computations only the linear parts
and eidein (2,3) we obtain after logarithof increments
for the remic operations and differentiation (1) over &.X
-LOA S:
lative spectral behavior of the lidar signal Is

Let us substitute in the set (1) all the equations, except
the first, by the equations of (4) type. Now we obtain an equivalent set of equations which is completed with equations
following from (2,3)
The set of equations (1)9(4) and (5) can be solved using
the iteration methods that makes it possible to use the
a priori information available for makin supplementary definition and stabilization of analytical solutions of Eq.(-),
(4) over the variable z Di-31. For example, when assigning
the initial approximation d,(,A)
,
(Iv)
i. Eq.(1), one
in

+:.c,,•,).j-,+e ++2jl-2!•
•,it

can obtain

When recaleulatinn

+ -2.+

'"

successively the profiles 6,

4"(nidfl !
••]t-••

6".

,

•

for

?e I Sfrom 1 to
÷ , takini
into account Eq.(5) and initial approximation, one can refine the values 1 , •
using
the analytical solutions of Eqs.(4)

- ~0

JBIJ10')

_Z?J)
+Ps m

A'

<,9J+ " i

14 0
The analytical estimates can be also obtained forg,
Model calculations with the use of three wavelengths and
given processing scheme have made it possible to estimate simultaneously the aerosol altitude behavior -,(;)and molecular
Y•()profiles as well as q,(4)used when restituting P(J,9.))
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Remote Determination of Meteorological and Optical Parameters
of the Atmosphere Using a Raman Lidar
Tu.o.Arshinov, S.M.BobrovnitoV, S.N*Volkov, V.Zu.Zur,
V.LShumakii
Institute of Atmospheric Optios, Siberian Branch,US82 Academy
of Sciences, Tomak, 63'.0559 U.S.S.R.
As known, the boundary ataospheric layer is just the region between the Earth' surface and the free atmosphere
where most dynamic processes take place. The investigation
of these processes is very important for obtaini
the information on the conditions of temperature inversions foruation as well as on the diffusion of various atmospheric components including pollutions* It is also important for stud7ing the heat transfer from the ground to the atmosphere.
The determination of characteristics of the boundary atmospheric layer. normally, requires the information about
the profiles of meteorological parameters and about the vertical 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 'he conventional radio-sonde techniques.
This paper presents some results of lidar measurements of
the atmospheric temperature profiles and the profiles of some optical parameters of the atmosphere obtained with the
Raman lidare.
The combined Raman lidar used in the study allowed the determination of temperature profiles and the profiles of optical parameters to be made simultaneously usin pure rotational Raman spectra of Na and 02 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]

and [3]

HC2-2

The temperature profile in retrieved from the profile of
the intensity ratio of two portions from the pure rotational
Raman spectrum of N2 and 02 molecules. The attenuation of
summed signal from both portions of pure rotational Raman
spectra of N12 and 02 corrected for squared range dependence
provides for information on the atmospheric transmission profile. Thus obtained data allows one to assess simultaneously
the profiles of atmospheric temperature, extinction coefficisent, backscattering coefficient and the profile of the so-called lidar ratio, which is the parameter relating the latter two optical parameters.
Figures Ia, b and c 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.Ia shows the temperature profile obtained with the aircraft facility. In Fig. lb the dashed curve presents the profile of aerosol backscattering coefficient obtained using a single frequency •ie scattering lidar
[2]. Figure lc 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 out.
The atmospheric situation occurring during this experiment can be characterized by the presence of a deep temperature 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 Fig. lb ).
Good agreement between the Reman lidar data and those data obtained independently convincingly illustrate the capabilities of the combined Raman lidar in its application to
study the boundary atmospheric layer.
References
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Instrumental and Atmospheric Considerations In the Development ano
Application of an Airborne/Spaceborne Water Vapor DIAL System

Edward V. Browell
Atmospheric Sciences Division
NASA LaRC, Mail Stop 401A
Hampton, VA 23665-5225
and
Syed Ismiail
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.O) 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 gonm the peak of the H2 0 absorption line
and another away from, or "off" the peak. In the range resolved DIAL
measurement, H,O concentration between two ranges is calculated using the well
known DIAL equation', which is a function of the on and off signals at the two
ranges and the effective H.O differential absorption cross section. Random
errors due to noise in the detected signal and systematic errors 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 analysis
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 Browel11.
The strength of the lidar signal depends upon the lidar range, laser pulse
energy, area and optical 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
IS, where S is the total number of photoelectrons during the signal
observation interval At. This implies that the lidar parameters should be
chosen, where possible, to maximize S. However, consideration must also be
given to other noise sources like the background light, detector dark current,
signal amplifier and digitizer errors, noise spikes in the detector that do
not follow the Poisson statistical model, and signal induced noise effects.
We have carried out signal measurement error simulations for the Lidar
Atmospheric Sensing ExperO:nent (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 (APO) was selected for this system because of its high quantum
efficiency and reasonable noise characteristics over the expected signal range
of the LASE measurements. The resulting signal-to-noise characteristics of
the APO 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 HO lines, the H,0
profiles in the 0-10 km region can be measured with an accuracy of <5% due to
the combined signal randjm 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,O DIAL system' in the 727-nm region showed that,
because of the lower lidar signals, photomultiplier tubes will be superior to
photodiodes which have limiting high dark current noise. The DIAL measurement
errors in the lower tropo:phere (0-5 km altitude) would be 15% using a
horizontal resolution of 250 km and a vertical resolution of 500 m during
nighttime. Daytime measurements would require Fabry-Perot interferometers 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 HO absorption profile, uncertainties arise 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 HO absorption on laser spectral profile,
(b) Doppler broadening of Rayleigh backscattered signal and other atmospheric
spectral broadening effect5, (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
limit 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 Ah a 1.7 pm
in the 727-nm region. It is estimated that under normal atmospheric
conditions '.is will cause a systematic underestimate in the DIAL measurement
by <1% in thv 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 lines 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 line at the appropriate
pressure level can eliminate this error. It can be easily seen that tuning
the laser to coincide with the Ha0 line at lower pressures would be less
sensitive to pressure shift effects than one tuned to higher pressure H,0
lines. To make DIAL measurements insensitive to variations in atmospheric
temperature changes, H,0 lines 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 <1OK from actual.
For mixing ratio
measurements, ground-state energy levels in the range 300-450 cn-1 should be
used. Laser spectral purity control is 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 >99.95%,
which is more desirable, can be achieved by recently developed Alexandrite
laser systems. Tuning of the lasers to near the peak of the H,O 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 influencs 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
linewidth, 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 line with altitude.
The combined estimated accuracy of the DIAL H,0 measurement by the LASE system
is illustrated 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-line signal to obtain aerosol scattering information and by
using a climatological temperature profile. Laser line 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 illustrates that using a single H,0 line, a HO 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 profiles with similar accuracies with a horizontal
resolution of 250 km and a vertical resolution of 500 m.
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Table 1.

LASE H2O DIAL Parameters
RECEIVER
0.11 *'

Area (Effective)

1.23 mrad

Field of View

0.3 re (Day) 1.0 nm (Night)
231 (Day) 50% (Night)
80% APO (Si)
2.1 x 10-' WIHZ'1"

Filter Bandwidth (FWHM)
Optical Efficiency (Total)
Detector Efficiency
Noise Eq. Power (APO & Amplifier)

TRANSMITTER
Energy

150 mj (On & Off)

Rep. Rate

5 Hz

Wavelength

726.5 - 732.0 nm

Aircraft Velocity

200 m.s

1.1 pm

Linewidth

Beam Divergence
Pulse Width
Aircraft Altitude
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Figure 1.
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LASE H20 DIAL combined errors from all sources.
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Advanced Airborne DIAL Systm Capabilities for Ozone and
Multiwavelength Aerosol Neasurements

A. F. Carter, E. V. Browell, J. H. Siviter, N. S. Higdon
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C. F. Butler
ODU Research Foundation
Norfolk, VA 23508
N. Mayo
PRC: Kentron
Hampton, VA 23666

The NASA Langley airborne DIAL system has been modified to give significantly
increased measurer.esnt capability for conducting atmospheric science investigations. 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 receiving sections of the DIAL system to acconmodate eight lidar returns
simultaneously. Additional modifications were also made to remotely control
transmitted laser 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 real-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-2B'
The NASA DIAL system has been extensively used since 1984 in 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 either 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. I and 2). A remotely controlled optical system was designed and
built for beam alignment with tha receiver and for optimizing the transmitted
iaser energies. Two now receiver optical systems were designed and built.
including two custom-built celestron telescopes. Each receiver has optics and
detectors capable of receiving the four transmitted wavelengths, 285 em,
300 ma, 599 m, and 1.06 Ip, at a mximum rate of 10 Hz. The capability to
produce color plots of both 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 prim instrment on the NASA Ames
DC-8 aircraft for remote measurements of ozone profiles in the :tratosphere
over the South Pole during August and September 1987. Ozone masurements were
required over the vertical region from 12 to 20 km, and, therefore, only
zenith operation is needed from the DC-8, which will fly at 12 km altitude.
Due to the higher ozone concentrations in the stratosphere compared to the
troposphere, the on-line and off-line 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 visible
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 visible channels and both 1.06 Vuichannels as well as
the on- and off-line UV. The rationale for this approach was to 1improve
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 reliability and ease of alignment. The receiver system was modified
to use two UV photomultiplier 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 (EOS) Satellite
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and
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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 characteristics. 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 Observing System (EOS) 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 pressurel 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 wavelength 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 9ne wavelength on a
high J line in the oxygen A-band near 770 nm (13,000 cm" ) where the variation
of absorption coefficient with temperature is as high as the sixth power of
tem,perature. 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 pressurIe and temperature experiments.
It has a spectral resolution 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 if 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
EOS platform: a 0.5 J alexandrite laser transmitter, a repetition rate of 10
Hz, a narrowband transmitter with a bandwidth of 0.005 cm- or less, a telescope 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 simulations, which includes a wideband 1 nm spectral detection filter, and an optical efficiency of 2.38 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 nadirviewing 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 prissure-sensitive absorption troughs located at
We note that the use of a 0.15 mrad FOV anu
either 13110.86 or 13153.79 cm".
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", 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 cm" with 3 km resolution allows high accuracy
measurements to be extendel to 15 km altitude.
The effects of background are
small for th¶ 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 KALNAN-BUCY FILTER FOR DIFFERENIIAL
ABSORPTION LIDAR TIME SERIES DATA
Russell E. Warren
Electro-Optics Systems Laboratory
SRI International
Menlo Park, CA 94025
An earlier work1 described a generalization of two-wavelength differential absorption lidar to the case of multiple wavelength channel
returns for estimating the path-Lntegrated concentration (CL) for
multiple materials. A maximum likelihood (ML) istimator was constructed
for the N-dimensional vector CL - (CL 1 ... ,CLN) of path-integrated
concentration values in terms of lLdar returns Pi(k) collected simultaneously at i - I, ... 1H
1,
N+l wavelengths at time step k.
Those
returns were used to define an observation vector s(k), Eq. (').
which
could be expressed approximately as Eq. (2) in terms of the K-I x Ndimensional matrix of absorptivity differences RLi - P1 - df+1 of
material I at wavelength I. The measurement noise n (k) was taken to be
additive, uncorrelated, and zero-mean with covariance A (k,k') - <n n >6 ...
The ML estimator for CL was shown to be given by Eq. (37 in terms oihek"
ML estimate for the CL covariance AA, Eq. (4).
Because the HL estimate of CL makes no use of the time series
nature of practical data collection, a generalizqtLon was made to an online 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 adopted 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 Eqs. (6)-

(7).
The Kalman-Bucy algoriths. 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. (1l)-(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 *uperposLiton of the ML estimate at
time k and the extrapolated estimate CL.(k) - fL+(k-1) based on the last
time step. For the Kalman gain, Gk, small, the new estimate is
dominated by th~e past value, whereas for Gk - I, the estimator discards
the old data in favor of the new ML estimate. Because Gk increases with
increasing Qk, the state model determiaas 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 detection, no fixed choice of state model
covariance Qk is suitable. The need to accurately estimate large
concentrations while preserving high sensitivity !or low concentrations
has motivated the adaptive estimation of Qk using a moving average
estimate of the CL time darivative, 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 1-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 1A point first
order derivative estimate) and non-adaptive [Q - 2 (mg/m') ] Kalman-Bucy
filters produce the CL estimates shown in Figures l-b,c. The nonadaptive 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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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-en operated from a NASA ER-2 (U-2) aircraft
(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
Over 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 ltdar 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 depth 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 detection of the PBL
top from a single lidar shot is almost impossible. However byl
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 50 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
maximum
where the smoothed signal drops to 25 percent of its
value. Next, each individual shot from the group of 50 shots is
inspected using the average PBL he ;ht as the baseline. Each
individual shot is examined in only a 'window' region 300 meters
3
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A typical lidar profile (left)
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 10/3/03 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 convective scales of motion which tend to be
between 2
4 times the average PBL height (Melfi et al.,1984).
UqJSDS8 .. G.1I LA-I

v.
1 o-

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 PSL HEIGHT FOR
SATELLITE SIMULATED DATA
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Conclusion

It is possible to detect the PBL height from a high altitude,
low sensitivity lidar system such as the Cloud and Aerosol Lidar
Noise
System that has been flown aboard the NASA ER-2 aircraft.
inherent in such signals can be reduced by horizontal averaging
to the
of successive lidar shots and by applying vertical filters
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-,.al accuracy would
require a lidar system with at least a i Joule laser operating at
10 Hz and a 0.5 - 1.0 meter tc!4*cope under daytime background
conditions.
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Improvement. of laser Doppler anemometer results
by simultaneous backscatter measurements

Friedrich Kopp
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 (LDA)
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 investigation 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 vol me AL is

AL =

(IA
1

()

where D is the diameter of the focusing optics and X is the
wavelength (10.6 um). In case that the backacattering aerosol
particles are homogeneously distributed, more than 80 % of
the signal is due to backscattering in the sensing volume.
But often, 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 WDA
has been equipped with a multiple peak finder and the corresponding 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 undisturbed 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-tonoise ratio (SNR) of each component can be calculated. The
relation between all three SNR values depends on the backscatter values and on the position of the focussed volume relative to the inversion layer. The backscatter values can be
estimated using the simultaneously measured aerosol. distri-

68

MC8-3

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 voliume.
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 um.
Therefore, the LDA Doppler signals will be treated in & similar
way as the LATAS alggorithm which was developed to derive aerosol
backscatter data from airborne cw CO2 Doppler lidar measurements
(5).
The simultaneously measured aerosol profiles at a wavelength of
1.06 um offers the possibility to check the !JDA derived backscatter profiles. Moreover, the relation between backscatter
coefficients at 1.06 and 10.6 wn can be investigated.
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High Spectral Resolution Udar Measurements of Cinus Cbud Optical Properties

C. J. Gnnd and E.W. Eloranta
University of Wisconsin
Department of Meteorology
1225 W. Dayton
Madison, WI. 53706
(608) 263 - 9363
Udar 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 particles is essentially
unshifted because of the relatively slow Brownian motion of particles. Using this difference, the
High Spectral Resolution LUdar (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 technique were accomplished which enabled the HSRL to pertorm
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
av3raged values of extinction and backscatter phase function. Backscatter phase functions
ranged from .027 - .045 sr-I, 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 M0AAG29 - 84 - 0069 and ONR
contract N00014 - 85 - K- 0581.
1) Shipley, S.T., D.H. Tracey, E.W. Eloranta, J.T. Trauger, J.T. Sroga, F.L Roesler, and J.A.
Weinman (1983) High spectral resolution lidar to measure optical scattering properties of
atmospheric aerosols. 1: Theory and instrumentation. hAUQW_ 22, pp 3716-3724.
2) Sroga, J.T., E.W. Eioranta, S,T. Shipley, F.L. Roesler, and P.J. Tryon (1983) High spectral
resolution lidar to measure optical properties of atmospheric aerosols. 2: Calibration and analysis.
&MI-90L 22, pp 3725-3732.
3) Platt, C.M.R. and A.C. Dilley (1981) Remote sounding of high clouds. IV: Observed
temperature variations Incirrus optical properties. h1tL-cL 38, ppi069-1081.
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Table I HSRL Svem Paramnters
HSRL Receive.

.35 m
.114m
3.85 m
320 pR

Telescope:

Pdrmry diameter
Secondary diameter
Focal length
F.O.V. (fug width)

Pw-filter

SO mm dameter plates
Fber optic Scranmler

100 nun X1.23 mmnda
.66 NA• F-2 glass
I nm at 510.6nm
1.003, .726 mm
2.5 pn

Interference filter (FWHM)
Etalon spacers (E1 , E2 )
ContAned bandwidth (FWHM)
150 mm diameter plates
High resolution etalon:
Etalon spacer
Bandwidth (FWHM)
Photomultiplier tubes:

12.786 mm
.6 pm

EMI Gencom 9863B/100

HSRL Transmitter.
CuCI2 (lasing on Cu ines at 510.6 nm and 578.2 nm)
Laser
3
Beam expansion factor
30 mm
Transmitted beam diameter
50 mW at 510.6 nm
Transmitted power
Bandwidth (stripped FWHM)
.4 pin
8 kHz
Pulse repetition rate
15 ns
Pulse length
4kv.5Aat 8kHz
Input power

Table 2- flap

Date
10/27/86
10/31/86
10/31/86
10/31/86
10/31/86
10/31/86
10/31/86
10/31/86

Time
GMT
23:00
14:25
15:05
15:45
16:25
16:25
17:05
17:05

Altitude
km
8.0
10.5
10.2
9.1
8.6
12.1
8.8
12.1

gDM

8a

10.5 mn1
4.2:t.85
2.4t.80
1.9±.72
2.7±1.1
1.8±.83
1.2±.71
1.2±.45
.68±.L2
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Pa43
s"1
.028
.030
.032
.024
.039
.023
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Opticaly Significant Cirrus Cb•ads may be Rendered "IntSi" to Space-born Sime Lidar
Systems
C. J. Grund and E. W. Eloranta
Untversay 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 from a given simple-lidar backscatter
profileI. This ambiguity is caused by the measured backscatter signal dependence on both the
backscatter cross section and on the profile of extinction. Simple lidar systems produce only one
measurement from which to deduce these two range-dependent parameters. Thus. simple lidar
measurements must be augmented by additional measurements or knowledge of the physical
relationship between backscatter and extinction before meaningful profiles of extinction can be
produced. One simple fldar retrieval method assumes independent knowledge of extinction at at
least one range and an assumed relationship between the backscatter cross section and
extinction 2 . A second method seeks a common solution to several simple lidar profiles produced
3
by observations at different viewing angles ,S.
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 modest 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.
6
The University of Wisconsin High Spectral Resolution Lidar (HSRL) ,7,L makes
unambiguous, measuements of backecatter 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
exhibit 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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"ivsible to space-borne simple Wdar systems If the increase In backscatter cross section with
range is just sufficient to offset the Ion of signal due to extinction with increasing cloud
penetration.
In order to demonstrate this effect, i Is possible to solve the IWdar equation for a family of
extinction profiles which would yield straight log-linear R2 corrected return signals with a slope S.
Assuming a constant ratio between the extinction and back•catter cross section, one may write
the range derivative of the logarithm of the lidar equation as:

d 1n1,(R)1
- 28 (R)

dR

s=

(1)
Where S is the log slope of the R2 corrected expected return signal, R Is the range and Be is
the extinction. A Bemoull solution may be employed to reduce this representation to a first order
linear equation with the solution:

1
B(R) --(

1

1 R"

S1

2

(2)
Where R0 is the range at which the cloud beins, and BO is the extinction at that range.
Fig. 2 presents the extinction profiles of three hypothetical clouds which would be *invisible,
to nadir viewing ldars with the signal detection limits of 6, 4 and I (denoted A, B, and C) times the
expected molecular backscatter signal from 8 km calculated at a wavelength of 510 nm (hereafter
referred to 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 calculated from eq. 2 to yield a log slop near 0
for a nadir War profile constructed according to the dar equation. I0 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 capable of distinguishing from noise the badkscatter signals produced clouds A.
8, orC.
Fig.'s 3, 4, and 5 depict the expected scattering ratio observations from ldar systems viewing
clouds described by ths 8 profiles A, B, and C. respectively. The simulations assumed a fixed
backscatter cross section to extinction ratio of .03 sr1 for the cloud particles. Udar 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/dlistinct bottom structure. i is possible to see the cloud bottom from below.
but Mmay be possible to miss the cloud entirely from above. Also note that In all cases the uplooking Wdar would not see the cloud tops because the backscafter cross section at this range
must decrease to a level insufficient to produce a signal which exceeds the noise floor.
Support for this work has been provided under ARO grant DAAG29 - 84 - 0069 and ONR
contract N00014 - 85 - K - 0581.
1) Kunz, G.J. (1987) Lidar and missing clouds. In Letters to the editor. Ah9Qp 26. p 1161
2) Klett. J.D. (1981) Stable analytical inversion solution for processing lidar returns. A0.0I. 20,
pp 211-220.
3) Spinhirne. J.D., J.A. Reagan, B.M. Herman (1980) Vertical distribution of aerosol extinction cross
section and inference of aerosol imaginary index in the troposphere by lidar technique.
JLhnol.Mater-- 19, pp 426-438.
4) Eloranta, E.W.. and D.K. Forrest (1986) Generation of attenuation corrected images from lidar
data: in Thirteenth International Laser Radar Conference. NASA conference publication 2431,
pp. 291-294.
5) Weinman. J.A. (1984) Tomographic lidar to measure the extinction coefficients of atmospheric
aerosols. hUn201Q23. pp 3882-3888.
6) Shipley, S.T., D.H. Tracey. E.W. Eloranta, J.T. Trauger, J.T. Sroga, F.L. Roesler, and J.A.
"Weinrr in (1983) High spectral resolution lidar to measure optical scattering properties of
atmos,'ieric aerosols. 1: Theory and instrumentation. &
22. pp 3716-3724.
7) Sroga, J.T., E.W. Eloranta. S.T. Shipley, F.L. Roesler, and P.J. Tryon (1983) High spectral
resolution lidar to measure optical properties of atmospheric aerosols. 2: Calibration and
analysis. AMnLOpt. 22, pp 3725-3732.
8) Grund. C.J., and E.W. Eloranta (1985) Measurements of aerosol Backscatter phase function and
extinction by high spectral resolution lidar. In the digest from: Tonical Meeting on Ontical
Remote Sensinog of the Atmosohere Op. Soc. of Amer., pp WC11-1 - WC11-4.
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LI DAR DLTS7 ON OF SUB-VISIBLE CIRRUS CLOUDS
R.Dubinsky, U.Hunt, J.Noore, N.Osborn
Science and Technology Corp., Hampton, VA
Cloud measurements using a ground based NdYAG Lidar operating at a
wavelength of 0.53 us shoved important backscatter returns from an altitude
of approximately 12 km. 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) /1a/sr. The measurements were taken during the FIRS ( First
International Satellite Cloud Climatology Project Regional _Experiment T,IPO
( Intensive Field Observations ) in Wisconsin during October and November
1986. The results are compared with collaborative measurements ( eg.
satellite, air sampling, radiometric etc. during the FIRE trials ), Lidar
data from Langley Research Center ( LaRC ) and literature results.
The requirements for a dedicated Lidar system to r-.".or cirrus clouds
for MO ( _xtended Time Observations ) developed as -. esult of the above
measurements. 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, autnoation, platform and logistics.
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Nigh Altitude Lidar Observations of Marine Stratocumulus Clouds
Reinout Boers+* and James D. Spinhirne+
+Laboratory for Atmospheres, code

W17

Goddard Space Flight Center
Greenbelt, MD 20771
University of Maryland
College Park, ND 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 sjtu 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 emitted 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 Nultispectral Cloud Radiometer (NCR).
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 30030' and 36040' north near
124 30' 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 0 8 g/kg. At the cioud top, the mean
potential temperature increased to 21 C with rapidly decreasing specific
humidity. Sea surface temperature was 170 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 was 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 bdckscatter 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.
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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 c.cceqted 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 functions.
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 upward-moving
convective motions in the cloud are damped by the existence of the strong
temperature .nversion at the CBL-top,.causing the local cloud tops to
spread out sideways. Downward moving parcels of radiatively cooled air do
not encounter such a natural boundary.
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Figure
3. m 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 NCR and from in situ data of in-cloud parameters. It can therefore 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
showy in Figure 3, two li373r segments can be identified. One is following
a k
law, the other a k
law. The change in spectral slope at 900 m is
significant as it corresponds to the mean CBL depth. The k-5 13 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 shows 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 was based in

Denver, CO, and 14 hours of data vere collected during three flights over
a total baseline of 7,500 km. The aircraft was a Lockheed-Electra opldrated
by the NCAR RAF.
The flight plans are summarized in Table 1, and the flight paths are
The sodium layer appears to change significantly with

shown in Figure 1.

latitude and longitude as shown in Figure 2 where some of the density
profiles taken on the vestbound leg of the eastward flight are plotted.
The longitudinal variations of the centroid height measured on the
eastward flights are shown in Figure 3.

The centrold heights over the

Rocky Mountains were 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 wave parameters can be estimated from the
airborne sodium lidar data.

The vertical wavelengths,

amplitude and

growth lengths are estimated from the spatial powet spectra of vertical Na
density profiles.

The wave propagation directions and the ratio of

vertical to horizontal wavelengths are estimated from the altitude
variations of the Na density peaks or valleys.

The background wind

velocity in the direction of wave 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 a TXN/As
vhere T

is the Drunt-Vaisala period ( a 5 min at the mesopause).

These

parameters, which were calculated from the data taken on the vestvard
flight, are listed in Table 2.

Summary of Flight Plans

Table 1.
Flight #

2

3

Nov. 15-16

Nov. 17-18

2210-0306

2141-0503

4.93

7.37

Triangular

Eastward

Vestvard

(Denver-NN-AZgY-Denver)

(Denver-Springfield
IL-Denver)

(DenverPacific CoastDenver)

1
13

Date

Nov.

Time

2119-2358

(MST)
Measurement
Duration (hours)
Flight Pattern

2.65

Intrinsic Vave Parameters (Vestvard Flight, Nov. 17-18, 1986)

Table 2.
Time

0020-0218 MST

Vert Phase Vel

0.64 a/sec

Vert Vavelength

6.40 km

Hori Phase Vel

21.56 m/sec

216 km

Amplitude

5.2 2

Period

167 min

Growth Length

12.16 km

Wave Propag Angle
(v.r.t. north)

177.80

Meridional
Background Vind

9.67 i/sec

Born

Wavelength
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Sodium LUdar Seemsuements of the Seasoeal
and Nocturnal Variatioms of the
Gravity gave 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

Introduct ior
A method for computing the gravity wave vertical vavenumber spectrum
and rms vind velocity from the data obtained by a sodium lidar system is
described. The spectral slope and rms vind velocity temporal and altitude
variations are determined.

Theory
The sodium layer response to gravity raves in the absence of chemical
effects and diffusion is (Gardner and Voels, 19871

ns(zt) a

expl-I

t

t
V.V d-cJ n oz-1 V d¶r

vhere
ns a sodium density
no

-

V

sodium density in the absence of winds
vind field

Vz

a

vertical vind

z

a distance from layer centroid.

The divergence term distorts the sodium layer by compression and
rarefaction, vhile the vertical vind displaces the steady-state layer.
steady-state layer is modelled as a gaussian
z2
no(Z)
0

C exp(-

--

)

-

The

C exp(-g(z)].

2co
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To first order in V,

t
In nR(z,t) --

.!dc + In C -

+ g(u) I

S(z)

The steady-state layer effects are removed,
f(zt)

in ns(z,t)
I
tt

-

t
V( da.

resulting in

In C + g(s)

V.V dT+-

Va d-.
go

The gravity wave polarization and dispersion relations can be used to
relate f(zt)
and its spectrum to horizontal rind velocity V and the
vertical vavenumber spectrum.
The variance of the horizontaf wind velocity
is
Y(y-1) Ng

<V-;,> .
1+ I

17

I

Vo
-7)

L/2f

I

2

f (z)dX

-1/2

(yHL2

vhere
L . altitude range of measurement (- 20 km).
The vertical vavenumber spectrum is given by

(k )x

1

I Y(Y1) Ng
+ •1 I ,g
(--',h)2
2
0

2

00

!L/2f(z)

e1k z dz

2

Results
The vertical vavenumber spectrum for March 8-9, 1984, is shovn in
Figure 1. The spectral slope is -2.96, vhich is the expected result for
saturating vaves. The modelling results of Devan and Good (19861 and
Veinstock (19851 are shovn for comparison.
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Figure

2 shows the nocturnal variation in rum wind velocity.

The

Increase in wave activity in the early morning Is typical of the results
from other dates. The variation with altitude of the rum wind velocity Is
shown in Figure 3. The amplitude grovth length is less than the
unsaturated value of 1/2H1, supporting the conclusion that the waves are
saturating. Around the layer peak it is not possible to calculate the rms
wind velocity using the linear layer response since nonlinear effects are
dominant. Seasonal variations in rum wind velocity are shown in Figure 4.
The average, maximum, and minimum values for each night are shown. There
appears to be a strong semianrual component with 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.O.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 multiwavelength lidars in target identification by means of a spectral
reflectance analysis; because of its wavelength agility the CO2
for this kind of analysis. The
laser is a very attractive one
aim of this paper is to present the results of spectral reflectance measurements of relevant target surface materials at the
CO2 laser wavelengths in order to forecast the performances of
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 pyroelectric 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 average the surface irregularities.
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the samples were divided in

four classes:

- Calibration targets and reflectance standards

(6 samples)

- Geological materials (15 samples)
- Construction materials (4 samples)
- Vegetation

(13 samples)

For what concern the calibration targets it
table materials should be: durable,
bricate,

is

known that sui-

reproducible,

easy to fa-

Lambertian, and with a known and uniform spectral re-

flectance in the wavelength range of CO2 lasers. As a result
of the experiment diffusely reflecting aluminum targets represent the right choice even if

they are not always strictly

Lambertian.

The geological and construction materials are generally of complicated chemical structure with variable mineral composition
giving reflectance spectra that could notably vary from sample
to sample. Neverthless the important reflectance maxima produced in this wavelength region by silicate minerals show a good
potential 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,
here is

a difference in

and

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 agricultural interest.

Data Processing
The spectra were processed in order to identify the wavelength
97
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couples which allow the target identification. As a result of
this processing the possibility of detecting different geological species and vegetation samples with a maximum of four
wavelengths was shown.
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Investigation of the Photosynthetic Process by Lidar Fluorosensors

F.Castagnoli, G.Cecchi, L.Pantani, B.Radicati, X.Romoli
Istituto di Ricerca sulle Onde Elettronagnetiche 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 zhe photosynthetic process. Since chlorophyll a shows a strong fluorescence 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 ran and 730 nm, and the relationships with the photosynthetic process with the aim of investigating the potential of
lidar fluorosensors in the detection of plant health.
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Laboratory 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

photosynthetic process was developed; this

relationships with the
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 resolution 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 result confirmed the detectability in operational conditions of
the photosynthetic process behavior by means of laser fluorosensors.

Other field experiments are planned in Summer 1987.
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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
tral resolution,

the first lidar fluorosensor having high specand 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 perfect comparison between the data and reduces weights and costs.

