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EXECULTIVE SUMMINARY

As at signifivanit first step toward development of' tn HIIL shipboard systemI, PMS/40,5 and

NAVSI-A/IiOMt.1l hutve l'unded NRL to pprf'orm tin amttse, ship-to-shlp I)F laser transmission experl.

ment. Ev~aluation of' the prototype equipment develotict under this proorurn, tnd subsequenit anaklysis

of* tilia laser transtrIlttance ditta obtained during the experiment will permit one to evoluatc how reatlistic

thia modeling to dale hats been, aind will examine near ship boundary layer problems for thia first time.

The speecllic Soa5 oit ilia shlp-lo-shlp experiment aire:

I)To validate models predicting the propagation ol' DF) lasear radiation through the marine atmlo-

sphere by m~easuring the ini'rarcd transmittance between two ships at( Ica,

(2) TO eValuateC the ut11i~lt (11' Utsing 4:urr-nt1 melcorologimla instruentaicn on I'm predicting clectro-optik

sy~stems porl'omianct: In thea marine environlment.

()To determine whether shipboard transmittance esreet correlatea with exilsing land-baseqd

nicisurements,

(4) To demonstrate thN feasi hility of' operatinit lnaiargv aperture, precision optical tracker aboard a

Navy ship.

(S) To demonstrate thie feasibility of' opertling an NV:,1 combustion-driven DFI Itiser aboard at Navy

ship.

This document provkles ia thoroughli analysis of' aill fawets (1'Iii thvxperiment. Particulair attlention Is

given to amssssing thea expected quality of' the olesurenlents, and to discussing thia eventual useflneiliss



of' (lhe results in current Navy laser transnmission mode'ling efforts.

We provide it review of' the protiect to1 datc, and then imniediiitel.N begin t he discussion ol, ta1er

tranarnilsilon measurement. 'rho absoortft tw,~mlI expuriment intvolvs dirutiang it low power ( 100t

rnW), line-solectuble DP~ hiser through a converted Nikefliercutes miount and at 0.8 meter cahscirain

telescopie, rhim c~uipment will be mounted in the hanmcr deck ol' the aircrart carrier LJSS LTAIXNO.-

*TON, and operated during flIght tralning operations Trhe laser beam receiver will he at cnvertud 60)

searchlight otieritted its it "lght-buekect aboard ain escort ship, This receiver will also be opirated ats it

polintulbe tracker, Bioth tracking devices tire computer controlledl via quad-cells and at dedicated (ia1AS

data link. 'the second hall' col the transmilttance experimlent reverses the direction or' propagation: at

blackbody source ait the focus of' the 60' clement Is directed across the intership path and into thec 32"

receiver and directed into the entrance aperture ol' a high resolution Fouiier Trraflsorm Slie Itronlictt

(FTS) tuned to operate ait 2.12 pill, This is t he ro/ithw trafnsmmiictt part or the cxperiment, aid will

provide high resolution molecular spectra of' the path between the ships,

In this repoirt, we provide tin extensimve study ot' sources of' transmittance error in this experIentvl,

basmed onl NRIi. experience over the past 7 Years wvith land based transmission expeinrlmnis, We di1cuss%

specific kind extensive improvements for this experiment. The transmmittance error in the absoiveillvnias-

urcimlnt Is4 C-stima1ted ait 2%. and the relatwe measurement transmittance: error in shown to het. P,;,. The

Bleer's law relation between transmittance. and extinction, T' - vxpI) (A, 4. k,,) t.I, is then emlploye.d

to derive at relation between the expected error% in lransmflttances, and the resulting expected uirors In

aterosol extinction, A-,, and molecular extinction, ,. It Is shown that tor atil atmospheric conditions

I likely to occur aboard LI-X INUTON, and lor aill pat hlunithsg greater Owtn I kmll high qtuaiity datat onl

r tioaroool extinction and molecular absorption IN obtainable, We use ; 10%~ ror error in A,, and 4 2011, bor

error In Ak, ats indicaition thatt the results aire uselu I and ol' high qtuai tiy, e~g,, the tirecision needed ito %Vr*

ify the various propatgation codes,



C'hapter three 111hen go" Into great detail to) Show w~hat miodeling problemsi, In atltmosphlivri

tratnI¶ilisioII con lie e.uliied with data~ of, tile intrinsic kluality as dcewiihed abo~ e. III palrticuhlr. 1t10

,IerosIol I11eivaute0iils%s~ill pri11Nde 0upe1-OCedO1 dLA (1' 11M, lot. \1lidating tilt II i1W I H A N i~ri

modlels. and as input it) thle \'eI1s.AtMYNIunn mo1(del relating acromol extintilon to wind speed and

humidify. Neair-ship effects related to 110ero'sioI suvih its (ow vs stern Wind Conditions, and Ilvigt above

the sea surluaco van also bic examined "-ith acrosol extinction datat of' 2Wo' accurti.'y' livskids thlt:abs-olute

transmittance datta, ierosol metisurements will ulso hie made with a K.nollctihorg iarlicle-slze spuctromeo'

ter and af nepholomeier, Also ano aerosol miass monitor normajll- tused I'or "dry" aerosols will hv tested

inl tile marine e nvironlmeni Ht: v1orrelation between tra smillssilon measure mlents 11nd Mo Ihstva~

*1Is discussed. Simple relations betwen extinction anid Niet ollserV11blif ae needeId l'oi Iiici~l I )ecisOol

Aids (TI)A).