The System
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 operating 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 system is

composed by a newtonian telescope having in its focus the
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entrance slit

of a grating spectrometer; the output spectruwl is

detected by an intensified and gatable photodiode array.

Control Electronics - T'is module :ontains the minicomputer
which controls the acquisition, presentatior%and recording of
data.

It

contains also the battery power supply and the TV re-

corder.
Gas Handling - This module contains 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 operates only with the first two modules.

SENSOR MODULE
Excimer Laser (Xe-Cl,

308 nm)

Pulse Energy: 80 mJ

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 0. 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 size: lxl.2xO.6 m
Weight: 84 kg (without batteries)
CONTROL ELECTRONICS MODULE
- Console PAR OIA-3, with 20Mb hard disk and floppy disk
- Batteries, inverter. video recorder
- Over all size: 0.77x 0.5xO.S m
Weight: 63 kg (without batteries)
GAS HANDLING MODULE
- Over all size 1.5x0.5xO.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 FLIOAR-2
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Applications
The FLIDAR-2 allows the remote sensing of high resolution spectra of laser stimulated emissions like fluorescence and Raman
(lidar function) and of target reflectance (spectrometer function).

The system was expressly designed for operations from

fixed and moving

platforms; its size and weight are particufor airborne use also with small aircrafts.

larly suitable

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.
software it

is

By means of this

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
sensing systems,

also an important help in the design of remote
fluorescence lidars and spectrometers,

specific applications.

for

The high resolution spectra can be in

fact processed via software in order to forecast the performances 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 bathyuetry and vegetation thickness measurements.
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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 detection 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 wavelengths,

the measurement of film thickness,

of the minimum detectable film thickness,

the identification

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" built
with an excimer laser, an excimer pumped dye laser, a suitable
transmitting and receiving optics, a grating spectrometer,
a PAR OMA-2 optical multichannel analyzer.

and

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.
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taken into account were:
- The oil fluorescence efficency
- The atmospheric absorption at both the excitation and fluorescence wavelengths
- The laser efficency
The XeCl excimer laser gave the best compromise for thin oil
layers,

while an excimer pumped dye laser opetating in the ran-

ge of 420 nm geve the best compromise for thick layers.
The minimum film thickness detectable with XeCl excitation was
identified in around 10 no.

Film thickness measurements

If

the film thickness is

lower than the optical penetration

depth in the oil at the involved wavelengths it

can be measured

or by intensity of the fluorescence signal, which increases
with the thickness,
gnal,

or by the intensity of the water Raman si-

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 oil 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 coefficient in high absorbing fluids was identified

during

these experiments.

Oil identification

The potential of the lidar fluorosensor in the identification
of the oil which composes the film was investigated with the
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aid of a library of fluorescence spectra of more than 60 differen mineral oils; a particular attention was devoted to techniques which may allow an automatic processing and presentation of data.
the i-

Crosscorrelation techniques showed a good potential in
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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AEROSOLS AND HUMIDITY PROFILES
RECORDED 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.
EVALUATION OF THE SYSTEM PERFORMANCES
To check for the system performances we used an emitted wavelength in
the range 730-755 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.
FIRST WATER VAFOUR 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 detdiled discussion of the actual accuracy of
the measured profiles will be adressed. The influence of the sequ~ential
acquisition scheme will be partly discussed.
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SampliM of the ?eestinrng Volume by the
o~ti~iOf Dedlatad Ape~ture in lJIar, Systems

Spatial

Steen HW

In ordinary Tase Dle Azsmatry (LM) lligt scattered fro single
particles fro two different beams of Iae light is mixe coherently on a
S',I , Jetectw surface. 7flm detector amurtt conta~in information on the
velocity of single particles, ania various temporal momets of the velocity
distibzicmcan be deducted fro the readings. LI1AR systems for
mtobased on infrared sou:.>4 axe usually depending an
velocity deem
pvpalrInIric

amplification and will therefore. solely probe thm longitudinal

flow velocity, whereas systems based on lasers emitting visible ligh are
lzI
Ident of a local osci lator facilitating the probing of all three
velo6city cmorinnts in a smal measuring voliume.
it will be sham how the itdtlnof
dedicated apertures in the
Fiuzrier plane of the scattered field from the particles will bring about a
umthod for conditiwal sampling of the measuring voliume. This implies
that only fields scattered from particles with a fixed relative - but riot
absolute - position will mix odurently on the detectocr. A system based
on dedicated apertures will therefore give the velocity difference betwee
particles having a well-defined ard Ianen spatial separation.
fMe effect of the dedicated aperture can be aralyzed by writing up the
field in the Fourier plans of a single emitted beims LMRR systemn wichi is
either amm.tatic or bistatic. Mhis field is the Fourier transform of the
scattered field from the particles wahich is essentially a -ui of delta
functions. 7Im dedicated aperture funti~m is multiplied to give the
field incident on the detector. The intensity is the field absolutely
suqared which is integrated over the detector surface to give the detector
current. Pmruuvalfs thamor can be ursed to transfer this integral from
the 1'urier plane to the ineauring volume. '1t integral is now changed
into an integral of the abeolute smeof thm sum of delta functions f rom
the scattering particles omwaluted with the Pburier transform of the
dedicated aperture. if, for instance, the dedicated aperture is a
grating-like fuznction, the Fourie transform wil be a doule delta
function with a separation given by the grating constant, the wavelength
of themlight, and the focal length of the lIsm. 7fm convolution in the
naamzng volume picks cut particle pairs with the right matual
separation. Me detector current will therefore have a freuencxy content
Wdiid with this aperture is given by the velocity difference between
partIcles; with the known relative separation.
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It will be shom how the intzoihemd aperture cn be ep~loyed
similtarmously in the transitter and receiver part of the syste

to

eriuIc the signal quality.
7he use of

d icated filters In msparated transmittmr ad reiver
dmtde

peraltum will be sa-m to alleviate the dmnis for temqp'al and spat'l

c.'Pwm of the surce.

Sd

for umamzit of vorticity in the at*wem will be pre.seted.

A cloud of particles rtating as a rigid body con be pWH 1d.J.
l
rotatioal spud around, e.g., the y-axis is ompletely determined if the
velocity difference in the z-direction is xiaurd provided that the
usperatim In the x-directi• is knm.
e samine concept can be auployed

in a zonutatic c2-syssm relying on parametric amplification of the
scatterd radiatim.
Ihis work has been mxxxwted by the Onish Tectmical 1aearch O~mrl.
Referenc:
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"Uf.* laser Gr-adient A

l1amiques in Fluid Mu:&anic,
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Rotw Co-rrelation
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"laser-beaed Method for Analyzing Rotational Speed and
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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 inusin 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.
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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
robust technique which is most useful in applications where very high spectral discrimination (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 abundance 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 temperature. Since the launch of that instrument in 1970, eight Earth orbital instruments
and one planetary experiment have used this technique for a variety of atmospheric
investigations. Gas correlation spectroradiometry continues to offer significant advantages 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 at1986) uses gas correlation spectral channels to achieve a
resolution of 0.01 cm- 1 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 spectroradiometry a path of gas is contained within the instrument. There is, therefore, a requirement inherent in the technique that the atmospheric gas of interest be selected
in advance. It is also essential that the spectoscopic 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 spectroradiometry. 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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tios 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 discrimination 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 implementation of correlation spectroradiometry. This instrument made nadir viewing
emission radiometry measurements of stratospheric temperature using the 15 micron band of CO2 . 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 selective 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 st at1972; Ellis et au 1973).
Pressure Modulator Radiometers
An elegant solution to the radiometric calibration problems associated with selective 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 measurement. 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 at1980; Barnett eat .11985) including CO, CH4 , NO,
N 2 0 and H2 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 at1979). Two new infrared limb viewing
instruments 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 Radiometer (McCleese et at 1986) is to fly on the Mars Observer spacecraft and will
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 sophistication 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 distinguish between continuum spectral features and those arising from gaseous line
emission. Because of the large amount of CO 2 in the Martian atmosphere, high
spectral resolution is required to achieve measurements with adequate vertical resolution (one-half scale height). A spectral resolution of 0.01 cm- 1 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 electrooptically active crystal whose refractive index is changed by an applied electric field
replaces the mechanically induced modulation of the pressure modulator (Rider et
at1986). In addition, the frequency distribution of the observed spectrum is under 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
Using Lidar

the Middle Atmosphere

C.R. Philbrick, AFOL, Henscom AlD, MA 01731
D.P. Sipler, AFOL, Hanscom APD, MA 01731
G. Davidson, Photometrics, Inc. Woburn, NA 01801
W.P. Moskowitz, Photometrics° Inc. Woburn, MA 01801
ABSTRACT
have boon used to derive
from a mobile lidar
The results
density and temperature profiles between 25 and 85 km over
central Alaska during February-April 1986.
INTRODUCTION
During the period between February and April 1986 a now mobile
GLINT (Ground-based Lidar INvestigation-Transportable),
lidar,
was used to obtain data on the vai-ations which-occur in the
high latitude region of the atmosphere between 20 and 85 km.
The lidar measurements were undertaken to provide an improved
characteristics of the
data base on which the reentry flight
The
Space Shuttle descent from a polar orbit could be based.
lidar can measure profiles with Improved altitude and time
This is
resolution compared to standard rocket techniques.
important for better understanding of the dynamical processes
Data was obtained on 26 nights
of the middle atmosphere.
Standard meteorological balloon and rocket
during the program.
payloads were used to make measurements and provide a
More than a thousand
comparison study with the lidar data.
profiles of atmospheric density were obtained with the lidar
and twenty meteorological rockets were launched.
The measurement campaign has resulted In several conclusions:
data has provided the opportunity to observe
(1) the lidar
small-scale variations and the background granularity of the
atmosphere, (2) planetary waves may be associated with more
density variation in the middle
than half of the total
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
The proporties of the mobile sounder are shown in Table I.
which is air
mobile sounder is housed in a 32 foot trailer
uses an undercarriage which can
The trailer
transportable.
Adjustable jacks have
over the road.
transport the trailer
to be lowered onto a solid
been included to allow the trailer
base and leveled at an operating site. Figure 1 shows a
configuration and a layout of the
drawing of the trailer
Figure 2 shows the arrangement
hardware within the facility.
A
of the laser, small detector and the beam steering mirror.
30 ca telescope Is co-aligned with the laser beam and a mirror
A
over a range of elevation and azimuth.
Is used to steer
larger receiver of 62 ca die. In used for zenith measurements.
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Figur 1.
An artst sketch of the GLINT trailer and the primary
compnents of the lidar
Top and side views of the lay-out of
the eqipment in the trailer are shown.

S--1

usFigure 2.
A side view of the optical layout of the lidar shows
the principle components and the relationship of the transmit
ben

path

Table I.

d the collected sigal.

The principle chopnents of the mbile lidar.

Transmitter - Nd:YAG laser, 10 Hz, 0-switch, 15 watt
600
mj Q 532 nm, 250 mj Q 355 n
5X beau expander wiT
final diesrgece 0.16 l
Receiver - 32 cm telescop

(steerable)

poton

oad

uting

with shutter closed below 15 km and variable
aperture up to 40 km - noinal fov 1.0 urad
- 62 cm telescope (vertical pointed) photon
counting wih
v

Data System

-

mechanical shutter below 40 km

Lecroy 3500 multichannel scaler with 2

microspe
nd range bins (300 eater resolution) for
eath
detector - date stored
ganetico
isk
Safey System - Electrical interloks
ed radar used to
automaticall
disable
o
the laser
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SUMMARY OF RESULTS
On each evening of lidar operation, a series of 3-5 profiles
were obtained using the ultraviolet wave length at 355 nm and
the visible wavelength at 532 nm, simultaneously.
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 loes sensitive to
This fact is due to the l/X"
the particulate scattering.
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.
.

.

.

.

.

.

.i

.

..

I-jS

1.

Figure 3. Comparison of the
visible and ultraviolet lidar
profiles,

6.460.96.01.8
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DENSITY RATIO

DENSITY RATIO

Figure 4. Comparison of the
seasonal extremes measured
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
1e 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 bet-4een 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
development of the stratospheric warming.

iL

........

..

U

1.4

I

•~L

DENSITY RATIO
Figure 5. Comparison of the lidar profile from the 32 cm
telescope detector(G) with a standard datasonde profile(D).
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U

U
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'
RMTZO M

a lnUMIXCN OF OMT

Figure 6. Sequence of mean night profiles of the density
ratio
to the USSA model which show the change in response
to a major stratospheric warming.
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REMOTE'SENSING OF N2 05 AND ClONO2 IN THE LONER STRATOSPHERE
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Brasunas, 3. Herman, V. Kunde, N. Maguire
NASA/Goddard Space Flight Center
Laboratory for Extraterrestrial Physics
Greenbelt, Maryland 20771
L. Horath, N. Shaffer
Science Systems fnd Applications,
Seabrook, Maryland 20706

Inc.

S. Massie
National Center for Atmospheric Research
Boulder, Colorado 80307
A. Goldman
University of Denver
Denver, Colorado 80208

INTRODUCTION
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.

Verification of the photochemical

models that attempt to predict ozone trends requires the

simultaneous measurement of ozone, temperature, and Ithe trace
species which participate in the ozone destruction.
Limb-emission spectroscopy provides the ability to measure

simulbaneously 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 CIONO• and NO,.
These reservoir species, which

temporarily remove CIO ind NO/NOl
from active ozone destruction,
are particularly sensitive to re aining uncertainties in
atmospheric chemical reaction rates.
Figures 1) and 5) show onedimensional photochemical model simulations of their diurnal
variations.

OBSERVATICNS AND DISCUSSION

SIRIS is a liquid-nitroqen-cooled Fourier transform
spectrometer of resolution 0.02 cm
(unapodized) that records a
spectrum every 1-3 minutes.
The five liquid-helium-cooled
photoconductor dtectors
covlr 4 segments of the spectrum between

700 and 2000 cm
(5-15 um). '
SIRIS has thus far collected good
data during two balloon flights. The first,
with a "40 km float
altitude on the afterncon of November 6, 1984, recorded spectra
with tangent ieights of 14-40 km.
The second, with a '40 km float
height during the evening of September 15-16, 1986, recorded
spectra with tangent heights of 8-40 km.
Figure 2 1 shows 1986 nighttime measurements of N 0 in the

1220-1280 c-

region,

at a 24 km tangent height; fiJuue 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
eode that
uses
spectroscopic line
parameters from the AFGL tape ; the synthetic
spectrum does not include N 0 .
Figure 4) is a synthetic
spectrum
with N.0., using the 4:00 piofile
from figure
1), together With
the abioption
coefficients
measured by Massie and Goldman.
It
is seen that
the observed spectrum agrees reasonably well with the
synthetic
spectrum only if
N 0
is included.
The upper curves of
figyre
6) show 1984 daytime ielsurements of ClONO
in the 779-781
cm
region at
a 23 km tangent height (dashed lini),
together with
a synthetic
spectrum not including ClONO
(solid
line);
the lower
curves gives the same comparison, but this
time the synthetic
spectrum includes ClONO
It
is seen that
the inclusicL of ClONO2
(also modeled via Massil-Goldman coefficients),
markedly improves
the agreement between observed and synthetic.
At the current, preliminary, stage of analysis
for N 0
agreement is reasonable between the nighttime SIRIS data
ng onedimensional model results.
1984 data during the day do not show
an N2 0
feature,
which is consistent
with a model prediction of
more than a five-fold
decrease from night to day.
As for previous
oose:vations, ATMOS data' indicate
a concentration of 1.6 ppbv at
35 km at sunrise.
For ClONO
the SIRIS data indicate afternoon
mixmng ratios
of about 1.3 pibv at 29 km and 1.0 ppbv at 22 km;
figure
7:. shows this
is consistent
with the model at
30 km, but in
excess of the mndel at 22 km.
The apparent disagreement between
theory and observation suggesgs that a re-rvaluation
of the ClONO
photolysis rate
is warranted.
ATMOS data
show concentrations oi
about 1.3 and 0.7 ppbv at 29 and 22.3 km, respectively.
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IMAGING BISTATIC LIDAR TECHNIQU
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, while 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 vas imaged by
the University of Hawaii 2.2 meter telescope, located 117 m southeast of Ihe
laser. The spot dimensions vere approximately .41 mrad x 70 mrad F9 @ eThe layer centroid height was 95.1 km and the measurement system was at an
altitude of 4.2 km.
ANALYSIS
If we 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]

Ns(*)
8A

he

reff
(4n)

7 J(z'sinecos*,z'sineini)
It
z02

ns(z'cose)dz, + NB

where
n (z)
Jfx,y)
NB

sodium density at altitude z, m-3;
laser energy cross section in the horizontal plane at the
nominal sodium layer height, J;
expected photocount due to background, and daik counts;

a ~feffective sodium backscatter %oss section, a
c
X
A
Tr
TA

Planck's constant, 6.63 x J0-' J s;
velocity of light, 3. x 10 m/s;
optical vavelength, m;
2
receiver aperture area, m
overall imaging system efficiency
atmospheric transmittance
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Equation (1) is an expression for the intensity of the image at a particular
point in the image plans. As mentioned above, the horizontal profiles of the
Image only contain information about the laser beam shape. Since ye are not
interested in this information, equatio, (1) can be simplified by integrating
over the horizontal profiles of the image (equivalent to integrating over *).
If ye assume ye can vrite J(x,y) as J (x)J (y) and also assume x a z'sin~cos#
is approximately equal to z'sine for imall variations of * about zero (i.e. for
the values of * contributing to the integral in equation (1)), the integration
over * results in

s(e) "

TA2 M r o I
leff
""he (4n)

Jzsn)
o

Jx(zdsine)n
z'12 " ns(zcsG)dz

+ NZB

(2)

vhere K is the factor, resulting from the integration.
If ye also assume the
variation of z' over the nonzero values of the integrand is small relative to
the magnitude of z', ye can replace z' with z ' -- the nominal distance from
the imaging system to the sidium layer. Usini this last approximation and
making the change of variable, z - z'cose, equation (2) reduces to

Ns(e) . •

A r effK
(Z, 2))o
h
hc(u

1
s

0 Jx(ztane)ns(z)dz + NB

(3)

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 (ztanG) with n (z). The
profile N (0) obviously contains information about thA structure of Yhe sodium
layer n (1), but the question is: Hoy can we obtain an accurate estimate of
nm(z) fdom 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 following 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 (0) is the output of a filter having impulse response J,(ztane)
and input n fz). The filtering action distorts the shape of n (z). fhe degree
of this disYortion is dependent on the spatial bandwidth of J fztanG). Using
this interpretation the desirable characteristics of Jx(ztaneY are obvious. To
extract n (z) from N (0) we want J (ztane) to have the characteristics of a
sifting fenction -- I function having a very narrow main lobe relative to the
width of ns (z) and low sidelobes. From these characteristics we see that the
width of J (ztanQ) is a suitable measure of the resolution of the measurement
system. Igeally we'd like J (ztan0) to approximate a dirac-delta function,
resulting in virtually no distortion in the filtering operation of ns(z).
To get an accurate estimate of n (z) from N (0) we obviously need high
resolution. From the above discussion two Ipproaches to increase the
measurement resolution are evident. The first is by simply decreasing the
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laser beam vidth, thus decreasing the width of J (ztanG).
The second approach
is increasing the offset distance, D, betveen thl imaging system and laser.
Intuitively this approach will give us more resolution since we observe the
layer from a less oblique angle. Mathematically the advantage of increasing D
is clear if we write Jx(ztan0) as -Jx(ztan(o0+W')) where 0W is the observation
angle relative to 0 , and 8 - tan-1 (D/z s) -- the nominal angle corresponding
to the center of thA sodium layer. This representation illustrates that an
increase in D compresses the width of J (ztane) with respect to z. Of course,
the disadvantage of a larger offset D ii the increased atmospheric transmission
and propagation losses incurred.
EXAMPLE
If we assume the laser beam has a Gaussian beam shape we can write
- D)
t -(ztan( o')
Jo
J(ztan(eo+01))

=

•

Jo

exp [02

(4)

-(z - D/tan( o+e'))2

"2 .•-exp
[ 2(a /tan(o.e,))
7

2

]

0

where a is the rms vidth of the laser beam. For a fixed 0 +W',
J has a Guassian shape with mean D/tan(eQ +') and rms vidtR a /tan(9 +W').
Uding this rms width as a measure of the fesolution of our system we Bee that
the resolution improves for a decrease in a (laser beam width) and also for an
increase in 00 (increase in D).
For the imaged spot shown in Figure 2, a . 8.08m, D a 177m and 0 - tan-1
(.117km/(95.1-4.2)km).
Using these parameters along with an assused Guassian
laser beam shape, gives a rms width for J equal to 6.2 km. The actual rms
width of the sodium layer for this particular measurement was 5.1 km. Since
the rms width of J is comparable to the rms width of the layer we expect
considerable smearigg of n (z) in the convolution operation of equation (3).
Figure 4 shows a plot of thA sodium profile n (z), and the image profile N (0)
(note: in the plot of N (e) the horizontal alis has been converted to altitude
for comparison purposes).
These plots illustrate the smearing and loss of
detail in going from n (z) to N (0).
If, for example, D is increased to 1000
meters the rms width of SJx is 7273meters. 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.
REFERENCES
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Remote Temperature Diaitributioa Sensing Along Optical Fibers.
All. Hartog,
York VSOP Ltd
School Lane
Chandlers Ford, Bants
UK
1.

Intrnductlnu.

The use of optical fibres as transducers Is currently the subject of
active research Justified by the promise of sensors able to offer high
accuracy and measurement bWndwidth, small size and immunity from
interference even over long transmission paths. Hlowever, single point
sensors only seldom utilize the very high intrinsic bandwidth of the
optical fibre transmission medium. The need has therefore emerged to
multiplex a number of sensing elements onto a slgle fibre or fibre pair
and thua to form a seneur nutwork distributed in space. This paper ruviewi
recent progress in a particulur class of distributed fibre optic sensoru,

based on the principle of optical reflectomaetry, which has considerable
similarity to some of the LIDAR measurements reported in the literature.
Perhaps in contrast with LIDAR, the driving force behind the
development of distributed fibre sensors has been the need for cheap,
copan•.t equipment used in industrial environments and with sufficient
projected reliability to allow regular monitoring for long periods without
inter vention.
This contribution first summarises the basic method for diatributed
optical 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. Principnlen- of

Mtrin distributed sLnalne in optienI fibres.

Optical time-domain reflectometry is a method now in everyday use in
the optical communLcationza industry for the evaluation of fibrer., cables
and Installed links. A short, high intensity pulse is launched into the
fibre and a measurement is made of its backscatter as a function of time.
The %ignal conciuts of iighL "aLtte~
d during thu progr•'• of the puiw
down thu fibre and r" captured by Lhe waveguide in the r-turn direction; it
takes the following well known form as a function of the position z of the
scattering element dx:
Pa(z) a 1 Pa V. vs . a. . S exp E
£o.-2 a dx)

C1)

where P? Is the power launched, V. the pulse width, vg the group velocity.
Here a. 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 scatterea light collected by the optical system.
Equ. (1) Is very similar to the classi LIDAR signal power expression.
uxcupt that that the group velocity is substantially lower than in air and
that here S Is does not contain a z'; term and is simply related to the
numurical aperture of the libre. The range of a fibre reflectometor 1i thus
largely dominated by fibre loss, rather than by the z I term.
In order to use optical reflectometry in a distributed sensor, it is
clear from Equ.11) that tlo s4attarl;,8 Loss a,
the local capture fraction
S (which affect the signal directly) or the local fibre attenuation a must
be functions of the quantity to be ieasured (and of nothing else!). Most of
the results reported to date have involved the mnasurement of temperature
althoudh in principle other mnaturnda can also be addrussed and the
detection of magnetic fields has been reported.
3

ýarmrnce

riteria.

The performance of distributed sensors is Judged not only on their
accuracy, measurement range and measurement time but on the length 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 Lime since, as tl.e required fibre length increases, so too does
the :ýystem loss and the sigznal to-noise ratio is thus degraded. Similarly
as the spatial resolution is made finer, the pulse width must be reduced
(which, in peak-power limited system,. reduces the signal proportionately)
and the ruceiver bandwidth zmut be Increased, which degrades the syULOm
noise.
There is therefore a trade off between the various performance
criteria and, for a fixed accuracy in the measurement, the integration time
increases rapidly with the spatial resolution and the total loss of the the
sensing fibre.

(a)mMulation of the fibre loss. According to (1), if the loss of the
fibre varies with the weasurand of interest, this should be detectable by
reflectometry. This has been demonstrated by inserting thin colour glass
filters at selected potiitioas in the fibre and more receutly [Il in fibies
doped with rare-earth ions, providing a sencitivity of los1 to temperature
via the shift of absorption bands with temperature. In either case, the
effect of the temperature on loas 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 number of sensing
points is limited by attenuation induced directly by the measurand: if the
fibre iu sensitive, its loss will sometimes 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 masured simultaneously, which could be sufficient In a
number of applications.
In other cases It is desirable to use approaches which do not require
the fibre loss to be high; thir 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 sLgnal
carries Information on the evolution uf the state of polarisation to the
scattering point and backC23. This approach has been usedC31 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 3ensor[41 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 being of order 0.5%/ K. This resulted
in a distributed temperature sent.or able to resolve around 0.1 K over lOOm
with a spatial resolution of 2.5m after averaging 1000 pulses; similarly a
resolution of 1 K, with In spatial resolution over 100m of fibre were
achievable with 1000 pulses, a measurement time well below Is.
This performance is still the best that has been reported but the
approa.;h is out of favour snce liquid-filled fibrcs are inconvenient to
work with, have limited temperature range and unproved lifetimes. The
sensitivity of the scattered signal to temperature in glasses is 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 spectral lines is temperature sensitive and the finite sensitivity
of the total scattered signal in solid fibres is largely attributable to
the contribution of Brillouln scattering. By selecting only one of these
parts of the scattered light spectrum the sensitivity of the measured
signal to temperature can be greatly enhanced.
In practice, the BrillouLn 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 nnd filter which are presently incompatible
with the use of semiconductor lasers which are prefered for their small
size, cost and reliability. In contrast, the Raman spectrum is well
separated from the incident wavelength and can be readily separated by
means 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 in glasses. However the
Information is sufficient to obtain the temperature distribution along the
librE|.61 and to eliminate spurious effects caused. for example, by fibre
attenuationt 61.
This approach provides a practical solution to a number of measurement
problem and Instruments are becoming commercially available which are able
to measure more than 1 km of fibro with a spatial resolution between 5 and
lor. temperature noise of I K ras all in a meaurevent time of a few
seconds. This device uses standard telecommunication fibre, which is
readily available and relatively inexpensive.

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
adaptation of more suitable sources, refinements of the electronics and
possibly of the fibre Itself. It i1a expected that a spatial resolution of
ln. over 1km of fibre, with 1K accuracy and measurement times of a few
seconds will appear in the near future. Conversely, other applications,
such as pipeline monLtoring will demand extreme range and It is projected
that system spanning about 20km of fibre should be achievable without
unduly sacrificing performance in other respects. Progress is also expected
in the methods used for pro:esaing the signals; for example beyond a
spatial resolution of Im 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 parameters and this will almost certainly involve the development
of special fibres with tailored sensitivity.
6. References.
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Laser System.The
produce

laser
about

source

consists of

120 mJ

a

Nd-YAG

energy pulses at

with pulse duration less than I ns.
oscillator configuration,

1060 nf with

with

a new type

Branch Unstable Resonator INBUR)

aperture placed in

device is

limited mode,

able

locking with an
to give a

. The SFUR

with

property is

very important for an airborne system.

detection,

more insensitive to

diffraction

good

comparison

addition to

pointing

misalignment,

unstable resonator,

the emission

by

acousto-optic modulator.

SFUR is

In

achieved

single transverse,

of

a

acting as a low-

stability.

other types

is

with a suitable small

providing good beam divergence and
also

a

of resonator

Short pulse laser emission is

of active mode

This

3

the intracavity focal plane,

pass spatial filter.
means

to

a 10 Hz

The laser utilizes

named SFUR (Self Filtering Unstable Resonator)
Negative

able

The emission at the third harmonic at 355 nm is

repetition rate.
30 mJ,
single

laser,

at 355

nm,

in

and this

useful

for

oil

the Nd-YAG laser can provide an auxiliary emission at

532 nm useful for chlorophylls excitation.
Detection System.Streak
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cameras are currently used for the analysis of fast
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of

diameter fiber optic,
an

into a polychromator.

optical delay for the optical signal,

because

the streak camera

consisting

optics

The signal is collected by the receiver
a 30 cm newtonian
telescope and is sent,

through a 0.4

The

=

fiber

provides

this delay is

required

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

digitized signal is
matrix

using a CCD read-out

transmitted

of about 40 spectral

to a H4icrovax

il

system.

computer

channels by 90 time

as

The
a

channels,

and

summarized.

The

stored on a 70 Mbytes disk for subsequent analysis.
System specifications.The
total

performances of the

power consumption

is

svst.em ,are below
expected to be

about 2 Kwatt,

total weight about 300 Kg. The system will be operational
end of 1987.
The specifications of the optical subsystem are:
Laser type:
Emission-

Nd-YAG

Wavelength:

Energy: ?U mJ
Pulse duration:

355 and 532 nm

I ns

Repetition rate : 10 Hz
relesc:ope

type:

Telescope focal
Telescope

40 cm diameter,
length:

newtonian

85 cm

field of view:

Receiver spectral range:

0.45 mr
350-760 nm

Number of spectral channels:
Polychromator resolution:

40

10 nm

Receiver optical efficiency:

20%
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The

specifications
Temporal ranges:

of

detection

subsystem

are:

30-75 ns

Temporal resolution:
Dynamic range:

the

I ns

1000

Computer system: Hicrovax II
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James a. Abshire
Jan F.

McGarry

NASA - Goddard Space Flight Center
Instrument Electro-Optics Branch
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may 1987
Summary:
Gardner has proposed a technique for measuring both atmospheric
pressure [11 and ocean surface roughness (21 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 impulse response of
the initial PMT-based altimeter receiver was 800 psec [31,

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 f/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 5

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 I pps
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rate.

The details of the system configuration are listed in

Some data from the ground-based altimeter calibration tests

Table I.
have been

recently published (51.
During the April 1985 test
collected at 324,

flight of the altimeter,

data was

464 and 6S8 a altitudes. The Lockheed-Ilectra

aircraft traversed a dog-leg flight path at 100 a/sec from near
Pocomoke Sound,

well within the Chesapeake Bay,

to Cape Henry VA on a

SSW heading and out over the open Atlantic Ocean on a 83

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 Chesapeake Light off Cape Henry.

The data from these are listed in

Table 2.

The 1800 dual wavelength altimeter waveforns have now been analyzed
to examine their dependence on ocean surface conditions.
at all altitudes and locations
consistent with specular
ocean surface.

The waveforms

retained sharp-high bandwidth features

reflection from capillary wavelets on the

The data analysis shows consistently high (0.9)

correlations between the 532 and 3S5

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.
as well as the -10
from 3,

7.S,

dB and -20

The rms bandwidth

dB bandwidths all decreased by

-

and 11 GRz respectively over the sane flight line.

variations are all

50%
Such

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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System Parameters - 4/03/85 Flight

Table I-

Laser: Quantel YG40 -

Passively modelocked UD:YAG

Pulse widths: 50 psec 0 532 na,

Pulse energies: 0.3 nJ 1 532 na,
Laser Divergence:

30 psec 0 355 na
0.5

j

*

35S nan

ints
Elliptical, 2.8 mrad by 1.3 mrad 0 10%
532 and 355 na beams coaligned within 104

Telescope: Celestron 14 - 36 cm diameter Schmidt Cassegrain
Area - 0.091 sq. meters
Mirrors: CVI Laser Double Stack Dielectric,

Max R 0 355 and 532 na

6
Trigger PMT: Hamamatsu R1294U, Dual MCP
QE- 4% 0 532 na, Gain - 1.3 x 10
40 nsec total

Optical Delay: 8 pass White Cell,

Streak Camera: Hamamatsu C1370, 5 psec/channel at sweep-2 setting
impulse response - 85 psec in system
Streak Camera Readout: Hamamatsu C1098,

Dual Channel,

DNA Interface

Discriminator: Ortec 934
TIU: HP 5370A,

100 psec accuracy

Computer: DEC LSI 11/23 with Dual Floppy 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

----------------------------------------------------------

NNS23
S23
S1S
Tangier Island
SWIS
SWIS
SW14
Cape Henry
SN12
SN12
WSWl2
South Island, B8 Tunnel
SW25
SS15
SSN22
Chesapeake Light (CL)
3.0
1.S
1.5
CL Ave Wave Height (ft)
55
57
54
CL Air Temp (deg. F)
-------------------------------------------------
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Cloud Liquid Water Derived from Lidar Observations
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Greenbelt, 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 is 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 posuible.
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 liquid 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 instrumentation 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 digitization. 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 observetions 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
observations.
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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Liquid Water Retrieval
There are two main steps to the procedure by which cloud top
First the
liquid water is computed from the lidar return data.
lidar return signal must be corrected for attenuation in order to
derive the backscatter cross section for the cloud top within the
Second the backscatter
effective range of the signal return.
The scattering
must be related to the liquid water content.
cross section is obtained from a solution of the lidar
The liquid water Is derived from the scattering
return equation.
cross section through application of a model based on the
The lidar signal
available in situ particle measurements.
solution involves the standard solution equation based on a
constant value of ratio of the extinction to backscatter cross
The constant ratio assumption may be applied in the
section.
case of water clouds since as shown by Pinnick et al (1983) the
value is insensitive to the droplet size distribution although
The value of
consideration must be given to muliple scattering.
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
The effective backscatter to extinction ratio is
thickness.
twice the limiting value of the integrated backsatter as optical
thickness tends toward infinity (Platt, 1979).
3.
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To a first
approximation the ratio between the liquid water
content and the cloud scattering coefficient 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 is 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 IG/M 3 )
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Fig. 2.
Average result from in
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.S.
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 dimensional structure of the cloud top liquid water distribution.
Independent visible wavelength lidar observation of cloud top
liquid water is possible if a model of the droplet size distribution parameters may be applied.
The primary uncertainty of the
lidar liquid water retrievals results from inaccuracy of the
droplet distribution parameters.
5.
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Fig. 3.
Calculated liquid water distribution from lidar
data and corresponding in situ measurements.
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Advances in Gae-Analysers Based on 3R Molecular Lasers
Yu.No Acdroov, P.?. Geiko, VoV. Suov, Vol, Zuev,
O.A. Romamovsldi, 8.S. Shubin
the Institute of Atmospheric Optios, Siberian Branch
UMR AocdeAm of Scince, 2omusr 634055, U S S R
High operation and power characteristios of 002 lasers stipulat, their wide application in absorption gas-analyzers
and lidars [1] o On the other hand, the gas-analyser possibilities are limited by their' narrow spectral emission range. The
molecular 00, NH 3 , RP, Ulr lasers generating In different IR
regions do not compensate for this disadvantage by different
reasons*
We think the effective nonthresbold parametric 002 and
CO lasers frequency converters (PC) with the ZuGeP 2 and
CdGeAs 2 monocryntals developed can improve this situation[2].
The main IR atmospheric transmission windows can be overlapped, and the concentrations of many atmospheric gas componente, Including different pollutants, can be measured (Pig.
I a) using these PC. The spectral transmission regions of
nGeF 2 and CdGeAs 2 supplement each other, Pig. 1 b. In fact,
all the main atmospheric transmission windows can be overlapped by frequency transformed radiation of a single 002 laself-radiation and second
ser using two-cascade PC of its
harmonic (SH). A fine "tooth-comb" spectrum overlapping is
observed when using two 002 lasers or one two-frequency laser.
The mixing of 002 and 00 lasers radiations is of interest
here.
Table 1 presents some coincidences of 002 laser SH frequencies with the atmospheric gas absorption lines. We reported [3] 00 concentration measurements with a mobile trace
gas analyzer equipped with a frequency-doubled 002 laser. The
CO concentration sensitivity was 4 ppb at a 2 ka path. Table
2 shows possible frequency combinations of two 002 lasers
coinciding with the
41 + )2
for obtaining sum frequeacy
CO R48) absorption line center. The number of reference fre152

TuCl-2

SIlo',Cea"(MoCCZ

8

T',Z

02

6

66

2

-

2

qIQ H2,
2

14

2-8

I

-

CF

6-

1

4•

3

2
0

2

4

6

8

/0

Pig. 1.
ITe

12

14

16

.Apim

transmission spectrum 2 of the simulated atmosphtere for a 1 im groud path, the centers location
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harmonics, sum (W) and difference (-) frequencies of
002 laser radiation and its SH. Below are the transmission spectra of ZnGeP 2 (1) and CdGeAU 2 at 3001(2)

and 80 K (3).
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Table 1. Coincidence of 002 laser SH frequencies with
absorption lines
Ga
Sca/Mol
a

Gas

~in,
l

9 OH
,

line iso tope
a,-17
number

H O I.I0xIo-20

I847.734 1847.794 10P39
2154.596 154.605 9PIS
N2 4.99xIO"9
2196.669
196.635 9P22
No (2)2.,.xI20 I929.03I
929.041 [OP?
OCS 5.79xi0-I 9
2058.888 [05.885 19P38
C .60xIO-I9

626
626
828
626
626

0.0099
0.0091
0.0342
0.0098
0.0029

quency combinations resulting in overlaping with the absorption line can reach 100* Thus the radiation sources developed are not worce than those of continuously tuning lasers
when studying the atmospheric ground layer.

Table 2. The SP radiations coincidence with the .(18)
CO absorption line at
ISO-

tope

626
626
626
626
828
828

Line

P62
P52
P18
P18
P44
P26

•

•"o

Line som-'nu 1e'b, top
, cum

2154.596 cm-1
c

-

, ca"1

'099.6961 1054.9155 P7 626 2154.6117 0.015?
095,6664 1058.9488 P6 626 2154.6151 0.0191
077.3026 1077.3026 P18 626 2154.6051 0.0091
048.6609 1105.9425 P36 828 2154.63 0.0074
I09.8?80 I044.70% F28 838 2154.58M8 0.0102
1100.5926 1054.0143 P38 828 2154.6069 0.0109

A block-diagram of the modernized gas analyzer i:ncludes
low-pressure two frequency-tuned CO2 and one CO lasers and a
set of ZnGeP 2 PC •
The gas analyzer is fully automatized. The gas analyzer is provided for with the
possibility of measurements at 1001-1000 and 0002-10O1 bands
of CO2 laser radiation. The set of PC includes SHG of these
radiation bands and SPG which operate according to the blockdiagram of Fig.2.
The results of simulated estimation were supported by
154
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,3

.Y;ig. 20 A block-diagram of frequency converter
of the C00-laoer radiation bands 10°1-101*0 and200°2-1001: 1 is a diffraction
grating, 2 is a discharge tube; 394 and
11 are the 100% mLrrors, 5 and 7 are the
focused and collimated lenses, 6 Is VGeP,
i ,Eln 2
8and 9 is a two-element filter
are the electric-field inteneI!;IqeeC
UA
of the 4.3 umn, 10.4 um radiatione,
theilr SH and S? radiation.
I II
I
IN
field measurements of the multioomponent real atmosphere and
demonstrated high-operational characteristics both of PC developed and the entire measurement complex.
References
1. D.AKoKI.]inguer, NoMenyuk. ILES J*QuautoElectot'novoQ&-17,
N9, P.1917 (1981).
2. Y/uM*iAndreev, T*V.Vedernikova, V.G.Voevodin et ale Kvant.
Elektron., v012,, N7. pe1535 (1985).
3, V.E.Zueyo Yu.M.Andreev,, A.I.Gribanyukov et al.o 13 Intern0
Laser Radar Conf., Toronto,, Ontario, Canada, NASA Conf.
Publ. N24139 p.108 (1986).
155

TuC2-1

A Simple Optical Method of Simultaneous Measurement of
Characteristic Scales and Intensit7 of Atmospheric
Turbulence
AeF. Zbukov and V.VoNosov
Institute of Atmospheric Optics SB USSR Academy of Sciences,

Tomsk, 6340.5, U.S.S.R.
For solving a large number of problems an optical radiation propagation in the atmosphere the atmospheric turbulent characteristics should be determined. There are the
inner
and outer L. scales of turbulence, structural
characteristics of fluctuations of the refractive index
The value of I/ determines the turbulence intensity. All
these characteristics are the parameters in the spatial spectral densitry
7, J(). The function is given as [1,2J
A CA2 X /,4//"I-,.."R/a)
S(a's
03.3

(1)

where Wr7n $21o, 'o. 2711/Z. In the inertial subrange
( Z0 (Z
X',m
) the model (1) coincides with the Koliogoroy spectrum of turbulence.
At present a great number of optical methods of measuring the parameters C42,
,
is known (21. In this case
io
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 Cen,
o. , Xo 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
technolog7 of reception and processing of an optical signal. An inexpensive and reliable in operation the=al (incoherent) source is preferable for the use as a light source in such a unit.
The paper presents a simple optical method for simultaneous measurement of the parameters C1,
, /4 . The thermal light source with the wavelength A and the effective
radius a is used. The optical radiation propagated
through the tubulent atmospheric path X is received with

e.
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a conventional optical receiver. The radius of the roeeiving telescope lens is Q4 , the focal distance isn . A device for separating the received light flux into four identical
beas (for example, a combination of scmitransparent
prisms) is located on the optical axis of the receiver. In
every beam (in a focal plane) a conmon quadratic photoreceiver (photoreceivers are identical) is placed. Before
the photoreceivers the matrices (transparencies) are located. The matrices have the given transmission coefficients
of radiation intensity Ton ( n is the number of the beam,

n = 0, 1, 2, 3):

7Zl-IrT(2)
v
Here

b

, B are the lateral coordinates in focal plane
(
is the vertical, Z is the horizontal axis),/3 ,
,
h are the given constants, 17
the halfwidth of
5 is
slit diaphragm 5.
The current at the photoreceiver output in the channel
C n = 0, 1, 2, 3 ) is denoted by 1,7e At the photoreceiver

output the mean (intime) values <o>,,

<Z>,
6

>, <(41106

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 b tween the signals measured and
the parameters 4o,
, . • In this case, we should ta-

I

ke into account that the values

<2(1/f,

<Z>

and¢q (b

strongly depend on Y,
4
and
n , respectively. For
a horizontal homogeneous path whose mean altitude above
the underlying surface H satisfies the condition H,ý 20
we obtain

c2

0.57

<
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4,-d
20i

,C -qqJ~F26-1

where
',a
+ XT
='
A -r W
The slit width of
the receiving aperture 2 a,
should be essentially less than
the charsoteristic size of a source ilage in the focal plane

(a,

( V'7 ) . Bsides, the condition kVI//F

be fulfilled* It

4<

1200 i"1 must

Imposes restrictions on the receiver size

To eliminate the errors, due to the transverse shift of
the source relative to the receiver optical axis and regular
radiation refraction in the atmosphere, adjustent of the
unit is used. Adjustment involves the preliminary
ininizing
of the value
The angle between the axes y and s equals

9000
It should be noted that In the suggested unit the presence of the four beams is not obligatory. The lesser nuwber
of the beaus or even one channel may be used when the value

i 0 is sl ightly different frn<om

(< ) /(o >2.

(9,

and, hence,9 ((if
/to

)b-'>%

For this purpose, before the photoreceiver
a device with removable matrices is located (2). The values

<itn.= 0, 1, 2, 3. ((4/11>(or <(tf,'>) are measured
alternately. The time for averaging is 5-7 minutes.
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In many classes of Images. some of the important features can be recognized by repetitive structures over a large region. Such a spatial feature provides useful Information in im-

"agesegmentation

and classification. Various digital image processing schemes to extract
textural Information have been reported based on local operators manipulating image pixels.
often to extract local statistics from images (Il. Other schemes exploiting the textural information In the frequency domain have also been investigated along with some successful
demonstrations 12. 31. In this paper, textural edge detection by bandpass filtering is considered. A simple technique for realizing the bandpass filter In a heterodyne optical scanning
system Is described and Illustrated experimentally. Section 1i discusses textural edge detection by bandpass filtering in the context of textural Image modeling and frequency domain
tlter function construction. Section III describes the optical scanning system capable of extracting the edge in the texture and presents some experimental results.
11. Textural edge exfacim by bandposs filteing
We consider the textural images as spatially repetitive structures. A 1.0 textural Image
with two textural may be defined as [4, 51

r(x) - U( -x) cos(MIx) + U(x) cos(02 ).

(1)

where U(x) is a unit step function, and 1 and a% are the so-called textural frequencies in
radians 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 filter has
the following transfer function

H(c) -

((

0

62

AS--)
2 .

(2)

where C is an arbitrary amplitude -*ýant, W is a passband parameter to control the bandw*dth. and Am determines the amount of shift of the center of the Gaussian function from the
textural frequency w3. The processed output is shown in Figs. i (c) and (d). We see that the
flfer of Fig. I (b) will extract the boundary of the domain of textural frequency am. In fact, it
will extract the boundary between a%and any neighboring textures. Note that the Gaussian
filter Is offset by an amount Am from c. This Is necessary In order to suppress the textural
frequency as best as possible. Decreasing Am results in some leakage of the textural frequency m. The effect of leakages is illustrated In Fig. 1 (c).

Ill. Optical

-erdyne
scann

sysm

In this section we propose an optical scanning system to synthesize the filter of the form
shown in Fig. I (b). The set-up is shown In Fig. 2. Two Gaussian laser beams, u and v, having
different temporal carrier frequencies generated acousto-optically are sent toward the input
Ir(x). The receiving photodetector spatially Integrates the transmitted light (or backscattered
light if r(x) is an intensity refiectant object) and delivers a heterodyne current at the beat frequency of the two receiving beams. As the Input is scanned, the heterodyne output current
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conies 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 t6, 7]:

OTF(%) -

do

(3)

1u(x) v(x - )J/X) dr.

where f, Is the spatial frequency. Since u and v used In the experiment are Gaussian laser
beams, they may be described In general by
u(x) - 0 -We I

and v(x) - .- IN

_)1,

(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
u and v Into (3). we obtain

oTWO -o - 2'W

,-(5)

Note that this OTF is a Gaussian, one-sided bandpass filtering function as shown in Fig. I (b).
The laser In use operates at). - 632.8 nm. and the laser beam width Wg Is about 0.8
mm. The Fourier transform lens L., in the experimental setup has a focal length f, of 610 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 fundamental 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 filtering 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 dotection, thereby allowing
high speed, multiplexing 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 measurements simultaneously.
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C)

d)

F*gur 1. is) 1.D Inpu Imnage writh two textural regioes where

-. W.2 and o" - 10; jb) Gauisalan

bandpass filter; (c) outu masgnitude respoanise wlth h G&Ausan an~apss filter when
W - 0.1 x and Am. - 0.2x; (d)output magnitudes reopmose with the same W as In Fi.I
(c) but for Aw - 0.3x..
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PFgW* 2. An Optical heterodyn. scanning system: 88 denwtes the bearnaplitter. L the lenis, M the
mirror, AOM the acOusto-optic madiator. SC the optical scanner, u and v the pupils.
L2 tin Fourier transfom lens, and PD the photo-detecto.

U)

h)

Figure 3. (a) Lowpass filtered input image (alx -0);
offset Gaussian beams (Ig a 2.69mm)

163

(b)Optical textural edge extraction with two

A Free Flying Experiment to Measure the Schawlow-Townes
Linewidth LUmt 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-planar Nd:YAG ring oscillator pumped by a ton-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 a 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 MonitozLng 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 CO 2 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 SO 2 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.1 shows the experimental setup of CO 2 laser heterodyne
system which mainly consists of a grating-tuned CO 2 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
9
1.7Xl0W/Hz by means of a S/N measurement using a calibrated
165
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infrared light source.
Vigs.2-3 show examples of the ozone absorption lines
observed in
IF

the solar spectra.

The data were obtained by one

spectral sweep with a time-constant of I 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 ot 11.3 MHz,

and the bar-graph indicates

the ozone line strength at the IF
in

frequency of to be appeared

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
in

Fig.2.

This line was always absent in

the solar spectrum

the subseqent observations.
The diode laser heterodyne system used in

depicted in

Fig.4.

this work is

The diode laser was mounted in

closed-cycle helium refrigerator and operated in

a

a single

longitudinal mode with an output power of 100-200 )iW.

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 NP
= 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 5.9X10-

19

W/Hz,

which

was only the factor of 3.5 degradation than that of the CO 2

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 our present system.
From these results of the construction and testing of
the laser heterodyne radiometers, an airborne system has been
under development and will be operated soon.
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AN EXPERIMENTAL NEASUREMENT OF THE SUSCEPTIBILITY OF SPATIAL
FILTER PROFILING TECHNIQUES TO SATURArION
0. R. Ochs and R. J. Hill
NOAA/ERL Mave Propagation Laboratory
Boulder, 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 affect these system. 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, 1
employes zero-wean spatial filters at both the transmitter and receiver to
restrict the observation of refractive-index irregularities moving across a
ligLt path to those of a particular spatial wavelength and at a particular
location along the path. The wind profiling system employs a number of sets
of spatial filters of different spatial wavelengths to measure winds simultaneously at various path positions.
To observe saturation effects, the system was altered to measure intensity variances from one pair of transmitter and receiver filters having 20 cm
spatial wavelength, and another pair having 5 cm spatial wavelength. The
transmitter and receiver filter geometry is shown in Fig. 1. Two separate
Fresnel lenses are used to form the transmitting filters. A single Fresnel
lens and 32-elment photodiode array, conne&.ted simultaneously for both spatial wavelengths, are used to form the receiver filters. Note that although
the elements of the transmitting array fill the aperture, the receiver alesents are half the width of the transmitting 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
The optical path length between transmitter
path of 10 and 2.5 cm wavelength.
and receiver was 1 km. A separate optical system was employed to measure the
refractive-index structure parameter Cn2 .
The mean square signal fluctuations for the 2.5 cm (X2 2.5) and for the 10
cm spatial wavelength (X210) were measured and compared with Cn2 and with each
other. The data points in Figs. 2-4 represent 15-mn averages; a 5-point
running average was applied to the data points to show the trends. The relationship is nearly linear in Fig. 2, where we plot X210 vs. Cn2 ; however, the
The
situation is quite different in Fig. 3, where we plot X2 2.5 against Ca2.
value of Cn2 at which X2 2.5 begins to saturate is about the same as the value
at which the onset of saturation would be observed for single, circular, incoherent, 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 X2 2.5
vs. X2 10. At the highest turbulence levels, the variance 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 saturation for largeaperture Cn 2 scintillometers, 2 one would roughly estimate that the onset of
saturation would occur as the parameter AL/2.4 po becomes larger then the spatial wavelength being observed; here A is optical wavelength, L is path
length, and the field coherence length po a 1.44 (k 2 LCn 2 )-3/6, where k - 2w/A.
The data do not violate this notion although it was hoped that they would.
Sensitivity to a narrow range of pafn positions requires many cycles on the
If these cycles must be wide, say 10 cm or greater,
transmitter and raceiver.
to resist saturation effects routinely for long propagation paths, then the
transmitter 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, 0. R. and R. J. Hill, 1982, A study of factors influencing the
calibration of optical Cn2 meters, NOAA Tech. Memo. ERL WPL-106.
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Slmultaneous Measurements of Turbulence Level and
Inner Scale Using Laser Scintillation

R.G. Frehlich
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
spatial wavenumber. Tatarskii proposed the following
atmosphere #, (4) where 4 denotes
1
model for the turbulence spectrum
t. (4)-.033C. 2 qf-'1lexp[-10of

2

(1)

/4J

where C.2 is a measure of the level of turbulence and 10 is proportiona! to the inner scale A0
(AO-2.951 0). 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 estimated2 from the normalized variance of a large
incoherent source. This statistic is dominated by the inertial range of the turbulence. The inner
scale has been measured 3 by comparing this statistic to the normalized variance of a diverged
laser. The accuracy of these two methods is determined by the number of independent samples
observed with the incoherent source. The inner scale has also be estimated", by a measurement
of the spatial covariance function

Cm

<-

< I(o,,q)> < I(;I,R)>

(2)

l

in weak scattering. Here, ý is the transverse separation, I is intensity, R is the propagation distance, and < > denotes ensemble average. For a point source, the covariance in weak scattering
is related to the turbulence spectrum by

C(1)-4r-'a

a

dd411

,

(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 function adequately, spacings from 1mm 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 10KHs, 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 mill watt Uniphase
laser was focussed through a pinhole and diverged to approximate a point source. The laser fluctuations were less than .1% during a measurement sequence.
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RESULTS
Figure 2 displays 4 cova.riances 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.Sm 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.
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Figure 2 Covariance measurements for locafly stationary conditions.
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Figure 3 Covariance measurements for locally nonstationary conditions.
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Figures 4 and S display the covariances for data collected on an overcast summer day with a
light wind. The propagation distance was 5Om. Again, note the rapid change in the covariances. These regions of enhanced turbulence are most likely due to the passage of thermal
plumes'.
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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 Fgure 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 spectrum, the covariance measurements will provide accurate estimation of the spectral parameters
C'2 and to. These two parameters provide essential information about the br.:ndary 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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F;gure 6 Measured covariance function (- ) compared with
theoretical covarance function (- -- ) using Tatarskii's spectrum
with C,'2 9.4xl0-13s-2/3 and AO=9.59mm.
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"Atmospheric Correction Algorithm 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 from satellite
imagery Is being developed.
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.

In

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
that the
model's look angle matches the geometry of each pixel of so
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 I

UPWELLING RADIANCE IN THE FORM OF QUADRATIC

COEFFICIENTS

Wavelength:472 no
Tale=0.262
SZA:46
LOOk

Angle

Al

0
1
2
3
4
4
5
6
7
6
9
10
11
12

0.063806
0.063616
0.063838
0.063875
0.043923
0.063986
0.064063
0.064155
0.064255
0.064372
0.064503
0.064651
0.064607
0.064962

Size Parameter v=3.o
A2Z:90

A2
0.453468
0.453429
0.453381
0.453260
0.453187
0.453036
0.452916
0.452730
0.452585
0.452367
0.452161
0.451883
0.451654
0.451346
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A3
0.105617
0.105599
0.105510
0.105480
43.105389
0.105359
0.105262
0.105226
0.105109
0.105056
0.104936
0.1C4804
0.104731
0.104646
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For Jemonstration,

a simulated ground reflectance scene for 472nm

targets such as highly
that Includes a variety of terrestrial
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.l At a glance, the resultant simulated
(Mie) conditions shown in
satellite
images for four different
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
tn the blue spectral region, while significant absorption is taking

Figure 1 Simulated satellite
thickness atmospheres.

1

images for four different optical

Moderate Resolution Imaging Spectrometer.
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place for bright
irfaces such as snow or sandy soil. Consequently
there exists a reotectance point at which the upward intensity is
insensitive to changes in aerosol optical thickness. Also the plot
showed, if an imager has a wide off-nadir view angle (i.e. MODIS,
AVHRR or CZCS), non-linear curlings in total radiance will occur
for both dark and bright surfaces at extreme angles.
These are quantliatively observable phenomena and become important
clues in searching for optimum atmospheric parameters to be usqd
for the removal of the atmospheric effects from space imagery. In
order to perform atmospheric correction, the earlier three
quadradic coefficents, Al, A2 and A3, are used in solving for the
reflectance?,,A , from the following equation.
a
A3 x (fx) + A2 x (PA)
+ Al - LA = 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 VtMie) correction factors. A
water reflectance of 5% was assumed, hence an effective 7IMie) 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.
References:
1) Dave,J.V. "Development of Programs for Computing Characteristics
of Ultraviolet Radiation, Tech Report Scaler
Case (SPA-D)" IBM Palo Alto,CA.,NAS-Contract 5-2168, 1972
2) WalthalC.L. J.M.NormanJ.M.Welles,G.Campbell and B.L.Blad,
"Simple Eqn to Approximate the Bidirectional Reflectance from
Vegetation and Canopies and Bare Soil Surfaces",Applied Optics. Vol
24,pp 382-7,1985
3) Kim,H.H. and G.Linebaugh "Early Evaluation of TM Data from
Coastal Process Studies" Adv. Space Res. Vol 5,pp 21-9,1984
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GASCOSCAN and GASCOFILfor Tropospheric
V. H.

I

Trace Gas Measurements

Morrow and R.

Centre for Research
York University
4700 Kola St.VC
North York,

Remote Sensing Gas Correlation Spectrometer*

Ont.,

W. Nicholls
in

M3J

Experimental

Space Science

(CRESS)

IP3

Correlation
spectroscopy,
which
is
a powerful diagnostic tool
for
the
determination
and
monitoring
of
trace
atmospheric
the
comparison
between
involves
a
correlative
contaminants,
region of the
spectrum"
of
a
specific
features
of
a
"field
atmosphere,
and
the
features
of
a
"mask
function" which is
representative
of
the
spectral
absorption
features
of
the
molecular
species
of
interest.
The
degree
of
correlation
between
these
can
be
interpreted
quantitatively
as a direct
measure
of
the column density of the species of interest
in the
instrumental field
of view.
Both
of
the
spectrometers
described
here
use the gas filter
non-dispersive
correlation
method.
They incorporate gas 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
in
fig.
1.
Light from the target
is collected
by a
telescope
and
passed
through
a
gas
cell
chopper.
The light
transmitted
by
the
chopper is sent through a spectrum analyzer
(filters
or
spectrometer) and focused onto a detector
(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 is
obtained
triggering
interrupts
in the microcomputer with signals
derived from optical
pickoffs on the gas filter
wheal.
The

simpler,

GASCOFIL

uses

corrtlation
field
tested
plant,
as

smaller

four

and most portable of the two

gas cells on a 10 cm.

instruments,

wheel to make

measurements,
(see
fig
2.)
This system has been
at
the
Ontario Hydro Lakaview Thermal Generating
a
plume
tracker,
S02 monitor, and quantitative
S02

remote
sensor.
Fig 3. shows some of the
(Reported earlier in Morrow, Nicholls).
The
larg3r
to
isolate

filter

instrument,
the spectral

results of this

survey

GASCOSCAN, uses an echelle polychromator
regions of interest,
This allows up to

16 detectors
to view ceparate spectral regions in the UV and IR
in
the
range
of
.2 to 11 microns.
In addition, the GASCOSCAN
polychromator
has a motorized
micrometer drive.
This allows
scanning
through
the spectral
used to establis.
%n zero level

features
of interest
for the correlation
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GASCOSCAN has
optical system In shown in fig. 4.
The GASCOSCAN
an a passive remote sensor or an an active folded
been operated
In the passive mode IR and UV flux in the field of
sensor.
path
a
by a Newtonian telescope, passed through
in collected
view
chopper and spectrally
and a gas cell
high speed chopper
with the polychrometer/ detector system.
detected
and
analyzed
mode UV and IR flux from a lamp source is passed
In
the active
The high
the gas cell chopper and a high speed chopper.
through
light between a
the
to modulate
is
arranged
chopper
speed
reference path and the 300 meter atmospheric path.
for
currently undergoing field trials
is
system
The GASCOSCAN
CO, C02, N20, NH3 and other trace
S02,
the detection of N02,
species of tropospheric interest.
REFERENCES
and Nicholls R. W.," GASCOFIL A GAS CORRELATION
Morrow W. H.
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Signal Requirements for Remote IR Limb Sounding of
Atomic Oxygen and Temperature in the Thermosphere
R. D. Sharma
Air Force Geophysics Laboratory
Hanscom AFB
Massachusetts
01731
A. S. Zachor
Atmospheric Radiation Consultants,
59 High Street
01720
Acton, Massachusetts

Inc.

SUMM4ARY
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 atom
density are recovered from measurements of the earth's limb
radiance profile near 147 micrometers and/or 63 micrometers

wavelength, corresponding to the 01

(SP9-3Pi

and

3P1-SP2)

transitions of the ground electronic state of atomic oxygen.
The assumption that the 3P fine structure levels are in
thermodynamic equilibrium (LTZ) 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 O 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 106, 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 onedimensional inversions, by an onion-peel technique, 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 Neteorological Earth Observing Senoma

ravid L. Glackin
The Aerospace Corporation

Po 0. Box 92957
Los Angeles, California 90009
Introduction
The Aerospacs Corporation Is currently surveying advanced sensor concepts
for environmental monitoring from space in the late 1990's and beyond.
The parameters to be measured include a wide variety of atmospheric,
terrestrial, and oceanographic item. The specific sensor concepts to
be described apply to the measurement of clouds, winds, temperature,
and humidity. Special empWias •n this presentation WMA be placed
on the subjoct of clouds. The sensor concepts include:
1) a scanning radiometer for low Zarth orbit cloud observation,
2)

a aeter-class telescope for geosynchronous altitude cloud
observation.