The molecular absorption diata, with vexpec.tod error in absorption ie emeicot A,, of l'~ or loss.

will address the ClIlowing three prnohlemis Air whichi complute utndorstanding mill does not eXist: utsing

tith, 1-licg optical dep~th ol' Up to Iltff lorr-kni to resolve thle White vs Ilurch 3.5-4.21 p fit water -ontitioum

niodci~ng prohlem-, toding file hljith resolution 1rS specra to narrow thlt wror bars on the% It .t)3'!ý

1101 lDIsotoplic wilite vaplor tto~ nd 11Ioikldng 11 pIh.IIIntegrated water vatpor concentration nwits.

UrmNt1111 1 oAW 10e tollfI ilparat \1w ttr continuum and aerosol extintilon~s.

A more subtle, but perhapsm In thev long run at more serioux problem of 1111. propapat on M hicli

thk mecasure ment addruseso Is, hlow welol canl oplen oceanl I F lascr obv~irplio (k,,,) he predicted l'roml

met observitbles? A thermal blooming senlsitivity study Is outlined, and at 101!o error in knowledge or'

thle molecular absorption is Interpreted InI terms (it aic.uracy in lpredivitilp fluonce vs rangc on an locom-

lng largetl. Tis hInformation Is required to determin iwInwv/power onl iarget,

Ill kdditionl to tile dIscusion oUtliICed A(hove we have lirovldel. c'orrohorat ye material InI llve

appondivoms IpponAd. .1 provides a minhlogono ol' Jatnuary II 1, 492, whcn N RI will provide I' MS/ 4tt a

x



Liet iled repott describing results of' tracvker tit sutI-si mttIIIon studies from nei.cusremen ts ill N KI,

Chesapeaike l~it) DivisNion, .ppindi.k H vtllill two 1 eutilent writ ten by' Massichuseutts Mainducturing

Co( I~ra tloll, %%ho have becti L~otractctl by i~to Ili rovidic enginvering work on the Nike/l Icrcule.s

tracekir mount. l)ctiflih ofl doifn parameters in the ttcrvo-sysems, opliiaoI datot linkst, 4und-vull perf'or.

mance psimrmiceters, in1'rrvitr detector sign~ilto-noise calulations, anid detailed tanalysi of' tile Ceedhitck

systemsi is provided Iin two documeonts. Allppndli: C is 11 reprint o' it published article by Richard H orton

describinga tile tiv-sig optihi~atioti involved in the himil itruckcr tIdeweope and relity mirror configu ration,

1)~9Ii V01111011i% thle r`0sU11t(it' at computurited ray trace inaly-sis oti hie design described Iin C. The

euiiculatiottm Were perf'ormed hy Research Opticsm Inc., o' Bltiumore, Nlatyi~nd, iid the results indiemue

that (1) tile Itrakker opticaLl design hals Indeed been optimited, (2) %1 fmlijillicitlI on of the design is not

possible without pevrI~rmance %awrilice, anld I 3 considering tile volistraiittt itiipomed 11w rdluuyifll tile opil

cal beam through the tracker mount, the tinalt configuration ii an impressive optical dcnign achieve.

lent. 11ppcndIix E~ is iluthoredl by Prot'. T1 ), Wilkerson otith Ii l'okersiivty o Marylanid Institute tit P1hy'.

sics tand lec molop, lie dlescribes What LII) AR iesuKi m1 ts n lijte oI'mailitl Ill lilt ship-to'ship

experimient by emiployingtitle (it' osveral established LII)AR $,*oups, A muore inturusti ng pomsibiltik Is

thenl described -tile use of1 it pulsed OFl LIDIAR to obtain Water vapor coticenttatiloll profiles Ill thle

wityulengt h region (it interest. A pliendix F~ concludles Witli i descript ion of' whatl belivtlt thle Navy M.A.~I

lirogirauim~i migt idn from using at 4ophisticated. multiust: IADIAR ilat ea.

The impac11t of thie DF lasner mli~p-to-miiip transmission~ experlwimen will ho ~u*eci~ aoltivi*

lilte thQIe aerosol extinction res its will reqIuire the aiddition oW, til "openlsvit" aer-osl model to

LOWMKAN since rusults will pmrobably point out alddthI onll Indtuie itt the presentl tuat11itime'c

modul I'or open svtt ptediviions, Aer-ost'i twusutentents will provide additionall Jalw tomt vilidittioll of thle

W'ells.Kate~. Nlit no extintieton model, Watervio couitinum miodels and thle Isotopic Witter I 111/I1.1)

ratio Il~l'oblv i will bo directlWy addressd by til high l I-Ctsol a ion i nira ted spect ratl measuremene tts, The av.

'I:curutcy ofl the rmtil bloomi ng motdels Will Ihe liddreMssed wheitci thle a bill ty iiof locivn -log ivith measurelments



to) predi I)c F absorption is determined, And a final achlevemcnt will be the demonstration of the use

ot' a dual, large alpcrture tracking syslem to perl'orm significant atmospheric transmnission measurements

using it ship-based, combustiot)n-driven chemical laser.

XI
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I'ECINICAI. ANALYSIS OF A PROPOSED) SHIP-TO-SHilP
CHEWMICAL LAS:R TRANSMISSION FXPERIMENT

1. l1 A( k(401N 1) ON 'I'l Eii IROhI.E, I

Since 1979 thle Optical Sciences Division (it' thle Naval Research Latboratory (N RL) hats beeni sup-

~1 ported by PMS-405 and thle [A)M H program. to perl'orm absolute tritnstifluttate mausurements

betweenl two ships. The spectral region ot' interest is .1 .5 4.2 microns, thle DF lasier operating region.