3)

a uillimster wave radar for cloud top, layer, sad base
sensing,

4)

a stereo imager with a Uldar sounder for cloud top sensing,

5)

a lidar wind sensor. and

6)

a differential absorption lidar (DIAL) for temperature and
humidity profling,

Clouds
Sensors 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
coniasdred The goal Is to arrive at a systun that can cover the troposphere and stratosphere over the globe with a horizontal pi=el aise of 0.5
ia, a vertical resolution of 30 to 300 a, depending on altitude, and a
refresh rate of 15 minutes.
The refresh rate might be attained by striking
a balance between the number of satellites In orbit and the predictive
capability of numerical uodels.
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The multiapectral Imaging sensor concept is for a scanning radiometer
that operates in the visible and the near, aid, and lona wave IR. Day/
night sensing of cloud cover and type is provided by the visible and mid to
long wave IR channels. A channel in the 3.7 micron window band Is used
to reveal 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 snow is low at this wavelength,
while that of clouds remains high. The synergy of this sensor 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
measure cloud-tracked winds, albedo, and sea surface temperature.
Nigh-resolution Imaging at geosynchronous altitude calls for a different
concept. A meter-class diffraction-limited three-ulrror visible/IR
telescope has been studied for such applications. The goals of this Large
Meteorological Telescope (LWT) 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 lidar.
Cloud top height, on the other hand, can be measured quite accurately with
a lidar sounder (see below).
Owing to the limitations of lider outlined above, another sensor concept has
been studied. Dense clouds are essentially opaque to radiation at infrared
wavelengths and shorter, and are usually transparent to radiation at
centimeter wavelengths and longer. In the intermediate 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 dual-frequency uillimeter-wave radar (NIVAR) operating in the
window bands at 35 and 94 G~z 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 GCS, while wetter clouds such as
cumulonimbus should be more easily profiled at 35 GCs. Maltiple 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 GCS Is now being used on the ground for preliminary cloud studies
Owing to power and aperture considerations, the MIVAR
(Lhermitte, 1986).
does not appear to be appropriate for high orbits.
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The space-based radar concept outlined above Is an ezpenalve and risky
proposetIon. As a partial alternative, an Infrared sounder can be used
to measure cloud top height, but with unacceptably large error, and to
make a crude estimate of cloud thickness (Yoh and Liou, 1983), There
appears to be no potential for accurate Inference of layer and base height
from such an Inatrument. Hence, an It sounder Is not a viable alternative

to the Him*R.
Another partial alternative Is a stereo Imaging soeor with a lidar for
precise range calibration. This Stereo Imeger/Lidar Atmospheric Sounder
(SILAS) would consist of a device that acquires Images while looking forward
and backward along the satellite track, for the purpose of measuring cloud
height from the offsets In stereo image pairs. An associated Jidar sounder
would measure precise reference points at selected Intervals, for accurate
calibration of the height scale. The 11dar could also be used to detect
high-altitude subvisual cirrus (Carswell, 1983). The concept ts similar
to that proposed by Lorenz (1983).
Stereo pairs of Images have been acquired
from many geoatationary satellites (e.8.. Hasler. 1981), but the use of
overlapping geostationary fields of view is unsuitable in an operational
environment. Although it Is a powerful technique, the SUIAS concept only
solves part of the cloud height problem. Thus, Implementation of the HIWR
concept la indicated.
winds
Sensors that are capable of measuring the wind vector to +/-2 mo throughout
the troposphere and stratosphere have been surveyed.
The concept is for
a coherent doppler Uldar similar to one of those reviewed by Menuies (1986).
Further details will be provided In the presentation.
Temperature and HumIdIti Profiling
Sensors that are capable of measuring the vertical temperature profile to
+/-IK and the vertical humidity profile to +/-1 g/n 3 have been surveyed.
The concept Is for a DIAL (differential absorption lidar) instrument. Further
details will be provided in the presentation.
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Large Aperture Measurements of Optical Turbulence
0. M. Winker
AFWL/ARBA, Kirtland AFI
Albuquerque, NM 87117

There exists a significant body of literature, developed over the last
years or so, concerned with the theoretical analysis of atmospherically

10

induced wavefront aberrations in terms of Zernike polynomial decompositions
and power spectra of the Zernike 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 propagation of starlight through the atmosphere has been
conducted since spring 1986 on the 1070 telescope located at McDonald
Observatory in west Texas.

The experiment measures phase and intensity of

atmospherically aberrated starlight with high spatial and temporal resolution.

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 -m diameter region filled with I x 1 =

2

square lenslets is

used to perform a Hartmann test (5) on the wavefront at the telescope
entrance pupil.
of the aperture.

About 900 lenslets are located in the unobscured portion
The focal spots formed by this lenslet array are recorded

on photographic film for later analysis.
controls the exposure time.

A gated image intensifier

Signal levels are adequate to allow one milli-

second exposures, sufficient to Ofrei.zew the atmosphere.
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mirror gives the ability to record twn savefronts separated by a time delay
which may be as short as one millisec-nd, allowing the measurement of phase
decorrelation times.

Simultaneous reasurements 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.
mation is analysed in various ways.

This infor-

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.
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A Compact Wide-Feled Sensor for
Remote Sensing of Ocean Phenomena

by
Thomas S. Pagano and Low M. Woody
Santa Barbara Research Center
Hughes Aircraft Company
75 Coromar Dr.
Goleta. Ca. 93117

A low-cost, high-performance sensor design for low-earth-orbit ocean-color remote
sensing Is presented with system tradeoffs and performance estimates.
from low earth orbit, designed to meet the
requirements specified by the
NASAJNOANEOSAT Sea-viewing WideField Sensor (SeaWIFS) Working Group
(Rof. 1.

lftrodgetion
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

System Ranulromenta and

sediments and phytoplankion and estimating

•flMIfIA

sea-surface temperatures. Phytoplankton
concentrations can be used to determine the
locations of fish and other sea 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-field sensor for measuring
ocean color and sea-surface temperature

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

Table 1: Spectral Bands for the SeaWlFS Sensor

1
2
3

Wavelength (;Lm)
Center
Width
0.020
0.443
0.020
0.500
0.020
0.565

Chlorophyll Absorption
Pigment Absorption
SedimentWHlnge Point

4

0.665

Atmospheric Correction

Band

0.020

Purpose

Atmospheric
0.765
0.040"
5
Atmospheric
0.045
6
0.865
Sea-Surface
1.000
7
11.00
Sea-Surface
1.000
8
12.00
Blocked from 0.759 - 0.770 jam to avoid oxygen absorption.
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User requirements, program
schedules, spacecraft accommodations, and
ground-station compatibility all constrain
the sensor design. The Landsat-6

-200. 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

spacecraft is the proposed platform, and its
scheduled launch date limits the design to
an instrument that can be implemented in
18 to 20 months. Also, since the primary
missior of Landsat-6 is the Thematic
Mapper, only a small, lightweight
instrument with low power consumption
can be considered. in 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
existing ground stations to receive
Advanced Very High Resolution Radiometer
(AVHRR) data [Ref. 21.

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
Landsats 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 las.

To avoid sun glint, the held of view
must be pointable ±200 along-track, and to
provide daily coverage. it must scan
±58.5°. Instrument polarization
sensitivity must be less than 2% to enable

A 4.8 mil (122 Itm) detector pitch
was selected for ease of manufacturing of

existing atmospheric correction algorithms
to be used. Because the "water-leaving"
radiance is small, all six of the visible and
near ir.frared (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.
Syutern
am

the long-wavelength infrared (LWIR)
detectors. To make the footprint projection
of ihese detectors equal the along-track
sample spacing (1.13 kin), the optical
focal length of the system was chosen to be
7.64 cm.
The SeaWiFS telescope is a 3x
magnification, three-mirror, f/1.3 afocal
system with a 5.9 cm aperture and a 25%
areu obscuration by the secondary mirror.
The Aight 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-focalplane spectral filters are used to separate
the individual bands within the groups.

2aj

An isometric view of the resulting
SeaWiFS sensor concept is shown in
Figure 1. The telescope rotates a full 3600
cross-track and can be tilted alkng-track
to one of three positions; +20, 00, and
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11R AFT" ASSEMBLY--

RADATIER

SCNA

TRAC

Figure 1: SeaWIFS Ocean-Color Sensor
The 3600 scan, in addition to
providing the required 117* scene scan,
allows viewing of an internal blackbody for
ZoC-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. DCrestore Is performed once per scan and
solar calibration can be performed once
per orbit.

silicon photodiode-preamplifler hybrids
operating In the photovoltaic mode. TO) is
performed off-focal-plane after
digitization using a custom TDI electronic
processor. Two discrete photoconductive
mercury cadmium telluride (PC: HgCdTe)
detectors are used for the LWIR bands.
Cooling is achieved using an A.D. Uttle
radiative cooler, and the operating
temperature provided by the radiative
cooler Is 110K.

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-lFOV
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

The SeaWIFS design resulted in a
sensor envelope of 12.6" x 12.0 x 12.0
weighing 18 lbs with an additional
electronics module weighing 7 lbs. The
average system power dissipation,
including the electronics module, is
60 Watts. The SeaWiFS data rate is
665 kbps (HRPT format).
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evaluate the sensor, and the distribution
function of a blackbody of 300K was used to
compute the infrared radiances. Table 2
lists the :esulting performance
parameters. These performrnce values
meet the requirements identified by the
joint NASAtNOAA/EOSAT SeaWiFS Working
Group (Ref. 11.

Sensor Performance
The expected performance of the
SeaWiFS sensor was estimated for the VNIR
and LWIR bands using the sensor
parameters described above. For the VNIR
channels, ocean radiance conditions
corresponding to the reflectances of the
MODIS specification [Ref. 31 wre used to

Signal-to-Noise Ratio (SNR) and Noise Equ:ivalent
Temperature Difference (NEAT) fur ihe SejWY,'0S s-'.or.
SNR
Spectral Radiance
Wavelength (gm)
Band
(mW/cm 2 -ster-.um)
Width
Center
474
5.8
0.020
0.443
1
507
4.5
0.020
0.500
2
401
2.8
0.020
0.565
3
350
1.7
0.020
0.665
4
343
1.0
0.040
0.765
5
243
0.4
0.045
0.865
6

Table 2:

NEAT

7
8

11.00
12.00

1.000
1.000

(300K)

0.20
0.23

Conclusions

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.

1. Putnam, E.S., ed. 1987 1-n press). 3ystem Concept Definition for Wide-Field-of-View
Landsat-6 Observationsof '.* .•ianPhenomena. Lanham, MD: EOSAT.
2. Foote, R., and LT. Draper. 1980. TIROS-N Advanced Very High Resolution Radiometer
(AVHRR). In Proc. Sixth Annual Conf. Remote Sensing Soc., 18-19 Dec. 1979. Reading,
England: Remote Sensing Soc.
3. Goddard Space Flight Center. 1986. Moderate Resolution Imaging Spectrometer-Nadir
(MODIS-N). Draft Phase B Specification. Greenbelt. MD: NASA/GSFC.
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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

SMMARY
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 te have a considerable effect on both the responsivity of the detector and its interaction with the signal
processing circuitry. Penin et al. 11] recognized that there was a local oscillator
induced interaction with the circuit and derived a formulation for the noise factor of
a photoconductive detector am a function of local oscillator power. Unfortunately,
they did not recognize 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
(1)

Gdseftw = G + G'Pja

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

given by
I = VB GTOT (&,Pi)

" I

+ il

+ bhi

order t

(2)

where

Pl mPPLO 4P,

GTOT = G + G'PLO for

G

(3)

=PLO + 2 V

GL (G+ G'Pb),
(G + G'Ph + GLj
195

(4)

-= 0

for a-

.

(5)
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and PLO Is the appli'id local oscillator power that establishes an operating point
aSout which there will be small fluctuations due to the signal power Pg. Now by
expanding in a series as indicated in Eq.(2), lum can be found and is given (neglecting higher order terms) by
IDc + iH4 = V3 (G + G'PLO) + 2VBG'V
F-'L

(6)

(G + G + G'PLo,(

where use was made of
iHet = V'

aGTOT(W, Pin)

[i

VPg

Pin
1Pts
- &. aPEH.M

(7)

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
GL

I= vDG'
PVF- (G +L

+ G'P

)

(8)

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

G+ G
3G'

(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 signal. This corresponds to a total noise current variance (neglecting noise on the local
oscillator) of
<

= 4 1DCeBg + 4kTD(G + G°PLo)B
=i>

+ 4kT.GLB

(10)

where e is the electronic charge, g is the photoconductive gain, IDC is the bias
current, B is the bandwidth, k is Boltsmann's constant, TD 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

s
N

VA (0')' POPG
B ((G + G'PLo) (VA hvG'/,q + kTD) + kT)GL

(G + GL + G'PIo))

where use has been made ofg= hvV 3 G' ad h i Planck's constant, v is the optime
cal frequency, and -q is the quantum efficiency 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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graphin as
(SN)N

-

S8!h_
-B.w
NSP.,

IX

(12)

(1+ xXl+ y + i)

where
X

G

and

y -•G

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

OptimumP

9+--[ Ui

-i1

(13)

This work was supported by the U. S. Army Research Office.
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RADIANCE RATIO CLASSIFICATION OF EARTH SURFACE FEATURES-A SPACEBORNE SHUTTLE EXPERIMENT
W. E. Sivertson, 3r.
NASA Langley Research Center
Hampton, VA 23665
Abstract
New spaceborne technology is 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

radiance ratio values. The hardware is relatively 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 Ice 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 1964 Space
Shuttle 41-C mission, 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-am 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 selected via telemetry control. Each Image Includes VA and
IR digital images, Earth feature classification counts, and Greenwich Mean

Time (GMT).
The two Hasselblad
simultaneously with the CCD cameras.

70-mm

film

cameras

record

images

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-m focal length, 4element, 30" field angle lens; an F/5.7 aperture stop; and an Interference
filter having a half-power bandwidth of approximately 11.2 ma.
One camera
operates with a filter having a spectral band centered at 0.65 to. The second
camera operates with a filter having a spectral band centered at 0.85 0.
The fleld-of-view for the FILE Instrument is approximately 21.4" by 16.2.
Each 70-mu
film camera uses a 100-m focal length lens with a square
field-of-view of 29.2" by 29.2.
All CCO and film cameras are boresIght
aligned to allow the film camera Images to correlate with the CCD 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 making a
classification decision (Ref. 3). Each CCD camera voltage ouput is a function
of input radiance level.
The voltaqe ratio is compared to a simple linear
algorithm, derived from spectural signature Information (Ref. 4), to determine
the Earth feature class for each pixel location within the detector array.
The FILE instrument is calibrated 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 radiance
measurement values viewed on the surface of the Earth (Ref. 5).
For the 41-C
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 radiance 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 siqnal) for cJouds
equal to 29.8 mw/cm'-sr-tm for the 0.65 t camera and equal to 21.8 mw/ct -srBased on these values and full-scale response, an
um for the 0.85 wmcamera.
f stop value of 5.6 was selected for each camera.
Mission and Data Collection
The FILE Instrument was Integrated 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, 4.984.
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
includes: 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-m correlative photographs
to aid In evaluating the system performance.
Processing and Analysis
All FILE/41-G Images were processed and resulted In rendering good agreement
between postflight processed classification images and their companion
correlative 70-im film images.
The pixel ratio is initially processed using
an algorithm analytically defined from spectral signature data and an image is
generated in which each pixel is properly located within its ratio image and
the pixel is color coded as to the Earth feature class.
An 8- by 10-inch
color classification image is generated and is compared with Its companion
FILE 70-um Earth views of the scene via an optical transfer scope.
Coregistration 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-C mission is shown in Fig. 3.
The outlined area In
the 70-am image in Fig. 3 is a map of the embedded area covered by the CCD
cameras.
An experimentally defined algorithm is shown in Fig. 4 and was used
to process all FILE/41-G images.
Resulted classification images were in qood
agreement with their companion correlative film images.
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A subset of 37 FILE cloud Images was selected and studied.
These cloud
VR values and ratio
values.
The mean
and
standard
deviation values for clouds are as
follows: YR a (1.083 * 0.076) IR.
The VR cloud level is R >_ 1"9.23 * 38.52
out of a full-scale value of 255.
data subsets were analyzed to statistically define

Concludino Remarks
Twe-channel (0.65 um and 0.85 in) ratio detection technoloqy can be used
to autonomously classify Earth features from low Earth orbital altitudes.
A
simple straight line alqorithm 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 x 0.8 IR) and a vegetation decision slope of 0.695
(ORx 0.65 IR) and a cloud decision VR threshold of 44 percent of the YR full
scale response value.
The experimentally defined algorithm effected
classification decisions that were in good agreement with 70-em 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 41-C flight
demonstrate the suitability of radiance ratio 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 is especially attractive as a
cloud sensor where, in advance of or during a mission, a threshold value for
percentage of cloud cover can be proqramed and/or adaptively modified for use
in the controt of other remote sensors.
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Let @2 (L.k. CS2 . 20) be the Irradisnoe veriense of a

r Isetie

lengtt A and umwueuar k a 2*/A oftear propagating along
spherical uma of a
a path of length L. The turbuulene is seawed isotropic with refractive-index
structure constnt Cnt2 and inner aNel to. Similarly let e 12 (L.kT. k2. Cn2 ,
Ao) be the Ireadimone correlation, ((I1T(R1)(I2-(I2))3/(Zl)(I2s for iredienam 1 end 12 from spherical marc. of wmvolengthe A,. and A2. Lot V.A2(L, D.
10) be the irrediofce variante of radiation prpoagtIng along the same
C
path and trasmsitted through a circular, uniformly-illuminated, phaseincoherent aperture of dismeter 0 and emesured wing a receiving aperture of
dimam
D. It is asumed that 0 emoed tw Fresnl-zono sizes so aLA2 Is
apprnimstely independent of the optical wivenumber. Oaf ino scaled variances
by dividing by the seymptotic eqpressiona for to a 0,
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JL
/ 11 /6C n2
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The Importent point in (1) and 12) is that the normolized varia•nes depend only
1 2
on one parBeter. ,
For the Wthod of Oche and Hi1l2 .3 the Inner scale is obtaind from the
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The importance of the normalized variances In (1) and (2) is that they clearly
shom that q is a fua•.jon of only to di•lionless parameters one is the
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Equation (4b) follows from (40) using a trigninstric identity in the Rytov
integrandiS (4b) expresses the bichromstic intensity covariance in term. of
monochromatic variances for hypothetical radiation of wevenerb ft propagating
an paths of length L and LO. The advantage of introduIng the scaled variances
in (4c) is that Q is then obviously a function of only two dim ens ionless parameters x and r, not of the four parameters L. ft. ft2 . and to separately.
GRAPHICAL CONPAR 150 OF THE TWO METHiODS
Figure 1 shown the quantities q(x~d) and Q(x~r) as functions of
X a iaWM7E-for q and x a I L/k2~ for Q. The acoastie refractive-index
spectrum of Hill' isused to produce this figure. Three cases arehMin for Q
CorresonIng to r a 0.05970, 0.5947, and 1.440. These values of r can be
obtained from the wavelength pairs (Ale A2 ) a (10.6 pm, 0.6326 em). (1.064 pem
0.6326 Wem)and (0.4400 pem 0.6326 em). respectively; although any wavelength
pair resulting in one of these three values of r is also shown since Q depends
only on x and r. Assuming ktin (3) and k2 in 4(s~b~c) corresponds to the wavelength 0.6326 pm. then the range of the abeissa in Fig. 1 is sufficient to
Include all cases Lfrom 40 mto100 m and tofromIas to 20 mm. Two cases
are shosm- for q corresonIng to d u 0.116 and 0.0667. The value d a 0.116
applies to the experiment by Ochs and Hill. 3 namely L a 260 me fta 2x/0.6328 em.
and 0 u4.4 on. The value d a 0.0667 could be obtained from the case L a 1000
a, kt 2x/0.6326 is, and D a 15 cm. Of course, any other combination of L, k,.
and 0 resulting in one of the two given values of d is also presented in Fig. 1.
The bump in the refractive-index spectrum1 produces a maximum in the curves for
q(x,d) and a minimum In the curves for Q(x~r). the x-position of wohich dspends
on d and r.
Consider the sensitivity to errors 5q and Sq given by
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whe•r q, &Q, and AIo wre the errors in the respective quantities. The
logarithmic derivatives give Sq end SQ in the limit of small errors. These sen-

sitivities, Sq and SQ. relate the fractional error in the inner scale to the
fractional error in the measured quantities q and Q. The values of Sq and Sq
ars therefore the slopes of the curves in Fig. 1. Large ebonlute values of Sq
and SQ are desired, so steep slopes are desired. Systematic errors, which are
difficult to assess, are oe likely to limit the accuracy of the Inner scale
measurement then are the errors due to noise. Saturation of scintillation is a
systematic error in both systems.
Errors due to noise will be significant under
conditions of very smail Cn2 in both methods.
On Fig. 1, the steepest slope at x > 0.6 for q(x,0.0667) is about twice, in
magnitude, the stampest slope of the curve for Q(x,O.05912).
The slope of the
q-curves remains steep for yet greater x whereas the Q-curves became flat.
Hence for x • 0.6 the method of Ochs and Hil12, 3 has an advantage. The experiment performed by Ochs 3 obtained In froe 3 sm to 10 am, which corresponds to
0.6 4 x < 2. The curve for q(x,0.0667) has twice the magnitude of slope at x u
0.6 as does the curve for Q(x,0.6947).
However, for yet smaller x. the
q(x,0.0667) curve reaches a maximum where Sq vanishes and thereafter decreases,
thereby introducing a possible ambiguity in the measured value of to. The curve

for Q(x,0.5947) reaches its minimum at x a 0.1 and increases to its asymptote as

x decreases further. Therefore there is an advantage to the bichroeatic
method 4 for x c 0.6, but x must be greater than some value, which depends on r,

to maintain un;mbiguous sensitivity to 1o.
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LASER-EMCITED OPTICAL FILTERSt

LASER POWER REQUIREMENTS

by T. M. Shay
Los Ala•is National Laboratory, P.O. Box 1663, CLS-5
Los Alamos, Now Mwdco 87545

MSIE535

SUMMARY
Narrow bandwidth optical sources are readily available.
However,
tunable
narrow bandwidth,
wide
fie]d-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 ha), wide field-of-view (2w), high quantum
efficiency,
and electrically tunable optical filtering.
Narrow bandwidth operation of laser-puwped atomic vapor
filters
were rarst demonstrated by Gelbwachs et al.1 ,by
Marling et al. , and recently by Chung at al.3
The first
electrical tuning of these devices was demonstrated by
Gelbwachs ot. al.l
in addition, alkali vapor based LEOM7 can
operate on 130 transitions between 921 and 474 rim. LEOFa are
ideally suited for extracting weak narrow bandwidth signals
buried in strong nonresonant optical background radiation.
Potential applications of these filters
include laser radar,
laser communications, detection of Raman radiation, atomic
spectroscopy, etc.
LEOM7 represent a significant advance in optical filter
technology.
They provide for the first
tine a narrow
linewidth, high sensitivity, w!de field-of-view, and wide
spectral coverage simultaneously. These filters
should also
be relatively simple, compact and reliable. As a result of
these characteristics
, we expect LEOF receivers to be
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
pump 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 L1Os are very narrow bandwidth frequency
shifters.
The wavelength shift is typically between 100 nm
and 500 na. With such large wavelength shifts, colored glass
can be used to isolate the unshifted background radiation
from the photodetector while transmitting the blue-shifted
(s!gnal) photons to the photodetector.
Since the atomic
absorption of photons is an isotropic process these filters
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are also intrinsically wide field of viev . 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 quantum 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 resonance
cell.
The main function of the prefilter
is to eliminate any
violet
noise photons f om the entering the atomic vapor
cell.
The second part 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. Finally, 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-detector and the
background noise photons are effectively rejacted.
The net result
of sandwiching the atomic vapor cell
between the prefilter
and the spectral filter
is
that no
incident light
can be detected by the photo-multiplier
unless it has been shifted in frequency through the quantum
absorption process in the atomic vapor.

A

simplified

theoretical

model

which

is

calculate the laser pump power required to achieve

used
a

to

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 quantum

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 wavelengths of a Rb LEOF.
The
model calculations show a highly nonlinear dependence of
laser
pump
power
on
the
realizable
filter
quantum
efficiency.
In addition, these results
demonstrate that
a

quantum efficiency

of >10% should be possible with laser

pump

low

powers

of

as

as

4

mW

per

square

centimeter

of

aperture.
This low pump power is significant since it
eliminates the major practical problem in implement 4 ng these
filters, i.e., the complexity of the pump laser.
As a
result of this lover 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 eRmiconductor 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
semiconductor arrays are reliable,
efficient,
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 na Rb transitions will be presented. The 532.4 and
523.5 na transitions correspond to the wavelengths of the
doubled Nd:YAG and doubled Nd: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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WIND SIM~ DETECTION FROM AIRCRAFT
Stephen E. Moody, Stanley I. Byron, and T.

lhidian Lawrence

Spectra Technology Inc.
2755 Northup Way
Bellevue, Washington 9004

and
Russell Targ
Lockheed Missiles and Space Co.
3251 lanover Street
Palo Alto, California 94304
Summary

Wind shear events that are threatening to aircraft safety can
potentially be detected directly from the aircraft by Doppler lidar
techniques. The main requiremente for such a system 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.
An a starting point, we have evaluated the feasibility of wind shear
detection from an aircraft using existing C02 Doppler lidar technology.
Coherent C02 lidars have well proven capability for remote wind speed
measurement. Experimental systems have operated from both the ground and from
aircraft. Solid-state laser technology may offer a more attractive solution
in the long tern. Kowever, 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 tern C02 solution to the wind shear
detection problem.
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Used on an estimate of the performance needed to support pilot
avoidance of wind shear, we have arrived at the lidar performance objectives
summarised 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. Wind Shear Lidar Objectives
Direction:
Range:
Range Resolution:
Wind Velocity Resolution:

Sise of Optical lead:

Forward Looking
>3 km
<0.3 km
<2 a/sec Along Flight Direction
<8 a/sec Transverse to Flight
(1.0 sec
Clear Air to Heavy Rain
<0.s 23

Power Input:

(300 W

Cost:

(8100,000

Wind Field Update Interval:
Weather:

To establish laser requirements for such a lidar, we have exercised a
model that incorporates the effects of atmospheric backscatter, atmospheric
transmission, and the heterodyne 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 CO2 transmitter performance, which is summarised in Figure 1. The
bolded curve of this figure indicates a region of pulse energy and PRM
performance that can meet the desired performance goals.

Limits on PEP are

set at the low end by the data update requirements and at the high end by
signal processing throughput capability.

The high-end PMP limit will tend to

move to the right with time, am 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.

Performance Map of C02 Coherent Lamers for
Wind Shear Detection

Figure I also shows the performance of a wide variety of acual existing
coherent C02 tranmitters. It should be clear that the needed performance
envelope in surrounded by exising capaility for a wide variety of design
conditions. Consequently, the selection of a design point becomeos a matter of
practical considerations.
Pulsed excited C02 lansro generally scale in mssn and weight with pulse
suet8y rather than average power. In addition, sims and weight wre more
iaportant considerations than input power. As a result, the low MI region of
Figure I proves to be quite disadvantageous. Wrhile the detailed derivation
lies beyond the scope of this paper, the .primeu trnsmitter MI tends to fall
in the range of 10W0 1, an a comproillse between the average power scaling
which dominates at very high PRY, and the per pulse energy scaing which
dominates at vTor low MR.
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An example of a C02 laser approach, which matches this 1000 h optimum,
is a Q-switched, cw-excited, low pressure discharge technology. To have
Other
adopted a laser performance baseline of 2 mJ/pulse, at 2 Us PM.
pulsed C02 laser technologies can potentially also fulfill the requirements.
Figure 2 shows the predicted performance of the proposed system during

rainfall, along with a tabular summary of the system parameters.
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Figure 2.
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60
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Predicted Lidar Range in Rain

In the past, focused cw type systems have been demonstrated, including
actual operational in-flight teoting by the 3311 (Great Britain).
Unfortunately, it can be shown that for constant average power, the system
signal/noise scales as ('ra/f)0"5, where
epI r, is the laser pulse length, and re
is the interpulse spacing. For the proposed approach, this factor provides an
advantage of M30 over cw systems, which corresponds to a range advantage of
more than 5. This factor is sufficient to make true cv approaches impractical
in conditions of precipitation.

213

TUaC19-1

Experimental Observations of Line-Mixing In A Infrared CO2 Q-Sranch
Bruce Sentry
NASA Goddard Space Flight Center
Code 617
Greenbelt, NI 20771
and
L. Larrabee Strow
Dept of Physics
University of Maryland, Baltimore County
Catonsville, NO 21228

I.

Introduction

The successful remote sensing of atmospheric temperature, humidity, pressure,
and trace gas profiles depends ipon a detailed knowledge of the radiative
characteristics of atmospheric gases. For example, existing passive remote
temperature and humidity sounders utilize infrared spectral channels that
sense atmospheric C02 , N2 0, 03. and H2 0.
The retrieval of a temperature or humidity profile from the observed
atmospheric radiances using iterative inversion techniques requires the
ability to accurately jalculate the average atmospheric transmittance across
While reasonably accurate line parameters (strength,
each sounding channel.
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-line atmospheric radiance calculations generally assume that the
observed spectra are due to the superposition of contributions from isolated
lines having Lorentz or Voigt lineshapes. This isolated line approximation
can break down when rotationally inelastic collisions produce interference
effects among overlapping lines 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 small,
rotational spacings. A number of papers treat the theory of this effect." 3 Present sounders such as HIRS on the NOAA-9 satellite and the Upper Atmosphere
Risearch Satellite(UARS) instruments CLAES and ISAMS utilize CO2 Q-branch
emission to determine atmospheric temperature profiles. Proposed Earth
Observing System (EOS) passive sounders may also use CO2 Q-branches for
atmospheric sounding.
We present here the first observations of the effects of collision induced
line-mixing in self-, N-, and 0 2 -broadened infrared CO2 Q-branch for total
gas pressures up to 1 atmosphere using a tunable diode Taser spectrometer.
The experimental absorption coefficients differ by as much as 65% in the Q-
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branch wing from those calculated assuming an isolated Lorentzian line
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 N2 broadened spectra and approximately 5% for the 0 2 -broadened data).
II.

Theory

The absorption c3 efficient may be written in the framework of the impact
approximation as

K(v) -

NI

j,k

dj <J[(t

- -o) - iPW]-IkdkpkJ

where J1j
and jk> denote doubled state vectors or, in other words, radiative
transitions, d
and dk are dipole moment matrix elements, p are density
matrix elementg that gfve population differences between 1evils involved in
the doubled state lk>, 'tis a diagonal matrix with <J.lWk - vOIk and v is the
frequency, V is the diagonal matrix <JV^jk> - v 6 and v4
the transition
frequency asgociated with the doubled state jj>, P 41 the thtal 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.
rhe 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 law. 4 The off-diagonal W-matrix
elements are then equated with the corresponding inelastic transition rate
matrix elements. The procedures used to calculate and evaluate W have been
discussed in some detail in our recent papers. .9
III

Experimental Results

Figure 1 is a plot of the self-broadened Q-branch of the (110,030)I-000
C02 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 CO2
Q-branch broadened by N, taken with the same diode laser mode and a 40 m
pathlength obtained with a White cell. The total pressure in both cases was
720 torr and the C02 partial pressure was 7.2 torr for the N2 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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Clearly the theoretical spectrum that includes line-mixing
bottom graph.
reproduces the data much better than the spectrum calculated without linemixing. 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 CO2 line widths and strengths. Similar results
were obtained for the self- and 02- 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 0-branch at pressures of up to one
The experimentally detetmfned absorption coefficients are up to
atmosphere.
65% lower in the Q-branch wing and 20% larger inside the Q-branch than those
A procedure based on
calculated assuming an isolated Lorentzian line model.
the use of a sir*le energy gap scaling law has been shown reproduce the
The
effects of line-nixing to the level of the uncertainty in the data.
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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1

Introduction
Rotational collisional narrowing, or line mixing, has recentl been detected is the Q-braach spectra of

tweow- E beadso(1C04 near 2000cm- for both self. and N-rbroadening 11A2. The obews Aline mimg,
which is caused by rotatically iaelaton colliuions that produce mitsferfsce effects among overlapping lines
during the absorption proes 13,41 was found to alter absorption cooekisnte by as much as 65% in the
wingp of theme Q.branches. This paper considems the inluenace of Q-branch mixing on atmspei radiative
treander noar &bestrong v2~ Q branch of CO, at 15 onm.
Advanced satellite borne infrared atmospheric temperature sounders have been propae that will detect
atmospheric emsission in the region of the &,2 Q branch at 15 pais with much higher resolution than existing
instruments such as the HIRS sounder us the NOAA.9 satellite. Increases in resolution to 0.5 cm -'or better
will dramatically increase the sensitivity of the soundings to the C02 line shae". A candidate platform hor
a nem high resolution infrared sounder is the prop osd E03 (Earth Observing System) to be placed us the
1 Q branch using the sam theoretical
Space Platform IS1. We present here calculations of line mixing in d ath
formulation that successfully predicted line mixing to an accuracy of better than 10% in the 2000 cm- CO2
Q..branch spectra. Our resuts are presented as brightness temperatures at the top of the earth's atmosphere.
These brightness temperatres correspond to radiances averaged over a 0.5 cm - wide channel.