As origi nal ly tasked, ;I Xenon latser (II te selectable t'ram 2 -12 nmicrons) wits to he em ployed with at

Fourier Trainstorm Spiectromieter (llS) and iterosol and tmeteorological equipmhentI to obtain ab'solute

rtransmlittatnce measurements in a it mnner simailiar to Ihut successtu Ily used hy NRNI. in at series (it' land

an'd scet-coust measdu remients)* "' The obvious diffe'retnce inI tile ship-to-ship measurementi is tile

necessitY tor two trackin sytemis to keep) thle source and receiver in optical aligntment I'r it period (it'

tll miiiinu tes or so. IIn lY 81 the task wats altered to requ ire the use oat combustion driven 1) ch~emiitcal

ltser ats tile calib~ration source, rather than thie Xenon litser. The substitution of' the 1)1 source conipli-

catted platnitig due to sittety and logistival considerations. These problems have beenl examiined, anid to

it litrge extent solved. We believe that at successilul experimient Is, now moving t'ron tile platnitng ttld

procurement statge to thle itssembly itnd execution stage.

The purpose or hi docu ment is to closely exam ine thle scienatitic jIustificattioni tor cornpleti ng the

program. The absolute transmittitnce measurement its ntow cotnfigured has at very high probability at'

Success, will contribute vitluable datit oti opeti-sit trutnsmittatice such thatt codes miay be veritled (or

moditivd) , and will have a substantiaiul operationitl Impacet ol tuture Navy I lET planning in tile areas oft

thermali blooming,. scaling luiws, optical turbulence and its compensation, and I in Mini ng acecurato

micro-tiet requirements.
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We will first describe the details of the experiment as it is now configured, We will examine In

detail the precision or transmittance measurements required to provide data of high enough quality

such that meaningful conclusions regarding aerosol extinction and molecular absorption may be drawn.

We will demonstrate how this data affects present Navy codes which predict laser and broad-bund opti.

cal transmission in the Infrared, We will detail and quantify the error in transmittance expected from

several possible sources: Met parameters, turbulence, diffraction, blooming, tracker jitter, etc, The net

expected error in extinction for both aerosols and molecular absorption will be derived from the expect.

ed transmittance error for assumed realistic meteorological extrcmes expected aboard LEXINGTON.

From this analysis we can project at figure.of-merit for the transmittance data compared with model

predictions, The predictive capability of codes such ats LOWTRAN,'' IIITRAN,12 and aerosol models

such as the Wells.Katz.Munn (WKM) model ror predicting aerosol extinction from wind speed. tem. U:
perature, and humidityIl' 1, will be examined, These modeling abilities arc of great value to the Navy at

present for such fundamental tasks ats the design of laser devices, and the design of tactical decision

aids (TDA) for in-the-field use of laser devices,

The most Important outcome of the ship-to-ship experlmen, will be the creation of a unique data

base for code verification and design of future devicens, We demonstrate in this document that thie ex-

periment has been properly designed such that high quality data and practical conclusions will result.

II. SHIP TO SHIP MEASUREMENT OF ABSOLUTE TRANSMITTANCE AND

HIGH RESOLUTION INFRARED SPECTRAL MEASUREMENTS

The transmittance measurements involve two separate experiments which share the same optical,

tracking, data reduction, and support equipment,

2I
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The absolute transmittance source is the combustion driven DF laser, which served NRL experi.

ments well for over five years burning F2, The devicc is now completing modifications tit TRW to burn

lthe sat'cr fuel NF... The laser output beamr is coupled through transler optics, collimated, and sent out

through a 32' Cussagrain telescope, across an Intervening path of 0,5 to 5,0 kin, captured by it 60Y

searchlight mirror (the so called light bucket) mounted on the escort ship, Details of the optical train

in the tracker may be found in Appendix B. A pyroelectric detector Is mounted at the focus ot' the 60,

receiver on u turret mount. Appendix B.2 describes a preliminary estimate of the expected SIN at this

detector considerinj a previous optical design involving a complicated triplicate mirror. We have since

examined tte quality of the 6WY device t'ocus (at blur circle of' less than 1.5 mini. The quality wits much

higher than originally expected, so we have replaced the triple mirror design with it much simpler

receiver. In the present configuration we estimate a S/N ot' tO' to 10', based solely on I)*, it reasonable

laser power of 100 mWatts, and simple phase sensitive detection, Ilence we expect far less than 0.5%,

"transmittance error due to noise in the detection iystemr. The captured signal is sent back to L'XINlU.

TON for processing via the data link described in detail in the Appendix. Th'Q signal is ratined against a

reference signal from the reflecting chopper to ratio out fluctuations in th(e hiser power. Previous ex.,

erp lonce with ratlometers '-, has indicated ain expected errm' ot' 04%,h or less due to the division, We

note that we are congiderlng elimintting the ratlometer in favvor of' at simple division of the signl and

reference att the minicomputer control system, This is an example o1' where technology has progressed

since the l•st NRL transmission field experiments, and where it is to our advantage to use simpler tech.

niques and more reliable digital electronics instead of the atnalog system used previously.