2

Theory of Line Mixing

The absorption coefficient for overlapping liness may be written in the framework of the impact approximation as 13,41

where 1j) and 1k) denote doubled state vectors or, in other words, radiatv trniions, 4, and h are dipole
moment matrix elements, p, are density matrix elements that give population difeurences between levels
involved in the doubled state 1k), v is a diagonal matrix with (jlvlk) - Wit,a and v1in the frweuecy, P'.. is
the diagonal matrix (jj 1k) - vj6,g, and v,, is the transition frequency associated with the dobled state
IVis the absorber number density, and W is the relaxation matrix in doubled
1j), P is the tota pro
state space or what issa. ..ie called line spae. If mixing in only aillowed between the Q branch lines the
diagonal elements of W are the Q-branch presmue broadening coefficionte and Ui), jk) represent the Q..branch
transitions. The off-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 wre sufficientl small the spectrum becomes the
sum of non-interacting Lorentsisa lines..
The W matrix elements awe calculated by way of a scaling law that parametrises rotational energy
transfer as a function of the energ gap between the rotational energy levels. The procedures followed here
to generate the W matrix elements are similar to those described in Refs. I and 2. The pressure broadened
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hal~wld

for a single lime cam be written as
-

-

2,K,-. +

Kyx.3 )

(2)

wherm W,, isthe pesm broadening coellisnt of Q(j), amd K,., is in collision rawe jar Wansisiogs kenmj
to f within a single vibrational sease. The odd rotational levels we massng imshe. pon meas
of C~h due
to nuclear symmetry requirements so theorn. over Ar,
in the lower uibrational level includes only meas"
of am ns. The sum amo App, in she upper level includes all I values excpt for she musinsg g", - 0
livel. The factor of ewe in she suo m
ovegrshpound seat. relansixaon ras eiecta she fact that in the ground
vibrational level %hedensisy of rotational A" s. -m hagf that of the upper vabrasiomal level.

1Fr am energeticaly upward Weansisom she ssase4oseab rasa awe mokleld with she folowing scaling law,

KIAS
. 1 (..Tr

)-4b31-SAEI)

(J)

(3)

where &&,
al and &3are she parameters to be determined. Detailed balance give she ratse for energetically
downward trnasisitons. The CO, rotasion constant,, B., = 0.4 cm-', is included in she power low portion
df Eq. 3 to give al she unit of a rate. The (T./IT)0- tarm provides she hard spher paut of she collision
rase whils she exponential term provides a parameter to describe she semperasure or velocity dependence
of the collision cross..sctions. There is no assurance shat she rasnking scaling law is physically reasonable
beyond the required increase in the croes.scsions with temperature. The leassesquares determination of.a,,
ft and o3 was performed using widths forj = 2 to50 at six temperatures &eewes- 200 and 250K em she
lif hand side of Eq. 2. Thee widteh weeas summed to vary with seaperature ue (T.,/T)" in accordance
wish nusmerous experimiental observations 161. The absorption coecfients are then calculated by listing
W,.j - -,K,-.,
5, which follows from she assumption tha she collision rawe is independent of vibrational
Once the relaxation matrix elemsents are deterssmied &bespectrum can be calculated in a straightforward
amaner using Eq. 1. For frequenciss near she i5 put CO2 Q branch smost of she radiance as the top of she
asmeephere come from pressures less than 200 sorr. In sh" case she firss-order approximation for Eq. I
derive by Rosenkrams 171, which is exact in the low pressure Eimit, is suffciestly accurat and was used in
"hi work.

3

Radiative Transfer and Atmospheric Model

Assuming a plane parallel atmosphere in local sherimodyanaic equilibrium and negligible scattering, one
cam write she moohoaic radiance as nadir at the top of the atmosphere as

Jy-Cy.y(T.Kr(P.) +

B(T(P)l =~(P.)dipP
D.

:.+

(4)

wheree.is &eshee
issivityof thesurace,a,and ,(T)is &be
Planckfunction foremitted radiance of a
blackbody at frequency v and temperature r, r,.(P) is she atmospheric transmittance from proessr P to
the sop of the atmosphere and X. representsa the contribution of rdelcted radiation, which is negligible in
our case Due so she strength of Y2 of C02 , most of she radiance originates fomn pressues
-sse
sham 200 tory
so she surface term is also negligablo.
Radiancen were calculated between 664 and 670 cm- , a spectral region that is of interest for sounding
she upper troposphere and &he stratosphere. Three temperature profiles corrsponding to monthly mean
sonally averaged climatological temperature profiles for April as 404 N and January at 20' Nand 70* N were
chosen for thhse calculations. These three profiles are quite differet in she region of the tropopause. The
January 20* N proflle has a high, sharp tropopause while the January 70* N profile has a low sropopause and
an almoost isothermal region through much of &he stratosphere. The April profile is intermnediate between
thee two.
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Two radiance cakulations were performed for each of the three climatologiss, one with line mixing
and the second without line mixing. The radiances, calculated at a resolution o 0.01 cm-1, were then
averaged over a 0.5 cm - square bandpaes to simulate the resolution of a satellite radiometer before being
converted to efFective brightness temperatures. A 66 layer atmosphere and line parameters from the AFGL
Line Compilation 181 (except the v Q-branch parameters) were used. Only the Q-branch lines of the P2
fundamental were allowed to mix. The H2 0 continuum is included in the calculations but contributes very

little to the radiance near the strong

4

v2

Q branch.

Results

The differences between the brightness temperatures calculated with and without mixing for each of the
climatologica' temperature profiles are shown in Fig 1. A. seen in this figure bine mixing effects may alter the
brightness temperatures by more than 3 K at 667 cm- I 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 I K/km for
temperature profiles obtained from future infrared sounders. Several other weaker CO 2 Q branches are
currently being investigated for use in temperature sourzding 15I. These weaker Q branches emit radiation
from 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 sate'lite radiometers operating in the 15 ism
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 affects 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 defeats one advantage of using CO 2 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.

5

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 accurate. Laboratory studies of room temperature line mixing in higher
frequency CO 2 Q-branches broadened by N2 and by 02 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 pem CO2 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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TUNABLE WAVEGUIDE C02 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, ND 20771
and
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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 RFexcitrAi
C02 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 cm 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 C02 laser LO is powered by an RF drive unit consisting of a
144 MHz oscillator
and an all
solid
state amplifier.
The
excitation
RF power
is computer-controlled up to the amplifiet
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 waveguide C02 laser body is constructed from staioless 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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cm
The active waveguide is 9
of the laser.
the
life
extending
beryllium
long and has a 1.5 mm square bore formed by a thin flat
is
The R7 power
plate on top of a BeO U-channel.
(BeO)
oxide
stripe
to a gold electrode
input,
via a spring-loaded plunger,
A second gold
in the outer surface of the thin plate.
implanted
electrode implanted in the outer surface of the ceramic U-channel
pressed
mechanically
and is
ground electrode
serves
as the
is
conductively
steel plate which
stainless
a
thin
against
coupled, in a thermal as well as electronic sense, to the rest of
are
the waveguide
The ends of
housing.
the
stainless, steel
termintated by a 98% reflecting output mirror and a zinc selenide
Brewster window.
The laser is intentionally undercoupled (at the
of output power) to permit operation on several low gain
expense
lines and to increase intraline tunability.
in
close
Littrow grating
order
first
line per mm ,
A 150
laser
to the zinc selenide Brewster window forces the
proximity
to operate on one of the available vibration-rotation transitions
The grating is rotated about the
in the 9 to 11 micron region.
point of its
reflecting surface with the waveguide
intersection
This permits the
axis
by a stepper motor driven optical mount.
by
the
system
of
the
operating
transition
selection
mode.
in
either a preprogrammed or interactive
microprocessor
Figure 3 indicates the approximately 60 transitions in the 9 and
10 micron
bands which have been observed to date from the 9 cm
in
the zero order grating
Power observed
"long discharge.
the
98% coupler
reflection
is
comparable to the power out of
suggesting that the grating loss is on the order of 2 or 3%.
piezoelectric
multistack
The Littrow grating is mounted on a
stack
Application of 1 Kilovolt DC to the
translator
(PZT).
stack
length
results
in
an approximate 6 micron change in the
laser.
which
runs nearly parallel to the resonator axis of the
of
the
free
spectral
range
tuning over a full
This permits
given
within a
The precise
operating wavelength
resonator.
transition
can be selected by applying a DC bias voltage to the
PZT. The computer accomplishes this via a D/A converter output to
supply.
A high
high voltage power
a
remotely programmable,
PZT was chosen over a low voltage bender bimorph
voltage stack
which resembles a vibrating drum bead, because
type translator ,
and relative lack of
of the former's greater alignment stability
low frequency mechanical resonances.
Most of the laser power is directed out of the plane of Figure 1
final
full
in the
to a second level which,
by a beam splitter
heterodyne spectrometer, is envisioned to contain the photomixer,
preamplifier,
and an acousto-optic spectrum analyzer.
low-noise
into
of beamsplitters
The remainder
is directed by a series
which provide absolute wavelength verification
auxiliary circuits
or wavelength stabilization and control.
stability
in
the
to provide good passive
We have attempted
rate HV
Low
ripple,
low drift
operating laser wavelength.
The structure
supplies have been selected for the PZT control.
laser
end
supporting and maintaini.ig the distance between the
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reflectors has been constructed entirely
from low expansion,
Super
Invar which has a thermal expansion coefficient of about
3xl0-7. This support structure is kinematically attached to
the
aluminum baseplate so that the aluminum baseplate and stainless
steel
laser
housing are free to expand without stressing
the
Super-invar
resonator
structure
or changing
the
laser bean
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 cm long confocal
etalon controlled in temperature to about 0.0loC.
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 PZT,
applying
a
second DC bias voltage
to peak
the
etalon
transmission,
and then dithering the etalon resonator length by
applying
a
low voltage,
400 Hz sinusoid to the
etalon PZT
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 PZT 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 C02 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 C02 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
RFexcited 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.
In
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.
In most cases,
a
gas
refill
brought the
power
back to its
original
level
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[l] 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 shifts measured with a gas correlation 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[3j. 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 MHz and tune over an
80 Mi~z range. Previous work[l] demonstrated the technique with 100 MHl 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
MHs 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 cadmium telluride (CdTe) modulators which are suitable for applications in the midinfrared. Phase
modulation is accomplished by applying a sinusoidally 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
sinusoidal 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 coefficient 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 MHz modulators has been to incorporate 1.5 x 1.5 x 50
mmn 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 (-. 7.5
cm) and a width equal to the length of the CdTe 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 Mliz, depending on the length of the inductor, with tuning ranges in
excess of 100 MHz. Modulation indices greater than 0.7 have been achieved with loes 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- 1 portion of the PI band of N20 near 8gun 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 N20 absorption spectrum imposed in directed through the EOPM and then
through a I cm path length reference gas cell, also containing N2 0, 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 gs 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 MHz EOPM for NSO is shown in Fig. 2 as a function of sample call pressure for a fixed
reference cell pressure. The N20 opacities between 0 and 10 tori span the range that would be
12
10
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Fig. 2. N20 Gas Correlation signal with 600 MHz phase modulation for
a reference cell pressure of 60 torr and 0-100 tori 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 N20 in the sample cell and the linewidthe
of the N20 absorption. At low pressures where the absorption linewidths are small compared
to the phase modulation frequency the signal increases with the amount of N20 in the sample
cell. At higher pressures where the absorption lines become saturated and pressure broadened the
sitmal 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 atmospheric spectra with EOPMs and the atmospheric
wind sounder concept.
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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
under development at the Air Force Geophysics Laboratory
(APGL).
An inversion approach has been developed based on
fundamental radiative transfer characteristics of the atmoThe approach is rooted in fundamental physics but,
sphere.
does not eliminate the problem of more unknowns than
still,
make
For the approach to be used, one must still
equations.
an assumption about the type of aerosol responsible for the
Preliminary results from test flights
backscattered signal.
of the balloonborne APGL remote sensing system will be
presented.
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In optical remote sensing by photo-reconnsiesence seltellitee or
In gwondiad.baerwvtion by orbiting space telescopsee the d~ffw~ion..
limited tlimrstioel resolution poesible~ie degraded by accidenta A
vibratory motion of the Imaging aemera defocuesing, atmospheric
tuz bulence ofectfe
on satellitewpict urea trmanittedvatc. for Instance,
an orbiting space telescope(hsight.lTum 2755. eMove earth) with an
effective focal lengthef -57.66 and *quidpped with a CCD camere with
pixel,j4m15 microns,, has a theoretical resolukions

R

-

Id.f

~-7.16cmUj) an groundl houever, in practice

due to image..degradakion, the feasible rooolutionlof 10-15. ondy(kbich

can be Improved with rigid satellite attitud.oantrol,to 1-2m), Incream
sing the pixels from WO x aD0 to 1600 x 14DO metuix, thou~f could
improve resolution 4 times, but makes the satellite dasteransmtting
entuine unwieldy, Again CCO-ccupled multispectral soumner of the IAEOSU
bSomera, has a spectral bendbmi~h of 150-250 flu s against the desired
10o-25 nm, bandkdah needed fro high resolstlon true color Imagery in
remote sensing. High reeolIbione are needed In Identifying repidly moving
missile targets, Thus, tathout reducing pixel size, It Is shown possible
using Fourier dsconvoiikion methods, to achieve any desired remlution.,
The balec principle of retrieving resolution in detective Peow"&sensing imagery is through the we .Imown 'saptial frequency filtering'
pfosed by flarchaL end Croce in I=l~ end developed by Go.rge 3Lroki%#__g,
['Stroke, *Introduction to Coherent Optics & Holograph;( Academic proes
Inc.,,MI),169 edng Pbs Letjl&(1975)g,3831.* &A this procedure for
imagow-debluruing using the point-spread f~unrtion hi (.X,?).,vwhIch is the
blurted Image of a reference point source by the satellite camorasdIv
eonthefizod asFourier Transform Holographic filter devised by Stroke),
applies to a single chosen wevelonohl It Is thus Imperative to extend
;his, work for deblurring jWL
images, Involving spectral compontents(
7%1.) 1221Y

However, devising holographic filter at each of the
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Is KIonecker's delta, being 0, if
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However, in

either i4,•par X # J.* o
s in monochromatic coase, epr•ead-funct-

s)ytheeing the filter,

lone for each of the spectral components (1)

must be laboarlusly reco-

is possible to7'n extended white-light surncewith all

rdedg Instead it

the spectral components ca-existlng, And the delta function can be replacod to a sufficient degree of approxdqatLon by the amin
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functions

____________13)

Is en adjustible parameter.

'Then the requslte polychoomatic

holographLc filter cen be s)ntheoised as Rtq('Al)being the Inverse FourierTrmefom oftk

1

0 In IIj)(. Here

rx

,tor e.g. P,.q, s<e)
I in

const.P(uq(vj)
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and

depends on temporal pass bend of the

fllte'rcan be designed to nm-lengith).
Specific applications of the fllteorend computation of the
filter parameters for remote sensing qaplications.fro

exaple photogra.

phy through fog in onpw-clad mountains, detection of glacier movements
are dL scussed.
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Diode Pumped Sold State Lasers For Remote Sensing
Robert L Byer and Thomas J. Kane

rd L Ginz

Laboraloy

Sanford University
Stanford, CA 94305

(415) 723-0226

The potential for global wind sensing from a satellite platfomi using laser soues and coherent
DoppW radar ws fit poped by•
L Huffaker[l]. The prospect for global remote wind
sensmng motivated our work at Stanford University toward the development of a solid state laser
rasmitr coherent radar system The potential
,mohet
.
wind v
mts
using Nd:YAG was evaluated by Kane, Thou and Byer in 1984[2. Thataasis showed th

advantages of higher frequency coherent rad for improved

a

ng and for

ved deph

resolution at a fixed velocity resolution.
In an important step in 1985, Zhou, Kane, Dixon and Byer[3J demonstrted a diode laser pumped
monlitic Nd.YAG oscillator with a threshold of 2mW, a slope efficiency of 25% and a linewidd of
10kHz. Almost simultaneously, Kane and Byer[4] invented the nonplanar ring oscillator with the

capability of single freluency output and the advantage of immunity to feedbacL
When combined with previous progess 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 backacatter
frno clouds and from clear Wi46J. It combined all of the elments of classical FM radar but in a
compact, all solid state laser system.
With the rapid development of diode laser and diode laser rays, it has bemame possible to conceive
of an all solid state laser radar system with a transmiter efficiency of gua than 10% with opating
lifetimes of greater than 20,000 hours and with a e and overall power quiremens that is
consistent with satellite platform Pogress in the development of diode laser army pumped solid
state lase= 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 wanmission and detection, the
beam must remain within a diffraction limited spot at the surface of the earth. The power density
required for successu wind measurements placed the intensity at the surface of the earth near the
eyesafety limit for 1064nm operation. To alleviat this problem, we have recenldy developed[7] a cw,
roo 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.
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local Plane Array Technology
fot
Optical Remote Sensing

by
James A. Cutts and Martin 3. 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*

TM. Jeys
Uncoln 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 D2 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 I shows the cw wavelength tuning curves of the two
Nd:YAG laser transitions. The 1.064 pm laser has a tuning range of about 6 A while the
1.319 prn 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 0-switched etalon tuned
Nd:YAG lasers ( one operating at 1.064608 gm and the other operating at
1.319224 jrn ) are superimposed and made to propagate coaxially by a dichroic
mirror. The combined radiation is then focuaed Into a lithium niobate crystal held 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 ILm laser operates
with an average power of 2.45 Watts while the 1.319 ILm 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 gIm 0-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, 10-8 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 5kHz 0-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
layer.
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DUAL ALEXANDRITZ LASER FOR AUTONOMOUS LIDAR APPLICATIONS
John J. Degnan
Instrument Electro-optics Sranch, Code 723
NASA Goddard Space Flight Center
Greenbelt, RD 20771
INTRODUCTION
NASA's
Lidar Atmospheric
Sensing Experiment
(LASE),
a
joint
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
Flight
Center.
A
simplified block diagram of the overall LASE facility
is shown
in Figure 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
R3232 port
provides
two way communications between the Langley Command and
Data
System (CDS)
and the Goddard LCU while
isolating
then
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 aircraft.
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 pm 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
long by 10 inches wide by 7 inches high and weighs
17.5
pounds.
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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
WJ of energy in a 160 nanosecond
provide approximately 170
pulsewidth.
The on and off line pulses are separated spectrally
by 70 picoaeters (pm) and temporally by about 400 microseconds
although botta parameters are adjustable.
The temporal separation
is
long enough so that a common optical receiver can record the
backscattered waveform 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.
in order to provide good wavelength
stability and accurate calibrations during flight, the six tuners
are housed inside a proportionally controlled oven.
The oven
controller,
located in the LCU, maintains the temperature within
+ 0.1 C of a set temperature slightly above maximum ambient.
During flight,
the 0-bay pressure can also vary from a nominal
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 aluminum halfcylinder covering most of its length.
The all-metallic vessel
also helps to shield nearby subsystems from radiated noise
originating from high voltage flashlamp and 0-switch firings
within
the head.
As an additional precaution,
no
data
communication
between
subsystems occurs
during
the
one
millisecond interval per 5pps 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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The dual
and timing (TOA, TOB) signals to other LASI subsystems.
laser Mead is 46.6 inches long by 12 inches vide by 9.675 inches
high and weighs about 95 lbs.
LAMP DRIVER UNIT

Each Lamp Driver Unit contains a 1500 Watt high voltage power
supply,
Pulse Forming Network (PFY), simmer supply, high voltage
lamp trigger,
and computer interface/control circuitry for one
laser.
Following ionization of two series lamps by the trigger
circuit,
a DC *keep alive' current of 0.5 amperes Is maintained
b the simmec supply.
The high voltage power supply charges the
microfarad energy storage capacitors in the PrM 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 cycle, the LTU verifies the
voltage on the LDU capacitors and the presence of si80er current
prior to issuing a flashlamp fire Command. The capacitor is then
discharged through the lamps in a 220 microsecond pulse (between
10% points).
Since the Alexandrite laser gain varies strongly with wavelength
at a given pump level,
the LCU selects an initial PFN charging
voltage based on internal software tables generated during
laboratory calibrations.
This maintains the circulating optical
power at a safe level over the full tuning range of Alexandrite.
If 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 P7N voltage accordingly
within a range of the tabulated value to allow for reasonable
variations in lamp output, field alignment, etc.
Each LDU weighs 6S lbs and is 19.S inches long by 14.S 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 ENX screen, circulates air through the unit, and
exhausts it
into the Q-bay through a second EM! screen.
To
further reduce radiated ZEX, a triaxial cable is used between the
LDU and the laser head and RFI gaskets and filters are used
throughout. Furthermore, since the LDU's are not pressurized, all
high voltage components are encapsulated or confornal-coated
to
prevent arcing or corona at altitude.
LASER THERMAL UNIT

The LTU contains a 3 gpm low temperature loop (LTL) for cooling
the laser flashlamps and power supplies and a 1 gpm high
temperature
loop
(HTL)
for independently controlling
the
temperature of the two Alexandrite
rods.
The HTL control
temperature is set remotely between 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
To maintain system purity
an air-pressurized bellows reservoir.
over extended periods, the LTU uses a deionized water coolant, an
and contains particulate
and
all stainless steel design,
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deionizing
filters.
A lKW 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 by 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
the LTL is transferred,
via
the LTU, to a 60/40 ethylene
Thermal Control Unit (TCU).
with air
flowing through a
belly of the aircraft.

2.8 Kilowatts of heat deposited into
a liquid-to-liquid heat exchanger in
glycol/ water mixture in the Langley
The TCU in turn exchanges the heat
liquid-to-air RAM exchanger
on the
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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 materials that can be used to make lasers which emit at wavelengths ranging 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 capability. 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 cavities 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 C3 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 section 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 system produces a 0.25 n0, 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 approximately 0.25 pm 3sec- 1 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 turning mirrors1 "3.

Micromachined-coupled-cavity (MC2 ) diode lasers have been
fabricated with the FIB system. These include modification of commercial devices, ten emitter phase-locked arrays, and broad area long
wavelength devices. The commercial devices are Mitsubishi ML-4102
AIGaAs diode lasers with nominal emission wavelength of 786 nm.
When modified to form MC 2 lasers they can be tuned to two discrete
modes sep~arated by 30 A and each mo,ýe 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 AIGaAs lasers
which when micromachined to form coupled-cavity lasers produce 50
mW in a single tunable longitudinal mode.
from
long
wavelength
devices
are
fabricated
T ,
InP/In0.5 3 Ga 0 .47As/InP double heterostructure material grown by
MOCVD which produces lasers emitting at 1.65 ýam. This
wavelength lies in the 2v 3 overtone band of methane hence these
lasers are a potential source for methane DIAL systems. The performance characteristics of MC 2 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 FILTER:
EXPERIMENTS IN Rb VAPOR

by
T. N. Shay and J. D. Dobbins
Los Alamos National Laboratory
P.O. Box 1663
CLS-5 MS/1535
Los Alamos, N.M. 87545
(505)-667-8390
and
Y. C.

Chung

Utah 3tate 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
filters (LEOFs) are in principle, tunable narrow-bandwidth,
wide field-of-view optical filters. LEOFs can simultaneously
provide high resolution (0.001 nz), wide field of-view (2w),
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, atomtc 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(5p 2 P 3 42)
level is populated by the absorption of 8.7 mW of laoer
power frop a frequqncy-stable semiconductor laser tuned to
the Rb(5s'S1/2 - 5p P3 / 2 ) transition. A cw tunable dye laser
is
used as a optilck
test
oscillator. The dye laser
frequency is
scanned through the 572 nm Rb(Sp to 7d)
transition. When the dye laser photons are absorbed by the
Rb(5p) atoms, violet sidelight fluorescence, from excited Rb
atoms is observed at wavelengths of 421, 359,
and 335 nm
and is detected by a photoaultiplier. Thus we are performing
a laser induced fluorescence experiment,
where 572 nm
photons are absorbed and violet photons are emitted from
*xcited Rb atoms. There is
no detectable 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 nms transition. Furthermore,
the full-width-at-half-saximun of the sidelight fluorescence
is measured to be 1. 16 GHz , in good agreement with a
calculated doppler width of 1.02 GMz. The results of these
experiments will be presented.
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An Airborne Polarization Lidar for Sounding Clouds

and Uaderl~ying Surface
A.I.Abreamohkin,

V,.•urkov,

V.*.ZIuev,

I.V.Samokhvalov,

V.I .Shamanaev

The Institute of Atmospheric Optics, Siberian Branch
USSR Academy of Sciences,

Tomsk, 634055,

U S S R

The information on the scattering coefficient of clouds and
their phase state, an well as on the presence of oriented particles can be obtained, and the classification of an underlyIng surface can be made based on the analysis of lidar-return
polarization.
An optical schematic of the lidar "Svetozar-3" is shown in
Pig.1l. Here 1 is a laser with a radiation wavelength 532 nm;
2,12 are phase plates
A/4; 3 is a Glen prism; 4 is a lightscattering cavity; 5,6 are phototubes; 7,8,9,11 are lenses;
10 is a diaphragm; 13 are interference filters;
14 is a Wollaston prism; 15,16 are photomultipliers. The lidar has three similar 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 tranemitter'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 prism 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 determined based on the signals from all the photomultipliers. 3 Plate 2 is also removed, diaphragms 10 are different. The transmitter has linear polarization, but the lidar return is

re-

ceived from three different fields of view. Thus multiple scattering can be taken into account.
The recording system consists of a multichannel digitizer
with a 25 no interval and 6 bit accuracy, a microcomputer, a
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video terminal, a dise recorder and corresponding interfaces.
The lidar power-supply system has been developed for an
airborne electric circuit 115 T 400 Hz.
Por sounding clouds, sea and Earth's surfaces from board of
several types of sircrafts a slanted mirror, which change. the
original state of light polarization, should be used. Such variation can be taken into account by utilizing a mirror reflection matrix. For a single radiation passage it has a form 1

o
o

IC
coN20-sii26
2cos2Gsi,2 sin,7

0
2cos29sin2O
-(cos.-2D¢siM

0
0

(M

cosz/

Here
9 is the angle between a mirror normal projection on the
plane perpendicular to the lidar optical axis and a reference
plane. An ellipsometrical angle A
depends on an angle of radiation incidence to a metallized mirror surface
. For
o the
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To determine the Stokes-veoctor components at laser-beam
circular polarization it in sufficient to use signals from
four pho tomul tipliers
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Pigure 2 shows both calculated and experimental dependences of the distance A L between the maxima of polarized
P(t,,0°,0) and cross-polarized P(t,9000) components of a lider return on the cloud-scattering coefficient T .
Figure 3 illustrates the probability density histograms P
of the depolarization values F obtained at sounding the upper
layer of sea water (a)* wet ice (b), and ice covered with wet
snow (a). The possibility of detecting oriented particles in
the atmosphere is showin in Pig* 4. This is a result of simulated experiment* The lidar In the circular polarization mode
sounded the wire gauze of vertically oriented metallic filaments of thickess 0.1 mmo The curve SW) illustrates the depolarization dependence on the rotation angle 0P
counted off
from a reference plane. The problem of polarization sounding
is considered in more detail in f 2,3].
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In recent years Differential Absorption l•dtr

A-band of molecular oxygen have been suggested

-

(DIAL) meauremnts in the

as a smans of profiling

atmospheric variables such as temperature, pressure, and density.

sources of pulsed, tunable (760

-

770 -r)

Laser

and narrov-bandvidth (0.02

-

0.03

cm' ) 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.
Comercially available dye lasers can met the tunability and linewidth
requirements for the DIAL sources, but are usually found to have some
amplified spontaneous emission (ASK).
The ASK, being broadband in nature,
results in a non-absorbed component when such a laser is tuned to the
resonance frequency of absorption lines. Even 1t of ASK can make an
aLsorption measurement inaccurate.
Hence, gteat effort is needed in
eliminating any source of ASK, namely by conservatively pumping the dye laser
oscillator and by optically isolatira the amplifiers by mans of apertures and
wedged dye cell windows.
lecauso the performance of dye lasers declines fairly rapidly with

increasing wavelength above 700 rn, it is advantageous to utilize the Reman
effect to generate radiation efficiently at the first Stokes frequency. The
necessary tunability is retained in the dye laser pump. lecause of their very
small collision broadening €ofiins,
hydrogen and deuterium gases allow
the preservation of the narrow linewidth output from the dye laser, at
pressures in the R ++,+n cell of up to about 14 atmospheres (-200 psi).
Kzperlaental Sets
• diagram of the experimental arrangement is shown in
Figure 1. This versatile setup allowed us to constantly monitor the
performance paramters of the laser system. A frequency-doubled fHd:YAC-pumped
Quanta-lRay PDL-2 dye laser (modified) was used in the experiments reported
here. A high finessy etalon (7-30) was used to obtain a single mode,
narrowband (0.02 cm'L) output at 760 - 770 rn and 577 - 583 nm. The
corresponding pulse energies were 20 .J end 40 .J. Radiation in the 760 - 770
ne spectral region was either generated directly in a dye laser or was

produced by Reman shifting the vjsible dye laser radiation at 577 - 563 in in
H2 . The shift in H2 is 4155 cm' , which corresponds to the frequency of the
dominant vibrational phonon field. The Reman cell length was 1 m, and the
beam 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 (TecOptics FP-1). The wavelength of either laser was monitored both with a
wavemeter (Lasertechnics 100 OCP) and by recording a high resolution
absorption spectrum obtained with the White cell. The White cell consisted of
two high reflectivity mirrors of 4.8 a 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 1H2- and the pump
energy. While Linewidth considerations restricted the usable pressure in the
Raman cell to less than 14 atm, the conversion efficiency increased with
increasing confocal parameter and with increasing pump energy. We measured
45% conversion efficiency to the first Stokes (58% quantum efficiency) at 14
atm of 1H2 with a 2 m focal length lens and 29 sJ of pump energ at 580 na.
The linevidth of the Stokes output was measured to be 0.03 cm- . Figure 2&
shows a plot of the conversion efficiency (first Stokes) as a function of
Figure 2b shows the first
pressure for two different confocal parameters.
Stokes energy as a function of pump energy for various focussing parameters at
17 at• pressure of 112.
With the experimental arrangement shown in Figure 1, we measured the
differential transmission at the center of all j9 lines 3 (FWHM 0.06 - 0.1 cm"
at 1 atm) in the P-branch of the 02 A-band (b E (Y-O)-X Z (v-O)) in air at NTP
contained in a White cell of 60 a 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 Rtter and Wilkerson which asswu: a Vyigt
profile. The latter were obtained using a cw dye laser, having a 10" cm"T
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 laser or to the presence of
For reliable LIDAR results these measurements must be
some amount of ASE.
reconciled, and further progress will be reported.
Research supported by NASA, NOAA,

and the University of Maryland.
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CO2 LASER PRE-AMPLUIFER FOR LIDAR APPLICATION
Kinpul aran'nd Jack L Bufton
Goddud Space Flight Center
Greenbelt, MD 20771