Our r revious results, however, indicated a 2% trtnsmission accuratcy over htnd •ind sc•t.v*•tst pItth.4

is achievable, but only when turbulence does not cause excursions ot' the light beam out ot' the light

bucket. Since we are employing the same size source and receiver optics and simiair pathlengths, we

expect the satme situation, or far better, to obtain here, since (,2 values on the open seai tire typically

one to two orders of magnitude loss than over land. Thud, we do not expect any problems from beam

3



wander which the tracker cannot handle. There is, however, it second order eff'ect due to turbulence.

The receiver is obscured ait Its venter by the detector turret mount. Thc total obscured areat is 31Yu of

the receiver mirror area. As long its the bourn does not vary in size tit the receiver, no error is Induced.

Turbulence, however, nlay cause some spreading (it the betim, so thie central ohscurittion will block pro-

portionately less ofr the total beami area ats the pathlongth Is increased, Dr. A, Goroch of NE-PRIF (Na-

val FrnvIronmental Prediction Research Facility) hats estimated the rni.s, beurm wander for three values -

of the Indox of refraction structure parameter ti~ t three runges~lb Is The results tire presented In

Table I below.

Table I - R.MS, lHean Wonder lDue to Turbulence

0.5 km 3,.0 kmi 5, 0 kmi

1IS0.77 1.90 2,40

0 12,45 6,00 7,70

The beamn spread is less than IOT,' of' the hearn wander. Tlhe most likely value of ('2 or our ex-

periment is itbout 10 1 in2l'' The results of'Table I van he expected to be within 501%~ of correct for si-

tuation,4 where horltiontal homogeneity exists on at scatle of' about I1) km upwind. In addition, ocean

soa-surrace temperatures aire more uniform than near voastal rogions.,8 reinf'orcing our confidence in

the applicablility of the above estimates for our experiment,

The above values aire to combined with the estimated tracking error, (1Ul1hk) 48 A rad, and the

error due to diffraction ait the exit aperture, 0,J.11)", t' 4.75 p rtid, to obtalin

-o 0, + f~ll + J'1ur
S4W8.8 trad

which Is less than 21% increase above the tracking uncertainty itself,. Hence we conclude that for open

sea conditions we ainticipate ntegligible error to he introduced by opticail turbulence, In ainy vaase, since

C',2 will be. monitored during the test1s, we canl account f'or tOils COied In thle data11 reduction.

4



A Ifinal possible degrading effect in transmittance may occur 11' the trucking systemn Calls to achieve

lock-on. 'rhis is very unlikely Ior our projected conditions, however, since the Nike-Ilercuies mount

wits designed to track airplanes at much higher rates and acce lera tions, Furthermore, we have im-

proved its specifications as djetailed in Appendix A.

01' the Aix possible accelerations (roll, pitch, yaw, surge, heave, sway) we concluded that only roll

is of' ainy reasonable concern here. Since the aircraft carrier training operations only tatke place during

reasonably calm weather, we hatve assumed at roll amplitude of' t P every 12 seconds, The 17.5 mrad

amplitude will he handled by a feedback systemn having at gain of' 400, giving 43,6 g~rud accuracy ats de-.

tailed in the Appendix. We pboint out that the ± I" amplitude assumption allows Cor it ± 87 meter verti-

cal displaicement ol' the escort ship ait at range of' 5 km., Ilence we aire confident that at generous design

r. margin has been built into the system., In addition, a ring oif' detectors, eight or so, will circle the 6M0

receiver and provide at warning system in the event that tile heanm might wander out of' the receiver.

The probable maximium errors in trarinsmittnce for the absolute transmittance expevriments are

listed in Table 2 below,

Trable 2 - Irror Sources in Absolute Trransm~ittatnce

Flement 1 Error Source a
1. Pyroclectric Detector S/N toI <,"
2. Ratiomneter IAnalog l)ivder 4 0.04%

3K Turhulemce Central Obscuration T AL 20.%1

Fronm tie discussion above, and considering N R L' considerable experience with similar expleri-

ments in the 1970's we conclude that at transmlittance: error ol 2'No or less in absmolute transmittance Is

reasonaibli: to expect.
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Thl: second part of' the transmittan~ce exporinient employs the samne optics, hut in the opposite

d~irection. rTie turret tit tile MY receiver, on tlia escort ýihip, is rotated to bring a hiackhody source ( 500)

watit tungSSIen 111AMCent inl 1I quaiti ja~ckt) into position, and a mtiroi at tile tracker trasfe r nptide is n

titled to bring the FTS entrance ulperture Into alilinnientil rather than the I)P laser exit aperture, 'The

blockbody radiation Is sent across the path In at 1/2 degmee beam, through the iTS, to thea coolcd lnSbI detector. This optical arrangemnent has been used in numerous NRL high resolution measurements,
and it S/N of' over 200 has been routinely obtained in tile tran,4formed spectra at pathilenalths oft up to)

6.4 kmll Typically sampling timies ol' 5 it) 15 minutes with about 1 00 L'onddd inter['(.rograms tire used

to obtain effective (urtapodized) resolution ol' 0,0 cm Iin thea transformed spectira, We note here thatl

the FTS part of' the trainsmittance experiment doos not propose to measure absolute transmittance, and

not attempt is made to operate In thia light bucket mode, Spectral information is acquired, however, and

ats long its at constant Iraction of the hluckhody source output is radiated Into the entrace aiperture oil' thle

FTS. quality data with S/N greater than1 100 will be obtainled. , The CITeCt of' turbulence Will he to add

some modulatifon to the interterogram, hut experience has shown that this noise Is norimadil.d out by

thle coaddition process Buased onl previous vxperietlce, we assumle it Maximum of, 1% Imfo thle noise ill

the transl'ornied spectra,

We have evalualted thea two parts of' thle transmittance experiment and have obtained cstimiates of*

2'Vo accuracy Ibr the absolute transmifittance, and 11% accuracy for thea relative transmitataoce, Bioth esti-

mates have assumied that the tracking portion of' the system performs ats planned, W.e, 42 microradian

trucking noise. Since we tire attempting to keep at 32" spoIt Inside it 60' diameter area iat the longstS- IS

kill) distance, atbout 140) nicroradian precision inl tracking is required Cor thea worst came condition.