A laser pm-amplifier based on die multiple-pass geomney inside a low-pressure, pulsed CO2 laser
d for idurapp tions ar 10 pn wavelength. The laser pre-amp "ier
dicarge has been
produces a gain pulse on the order of 100 Psec duration with peak power gains as large as I000
(30db). Design considerations, predicted Ipeformce and initial laboratory test results for this laser
preamplifier have been previously presented (refs. 1 & 2). In thispaper we report the results of a
series of laboratory tests on the pulsed gain and gain stability when this ler pre-amplifier is used
with a CO2 TEA laser souem These meu ents form the basis for application of the pl-amplfier
to enhanced dimrt-detection in a C02 lidar.
Figure I is a schematic diagram of the CO2 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 por. The input port also has a4X Galilean beam condenser telescope. Two optical flats,
rovide
other
a 20 an 1•.5cm
sutructure
and are tiltod
tward each
anr optical
separated
by within
an invartherod
that
by 4a
ofatdimensi~on
cros-section
plama
uniform,
rmcmganur
cavity
7-pass
cm between electrodes. Total length of the optical gain region is 2.1 m. The triode discharge
geometry uses a resistor stray, a wire screen, and a pair of solid slabs as electrodes. The initial
high-voltage discharge between the resistor army lead ends and the wire screen is followed by the
main discharge of 1.4 to 2.8 kV between the winr screen and the slab electrodes.
Laser pre-..mplife ocrto an be achieved with a variety of oprtigpressures, Ps mixes, and
discharge voltages. Operating pressure in the range of 20 torr to over 100 torr is maintained with a
vacuum pump and a flowing-'ss mixture of helium, nitrogen, and carbon-dioxide. A typical TEA
laser gas mixture of 70% He, 15% N2 , and 15% C02 works quite well. Pulse energy into the laser
discharge in die rnge of I - 4 joule is varied by selecting discharge ca ion of 0.5 - 2 pf and using
Variac voltage is typically
Ir
a variac to control input ac power for the high voltage r
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
inpuL At large voltage input into the discharge self-lasing can also occur if even small amounts of
optical feedback are present.
The C02 TEA laser is modified to accept a low-pressure gain cell inside the laser cavity. The gain
s
Iis
cell has an optical length of 15cm and amemurd gain of 2 at 15-20 torr operaing
based on the same low-pressure, low-voltage pulsed discharg used in the pro-amplifier. The hybrid
C02 laser TEA laser is designed to confine TEA laser output to a narrow bandwidth of about a
hundred MHz near C02 laser line center rather than the 3 - 4 GHz 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 tow is 135 MHz. At 60 ton" this optical bandpass
increases to 330 MHz and to 650 MHz at 120 tow.
On the detector end of die pro-amplifier tube a positive lens is used to capture the amplified signal and
262

WC3-2

focus it onto aHgCdTe photo

eor detector -menh

Typical detector element size of 0.5 mm

provides a normalized detecivity, D- 10I1 cm'IaHz I'/watt at a bandwidth of 5X10 6 H. The
combination of detector size and lens focal length of 105 mm results in a field-of-view (f.o.v.)
matched to 2 &ieff- 4.8 md, where 2a and Lef 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 spontaneous 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 li= and 10.4 pmn 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 2 gain envelope.
Optical gain decreases for CO 2 lines in the wings of each P & R branch in the same manner as it
would for the output of a CO2 laser source. The decrease in peak optical gain at the higher operating
pressures can be compensated somewhat by increasing discharge energy input.
The tempral s.hape of the optical gain pulse is Lorentzian. Pulse duration is determined primarilyby
laser gas operating pressure. At the low pressure end near 20 torr, the pulse width is at a maximum
near 250jisec FWHM. At higher pressures the pulsewidth falls inversely with pressure to less than
50 psec FWHM at 120 tonr. The pulse risetime is also much shorter at higher presssures achieving
values near 5 pe at 100 torf. 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 CO2 TEA laser pulsas of about 200
nsec gain-spike duration. Operating wavelength was the 10P(20) line at 10.59 Jim. 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 torn and 15 ton"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 ton"pressure. The most dramatic difference in the time-history of optical
gain in these two figures is the reduction in the periodic variation (approximately 100-second) in gain
trom a nearly 7:1 change at 40 ton. in Fig.. 2 to only a 1.7:1 change at 80 ton"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 deviarivA of gain with-respect-to the mean
gain. Statisitics for thirty pulses near the peak gair in i-ig. 2 gave a 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 pressures. and discharge voltages. The physical consraints 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 pie-amplifier input aperture diameter (2a) is fixed at
12.7
The collecting
a LIDAR
receiver
achievein beam
this size
whilemm.
also providiing
a largetelescope
diameter in
collector.
The
result ismust
a trade-off
terms reduction
of collectortotelescope
diameter and its field-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 • D - 6 cm"-nu'ad,
where A is the diameter of the collector telescope and Q is the full angle (l/ez) lidar divergence angle.
At this operating point the optical insertion loss is about a factor of four.
In CO2 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 CO 2 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 2
laser pre-amplifier will require field trials.

Figure I CO2 laser pre-amplifier test apparatus.
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LOW-PRESSURE GAIL.-CELL LASER-DETECTOR OPERATION
WITH A CO2 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-cell1 preamplifier for optical receivers has stimulated renewed interest 2 in the
technique in the lidar community.
Early work in this area 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
det.ctor preamplifier and advertised it for use in laser range-finder
receiver applications.
Evaluations of PSI's LDP-30 operating at 30
torr shov that it typically produces optical gains up to 1000 for
pulse durations of 100 ps.
This improvement in gain over previous
work is achieved by using transverse discharge, low-pressure, and lowvoltage 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 brndwidth of the amplifier gain cell. This requirement
implies that a low-pressure CO 2 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

1

Richard Cunningham, •ain Cell Boosts Range of CO Lidar", Laser and
2
Applications, (September 1583).
(Reports on work by Ed McLellan
of Pulse Systems, Inc.)

2J. F. Lotspeich,

"CO 2 Laser Preamplifier Capabilities for Low-Level

10.6-)a Direct-Detection Receivers", IEEE,
Vol. QE-13,

pp.

371 (1977).
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pulse width. Currently used CO2 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 ps
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 wieth, but all involve a
sacrifice in power. A trade-off study of the loss 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 TEo 00
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 redistribute 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.
In 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.
In
this example, ten amplified pulses and one unamplified pulse are
observed by multiple exposure to illustrate the peak-to-peak fluctuation of the signal.
Statistical evaluation indicates that the
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unamplified SNR is 50:1, while the amplified SNR is 10:1. Calculations 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 FUNK gain is 30 ps at 80 torr and 240 ps at 20
torr.
The linearity data shown in Figure 4, indicates that the
amplifier provides linear gain vith inputs as high as 32-PJ.
At 6 4 -pJ
input corresponding to an output of 5.8 .J, saturation effects are
rbserved. 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. Not shown on this illustration, but
obtained in subsequetit test, two orders of magnitude more attenuation
were added to the inp-it signal, which extended the available data down
to 0.03-pJ input. With the current instrumentatiop, 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
stabilize 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 lowpressure 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
SRI, 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 DAAKll-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. Berrie W Jolliffe. Roger H Partridge, and Peter T Woods
Division of Quantum Metroly
National Physical Laboratory
Teddington, Middlesex, TWII OLW, UK

The applications of DIAL systems operating in the near ultraviolet and visible
spectral regions are limited to the small number of species tLat absorb in those
regions. However, the Infrared spectral region offers the possibility of detecting a
Although many
much larger number of gases, including most of the hydrocarbons.
DIAL systems have been constructed for use in the mid-infrared (at 10 jpn in
particular), relatively few attempts1" 4 have been made to use the near-infrared
despite the large number of strong absorption lines, particularly around 3 pm. 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 pun to 4.39 pm (2785-2280 cm-1) 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
atmospherically broadened by nitrogen. Both of then species, in common with most
other hydrocarbons, exhibit absorption within the region 3.23 pun to 3.60 pm
(2775-3100 cm-l). The ethylene spectrum consists of a number of lines about I
cm-I wide and 5 cm-I 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 a resolution of 0.01 cm-1), but only broad
features with widths of the order 10 cm- 1 . This is characteristic of other heavy
(>C3 ) hydrocarbons.
Three conclusions can be drawn from these properties of the spectra:
Speclation of light hydrocarbons should be possible with a source linewidth
(i)
of < 0.5 cm-1 .
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Fig.3. Butane (0.1 torr) atmospherically broadened
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(U) Speclation of heavy hydrocarbous Is unlikely to be pouible with any source
linewlth.
(Bi) Sources operating beyond the 3.59 -- 4.39 pm window require a Unewidth
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 measuzrements of heavy hydrocarbons, with a
Unewidth only limited by the need to avoid water vapour lines, but not capable
of apeciation.
(U) A narrow linewidth source (< 0.5 cm-l) 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 asec is required, in order to give a range-resolution of
approximately 3 metres.
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Methods for generating nar-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 Nd:YAG lasers as the primary laser
energy source and visible dye lasers to introduce wavelength tunability.
Figure 4
shos some possible methods for generating near-ifrared 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 that for
OPA. the highest frequency input beam is also the most intense, but for DFM 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 vary, but their
output linewidths also differ. For dye and YAG laser Unewidths 5 of 0.1 cm- 1 and
0.7 cm-1 respectively, the linewidth expected from scheme I is approximately 0.1
cm-1, from schemes 2 and 3 is approximately 0.8 cm-1' and from scheme 4 is
approximaeely 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 Laws
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 systems 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 circuits.
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 signals 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 heterodyne 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 tuinable by means of a diffraction grating which
is manually adjusted with a micrometer dial. A canty length tuning mechanism is provided 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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detectirg 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 transducer 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 ratio of 0.025 and is due to the piezoelectric length transducer 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. AJi
additional filter is also used to improve stability. The filter has a double pole at 4 Hi and
a zero 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 maximum control loop gain of 120 dB is obtained using this compensation. With these conditions the theoretical steady state error to a unit step input is 10-6 which for a frequency
drift of 100 MHz translates to just 100 f-l, - --:.
FM -s o--- -,
:. -_-'- ..Hz to 50 kHs on this system which represents 0.1% to 1% of
the 5 Miis 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 transducer 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 MHz 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
M&s per degree C and are controlled to within plus or minus 0.1 degree C by water cooling. Therefore a 0.1 degree change in ,emperature represents a 90 Mis change in laser
frequency. The expected steady state error is 10-7 times 90 MHZ or 90 Hs which is consistent 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
nuctuations in received optical signal with random phase. Based on the detector sensitivity the received power level was measured at I0-12 watts. A similar system using a single laser and a stationary diffuse target at 1000 meters in an actual field environment produces 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 MAO
L. K. LEE
PERKIN-MURJI

CORPORATION,

100 Wooster Heights Road, Danbury, Ct. 06810
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information

bandwidth of the PCR.

Thus, for

stable pulses can be obtained.
the PCR is

modulation

frequency

Independent of

the

some

Furthermore,
cavity

media,

laser

pumps can not only
the

effective

subnanosecond frequency

since the resonance frequency

length,

one

gain

of

can use a viry short PCR

cavity, such that the pulse width of the FCR can further be shorte..ed.

We

shall

briefly

describe the applications of such device to the

study

of

optical remote sensing.

REFERENCES

1.

There are numerous papers and review papers on phase conjugation. The
in Laser
Pepper,
most recent comprehensive review is the one by D.
Bass (North-Holland,
Stitch and M.
by H.L.
Handbook, Vol. 4 ed.
Amsterdam, 1985) Ch. 4.

2.

D.I.

3.

P. Drover, J.L. Hall, F.V. Kowalski, J.
R.W.
Munley, and H. Ward, Appl. Phys. B 31, 97 (1983).

4.

A.E.

Pepper and R.L. Abrams, Opt. Lett. 3, 212 (1978).

Siegman, P.A.

K.K. Lee,

Ford, A.J.

Belanger. and A. Hardy, In Optical Phase ConjugatLon,
1983).

ed. by R.A. Fisher, (Academic Press, N.Y.,
5.

Hough, G.M.

In preparation (to be published).

280

WC7-4

SAM~C

LARMA

1NIA

it8o
$81m

jOM~lr
HEEIIO

WC8-I

A

Rapid Tuning Device for a CO= LIDAR
V. Klein
M. Endemann
Battelle Institut e.V
Am Romerhof 35
D-6900 Frankfurt/Main 90

1

Introduction

A rapid tuning device for a TEA CO* 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 Fxperimental 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 50•m
(P40) TEA CO. 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 um 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 (lOms).
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 me, 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
smallest steps of 0.126 mrad.
The maximum rotating speed
10 rev.
per sec.

in
is

The stepper motors are computer controlled via
intelligent
interfaces.
Once these interfaces are programmed it is
possible to perform even complex sequences of motion profiles by
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
nal load in form of a small flywheel,
damping the disturbing oscillation.
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Chopper
mheel '"
Nith 2 mirrors..

..

!

......

Chopper motor

.

Laser beam

Ratinlg #2

'K

6rating #1
Fig.1

Three-dimensional view of the rapid tuning device

Design specifications of the rapid tuning device
Optical elements... 1 Chopping Si mirror,
Chopper drive ..................
Gratings drive ........

2 Reflective Gratings
(150 grooves per mm)

DC motor (24 Volts.

5000 rpm)

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 ...........................

20 ms

Shortest time between two pulses
on different wavelengths ................................
Repetition rate for pulse pairs ...................

3ms
typ.

80 Hz

Maximum acceleration of the grating drives ....

60 rev per seca

Maximum speed of the grating drives ...........

10 rev per sec
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Fig.

2

The complete tuning device,

partly dismantled

3 Conc.luio.n
A new rapid tuning device for a COa laser has been developed
for an application within a LIDAR experiment. First
laboratory
test
results show the successful approach (3 ms pair separation).
The minimim switching time between adjacent
grating
positions
can be
as
low as 20 me. 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 Alrborne tavemeter for an Atmospheric DIAL Experiment
Joseph H. Goad, Jr.
NASA Langley Research Center
Mail Stop 474
Hampton, Virginia 23665-5225

Sunmmry
A wavemeter is being designed and developed as a subsystem to support tV'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 environments. The developmental effort in building this wavemeter
is to operate within requirements inside the Q-bay environment of an ER-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
chambers 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 i nterferometers have been constructed of low thermal
expansivity materials to form the three stage instrument. Two stages
operating in a "bootstrapo 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 picometers.
These preliminary experimental design data were measurements with a single
mode, stabilized He-Ne laser.
I wish to acknowledge the contributions 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
Sl Systems and Research Corporation
8401 Corporate Dr., Suite 510
Landover, MD 20785
G. K. Schwenmier and C. L. Korb
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 crmtical
ln
the sense that the nonlinear behavitor of the PMT responsvity
is normally dependent upon the signal amplitude itself. Therefore, for offline and on-line signals which are not identical, the effect of the nonlinearity is not cancelled 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 rotatirng chopper
and a set; of auxiliary optics as shown in Fig. 1. The situlated 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. The 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•i PMT is operated in a gated mode. The PMT
output signal is amplified, digi.1zed, 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
(noise) 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 light
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

290

WC1O-2

the light intensity, and PMT dynode voltage. Preliminary results show that
the absolute gain stability is a strong function of the PNT 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 ps. The error due to this effect is further
reduced in a DIAL measurement.

ACQUISITION
SYSTEM

2M
N.D.

He-Ne LASER

BEAM EXPANDER

CHOPPER

S.F.

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, MD 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 atmnospheric pressure and temperature profiles by a differential absorption lidar operating in the 760 nm region q ng 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 pressure profile made remotely from an aircraft have shown an average deviation of
less than 2 mb from radiosonde data.
Atmospheric temperature measurements
call for the on-line laseC to be centered on a narrow absocption line, whose
widths range from 0.1 cm'1 (FWHM) at sea level to 0.03 cm-1 (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" 1 )
and a stability of the centroid frequency about a factor of ten better (0.001
- 0.002 cm").
Studies by Korb and Weng" have shown that for a three-mode
laser the jelative 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 developw1ent. 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 reflectivity 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 ,imcore 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 2b um
centers). The laser light falling on the HR wedge displays a speckle pattern,
wit. speckle sizes varying from 2 to 15 mm (spat'al 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.
7 of the
Earlier measuremen7s
line shipe of the narrow bandwidth alexandrite
lasers using an interferometer have shown that both the lasers have a threemode structure with a spacing 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 outpux contains a mix of frequencies arising
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from laser oscillation in many transverse modes as well as in three longitudinal modes. As a result of the spatially inhomogeneous multimode laser output, 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 0al-asurement.
However, the process of mixing the output generally
introduces speckle. One of the reasons for using the multimode optical fiber
is to scramb'e the laser modes while acting as a pinhole (50 Pm) for the collimator.
Ti's 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.
Our 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 I was used.
The laser beam was taken either directly, or through the optical fiber, to a
spatial filter consisting of a IOx microscopic objective and a pinhole
assembly, and then collimated using the off-axis parabolic reflector before
going through the HR wedge.
The output from the wedge falls on the Reticon
diode 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 holder at the focus of the microscope
objective.
The diffuser can be considered as a random array of apertures or obstructions.
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 like 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 (ZI00 um), and the energy density in this spot,
that is necessary for obtaining an acceptable 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 lsm 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.
References
1. Korb, C. L. and C. Y. Weng, "Differential Absorption Lidar Techniques for
Measurement of the Atmospheric Pressure Profile," Applied Optics, 22, 3759
(1983).
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Development of Spectral Equipment for Investigations of
Atmo spheric Gases
T*3 *zuev, V.? Lopauov. YuJ .Ponouarev, L J .Sinitsa,
IJ.SyMahkin, AJB.Antipov
2he Institut, of Atmospheric Optios# Siberian Branch
MS5R Aoadeqy of Sciences,, Tomsk, 634055,, U S 8 R
High-resolution laser spectrometers developed at the Institute
of Atmospheric Optic. for' investigating tho absorption spectra
of atmospheric and atmsphere contaminating gases at 0.2 to
10 jim are reported.
The complex of spectrometers consists of: wide-band intracavity laser spectrometers; laser spectrometers with multipass
absorption cell, with the base up to 110 a; opto-acoustic spectrometers; a fluorescence laser spectrometer.
The intracavily laser spectrometers allow the wide-range
recording of 200 onm1 width spectra to be made per pulse of generation (T.- I1an) at spectral resolution 0.05 cu *.The threshold absorption sensitivity of spectrometers reaches 1o-7 to
10-1 cm' 1 that corresponds to use of 10000 m path length In
classical spec troscopy.
Wide-band intracavity spectrometers based on Nd glass lasers, dye lasers, and thermstableg room-temperature P + and
P2iLLI' color lamer. have been developed. The total spectral
range of spectrometers is 4000) cm~l In the range 0.55 to 1.25jzM.
The parameters of spectrometers are given In Table.
Laser spectrophotometers were constructed based on a classical scheme with external multipass absorption cells and lasers with a narrow (-c0*001 cu1l) frequency-turned line of generation, To determine the absolute values of weak spectral
line parameters with high precision, the multipaus absorption
cells with bases of 3, 30 and 110 a have bean designed. Multipass systems provide a pass length to 8000 mo A 30-u cell has
two optical systems that allow simultaneous measurements In
two spectral region.. The gases in the cells can be Investigated in the temperature range -40 to +SDOC. The spectrometers
297

WC12-2

based on ruby, Nd glass, alexand.ite and dye solution lasers
have been constructed (see Table)* They are equipped with the
wavelength measuring systems, systems for computer signal procesning and have spectral resolution to 10O4 cm- 1 and the absorption sensitivity 10-8 ca"1.
Opto-acoustic spectrometers provide high-precision measure-

ments of relative absorption coefficients of the gas under study, and allow one to obtain inforuation on the absorption saturation parameters. At present the opto-acoustic opectrometers
based on ruby, Nd glass, CO 2 lasers have been constructed. The
spectral resolution of opto-acoustic laser spectreeters is dotermined by laser radiation line width and reaches 10-1 - 5 *10-3 ca-1- The use of high-power lasers with pulse duration 15-100 ma allows one to study nonlinear spectroscopic
effects in gases.
A multipurpose laser spectrometer. An automatized multipurpose laser spectrometer operating in the ultra-violet, visible and near IR has been constructed for obtaining absorption and fluorescence spectra. The spectrometer consists of:
I* a tunable frequency-doubled dye laser, 2. a fluorescence
cavity with a monochromator, 3. a spectrophone for recording

an opto-acoustic absorption spectrum, 49 a multipass gas cell
for recording the absorption spectra, 5. a system for processing the data and controlling a spectrometer based on a computer.

The parameters of the spectrometer ares spectral excitation
range - 265, 290-305, 350, 530, 580-610, 1060 =; spectral
range of fluorescence recording - 0.2-1,2 pm fluorescence
channel sensitivity - 10-11cm'1; spectrophone threshold sen-

sitivity - 2"10-8 c-I/J; optical path length of absorption
cell - 4.4-132 a; measurement error of signal ratio - 0.5%.
The results of spectroscopic Investigations* High sensitivity of the spectrometers constructed allowed one to record several thousand of new absorption lines, many vibration-rota-

tion bands of %0, c02, C2 Nv N2 0, NE3 , CH4M

and their

isotopes. The recorded spectra have been assigned, the spectroscopic constants of molecules have been detezuined. The ab298
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sorption spectra of atmospheric air in the range Of laser iadia•tIon have been denfined nore acouratel7*
The spectral 120 absorption line contour has been studied@
the line shifts caused by buffer-gas pressure have been measured, that reveals the necessity of takiL1
into account the line
shifts In the atmospheric-option pzoblies to be solved.
Table.

Parameters of the spectrometers

Spec'tme'ter

Spectral
,range,
/m

Spectral
remolution,
~ca-Ia-

Absorption
sensit ivityl,
A•per pulse,

Intracavit'y laser sipectrometers

C-2Nd-glass

1.05-1.09

I 2* LL•

0.89-0.96

F2-,L'F
Dye

1.09-1.25
0.55-0,61

0.08
0.08
0.08

108
10-7
3.10-

20-100

50-200
5o-3o
50-100

1

0.05

Laser Sp ectrophotometers

0o.694

0-3

Dye

0.56-0.64

7.10-4

Alexandrite
Nd-glass

0.71-0.8
1.05-1.09

Ruby

P
Path

4

10

lengthqm
60-4000

9

60-8000

.5.10-)

10-8

60-4000

7.10-4

10- 7

12-288

10- 9
10-9

108

50.10.

Opto-acoustic s.eetrometere
Rub7

0.69

Nd-glass
Nd-glass51-3l-

1.06

(doubled

frequency)
Co•-laer

10-2
5.10-3

20107

0.50
10.6

108

o1-1
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Effective Source of Coherent Radiation Based on
PFrequency Converters
OD2 Lasers nd
Yu.N. Andreev, V.G. Voevodin, P.P,. Geiko,

V.V. Zuev, V.e.

A.I. Gribenyukov,

Zuev

The Institute of Atmospheric Optice, Siberian Branch
USSR Academ of Sciences, Tomsk, 634055, U S S R
The ZnGeP 2 monocrystals have high nonlinear figure of merit,
third after Te and CdGeAs 2 .ZnGeP 2 is sufficiently birefringent
(B a + 0.04) for three-frequency matching mixing practically
all over the transmission range. However, mainly due to low optical transmission of the monocrystal. available, the experimental studies of frequency converters (PC) have been limited
until recently to approbation of the CO2 laser radiation up[1] and downconverters [21.
The technological advances allowed us to obtain the ZnGaP 2
monocrysal bulls of 20 to 25 = diameter and 150 = length.
The spectral behavior of the absorption coefficient CC for
four crystals is presented in Pig. 1s The samples 3 and 4 are
unique (3] 9 The yield of samples with the maximum transmission
range o4 - 0.1...0.2 cm" 1 is several per cent. Significant exceoding of losses for the extraordinary waves has been observed 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 inclurtons. The absorption peak at 9...9.1um is assumed to be connected not with a
three-phonon absorption only [2], since crystal-to- crystal variations of peak intensity are observed. As follows from the
analysis of optical properties, the ZnGeP2 monocrystals are
most applicable for conversion of 2...8.5 pm radiations. In
particular, they are the most efficient frequency doublers of
CO laser radiation. PM angle for S3G is presented in Pig. 2.
The characteristics of different 002 -laser PC with ZnGeP 2
have been experimentally investigated. The work has been done
together with the laser designers (4-8]. The CO laser frequency doubler [9] enables one to study in detail the possibilities
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of cascade fourth-harmonic generation (W'dG) of CO2 lasers.
In all the cases the type I phase-matching conversions
have been studied. Some crystals were partially anti-reflection coated, the others were oriented close to the Brewster
angle. The crystal length was mainly 7...10.5 mn. A 3 zm crystal was used in the first
cascade of ?HG of a hybrid C02 laser, and a 7 mm crystal was used in the second one. The efficiency of the second cascade was limited by absorption of
plasma formed on a Li? filter
placed in front of it.
The sum
frequency generation of nonselective 5.7 W CO. laser radiation and 4.7 W CO laser radiation was obtained in a 3.1 mm
crystal at a beam convergence angle 0.50. A CO laser radiation parameters and SHG efficiency are presented in Fig. 3.
The 3.1l maximum of average-power SHG efficiency of a Q-switched 00 laser was obtained at 84.5 mW pumping at f = 75 Hz.
The 4 mW maximum of the average SH radiation power was obtained at 194 mW at f - 89 Hz. The external angular acceptance
width for SHG of CO2 &'d CO lasers and sum-frequency harmonic
were
40, 2006' and 2050' (without radiation selection) respectively. The temperature synchronism widths were 45eC...500C
in the first
case, and
800C in the second case. The sources developed are applicable for solving many problems of
applied spectroscopy.
References
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Enhanced Direct-Detection of C0 2 Lidar Returns
Using a Laser Pre-Ampliier

by
D.K. Killinger
Lincoln LaboratoryMassachusetts Institute of Technology
Lexington. Massachusetts 02173-0073
(617) 863-5500, Ext. 4740,
J. L Bufton
NASA/Godd'-,rd 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
heerodyne-detection for CO 2 lidar are well known. Direct-detection of'ers enhanced
information concerning the average intensity of the lidar returns but at t# 3 expense of
reduced signal-to-noise level. Heterodyne detection requires an increa ;e in system
complexity, provides an enhancement in the S/N ratio of 4 to 6 orders ,ofmagnitude,
but is limited in its ability to scan rapidly through several CO 2 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 CO2 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. 1 Recently, the development of a
low-pressure, pulsed discharge, multi-pass CO 2 laser amplifier has overcome most of
these problems and has been shown to provide enhanced detection in laboratory
2
experiments.
In this paper we report the first experimental use of such a laser prm-amplifier in a
tunable, single-frequency CO2 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 2 laser (Laser Science Inc.,
PRF-1 50) 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 directod 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 detector. 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 2 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 lis. The linearity of the laser pre-amplifier was tested
in the laboratory by passing a CO 2 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 over 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-amplifier can be used in a DIAL system
without distorting the amplitude of the returned lidar pulse 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 optic'al 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 Icser 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 g~m P(22)
CO 2 line, similar results were obtained as the CO 2 laser was tuned through most of the
prominent lines of the 9.6 gim and 10.6 gim 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
quite encouraging, several features and operating parameters have been 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 2 laser lines is amplified, (2) the use of a
305
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pulsed, high-gain discharge results in significant signal gain withoit the usu&:
increase in background optical noise, (3) amplified spontaneous 3mission (ASE) is the
dominant noise source, (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 make sure the pre-amplifier itself
does not go into self-lasing, (6) while the optical gain varies during the 2001gs 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 C02
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.
References:
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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 is
the goal of an airborne
imaging polarimeter system being planned at NASA Goddard Space
Flight Center.
By illuminating 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.J1],[2]
By
using
different
wavelengths,
additional
"orrelations can
be made to extract
information
from the

surface.J3]
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 light would
then irradiate the surface of interest
in a direction
perpendicular
to the
line of flight.
A dual
telescopic 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 is
desired as explained
in
the next
oaragraph.
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
light.
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(O) 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:

I z A(M)
Q x A(O)

a(90)
A
-

A(90)

P a Q/I

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,

E, as follows:

+ A(60) * A(120)]
- A(120)]
U = -2/3[A(120) - A(60)]
I z 2/3[A(0)

Q z 2/312A(0) - A(60)

e z 1/2 arctan[U/Q]

Images can be generated as described by Prosch [4] in the triple
telescope system,
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 (01060
nm) and 300 mJ (@530 nm) p-r

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
nm and 50 at 530 nm can be obtained.
This assumes a narrow

spectral filter (less than 10 nm) for daytime observations.
Each
pulse would irradiate a surface area of about 2.5 by 4O0 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 interpretation of
passive spaceborne solar polarization measurements.
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Design Concepts for An Advanced Airborne
Meteorological Lidar (LASE 11)

Geary Schwemer
Laboratory for Atmospheres
NASA/Goddard Space Flight Center
Greenbelt, M) 20771
The use of differential absorption lidar (DIAL) instruments in high altitude
aircraft 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 lidar
atmospheric sounders. This paper describes the investigation of techniques to
increase alexandrite laser efficiency and frequency stability, 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 It. LASE 11 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 decreasing 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 CO2 and dye lasers. Allied Corporation has successfully
demonstrated the use of single mode diode lasers to injection lock a high
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power pulsed alexandrite laser 1 . Under a contract from NASA, 2 Allied is
developing a frequency-stabilized, diode injection locked narrowband
alexandrite laser to characterize its output qualities and evaluate its
potential as a LASE I 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 as
760 and 770 nm t~at we use to make lidar measurer•ents 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 I1 imposes desig.a 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 smaller than 1 mrad in
order to completely 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
0.48 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-1 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 spectral 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.
References
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Overview of an Advanced Lidar for an Atmospheric Temperature Proflde
Measurements Program
Bertrmnd L Johnson, Jr.a c. Laurence Korba, Pierre Flamantb, Mireilie Bourdetc,
John Degnana, Gerard Megied, S. Harvey Melfia, Geary Schwemmera,
Louis Uccellinia
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 U
(also refered to as LASE II) is the development by the NASA Goddard Space Flight
Center (GSFC), in cooperation with the Centre National d'Ftudes 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 IL

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 II 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 - 0 to 15 kIn; vertical resolution - 0.5 kin; horizontal resolution - 10
kIn; and temperature accuracy - <1 degree K.

a National Aeronautics and Space Administration, Goddard Space Flight Center,
Greenbelt, Maryland 20771, USA
b Ecole Polytechneque, Laboratoire de Meteorologic Dynamique du CNRS, 91128
Palaiseau Cedex, Franie
C CNRS Institut National d'Astronomie et de Geophysique, 77, avenue
Denfert-Rochereau, 75014, Paris, France
d Centre National de at Recherche Scientifique (CNRS), Service dCAeronoine, 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.
Listrumentation
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 to 780 nrm. The LASE H 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 (_108 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 cmn" and controlled to 0.001 cm: 1 . The wavemeter must
measure the absolute value of the frequency to 0.001 cmn". The required receiver
bandwidth is 0.24 cM-I 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
measurements are planned late in 1988. We anticipate that the LASE 11 system will

fly in 1993.
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lmplommting a New EHigh-Spectrai-Resolutiom Lidar Technique for
Backneatter Ratio amd AtmxspimrLc: Temperature Ptofiling
C. Y. She, R. J. Alvarez II, H. Noosmaller, and D. A. Krueger
Physics Department
Colorado State University
Fort Collins, Colorado 80523

Lidar systems rely on backscatterLng 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
light
is
Doppler
broadened
in
frequency.
Molecular
backscattering has a temperature dependent linewidth of 2 CHz.
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 narrow Nie scattering component, is shown in Fig. l(a).
Basic

AELROSOL
SCAT?