I ence we have at tracking design mitrgin of' about three,



Ill. THE INTRINSIC QUALITY OF THE DATA

The transmiltunce values thcemtselves are raw dotw and further analysis is requirud to cxtroct the

extinction coelf"iients from menasured values. There tire two relevant oihclanisms contributing to the

total extinction: aerosol extinction and molecular absorption, h'e aerosol extinction coelficient, A,. ik

the sum or two parts, the aerosol scatterlng coefficient 4-, and the aerosol absorption coefficient A',, '.

The two parts are related to the real and imaginary parts of the Index of' refraction of liquid water

through Mlo scattering theory and absorption efficiency functions Q,,, and Qh,, We might also note

that at 3.8 microns absorption in only a minor portion or the total aerosol extinction, whether the parti.

cle, are assumed to be water or •alt, Therefore fir the purpose of our discus•Ion aerosol extinction and

scattering tire effectively the same, and hence ithe total optical extinction is $Iven by the sum of the

aerosol and molecular extinction c.)efiiciCnts:

A- Ak,,+k, A':

with units of reciprocal kilometers km Transmittance and extinction tire related hy the usual Beer's

law relation,

T - exp (-kl)
where L is the path length in kilometers, We now derive what probable extinction errors 14,, and Akt,

tire likely to result I1loni the trntnimittance errors we estimated In Section II. We will a.sunmc atm1os.

plheric conditions which brocket thosce conditions most likely to he present during the experinment, In.

terprotttion of the resulting -k estimates in view of acrosol and moloculhtr modeling will he made in

Section IV,

Fromii Beer's Law we got

• (lIi 'rI - I/Al. I

{' ...... I. ,$tA+Ak~l.S71'+ ~+

I. 7 t



In ur xpeimet w pln t us itlasetraing finder whic will giv us the ship separation to

better than 1~%, so the fractionail error in L will be negligible conmpared with the other irrtietontil errorq.

Therefore we obtain thc basic relation betweeni extinction error, transmittance error, and transmittance:

The lnl' factor means that it gcotd measurement or extinction requires that the transmittance not

be close to 100%, Figure I gives a plot of' the above relation for at seriels of' values of' TiAt 37'YT the

errors in T and A- are equal, but ait 90%~ transmission it one percent error In 7' gives at 1019 error In A;~

and ait 98% transmission we got 50% error In k for the %time 11% measuremient of' T' It Is for this reason

that methods other than transmittance aire employed ito measure very smnall absorption cocfficients In

the laboratttry 2"' where very long pathlengths tire not available, 'this Is cspocially true if' water vapor

measurements where the finite L wIp t prevents oNaining more than~ 15 to 20) torr of water In at

closed cell ait ambient temperatures, I-or our experiment this means that situations of very high

transmittance will not necessarily provide uscabli: data, Of col',rsc high transmission conditions tire not

it ause for con~erm to operation ol' the I 1I1- beam,

Table 3 lists three probable extremes of' atmospheric conditions with regard it) humiidity which

may occur during our experiment, Internediate values of water vapor prossure are! more likely,

although somic extremely humid days aboard the LIiAINUT0N gave over 20 torr of water partial tires.%

sure In the summer of 1979, as shown In Fig. 2, We have listed motlecular abscirptioti vceilkients for

the D)P laser 112(8) line ats predicted using our I l1TRAN code and the 1 980 AFC L Atlas of' absorption

line parameters." InI addition, we chose to use the "Burch" water vapor continuum,-" which gives about

5-101% less absorption than the other continuum model inI current use, the "White" continuum 111.lul."

This iN not because we prefer one over the ot her. but Ior the purpose of thils estimation of' likely ab-.

sorption we would rather underestimate than overestimiatie the predctliid results to) get highest error csti-

mates, as discussed above, Aerosol extinction values corresponding to dlry open sea,' humlid opent
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Neil, and coatatll tterosol- extinction its calculioed using it Mic algorithim und observed pa~tivlc slic dis.

tritbuti(1t1. lire issunied, We note tilat open sell aerolol extinction is somli.,wllu Iem thani Coastal aerosol

extiiwution ilt thle samei hlumidity. We will discuss this point in relittion it) the "maritime" mlodel in the

LOW IRAN vode in Sectiun IV', but we only point out here that NRI&. has access to one (it the Few truly

't)oef occaIfl daw hamos as the result or several cruises over thle paist I'm ycars."'I' 'rabie i also list tile

f Baker's law transmittance att 12 (8) for three pailtienglim,

Table 3 - Range'. of Likely 112(8) Molecular, Aerosol, aind Total Eixtinction
and Resulting lPredivied Percent Trinmittlance for Three PIlathlenaths