(a)

MOLECULAR SCAT?

(C)

-A•

1, ,LIGHT
TRANS
THOU Fir)

Fig. 1. (a) Rayleigh/Mie light 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'(Y) 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), respectively.
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lidar techniques do not separate these two signal components and a lot of
interesting information inherent to the return signal is lost. What is left
is the ability to localize spatial gradients in the density of backscatters,
which are mostly 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 made.
Techniques that can be used 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-Kie
scattering
technique.
In
order to extract atmospheric
information from RayleLgh-tie scattering,
the aerosoland
molecularscattering components,
which are contained in a narrow bandwidth of 2 CHz.
must be spectrally separated and analyzed. An obvious solution is
to use a
scanning Fabry-Perot interferometer to analyze the spectrum of the scattered
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 n-.er a 2-km path and a 1-h time duration.
Since
much of the spectrum is ut.4etected at any given instant, a scanning method is
time consuming and therefonre not suitable for lidar applications.
A desirable
high-spectral-resolution
lidar (HSRL)
technique should be one that uses a
single-frequency laser ae the light 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 have been conceived. Using a Fabry-Perot interferometer at a fixed
setting as the blocking filter,
in
1983 Sroga et al. 2 made successful
atmospheric backscatter ratio measurements despite alignment difficulties.
In
1981 Schwiesow and Lading3 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 Lnterferometers, Shimizu et al. at
Colorado State University proposed in
1983 the use of narrow-band atomic
blocking (bandetop) filters
in a HSRL for atmospheric parameter measurements.'
These filters
reject Hie scattering and transmit different portions of the
spectrum
of
Rayleigh
scattering
as
shown
in
Fig. 1.
Theoretical
calculations"',
indicate that when this HSRL technique is
successfully
implemented,
many basic lidar 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 lidar 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 is 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 CHz 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
formulae
in
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.6
We have achieved the
same
measurement
accuracy
under
dilttrent
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
measured band width of this
output is about 160 MHz, quite adequate for the
proposed experiment.
Unfortunately,
in
addition
to
the
single
frequency
output,
the beam contains
a weak broad band flourescence whose spectral
distribution
has not been measured.
Using this
tunable
source,
the
transmission profiles
of the barium AVF at different
settings have been taken.
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,
unlike 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:
I - Nlf/N
r -

f /f'
m
m

-

1

2

N1 /N 2 (l

-

(l
+

+ E)
e)

1 - C'N1 /(l + e')N
-

E 1•l/(1 + e)N

2

(1)

N1
:
• N(

(2)

where N1 is the total
(or off-resonance) scattered photon counts.
N^,
f , and
e 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 e' are those at a second oven setting.
As discussed
previously, 4 '4'
a~mospheric
temperature
may be determined by comparing the
measured and calculated values cf fm/f'.
We anticipate that
the
results
of
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laboratory measurements with the pulsed laser system along with the effects of
residual transmission and signal strength on
signal-to-noise
of
the
measurement vill be presented in the meeting.
We have ordered equipment and setup a 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 measurements, and it is being interfaced with & computer.
A schematic of our proto-type HSRL system is shown in Fig. 2.
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)ET
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Fig. 2.
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return is
detected

Ay1.J\.ET 2

Schematic of a HSRL system. The
tuned and locked to the absorption
an atomic barium filter.
The lidar
divided into three channels and
after different filtrations.
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0.53 Vta Incoherent Doppler Lidar:

Current Status

J. Sroga and A. Rosenberg
RCA Astro-Space Division
PO Box 000
Princeton, NJ 00543-0800

1BOMDUCTION
Measurements of the atmospheric wind field have been shown by simulations to
improve global numerical weather prediction (Atlas, et al., 1985) and several
spaceborne lidar systems have been proposed to meet the global wind
has given a comparison of the
measurement requirements.
Menzies (1906)
relative performance of four potential spaceborne Doppler lidar systems
utilizing either :oherent (heterodyne) detection at 1.06 Vm and 9-11 Vam
pm and 0.53
am
wavelungths or incoherent (direct) detection at 0.35
describes a ground based, 0.53 Vim incoherent
wavelengths.
This pape.
Doppler lidar and presert.s preliminary results of atmospheric testing to
demonstrate this incoherent Doppler lidar technique.
System Description
The
Figure 1 shows a block diagram of the 0.53 pm Doppler lidar prototype.
transmitter consists of an oscillator amplifier Md:YAG laser constrained to
yield transform limited, single frequency pulse with a KDP crystal converting
lidar
operating
to
the
0.53
pm
Doppler
1.064
Vm
radiation
the
The transmitted beam is expanded by a 5% telescope and directed
wavelength.
The operating characteristics of
into the atmosphere via steering optics.
The backscattered signal is collected
the transmitter are given in Table 1.
by a 31.75 cm diameter Cassegrain telescope and coupled into a high
The
resolution Fabry-Perot Interferometer for analysis of the Doppler shift.
FP! design utilizes a multichannel Image Plane Detector (XPD) and is similar
to the one flown on the Dynamics IExplorer Satellite (Wlays at al., 1981).
The photoelectrons
the characteristics of the receiver system.
Table 2 lists
detected by the FPI-1PD system are converted in digital signals for storage
and processing by a multichannel Data Acquisit'on System (DAS) consisting of
several TRAQ1 amultichannel ADC camac modules (12 bit, 500 kJiz) interfaced to
The Stride
a Stride 460 microcomputer via a camac to 1R9 488 controller.
operates under a multiuser system with one megabyte of ram, 33 megabyte hard
disk, one floppy disk drive, a quarter 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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Preliminary Atmolsheric Demonstration.
The 0.53 vs Doppler lidar Is currently undergoing atmospheric testing to
Figure 2a shows an
demonstrate the incoherent Doppler lidar technique.
example of the FPt-IpD spectra obtained with the system pointed vertically.
The data are plotted as a histogram of the 1PD signal Intensity at various
range gate samples with the sample label I being the transmitted laser
The remaining samples
spectrum which yields the system reference wavelength.
are measurements of the atmospheric backscatter spectra sampled at the
The IPD was operated at low gain to prevent the near
altitudes indicated.
The data
field signal from saturating the IPD causing a nonlinear response.
have not been corrected for the inverse range square attenuation but a scale
change at z-900m accentuates the spectral measurements at higher altitudes.
The backscatter signal from the clear atmoaphere (z-300-1500m) show the
narrow band aerosol backscatter spectrum superimposed over the broader,
A photomultiplier used to monitor the total
molecular backscatter spectrum.
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
molecular
and
total
aerosol
the
to
estimate
(1986)
Rosenberg
and
Figure
beckscattered signals, relative Doppler shift and regression errors.
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
molecular and cloud
system to spectrally differentiate between aerosol,
A coeleostat is currently being implemented in the system to
beckscattor.
allow slant path Doppler lidar measurements and improvements in the laser
Hesults of these slant
performance and detector dynamic range are planned.
path measurements will be presented.
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TABLE 1.

0.53 Um Doppler Lidar Transmitter
50 mj/pulse (SLM)
40 ns (FMWM)
25 M1hz (FMN)
0.5 milliradians
1 l1z

Energy
Pulse Width
Bandwidth (transform limit)
Deam Divergence
Repetition rate

TABLE 2.

0.532 pm Doppler Lidar Receiver

Telescope
Fiber Optic Coupling
Fabry-Perot Interferometer
Etalon Spacing
Etalon Reflectivity
Interference Filter

31.75 cm f/16 Cassegrain
f/6 final system

Image Plane Detector

ITT model 74151
Z-MCP
$20 photocathode
5-10% 0 0.532 Pm
12 Concentric, equal area rings

30.48 cm (Zerodur)
731 @0.532 Pam
1.2 no (fwhm)

Quartum Efficiency
Anode

/
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VC20-1
A Portable UT-DIAL System for Ground-Based Measurements
of Lower-Stratospheric Ozone Profiles:
Design and Performance Simulation

H.O. Rodgers 1 , R.E. Stickel 2 , K. Asa1 3 , J.D. Bradshawl,

and D.D. Davis 1 .

Recent developments In stratospheric chemistry such as the observation of a
springtime "ozone hole" over the Antarctio 1 , 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

methodology 2 appear to provide the most promising approach to the development of
such and Instrument.
3
To date, the majority of ground-based UV DIAL ozone measurement systems

have been designed to produce ozone profiles over the entire stratospheric
altitude range.

In order to achieve usable signal returns frnm 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 k 305 =m to maintain atmospheric extinction within acceptable
limits.

While these design features are essential to making high altitude
stratospheric ozone measurements, they nevertheless present some difficulties If
one is interested in lower stratospheric 03 measurements especially when these
measurements must be made at remote sites.

As alluded to In the abo-e text, the

first, and perhaps most obvious of these difficulties, is that large telescopes
(having apertures of up to about one-meter) and high energy lasers (often
emitting k 1J/pulse of energy) result In a system that is both large and heavy
'School of Geophysical Sciences, Georgia Institute of Technology, Atlanta,
Georgia, USA; zD.E. Milligan Science Research Institute, Atlanta University,
Atlanta, Georgia, USA; 3 School of Telecommunications Engineering, Tohoku
Institute of Technology, Sendai, JAPAN.
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and onc that consumes subitantial amounts ot electrical power.

These systems

therefore tend to be limited In their mobility, and thus, suitability for
deployment at remotely located sampling sites.

A second difticulty Involves 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 sufticiently large as to

restrict observations to nighttime conditions.
sacrifice upper stratospheric 03 measurements,

However,

if

one is willing to

both oa 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 n&.
In this paper we present a comparative performance analysis of several
alternative ozone detection schemes based on measurements In the 285-305 rm
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.
figure 1.

performance is provided by the system Illustrated In

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
3

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 f"or the determination both undepleted and
depleted antarctic ozone profiles is given as table I.
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Table I:

Etimated Signal-to-Nolse Ratios for Ozone Detection
Under Antarctic Conditions

Altitude

Standard Ozone Model

(ki)

- 6 min
integrtion

Reduced Ozone Model

- 30 min
integration

- 6 min
intgration

- 30 min
integration

10
11
12
13

20
22
22
21

45
50
49

18
21
21
21
2T

41
47
46
'6

14
15

17
13

38
29

17
13

37
29

16

11

24

11

24

17
18

8.5
5.8

19

4.4

20
21
22
23
24

3.1
2.2

8.5
6.3

19
14

9.8

4.9

11

7.0
4.9
3.4
2.4

3.5
2.5

19
13

-

-

-

-

-

7.8
5.6
4.0
2.9
2.1
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Introduction To The 1000 Lidar System

(DGALUDAR)

Richard Richmond
Electro-Optics Branch
Avionics Laboratory
Wright-Patterson AFB, Ohio 45433
Jan Servaites
Electro-Optics Branch
.'~<Avionics
Laboratory
Wright-Patterson AFB, Ohio 45433
is
otion: The colossal 100" collimator facility
I
being developed into a lidar system. The collimator is a 12
story high chamber with a 100" diameter f/6 mirror at the
the
bottom of the chamber. By opening the top of the facility,
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
paper is to introduce the
lidar system. The purpose of this
at Wright-Patterson and the efforts, both present and
facility
one-of-a-kind LIDAR
planned, being undertaken to make this
facility
a reality.
effort is to
Objective/Payoff: The objective of this
develop the means to probe the middle and upper atmosphere
(15-250 km) with a 100-inch aperture lidar which will provide
the information necessary for investment, deployment and operational decisions concerning National systems which operate in
or through the atmosphere. Current information has been
Soundobtained by expensive sounding rockets and satellites.
ing rockets give only a single profile for a particular locaprovide atmospheric density intetion and time. Satellites
grated along the orbit and over time. Such spotty data corrupts 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.
mounted at the
Optical System: The 100 inch mirror is
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

is, in effect, a vertical fixed telescope. At ground level,
there is a large cylindrical chamber connected to the collimator tower. This chamber was designed to house devices undergoing tests in the collimator. For LIDAR experiments, this
area is large en;ough 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 useful range) in a
LIDAR system is dirgctly Vroportional to the area of the
receiver, the 55 ft* (5 a') area of the 100 inch collimator would make this
system the most sensitive one in operlarge aperture would
ation in the world at present. What this
mean in terms of extending the range of LIDAR measurements
should be obvious.
bility

tests
to study the feasiLaserS ource: During initial
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.
a ta A1cg3iin Syste: The backscatter radiation collect by the telescope will be monitored by a photomultiplier tube that was mounted at the focal point of the
telescope and connected to a transient digitizer for recording. A variable delay trigger will be used to trigger the
recorder so that returns from a specific range or distance
could be recorded.
Firs Results: Shown in the lower graph in Figure 2 is one
of the first s].y 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 than 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 possible 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 f•e 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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S/WELI IN A GalJs DICE LASE

by
Y.C. Chzng

T.M. %W, J.D. Dobbins

Utah State Uhiversity
Dep. of Electrical Enineering
Logan. Ur 84322

Lee Alamo National Laboratory
P.O. Bx 1663, CLS-5 M/E535
87545
o,
Los Alam,
SUMMARY

Frequency-stabilized semiconductor lasers are practical
applications
of potential
for
a
wide variety
sources
optical
laser
spectroscopy,
sensing,
including
remote
communication,
coherent
optical
standards,
frequency
In
gyroscopes,
etc.
sensors,
laser
optical
coherent
particular diode lasers are convenient sources for injection
lasers. Solitary semiconductor
locking tunable solid state
and
acoustical
to
impervious
essentially
are
lasers
mechanical disturbances since they have no external optics.
of
a
frequency
operating
the
other
hand,
On
the
very sensitive to temperatura and
semiconductor laser is
current variations, therefore standard diode laser systems
step in
Thus the first
have very poor frequency stability.
a diode laser consists of stabilizing
frequency stabilizing
the temperature and injection current of tho laser.
We have frequency-stabilized the line center of a
semiconductor laser. We report a line center frequencyof 4 kHz open loop and 400 Hz closed loop for time
stability
A commercial injection laser is
periods of one hour.
The stabilization
stabilized to the Rb (D 2 ) transition.
First,
a
electronics consist of two active control loops.
to maintain the dlode
temperature control loop is utilized
laser heat sink temperature stable to within ±3 x 10-0 0C
and thus compensate for environmental temperature changes.

loop
locking
frequency
a
first-derivative
Second,
compensates for drift in the laser current source, shortterm temperature changes, and maintains the laser frequency
locked to the Rb transition.

by active
is
achieved
stabilization
Temperature
A thermistor
stabilization of the diode-laser heat sink.
heat sink temperature. When a temperature
senses the laser
the temperaturesensed by the thermistor,
increase is
cooler attached to the
turns on the peltier
control circuit
we
heat sink stabilization
heat sink. Using only this
laser
center frequency stable
have been able to maintain our laser
to within ±44 kHz for over one hour.
The laser

center frequency fluctuations were reduced to

derivative frequency-locking
S1.5 kHz by adding the first
frequency-stabilization
of
these
The
results
loop.

experiments will be presented.
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Nonlinear Optical Interaction of Laser Radleti.. with Water Droplets
Richard 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 stimulated Raman scattering (SRS), stimulated Brillouin scattering (SBS), superb-oadening, 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 2Tra divided by wavelength of
interest X), the droplet can be envisioned as a lens to concentrate the Incident
intensity ( 1 ) at three main locations:1 (1) outside the shadow face with -=10 3 x
Io; (2) inside the shadow face with ;; 102 x 1o, and (3) inside the illuminated
face with less than 102 x 10. The nonuniform Internal-field distribution and
internal intensity enhancement significantly affect the nonlinear optical
effects. Furthermore, a large transparent droplet can be envisioned as an
optical cavity for specific internal wavelengths which satisfy the droplet
cavity resonance condition [commonly referred to as morphology-dependent
resonances (MDR's)] associated with a sphere or spheroid.' 4 An analogy to a
Fabry-Perot interferometer can be made by associating the liquid-air interface
with the reflector (via total internal reflection) and the droplet circumference
with the round-trip distance. For spheres 5 , 6 and spherotds,7 the Q-factor of the
droplet and the precise wavelengths which satisfy the MDR's can be predicted
by Lorenz-Mie and T-ma':lx formalism.
The combination of enhanced internal intensity at the Input wavelength
and high feedback for the internally generated Raman radiation (associated
with the 0-H stretching mode of water) greatly reduces the threshold for SRS
in single micrometer-size water droplets. 8 A 1 GW/cm 2 pulse from the
second-harmonic output of a Nd:YAG laser (x = 0.532 jim) is below the SRS
threshold of water in a 1-cm optical cell but exceeds the SRS threshold of a
30-jMm radius water droplet.' Multiorder Stokes emission has been observed in
10
the SRS spectra from water droplets.-°
The :.hreshold for SBS of water In a cell is known to be lower than that
for SRS. Although SRS from water droplets has been observed,'-11 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-matching angles resulting from the localized internal-field dlstribution and the spread of the propagation vector within the droplet have been
studied.'2 -13 Time-dependent phase-modulation broadening (commonly referred
to as superbroadening) of the elastically scattered llnewidth as well as the
SRS linewidth from a single CS2 droplet has been reported.14 CS2 was chosen
because of its large intensity-dependent index of refraction coefficient [i.e.,
n = no . n2 10 (t), where nz is large for CS 2]. Although similar experiments were
conducted for water droplets irradiated with a 15-nsec, x = 0. 532 jim laser
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beam, phase-modulation broadening was not observed for Input intensities
beyond the dielectric breakdown threshold. However, with subnenosecond and
subpIcosecond laser pulses, it may be possible to detect phase-modulation
broadening In the elastic scattering and SRS spectra of water droplets before
the onset of dielectric breakdown.
The presence of water droplets in the air greatly lowers the laserinduced breakdown (LIB) threshold and thus sets an upper limit on the laser
Intensity that can propagate through the atmosphere. Although the intensity
distribution is largest in the region outside the droplet, the multiphoton
ionization 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. I for a
case 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 remaining portion of
the laser pulse sustains the external plasma 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 pulse sustains the Internal
plasma and the shock or detonation wave (depending on 1o). For water droplets
with a a 30 MIm, LIB of water Is initiated inside the droplet. For larger
droplets (e.g., a > 60 jim), LIB of air is initiated outside the droplet.
Experimental determination of the location of LIB, i.e., within or outside
the droplet shadow face, relies on spatially resolving the plasma emission
spectra (both the continuum and discrete atomic lines) associated with LIB
within the liquid droplet and/or in the surrounding air. The presence of
discrete atomic hydrogen emission and the absence of discrete ionized nitrogen
emission outside the droplet imply that LIB has occurred only inside the
droplet. The atomic hydrogen results from the plasma-induced decomposition
of water within the droplet and is expelled from the droplet during the
explosive vaporization stage. The lack of ionized nitrogen implies that neither
LIB of air nor shock wave induced ionization of air has occurred.15 The timeaveraged, spatially resolved plasma density and atomic temperature have been
deduced from the Stark broadened linewidth and the intensity ratio of atomic
emission lines*1
The temporal evolution of the plasma front associated with LIB has been
investigated using a streak 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 face;
and (3) in air, away from the the illuminated 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 l0-nsec range, the droplet volume and shape remain nearly
unchanged. However, during and after the laser pulse, the internal temperature
is greatly increased (superheated) and the temperature distribution is highly
nonuniform.' As the internal temperature and therefore the internal pressure
rise, convection becomes the dominant mechanism causing mass transport
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away from the droplet. Because the internal heating is greatest Just within the
shadow face, It is expected that the explosive vaporization will be asymmetrical relative to the droplet Interface and mass transport will occur mainly away
from the shadow face.
Using a time-resolved shadowgraph technique, we recorded the temporal
evolution of the hot vapor transport and the remaining superheated droplet,
after a high intensity laser pulse (X = 0.532 jim) irradiated a large transparent
water droplet (a a 35 jim). From these shadowgraphs, the propagation velocities of the following were deduced: (1) the contact surface normal 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 vapor
front intercepts the neighboring droplets, vaporization occurs on those
interfaces which face the laser-vaporized droplet.17
In conclusion, experiments involving high intensity (0, = 0.532 jim,
l0-nsec pulse duration) laser beam interaction with single water droplets
(with a - 30 jim) have demonstrated that nonlinear optical effects are
important. The thresholds for coherent acattering processes, such as SRS, and
for LIB are greatly lowered because of the droplet morphology. Experimental
studies on the location of LIB, propagation velocity of the plasma front, plasma
density and atomic temperature,1G-ls and evolution of the contact surfaces
after explosive vaporization have provided the data needod for theoretical
calculations associated 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. Zharig, 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 Research
Office (Contract No. DAAG29-85-K-0063). and the U. S. Army Research Office
DoD-University Research Instrumentation Program (Grant No. DAAGO3-86-G0 104).
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RENOTE S=1SlMG OF REFRACTIVE TURDULMNCE

ITE OPTICAL SPATIAL FILTUS

James a. Churnside
NOM Wave Propagation Laboratory
325 Broadwuy
Boulder. Colorado 60303

It a point source of light is allowed to propagate some distance through
atmospheric turbulence,

it will generate a random pattern of irradiance containing a wide range of spatial scales. Similarly, If an extended light source
is viewed through atmospheric turbulence by a point detector, the irradlance at
the detector will vary as if the extended source was a random 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
atmosphere at each position along the propagation path reaches the observation
plans with no perturbations from refractive fluctuations at other scale sizes or
path positions.

This analysis will be valid as long as the path-Integrated turbulence is low and saturation of scintillation can be neglected.
Prom 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 irradlance Is proportional to cos(, X).

where KT Is the wavenumber of the

transmitter and x is one component of position In the transmitter.

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 cos(Kl(x). The light transmitted 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- KT + KR
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and Is in the sme direction as the transmitter and r•ceiver filters.

The tur-

buleace Is being sampled at a path position of

K"- L

(2)

where s Is the distance from the transmitter.
As long as K is within the inertial subrange of turbulence.

a measurement of

the power spectral density can be converted into a measurement of turbulence
strength using

Cn2 . so g 1113 'n(y)

(3)

where Cn2 Is the refractive index structure parameter and 0 (K) is the measured
power spectral density of refractive turbulence fluctuations. It the power
spectrum Is simultaneously measured at a wavenumber higher than the Inertial
subrane. the inner scale can also be Interred.

to ini
L

2

It can be approximated by'

I-11/3

14)

where K2 Is the second Uavenuaber and Ca2 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 transmitter and receiver apertures, it

can be

approximated by

S-

a( ...

i)
(5

where NT and NK are the namber of cycles in the transmitter and receiver aperturn. respectively.
An experiment was performed to measure the spatial resolution of the technique in the center of a 110 m path. The light source was a light emitting
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diode with a wavelength of 0.93 on.
26.7-cu-square Frosnel les.

This was placed at the focus of a

The spatial filter consisted of 1.27-cu-wide

strips of tape separated by 1.27 cm on the front of the Presnel lens.

At the

receiver, an identical spatial filter was used In frost of a 22.2-ca-diameter
leas that collected the light auto a photodetector. The detector photocurrent
was amplified. digitized. and recorded tar later processing.
The spatial filters that were used wore nearly npprozimate 1/2
1/2 cos(Kx) than the desired cos Kx transmission function.

However,

the signal

tluctuatlcns due to the constant term tend to occur at much lower frequencies
than those due to the desired term.

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, Eq.
(5) would predict a spatial resolution of 3.0 a.

The value actually measured

was about 4 a. In close agreement with this prediction.
In a variation on this technique, one can Imagine the transmitter to consist
of a point source moving at some velocity v In the x direction.& If we look at
the received signal fluctuations in some frequency range near w. the effective
wavenumber of the transmitter is given by w/v.

By measuring the power spectral

density of the received signal, one Is simultaneously masnuring a different
wavenumber at a different path position for each frequency resolution element.
The specific values are found by replacing KT with u/v in Eqs. (1)

and (2).

Near the center of the path, the spatial resolution of this synthetic aperture spatial flltering system can be approximated by
L
2xNR

(6)

Another Interesting application Is to put the source In low-earth orbit and
measure vertical profiles of turbulence from the ground.
height resolution is given by
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outs h is the heigbt or the •

urmet.
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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 measure 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 iystem can also be used as an unit, which gives, auxiliary
data 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 scattering theory assuming spherizity and the probability for the
occurance of more than one scattering event between the lidartransmitter 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 ortginates from spherical particles introduces an additional inaccuracy. 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 the polarization
of the incident linearly polarized light whereas nonspherical
particles will give rise to a depolarization effect. Thi3 is
true for single scattering events (optical thickness less
than 0,1).
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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 distinguish between depolarization caused by nonspherical particles and depolarization caused by multiple
scattering from optical dense spherical particle layers the
theory will be developed based on the delayer increasing dep&larization 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 of the system minilidar
Laser:

d:YAG, linear polarized, Spectrum Gmb
Wavelength
1064 n=
pulse length
10 ns
pulse energy
10 M3

pulse repetition rate
beam divergence
power
receiver opt-c

1/3 Hz

3 urad
24 - 30 V, 1.5 A

mdul I

effective receiver area
62 =3
field of view
3, 6, 10 =ad
detector
YAG 444 PN photodiode
polarizer with second detector as option
modul 2
effective receiver area
field of view
detector

896 cm'
3. 6. 10 urad

YAG 444 PIN photodlode

polarizer with second detector as option

c

modul 3
-imation
of odules I and 2, modul I without depolarization optic.
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Signal Vrocsaing:
2 charel A/D cowejr

ILO Bit. 20 M~lz a option

ZIE-P042 via GM3.
option: laser .in•OzW MM

Figure 1 shows the
minilidar.

three possible modifications of the system

I0
L i

I

•

-200.

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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LEbS

moma S2

CAVITY

W4IJOC

Figure 2.

WWIN

PO

Concept of the backscatter microlidar witn circular
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 Tests
Nd:YAGwith
rod laser
is installed
in theNd:YAG
cavityamplifiers
to amplify
the
signal.
diode pumped
will
be reported.
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IMPROVED
DIODE-LASER
RANDOM-MODULATION
CW LIDAR
Niroshi 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, Ibaraki 305, Japan
and
Toshsyuki UENO
Chiba University, Faculty of Engineering,
Yayoi-cho, Chiba 260, Japan
Diode laser (DL) has the advantages such as compact size, small
weight, small consumption power, low driving voltage, high power efficiency, easy handling of power and frequency modulation, long lifetime
and low cost. Although the peak power 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 construction of a DL random-modulation cw (RN-CV) lidar and the successful
operation of the nighttime aerosol measurement" ''2 . In this paper, we
report the outline of the RM-CW lidar, the improvement of the DL RM-CW
lidar, and the measurement of the daytime aerosol profile measurement
as well as the nighttime one.
[FUNDAMENTAL of the RM-CW LIDAR] The principle of the RM-CW lidar is
already mentioned in the Ref. 1. For a square-shape N-sequence, ai
(i=1,...,N) (aj=l or 0), the cross-correlation with the corresponding
(1,-1) M-sequence a'i gives the delta function-like result. Randomcode modulated power is written as Pea,. Receiving signal y, is the
convolution of Pea; with the response function of the aerosol spatial
profile Gi. The signal z2 integrated over M periods is written as
M

MN

N
Zikyi+(kI)NkEE{l

(k-)N-jG +bi

Expectation value 1, of the cross-correlation of z2 with a'i recovers
the function corresponding to the A-scope of a pulsed lidar:
S1 =E[SI]=M{P 0 (N+I)GI /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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VLS,/

-Ht
P0 (N+1)G,/2i! (P ,N+1)G/2+b}.

Here lavec &tlhy (ye 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 power
to the digitized count nuwber.
(IMPROVED DL RM-CW LIDAR SYSTEM] The target of DL RM-CV lidar is to
realize a portable, nractical system for the measurement of atmospheric phenomena at short distance. Since currently commercial DL has the
power level of less thun 100 mW, the detection range is roughly I km
for a thin medium (ex. aerosol), and several 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 narrow-band optical filter, and the removal of electric noise and amplifier distortion. Other points of difference are
1. the size of the telescope from 15 cm to 20cm in diameter,
2. the use of a DL in the single mode operation,
3. the removal of accumulation limit for the digitized count of 21.,
4. the flexibility of N-sequence code selection (12th-order or lower),
5. the addition of scanning function.
Table 1.

Specification of the improved DL RM-CV Lidar.

LASER: GaAIAs-DL (Hitachi)
Wavelength
Output
Driving current
Bean Divergence
MODULATION: N-seq. random code
Clock Time
M-seq.order 12th, 10th or
(Number of elements 4095,
Range resolution
RECEIVING OPTICS
Telescope
Aperture
Focal length
FOV
Opt. Filter Bandwidth
DETECTOR
PNT
SIGNAL PROCESSOR
ADC
Accumulation
347

780 nm
30 m@
40mA(bias. + 40mA(mod.)
0.4mrad.
60ns
under
1023 or under)
9m
Cassegrainian
200me
2000sm
0.5 - 3mrad
0.3nm(FV)

(reflection)

Hamamatsu R928
3 bit (clock time 60ns)
up to 222
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The picture of the optical head
is shown in Fig. 1. The lock of the
single-mode DL frequency to the
center of the narrow-band optical
filter was pursued by giving the
feedback to the DL drivingcurrent,
so as to saximulize the doublymodulated receiving signal, which
was detecteJ through the optical
filter. However. in most cases, the
frequency stabilization of the DL
was simply carried out by keeping
the temperature constant. The adjustment of optics was carefuilly
done, after estimating the complicated behavior of the geometrical
3'
form factor (cross-over function)
due to the tilted angle incidence
to the narrow-band optical filter.
The use of the filter makes possible the photon counting operation
even at daytime.

K,
Fag. I. Optical head of the imThe transmitter is located down-left of the
receiving telescope. The head is
handled by a single person after
decomposed into three parts.
proved LD RM-CW lidar.