D~ry Oo~en Sell OunId Open Sell C011-4t10
6.0 tort H.MA 20,0 tort 11:0 20,0 torr

As.,~03 k2kmll k
A,,020 .030 AO51

Ttt)km? )32 167.187
-116-5 kill? 9-1

T0.0) kill) 90,9 81.8 57.1
*1'15..1 kill) 8512 71.1 3Y.3

Thc 2w1/ estimattes in A T1 lkr thle absolute transmittance will be used ito determilne O1w likvly error

iii marosol extinction %4,, and thw 11%Y estinmatd error in Al1' I'or rehtlINVc rnmta will he used to

dctermine the% resulting error Iin thle molocular absorption voclticient A k,,. These arc vilivuhled uling

the preCviously derived relattionI, or estimated using the% graph in [igure 2, Thew results tie collected ill

Table 4, Ior'm thedree pathlengLuhs

'Table 4 - Froclonal Percmn Frror in Molecular 112118) and Aerosol Uixtinction Coelvkivnt
for 'Three Attmomphoric Conditions and Cor Three Pitthlong1hs4

Palilun Ih ry Open Saa H unild Open Sca I Iunild Coostai

0,5 kmi 62.0% 29.8%
aA. OU/ M', 3.o 10.5 5.0 1.8

5.0 6.2 3.0 1.1
0.5 kml 12.4% 59,61% 21.4%

AAjd 3,0 21.0 1100 1
5.0 12.4 6.022



The extremely high uncertailnty In the very high Itruoxniltu~nce cases tire put into perspeclive when

we rcullia~ thattil into oility to distinguish between 97% and 49% is truly it great uncertainty in

knowledge tof thia extincion. The logarithminf term bears this out, Figures 3-5 aire 1111K A N plots olf

the spectratl region uround the lP2(g) lugeor line, and shiow the expected trimmmittance Cor thia parametears

listed above. We agalin see why the short optical depth came In %n hatrd to analye.o Trho ininiediaw con.

clusion is that pathlongths Its short its 0.5 km tire very useful for ohitliflin inforintulon onl tlia mar-xhip

absorption, which raly be much higher than thia intervening path,

We have worked out the above results for the DF P2118) litle since It Is known to be (ini of thea

more powerful lines In thea emission fronm multiline devices, and hecause it Is so wall tralnsmitted

through the atmosphere. By contrast, the OFP P,( K line, tilso it line with signillkunt strength though

not its great its /'j10), Is very strongly absorbed by witter vapor, in !larlicular, hy it strong II11) line,

* I~Previous NRKL. results with the 1)10i. DFl lamor" Indicated that alt1hough only 5% tiof the totall out put power

resided In PIM(, 11 % of the total absorption and heonce of' the thermail blooming wits vilused 111(g), lBe-

cause of thea tnomaulously large blooming affect due to it handful of weak DI: lines, Nonme concern

should be given to controling the output power spectral distribution tif thie device. We theimfore,

thought It appropriatit tu repeat the 112(g) analysis for the P'I(K parameters, and this Is given In Tuhles

5 and 6 below, Figures 6 through 8 give thea corresponding molecultir absmorption lrt on'o i the ontiiipat.

ed tronsniittance oft 1)F 11,(8),

'rho tibove analysis htts given predicted uncertainties InI extinction coallicents resulting 1'roni our

itstuued uncertaintines in tranumituinve for a likely ;lange of optical depiths. For thea next section wv wil

go Into greut dottill to establish criteria for assessing the 4uait~ly oft our extinction mimmturviv, mits.

Specificatlly, we will demionstrate that it i0% uncerltaInty in measiured A-,,, and ia 20%, unceritainly III mials.

urod Ak, will contribute substantial result. inI temoix of current lasmer piropotgation modefling ellortm. Fig.
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Table 5 - Range of Likely PM(8) Molecular. Aerosol, and otial UIxtinction and
Resulting Predicted Percent Triinsmission for Three )isttanc's

. Dry Opoi Seai Humid Open Seai Ilumid (0o1titl
6.0) torr .I-2 20.0 torr 20,0 tort

.054 km .189 km 8km
k,, .020 .030 150

kl. .074 .219 .1.39
7(10. 5km) 96,4% 89.60 84.4%
T(3,0km) 80.1 51I,8 36.2
r($,Okm) 69,1 33,5 18.4

Tuble 6 - Fractional Percent Error in Molecular P1 (8) and Aerosol Extinction
Coeolielent for Thrce Atmospheric Conditions and for Three Plathiengths

Piihlength Dry Open Sea Ilumild Open Sea Constal
6,0 torr It.. 2),0 torr 1./'.) 20.0 tort U!13()

0.5 k m 27,8% 9,1% ,9%
A ik,, k, 3,4y 4,5 115 1.0

.•,0 2.7 0.9 O,0
0.5 km 54,0 t8,2 11.8

a k,,A., 3 9,0 3.0 2.0
5,0 ,.4 1,8 1,2

ural 9,12 plot the expected mneasurement uncertainties in II/' I(8) and 1)1 P2(8) moleckilar absorption

and ateromol extinction measurement,. The dashed lines att 10% arnd 20% Indicate the "usel'ul dta" cri,

leriit, We sce from the above tablem, and their remult.s am presented In Figures 9.12, that these vritcriai

vam be nmet and exceeded under almost all atmlspheric conditions and ship separatllons likely to occur

during the expariment. In view of' this, we list the most important conclusions of the anal'ysis or nlwas-

urement procedures js'r se.-

. ilata at 0.5 km will he usel'ul for ostablishing internal calibrallon and for nar.,sh•p cfTelt, is.

sesment, hut little high quality spectral Inl'ormation will be acquired tit this short optical depth,

2. The PON() IF hlaser line shlould bc uscd tim well ias P12(gJ so hoth "wcak" and ",trong" ahsorp.

lion by wtiler vapor con he examined.
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3. '11w equipinL'n dsvrihcd hoore Im c~apable oif' creating an L'xtroImly useluI scieniftic ataik hass.