[DAYTIME AEROSOL MONITORING] The distance-square corrected A-scope
for the aerosol distribution is shown in Fig. 2. The data was taken at
The sky was partially covered by
2 pm. The elevation angle was 10.
cloud. The aerosol profile was measured up to 500 m with the SN ratio
of 10. Although the spatial resolution was 9 m, 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

Nov 28,1986
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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 slightly covered by cloud.
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lidar. The data was

ning function will make possible the crosssection measurement of air
pollution phenomena such as plume dispersion.
[APPLICATION TO THE VISIBILITY MONITORING] One of the most promising
application of the DL RM-CV lidar is the visibility measurement,
Although 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-Cl lidar. After the careful adjustment, the prototype
system was compared with a transmissometer.
The region of the comparison was taken almost the same. The visibility data obtained by the
slope method from the lidar measurement was compared with the transmissometer 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
measurement site of 300 m. The dispersion of the automobile-stirring
dust was also monitored in addition to the boundary layer structure.
Ve would like to thank fleisei Electric Co. Limited for the coope
ration to the development of the system.
1) N.Takeuchi, N.Babt, K.Saiwrai, T.Ueno:Appl. Opt. 25 (1986) 63-67.
2) N.Takeuchi, NIahs. L.Sa•lral. T.Ueno, N.Ishikava:Proc. 13th ILRC 3-10, Toronto, (1986) 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 BOUNDARY LAYER
WITH A SHORT-PULSE C02 DOPPLER LIDAR
Wynn L. Eberhard and R. Michael Hardesty
NOAA Wave Propagation Laboratory

325 sroadway
Boulder, CO 60303
Tzvi Gal-Chan
School of Meteorology
University of Oklahoma
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. Kropfl (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 aerosol 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 measurement program.
METHOD TO OBTAIN TURBULENCE AND MOMENTUM FLUX
The lidar measures the radial component of air velocity at each range R
while repeatedly performing conical scans through 3600 azimuth (0) at an elevation angle (e).
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(eGm) a A0 1 + Al1 sine + A2 1 Coss

(1)

to date at each range gate of the ith scan yields the wind components u =
AI./cos# toward 0 w 900 and v a A2 i/cos# toward 0 a 0* at each height z a
Rsln*.
The offset term Aoi includes contributions from the vertical velocity
and the horizontal divergence over the domain of the VAD circle. The mean
wind for the period is determined by averaging over the scans to obtain AO,
A1 , and A2 .
(If more complicated flow deformations occur, they can be determined by averaging the radial velocity over i and fitting a sinusoidal series
of higher order in 0.) The result of this procedure is the period-mean fit
VR(0).
The momentum fluxes are calculated from the deviation VR'(9,i) of the
individual wind measurements from VR(O).
The average variance over N scans
is
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variv1

~

a

~eS 2

(2)

where ver[VRJ is a function of 0. The var[VR) is related to the turbulence
variances and covariances (Wilson, l9O;~ Kropf ii.1986) by
var(VRJ

* 22
vartul o2 # sin2* # varyl062cos

(3)

*var(wJ sin 2#
*covtuwj 51 n2# sin# + cov~vwJ sin2# cos,
*cov~uv] c052,0sin29
where cov(um) signifies ulw. var(u) signifies u'u', and ()represents a
temporalI average. If the variances and covariances are homogeneous, a
Fourier decmposition of (3) extracts the coveriance, terms, for example
cov(uwj a

160

1in20 var(VRJ sin& dO

Other Fourier coefficients yield var~u] + varrvl. var~u]
cov~vwJ, and cov~uv].

-

.(4)

var~v), var(w].

Whe cov~uw] and cov~vw) are of primary interest, a 4 of roughly 450
gives the best results. An elevation angle close to 00 is better for
obtaining vortuJ and varlvJ, whereas # near 90 is better for measuring
var(w). A measurement 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, a ieriod roughly 1 h long should suff ice.
LIDAR OPERATION WITH SHORT PULSES
Hardesty et 0l. (1063) gave a general description of the lider, although
it now uses a laser transmitter with higher performance (Hardesty, Lawrence,
and Cupp, 1967). We have routinely operated this injection-locked TEA laser
with a 7:201 mixture of H@:C02:N2 to produce I J pulses at 10 Nz repetition
rate. The pulse energy extends (Fig. 1) over about 6 microeod or 900 a
rang interval.
The outgoing pulse is directed through an off-axis paraboloid telescope
with 26 cm diameter primary mirror and through a computer-control led scanner
to any specified direction in the upper hemisphere. The same telescope
collects radiation backscattered from aerosol particles and directs it to the
signal detector. A polarizing element in combination with a wedged plate
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Pulse shapes for

(Ho:C0 Dashed
2 :N2 ).
Solid line is 7:2:0 mixturethree
and gas
I J mixtures
pulse eelargy.
line is 7:2:0.3 and 0.4 J.
Dotted line is 7:2:0 and 0.2 J.

near the Brewster angle act as a 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 as well as the
magnitude of the radal velocity.
A sm•11 fraction of the transmitted energy mixes with the local oscillator on a separate detector to monitor the energy and frequency of the
transmitted pulse. The data acquisition system sw•cches from the pulse monitor to the signal detector after an operator-selectable delay.
A real-time processor estlmatts the man Doppler frequency at each range
gate for a selectable number of averaged pulses. A computer 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 (160 a) to resolve as much of the energycontaining turbulence as possible. He also need to eliminate the long tail
of the pulse to to reduce the minimum range to 500 a. A faster pulse rate of
20 Hz is preferred. Pulse energy as low as 0.1 J can be tolerated and still
attain adequate maximum range of about 10 km. By eliminating N2 from the gas
mixture, we obtained a narrow pulse (Fig. 1) with 0.2 J energy. Unfortunately, this mixture degraded rapidly, producing only about 10,000 pulses
before the laser discharge began arcing. The pulse shape (Fig. 1) from a
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1:2:0.3 mix in marginally satisfactory, and the lifetime is barely acceptable. We are experimenting with gas mixtures and also constant flow replenishment in a further search for shorter pulses and a minimum of one hour of
continuous operation. The conclusions from these trials will be presented at
the meeting.
LIDAR AT FIFE

Measurements will be 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 algorithms to yield quantitative information concerning land
surface climatological conditions from satellite-observed radiance date. The
characterization 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 separate phases in 1907. The
lider will participate in the most extensive experimental phase June 26 July 15. Surface stations and Instrumented aircraft will measure, among
other parameters, the turbulence and the vertical flux of horizontal momentum, which will be compared with the lidar results. A case study of preliminary results from this now opplication of lidar will be presented at the
meeting.
REFERENCES
Hardesty, R. M., T. R. Lawrence, and R. L. Cupp, 1967: Performance of a
2-J/pulse injection-locked TEA laser for atmospheric wind measurements.
Technical Diaest. Conf. on Lasers and Electro-optics, Baltimore, Optical
Soc. of Amer., Washington 0C, 128.
Hardesty, R. N., T. R. Lawrence, R. A. Richter, M. J. Post, F. F. Hall, Jr.,
and R. M. Huffaker, 1963: Ground-based coherent lidar measurement of
tropospheric and stratospheric parameters. SPIE Vol. 415--Coherent
Infrared Radar Systems and Applications II, Soc. of Photo-Optical
Instrumentation Eng.,
llingham HA, pp. 86-91.
Kropfli, R. A., 1986: Single Doppler radar measurements of turbulence profiles in the convective boundary layer. J. Atmos. Ocean. Tech.,
30S-314.
Wilson, D. A., 1970: Doppler radar studies of boundary layer wind profiles
and turbulence in snow conditions. Proc. 14th Conf. on Radar
Meteoroloav, Tucson, Amer. Meteor. Soc., Boston MA, 191-196.
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THE LEFMI=£ PROJECT : A FRECH AItOWM LIDA
FOR IETEORILO6JCL STUDIES

SYSTEM

J. PELON
Service d'ronomie du CtRS Univorsit6 Pierre et Marie Curie
75236 Paris Ctdex 05. FRACE
Introduct ion
An airborne lidar system for meteorological studies is beeing
developed in France by the ChRS (Service d'AFronomie, LaboratoLre de
Irtiorologio Dynamique -J. Pelon and P. Flamant principal investigators-.
and InstLtut National des Sciences de l'Univers -M. Bourdet project
manager-) and the CNES.
It will be implemented on board the French
Research Airplane, a Fokker F27. which will be also instrumented with
numerous in situ sensors.
This project is the natural development of the previous studies
performed at the Service d'fhronomLe and the Laboratoire do NMthorologie
Dynamique with ground based lidars. The LEAItDRE systems use state of the
art technology and are conceived compact modular and automatized. The
LEAIDRE project constitutes a very Important stop for meteorological
studies at small and middle scale toward the future implementation of
Lidar systems on space platforms.
1. The LEAMDRE programme
The scientific objectives of the LEANDRE project are related to the
study of the Lower atmosphere with specific emphasis on planetary boundary
Layer and Low troposphere meteorology.
The airborne lidar development will
be conducted in three phases for
aerosol and cloud, water vapour, pressure and temperature and wind
measurements. These objectives are summarized in table 1.
In the first two phases a backscatter Lidar anf a Differential
Absorption Lidar (DIAL) with solid state Laser technology 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 1982
for phase !II.
I1. Description of the LEAN DRE Lidar sustems
The concept of the LEANDRE system is modular to facilitate its
evolution and adaption between phases.
It is driven by the choice ot
Lowest human intervention and compactness connected to a Low power
consumption.
The Lidar system Is composed of subsystems organized as shown on
fig. 1.
Compatibility will be the most important between the first two phases.
In these phases it is planned to perform nadir and zenith measurements as
the maximum flight altitude of the Fokker Is about 8 km. Ability to switch
from nadir to zenith viewing during flight Is foreseen.
A mobile mirror
will be used for the nadir viewing to allow horizontal structures to be
studied perpendicularly to the flight track. The control by a central
computer of the experiment with delocaLized self control of each subsystem
allows to make real time data processing to display the measurement
parameters as a function of height and time. The development of all
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Phase : Measured
: Parameters

: Altitude
: range

: (technique)

aerosols

:Schedule

:
:

:- small and middle

::

:scale dvnamics

:

[a

:-

0-30 km
:
clouds
:
depoLarizatLon
ratio
:

: Scientific
: ObjectL 'es

:

1988

:

1989

:
:

(backscatter :

fluxes and convection

:in the planetarg boundarg:
:Layer
exchanges PBL/free
troposphere
:- cloud radiative budget
:- exchanges stratosphere-:
tr~opospher~e:

lidar)
lb

Ld. +
: water
: (DI AL.)

It

: temperature
: pressure
: (DI
IAL.)

Ill

-8km

:

0-n km
:

: aarosols
: 0-8 km
winds
(Doppler tLidar)

:-

meteorolog:

1990

:- svnoptic scale
: dunamics

:

1992

Table 1 : Objectives of the LEINDRE Project
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Fig. 1 : Schematic of the LEANDRE lidar
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systems for Implementation on board the plane has begun for phases I and
It whereas for Phase III only Laboratory developments are presently
performed. Phase III will not be discussed here.

lI[.Emitte
As mentioned before all phases will have a specific emitters
* In phase la the emitter Is a pulsed Id-Yag Laser emitting in the
infrared at 1.06 um and In the green at 0.53 gm, with respective energies
of 25W avd 150 mJ in 16 ns pulses at a 10 Hz repetition frequency.
Polarization is Linear and beau divergence can be adjusted by means of a
beau expander. A local minicomputter controls the operating mode of the
laser (emitted
energies,
securities), and
addresses parameters of
importance such as energies to the central computer through the control
electronics (cf. fig. 1).
. In phase la and 1i.
the laser source will be an alexandrLte oscillator
emitting two pulses separated by about 70 us at two frequencies on and off
an absorption Line of water vapour or oxygen, for humidity or pressure and
temperature measurements by the DI.. technique (1A2,3). A prototype of
this Laser oscillator is presently developed at the Service d'Atronomie
(1). The ruggedLzed industrial version developed for the airplane should
be capable of emitting twice 50 mJ monomode at 10 Hz for phase II
experiment. The computer checking the Laser operation should furthermore
control the emitted wavelengths.
This will be performed through a
wavemeter using muLtibeam FLzeau interferometers similar to the one
developed by C14RS and CtIES in the frame of the LASE 11 project.
II.b Receiver
In the first two phases a compact 30 co Ritchey-Chretion telescope
has been chosen. In phase Ia. the detection optical system Is designed to
separate the two wavelengths and the two polarizations received. In phase
lb. 11.
only the two polarizations are separated, the two wavelengths
baeing detected in sequence on the same channel. Narrow bandwith filters
(0.2 nm) are used to limit background noise for day measurements.
Temperature of the receiving oy'tical box is controlled to avoid wavelength
drifts
of the filters. As such as four photomultiplier tubes or
photodiodes can be used simultaneously to detect the backscattered
signals.
IlIc. 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 0,53 gm and 1,06 an on
both polarizations. In a first step three photomultipLiers will be used
and one photodiode for ground echo detection. ALL photomultipliers will be
gated to reduce their gain by a factor of 168 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 PM1 tubes.
Theu are followed by gain switched amplifiers : the gain automatically
increases by a factor of 100 for low detected signals.
The signals issued from the three PMT channels will be fed into three
12 bits 10 11Hz analogical digitizers. A complementary 100 M1Hz 8 bits
digitizer will be used in parallel on one channel to analyse a selectable
region of the atmosphere with a ten times higher resolution.
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11.d Data acquisition and ztoraue

The acquisition system is based on a Hewlett Packard micro 109W
The data stored in the internal memories of the transient
computer.
digitizers are transfered to the computer by Direct Memory Access. The
computer controls
the data compression (Q to 5 shots can be averaged
depending on flight configuration) and data storage on a 1600 bpi tape
recorder through a 40 Mo Winchester disk. The computer is also in charge
substraction, solid
time data display implying backgrrin4
of the real
angle compensation and also inversion of Lidar data to physical parameters
(scattering ratio, depolarization. humidity. temperature...).
The data are displayed on a 8 leuel color scale as a function of
height and time every 2 seconds corresponding to a 2W m horizontal
with a vertical resolution of 50 to 300 m depending of
resolution,
aLtitude range. This can be saved on a printer.
) and the
Data from in situ sensors (pressure, temperature, dew point ....
navigation system (speed, yaw, pitch...) and other systems (visible and IR
radiometers) can be stored with the Lidar data.
Conclusion
This Lidar system will be one of the new instrument for meteorological
It
research implemented a board the French atmospheric research aircraft.
is conceived as an evoLutive system with complementary weasurement ability
and should give an new insight in synoptic scale meteorology.
References
(1) C. Cahen. 0. Mhgie, P. Flamant, J. AppL. Meteor. 22. 1136, 1983.
(2) G. M6gie, AppL. Opt. 19, 34, 1980.
(3) L. Korb, C.Y. W~eng, J. AppL. Meteor.. 21. 1346, 1982.
(4) J. PeLon, 0. M6gie. C. Loth, P. FLamant, Opt. Comm., 59. 213. 1986.
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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.

360

ThB2-2

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
disturt.ances. Conventional measurements of boundary layer depth suffer
from sampling errors because they provide only single point measurements
of the deoth. 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 usually 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.
361
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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 DAAL03-86-K-0024 and DAAG29-84-G-0028.
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LIDAR MEASUREMENTS OF THE TROPOSPHERE
AI. Carswell,

S.R. Pal and A.G. Cunningham

Dept. of Physics and CRESS, York University, 4700 Keele St.
North York, Ontario, Canada, M3J 1P3
This paper reports on an extended program of measurements of
tropospheric properties using lldar remote sensing techniques.
systems have been employed.

Two lidar

One is a dual frequency ruby lidar operating

at low pulse repetition frequency (-0.2 Hz) and high energy output ý" 3

1@

694 n= and -450 mJ @ 347 rnm) and the other ts a Xe Cl excimer lidar
operating at a single ultraviolet wavelength %308 rzn) with prfs of up to 50
Hz at energy levels of the order of 50 mJ.

Both systems are equipped with

high speed digitizers (100 MHz) and are 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 nultichannel receiver

so that several return signals (at different wavelengths or polarizations!
can be recorded sirmultaneously but the Xe C1 lidar has only a single
receiving channel.
During the last year many thousands of soundings of the troposphere
have been n.ade 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 AtmospheT

- 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, aerosol 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 comnpare the lidar data on the aerosol and clouds to the
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An ,werall objective of this lidar program is to

in-situ measurements.

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.
lidar is

One particularly useful capacity of a

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 atmo.spheric
optical properties (volume backscattering coefficient and voltr..e extinction
coefficient).

The relation of the lidar signal strength to the physical

and chemical properties of the atuosphere is even more complex.

In this

program activity we have been examining the acquisition, 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 Ranun
returns at the first Stokes vibration-rotation frequencies for nitrogen,
water vapour and liquid water using principally the Xe Cl 308 rnm source
have been recorded.

These traces are digitized with a 10 to 20 nsec time

resolution to provide the basic raw data set.
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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 = ln[R2P(R)] where S is shown as an
altitude-Lime display.

Both colour and black and white displays are

avail.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 a and the volmle backscattering coefficient a. 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 assunptions on the derived values
of a and S. 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.
Dubinsky, A.l. Carswell and S.R. Pal, Appl. Opt. 24 1614,
(2). Atmospheric Properties:

(R.N.

(1985).

The measurements to date have been me inly

centred on the lower 3 Ion of the atmosphere.

Both aerosols and clouds have

been investigated and the spatial and temporal variabilities of these have

365

ThB3-4

been recorded to investigate both .seasonal and meteorological effects.

The

interactions between aerosols 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 Ranman 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,
independent 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 comparisons of the lidar data with
theoretical Mie calculations based on the in-situ measured atmospheric
properties.

366

ThB4-1

Lidar Moisture Measurements During COHMEX
S. H. Melfi
NASA/Goddard Space Flight Center
Code 617
Greenbelt, MO 20771
David Whiteman
NASA/Goddard Space 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
unobtainable using standard techniques 1 . 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 telescope. The output of the telescope is divided by a dichroic beamsplitter into
two channels, one located on the Raman band due to wdter 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 ha% been shown
to be proportional, to first order, to water vapor mixing ratio.4 The signals
are normally accumulated for typically 1000 shots thus providing an independent 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 shown 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 observation 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 constructed using data from both the AOC 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.
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Figure 3. The moisture field over the lidar site during the early
morning hours of July 22, 1986
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The

High

Spectral

Resolution

LIDAR (HSRL)

technique has been proposed

(1,2) to measure the temperature profile in the atmosphere with
of

1oK in real time with a spatial resolution of 15 to 30 a.

a

A 10-nanosecond

pulse centered on frequency, YL' ia sent into the atmosphere.
light

is

resolution

The

returning

split and each beam is passed through one of two very narrow atomic

vapor filters

centered

corresponding

to different vapor temperatures.

on

VFY but

with

slightly

different

band

Tuninj the laser frequency to

coincide with the center of the filter will remove the strong central
scattering peak.
compared

to

temperatures.

that

calculated

The ratio of these

from

two

signals

is

kinetic th'zury (3,4) for different

The signal through the two filters will be given by

Ni -

where R is

aerosol

The transmitted light is that scattered by the air molecules

at a range determined by the time delay.
then

widths

the

7 Fi(I

calculated

- "F) R(v - vL) Ai(v) dv; i - I or 2

intensity

of

the

scattered

light,

F

is

the

transmission profile of the atomic vapor filter. A is the amplifica-ion factor
of the electronics,

and v is the frequency of 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
used

to

have

been

determine the sensitivities of the measured quantities, 1' 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
"air molecule").

We

have

also

investigated

mass

effects

the

of

of a frequency

mismatch of the laser vith the absorption peak of the atomic vapor filter.
the

actual

experiment,

one

This

we

have

used

their

three

the

temperatures.

ratios

from

Ba

line

shape

is

the

theoretical

Comparisons are with a base case
Table I.

For

small

that

variations

one

given

corresponds

to

of the parameters,

the

filters

by

the

Ultimately the

For

temperatures equal to 650*K, 725"K, and 800'K all centered at
filter

eliminate

will

in the overall intensity of the scattered light.

filters will be optimized by varying
analysis,

In

uses ratios of the intensities of the scattered

light after filtering through two filters, N1 /N2.
fluctuations

an

present

with

vapor

553.7 nM.

The

Shimizu et al. (1).

parameters

given

in

the sensitivities of the

measured ratios of intensities is given as a range of the percentage

changes.

An atmospheric temperature variation of lK changes the measured ratio by less
than 0.5% which is over an order of magnitude more than a
of

1 mbar.

Uncertainties

of

in

10%

the

air

pressure

variation

viscosities,

thermal

conductivities, and internal specific heat lead to less than 0.09% change
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%)
ratios.

This

molecular species.

a

gas

of

a

single

mass

of

a

molecule

In the base case we simply use

in the atmosphere.

Alternatively we have

calculated the separate line shapes corresponding to atmospheres of
oxygen,

or

diatomic

To account for the mixture of nitrogen, oxygen, and carbon

dioxide we have used two averaging techniques.
average

change in measured

highlights the importance of accurate tuning of the dye laser.

The available theory for the lineshape is for

the

in

carbon

dioxide.

These

were

then

nitrogen,

weighted according to their

Rayleigh cross-sections and abundances in the atmosphere.

The

difference

and

y

in

these two averaging techniques is roughly 1.4%.
Because R is

a

function

of

the

dimensionless

x

(3,4),

the

variations of N with wavelength, molecular mass, pressure, and temperature are
not independent but depend upon only two parameters, (JM-x) and ('X)

IN

L- [(Mx) + v.

n'[1(OX) +

]

(IN
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For the three pairs of filters used above we find

(dk)-

-0.42, -0.54, and -0.44

and

,)

- 0.025, 0.017, and -0.0083

(•7
The

insensitivity to pressure changes as compared to temperature changes is a

reflection of the small value of (76)/(Mc) 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
in

the

width

of

the

filter

transmission

corresponding

to
to

variations
temperature

fluctuations in the atomic vapor, and due to noise in the electronic amplifier
circuit.

Because

of the small time slice (approximately 10 nanoseconds) the

dark current will be insignificant, but the shot noise will be significant.
In

summary,

a

temperature

variation

of

VK will change the measured

ratio, N1 /N2 by about 0.2 to 0.5%, whereas

a

produces

percent variations in viscosities,

less

than

0.02% change.

Ten

pressure

variation

thermal conductivities, or internal specific heats produce
0.1%.

Mismatch
molecular

constituents

of

course some of these uncertainties
scattering

1 mbar

of

about

of the laser line and the atomic filter frequency by 100 MHz

can give variations of up to 1.5%.
main

changes

of

from

air

at

Different methods of

over

the

air give variations of up to 1.5% also.

Of

can

be

minimized

averaging

by

calibrating

known temperatures and pressures.

using

Thus temperature

determinations of lK and pressure variations 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

cv

signal-frequency

tunable dye laser (5).
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TABLE I
quantity
Base Case

T - 294*K
P - 830 abar
qbulk

0.76

9shear

Atherm M

-

c tn/kB

1

-

0.198

am - Vlaser-vfilter
M
avg

-

28.966 amu

Change

Range of Change of N1IN2

-l"K

0.23% to 0.470

1 mbar

0.002% to 0.015%

10%

0.008% to 0.069%

lot

0.010% to 0.083%

10%

0.010% to 0.083%

100 MHz

-0.68% to -1.44%

Averaged line
shapes

374

/

0.32% to 1.4%

KEY TO AUTHORS AND PAPERS-Contirued

KEY TO AUTHORS AND PAPERS

Gai~.chn TZvi - ThA5
Galletti E. - MC12

Atiramocikin, A. 1. - WCI
Abebire Jamee B. - TuB4
Allanio, Frank - MAl

Gardner. Cluster S, - MC14, MC15. TuA5. TuC
Ganvn James B. - MM4
G~eko, P.P. - TuCI, WC13
Gentry, Bruce - TuC19
Glackin. Dav4d L - TuClI
Goad, Jr.. Joseph H. - WCO
Grant, William B.- MB4
Gribenyukov, A. 1. - WC13
Grund:. C.J. - MCS. MCIO

Alvarez I1.R.J.-WC1B
Amnzajerdian, Farzn - TuCI4
Andreev, Yu M.- TuCI, WCII
Antipov, A. B.- WC12
Arshinov, Yu. F. - MC2
Aruga, Tadashi - MC, TuC5
Asai. K. - WC1JO
Baba, H. - ThA4
Barbaro, A.- MC19
Barnes, Norman - TuC
Bedo. Donald E. - TC3Hardesty,
Bobrovnikov. S.M. - MC2
BOOrs. Reinout - MC13, TuB5
Bosenberg. Jens - MB2
Bourdet. Mireille - WC17
Bradshaw, J. D.- WC20

Haldernann. P. R. - TuC21
Hanson, Steen - MC21
R. M'chaet

ThA5

Hill, Reginald J. - TuCG, TuC16
Hachuli, U. E. - TuC21
Holmes, J. Fred - TuA, TuCI4, WCG
Hummel, John R. - TuC23
Hunt, John M.- TuCl4. WC6
Hunt, W. - MCI1I

Brasunas. J. - TuM4
Brothers. Alan M. - M84
Browell, Edward V. - MC3, MC4
Buffton, Jack L - MA4. MC, WC3, WC14
Bruitov. V. V. - wci
Butler. C. F. - MC4
Byer, Robert L - TuC4, WAI
Byron, Stanley R. - TuC18
Byvik, C. E. - TuC4
Cahen, Claude - MC20, TuB
Carswell. A. 1. - ThB3
Carter. A.F. -MC4
Castagnoli, F. - M17?, MC18
Cecchi, G. - MCI?, MCIS MC19
Chan. Kinpui - WC3
Chang, Richard K.- ThAi
Chiung, Y. C. - TuCI8. W13
Chumnside, James H. - ThA2
Couch, Richard H. - MA2
Cox, John W. - MA2
Cunningham, A. G. - ThB3
Curran, Robert - TuAl
Jaes
Cutt,

-

Hart, William D.- TuB5
Hartog, Arthur - TuB2
Hawley, James - ThB
Herman, J. - TuA4
Higdort, N. S. - MC4

lgniatijevic, D. - MC16
Inaba, Humio - TuBI
lshizu, MitsuO - TuC5
sferried, Syed - MC3
Itabe, Toshilcazu - TuC5
Jeys, T. H. - WA3
Johnson, Jr., Bertrand L - WC17
Jollife
tB arrie W. - Ma3 WCS

Kaishoven, James E.. Jr. - WC15

Kane, Thomas J. - WAI
KavkyafloY, S. 1.- MCI
Kebchuilk Kurt A. - TuC23
Killinger, Dennis K. - MA, MB5, WC14
Kim, Hongsuk H. - TuC8
V. - MA3. WCB
Kopp, Friedrich~ - MCB
Korb, C. Laurence - MC5, WC1O, WC1I, WVC17
Kreirov, G. M. - MCI
David A. - WC18. Th85
Kunde. V. - TuA4
Kwon, Kevin - MC14

-WA2Klein.

Davidson, G, - TuA3
Davis, 0. D. - WC20
DeFreez, Richard K. - W3Krueger,
Degnan, John J. - TuC21, WA4, WC17
Draper, Douglas C. - WC6
DubiskyR.
-MC11Lawrence,
Eberhard, Wynn L - ThA5
Elihot. Richard A. -WB3
Eloranta, Edwin W. - MC9. MCIO, ThB2
Endernann, Martin - MA3, WB, WC8
Ferrarev
Richar
FeLopasov
Ferrario, A. - TuB3
Flamant, Pierre - WC17
Frehlich, R. Q - TuC7

T. Rhidian - TuC18
Lee, H. S. - WC10
Lee, K. K -WC7
LWpold, Martin H. - WA2
Liu, Chaso H. - MZ;15
WC12
V.car
P. - WB
Maguire, W. - TuA4
Mahon, Rita - WC2
Mayo, N. - M85, MC4

-

375

KEY TO AUMHONS *AN PAPE11--Coiflued

KEY TO AUTH1RJ AND PAPERS-ConktWx

Maningri, P. - MCI?, MCI9

Sakurai, K. - ThA4
Sanfbahlvm, ft - TuC24
Sainomlwiov. L V. - WCl
Schofleid, John T. - TuC22
Schwernmer, Gery K. - WC0, WCI. WC16, WC17
Smnit, Daniel C. - MC14, MC15
Servaites, Jan - WC21
Shamanmv, V.I. - WC1
Sherman .t . - TuC10
Shay, T. M. - TuC17, W64 WC22
She, C. Y. - WC18, maE
Shubkn S F. - TuCI
Shwrnsldi, V. K. - MC2
Singh, Upendra N. - WC2
Sinitma, L N. - WC12
Sipler, 0. P. - TuA3
Sivertson, W. E. - TuC15
Siviter, J. H. - MC4
Spinhime, James 0. - MCT, MC13, TuB5
&oga. J. - WC19
Stickel, ft E.- WC20
Strow, L Larrabee - TuCl9, TuC20
Swarm, Nigel Ft - M83
Swirbalus, Robert A. - TuC23

McClese, C...eel J. - TuA2, TuC22
McCormik M. Paick - MA2
McGany, Jan F. - TuB4, TuC21
McLellan, E . - WC14
Megie, Gerard - WC17
Meifi, S, Harvey - WC, WC17, ThB4
Menyur, Norman - M86
Menz"e Roet T. - M84
Michelson. Elizat.th - M83
Milton, Marlin J. T. - WC5
Moody, Stephen E. - TUCIS
Mooradian, Aram - W8l
Moore, J. - MCI1
Moosmuller, H. - WC1S
Morrow, W. H. - TuC9
Moskowitz, W. P. - ruA3
Neims, Richard R. - MA2
Newcomb, A. L - TuC4
Nicholls, R. W. - TuCS
Nosov, V. V. - TuC2
Ochs, Q3 Ft - TuC6
Orloff, Jon - W83
Osborn, M. - MCII

Takeucni, N. - WC, ThA4
Targ, Russell - TuCIS
Trait, David M. - MB4
Tyryshkin, I. S. - WC12

Pagano, Thomas S. - TuC13
Pal, S. R. - ThB3
Palm, Stephen P. - MC7
Pantani, L - MC16, MCI?, MCI8, MC19
Park, Jinwoo - TuC3

Ucceilifi, Louis - WC17
Ueno, T. - ThA4

Partidge, Roger H.- WC5

Vaughn, Michael - W62
Voevolin, V. G. - WC13
Volkov, S. M. - MC2
Vuikovlc,Cvilin - MC16
Vvan der Laan, Jan E. - WC4

Peacock, John - Wc0
Pelon, J. - ThB1
Petheram, John - WA
Phllbrick, C. Rf - TuA3
Pippi, I. - MC16
Pizzolatl, P. L - TuB3
Ponomarev, Yu. N. - WC12
Poon, Ting.Chung - TuC3
Prasad. Coorg R. - WCI I
Puretz, Joseph - W83

Warren, Russell E. - MOB
Welsh. Byron - TuA5
Weng, Chi Y. - MC5
Werner, Chrlstian - ThA3
Whiteman, David - Th84
Wilkerson, Thomas 0. - WC2
Winker, D. M. - TuC12
Woods, Peter T. - M83, WC5
Woody, Loren M. - TuC13

Quenzel, H. - MA3
Radicati, B. - MC17, MC18, MC19
Renger, W. - MA3
Reuter, Dennis - TuC20
Richmond, Richard - WC21
Rider, David M. - TuC22
Rodger, M. 0. - WC20
Romanovskii, 0. A. - TuCi
Romoli, M. - MC17
Rosenberg, A. - WC19
Rossey, C. E. - TuC21
Rowe, H. E. -

Zcho, A. S. - TUCIO
Zanzottera, Eugenio - Tu3, ThA
Zhukov, A. F. - TuC2
Zuev, V.V. - TuCI, WC13
Zuev, Vladimir E. - MB1, MCI, MC2, TuCI, WCI,
WCI2, WC13

TuC21

Rowland, Carroll W. - MA2

376