1%'. UNII'ACI'OF T1II S EXPEHINWENI'ON T1lE MtODELI NG OF 111E.LTRANSMlISSION

liii oo t uro A:;;7211"Z :'2 pt7: 2y';"1':7h::''1:2 Trl-ois
adonly metiiitton thtt mlainy (if' the~ same iltmotiphorkcprmtr loIpc rmilso rdcino

the clitire spectrum1 I'm raidio wavoM I1 ultrovitilet, Mn1~ty ~odgo are unrestricted Ini the som of thile or

voniputur s flag Oneiexample of' it large code im FASCODI)I (Vasit A I moplivriv SigI1ItLiro Codo I

developed by AVE1C 1 . 2tIt prodicts almo~phtrik- trainsmlI~ision antd/or rai~dative for it vaierky of iiimomplier.

Ivandi~ atgrtoI svnariom Incl ud ing qlont pitailhs ('tom sil~ Ic v' to I ho upper almsl ic~ti~re, and hIt rvqi.ilremai

very large voipufln hiabi lity, \n opposite vose Is R "A LIR AN .1 whic~h predicts transmisi~on titelct

ed waycengnlivi from "look up lahlo" and is dri vetn by a 11119112S dosk top voakulator ond Inlerlfame in

road time to temperature. preoMure, Hod Llowpolnt moters, Desk top or haind hold vaakulmaormi will in t he

near futuro play Important roke'l 41 TIM ITA (lagikl 1110cl9ion A ids) lCr luaer wooapons symolIN.

LOWTRANI' aind II jR AN'" codes are tavailable In se%'eal Ifot and goint M rall) ,are us~ed In lo\% ri!oilu.

tion 05.20 oll 1) and high resolut ion Oi tmer irmionmik~on problomN rusempeti ly. Thc A K iAll. ATIA of1

160,0010 attmimphcric ahmorlition lines 1 ovusd by progratms Okik IlIR A N and FI. ý A its aMInput.

IA)WTRAN Is utnique In its athilitly o) 11114o predivt aeromol c~linetlon osIing look-up tables lbr si.\ model

atmospheres: 1962 [IS Standard, Tropical (I SN , NI dlattlude Summer 145"N. JuLly I, NI Idhai I de

W intur 10", Jaunuagry) Subortrie Summer (60"N, ,July) and Subrthic W Inter (6tiN, J anuatry) , which 4ull*

port ruralI, urban, 0.,iarifin, iinld It ig trotiosplivrlc aerosol miodelIs, Varit t(llon. Ini IIo 1101CI ci wt

humildity tire atlso Iticludevd In the most revent version oit' LO WT14A N.5 atid the retidcr I% rolerred Iherv

for more detall'' We expect that one Impolimltan result ol' our shltti.Isl0111oiiti llivi~len will lie the awt.



klmisiLtioil tit high q uui ty op i Nif' trojoi tili~t jkti(I w4e aflt iepilic tile nve. for comptirion with tl

A\ Sixndt lloitd'I M IMiI prvdio1s olen occami urLIsoI ex~tjlltin fromi \It: V olcr~ dhICe ticitivraI.

turc, humidihty, wttii spvvd) is tiw WellsI, Kae Munnt (WKM) rnodel.1t' 14 21 Wo expavi our open-ngui

dutit will be very' usegl'u I'm vilidmting thiq modelTh 11w I1TR4AN ('tite tor predicting high rcsotution

(Go, lasegr) absorption roquires high kIuiiltý' laborattory klat whi.re avrogoMt itre not an niotrtcorecne in

tlila111urvitill.tM mild we expc"I oar reoultt will not havey mnuch itlpitet on the 111ITI4AN dtida base. Two

retotet itreit miay be affevett however: tile. 114 C ontin~tuumtii tbsrption.l and tile 1'ritionii pop~ulationl tt'

deuteritted atttisIperiv water vapor 1111I)( /11, rat)ito), The Otfect it' tie vrrorN inl viwh is k te thanti I t1.

ini itllsorptioni coiviolietti The I ý() V01116111,11,111 is LkKCHCIti4.l 11% two IlloilvIN; ( log ,ttribmiltit to K.(I

W~'hile of the% U.S Armiy Atmosaphoieri Scietwes Laboratory tit WSNIA 11., "Whe ithe" cotitnuu1%, , and

vOlh to 1). 1:. Hurtch tit' [aid Avrospilci:.ý3 Prtevious allatbyii by J. D owtling ti NSIM,' Floridat datm bast:

WiN 1t1iNtVgIONNIui titt dititiguishltlg botwee the two tIlo~tick I11W o)pen vell~~t ditta whivil' tliqa 1w oh- z

tltiled ki liiut very hutnid vodlthiloOn ( 20 Litir or greater) may) ilti%'oIV 8ut1.001 op11ticall 1.101111 to kit 4114il

guish hetwouen Ithese two nIlodeivi 'I'lil I 1100/11,A() ratio problem Is based oil skvitchy uppel, Mttlo~phere

kil whih purports ito sihow ovideove ati large excursionsM fromi the% commonlyt~it avviteptt %ati. ol'

0.031!111. TIhe [IN datal otitoinitbie. ill the shtpltI NtOil e Npurinwiit should add it) the Arowting bod th,~ oi:0

dlene t(t sell lovel) that no signtificant Ge., ~10' 11 titnomninal OY-O' v'ari4Iiionti are 4eeti iii hIig t~oitiaiy

Wec have gtivvii this brief review it) introduce, tile realder to someC ati Ohe, ýopulvr vokics and

intddsI aovlabi:oi for tirediclingi~ Lu~itmslicriv' trtimmti INioti Il it variely ill' sit utilOons Additiontal inotmorn

thinl Van be ohtialtud Cron ilhe orIitulil oll o and1110 IIIIO ol' theli v vut i tie a th *rtelating

vivtorit'togy to tamer transmsin mN~iu uuy Ntat.- iud Intilte recguitt3 pubi.holhe tcediN oh' lthe Nk14..

directed H.D AR1 reviow contut~enve)N IP v~soNloret by OUO( I It1S) 4 d tile lFt NI [' progi-anv%



The value ot' the dutat obtained in the shipto.ship experiment is thut it will provide alccurate laser

exmin.'lion, FTS, taild a•erosol da•t relhitd it Met obhervable%, and therel'ore will he usel'ul to many pi•-

ile in the DlTh) c'llmulllIy', We now proceed ilt desv'iitiche 1c qclipilhmet and plocLedIre.s u-sed t•o ac

quiro the dlata, we aoues • ts Intrinai• qutility, and we show how the results of' it shiplo.ship olp•-s•,a

experiment eontribute to validating and Improving c'urrent modeling,

-l

L.O)TRAN uind thie WKM model tire tile two codes/modelm most likely Iti he directly ufl'eied hy

Ihe aerti•so.related results tit' the proposed transmittance experiment. Wt now demonstralte whhy tihe

SA,1
-: '• 20% lglure.olmnril fIr aeromol extinction will provide use'ul Input to the models. Tlhe aerosol

mcitUreliats aire perflormad with l'our instruments, plus Met mupport. These ure ) II the Knollenborg

itaricle i •spectrometers Ohwt measure the aleromol purticle site distribution ••6•, vs particle radlius, 12) an

aerosol musit monitor which given thie muss tit' avrosolsl present in pgrans per cubli mooer, (.1) i

nphelom.ter whivh gives it total scattering coefficlent in kml in 1nd (4) tile tra ittimiitunce experiment

which gives the dilleruncb hetwmen the total extli•lion and the molecular absorplion Vontribution. The

Ilit of' the aerosol related miesurmlntItI equipment IN givell In Table 7.

20.
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I'

A note about the instrument in (2) above may be in order. So far the particle mass dcnsity vs

aierosol o'xiinction relalion has been observed only by :alculating the mass density and aerosol extinc-

lion using from particle spectrometer results, e.g., see Fig. 20 in Ref', 10. We are now investigating

the use of an instrument that monitors the mass density o1' particles directly by weighing the particles in

u known volume of air using a quartz microbalance, We have not linished analyzing the data taken

with the instrument, so far, and hence the "To be determined" remark in Table 7, If this mass-monitor

investigation shows promise, and the ship-to-ship measurement will certainly aid in the evaluation, then

a device much simpler than the Knollenberg spectrometers may be devised for routine IR-extinction

prediction The mass density will not, however, provide good visibility information and hence the in-

clusioil of' the nephelonleter (3) above,

It should be noted how the elements of Tahle 7 ure interrelated:

0 Total extinction is the sum of aerosol scattering, aerosol absorption, and molecular absorption.

* Aerosol mass concentration Is related to the MIE scattering result if the particles are spherical and

homogeneous,

* Visibility (0.5 ,An) is related to scattering at 3.8 .•, (The relationship is nonunique, however).

* Point and path integrated measurements car be conipared to extract near-ship effect,

An imnportant resuit or the experiment will be analysis or the dlat to obtain how well the separate

instruments are correlated,

Clearly one cannot expect to provide each Naval vessel with a laser transmlssometer and state-or-

the-art Met gear for monitoring IR atmospheric transmission, One important result will be the iorrelu-

lion of "simple" observables: humidity, temperature, wind speed, with laser extinction. This is where

28



the expected Impact on programns Lind models such its LOWTRAN and WKM will falil,

Figure 13 provides an indication (X the performance ifltercomlparison betw~een Identicall Kno~lln-

berg particle counters, Seven counters and it Ilrnes 'Iransmissonieter on San Nicholas island were

compred"on at common site and at SO,% spreaid in predicted k1, between instruments is nutl d. For

each instrument at 20%1/ error in repeatability is common, Figures 14 aind 1S indicate two very Important

measuremient results f'rom previous open-sen aerosol measurements abotird the reseairch vessel UJSNS

l1AYES in 1971,9 Figure 14 Indicates tin order of' matgnitude decrease in the number of' 2-It) size

particles f'rom 9 to .15 meters above the ocean surface, Figure 15 demonsitrates the large influence of

ne'ar-ship effects of' over ain order of' magnitude increase In aerosol extinction between stern and bow

wind conditions. Such near-shlp effects will be examined in our datat since we will be able to analyze

the dilfercrnce between our point and path-integrated MET observations, The important change In par-

ticle site distribution toward fewer large par~ikles in open-sea conditions is cleakrly shown In Figs, 16 aind

17, Figure 16, which shows Miec-xinction results 1'roni open-seit measurements gave ain averagfe acro-

sol extinction, at 3,8 p m, of' about 0.01 km for' 19 da1ys of observation in the North Atlantic." Bly

contrast, Fig, 17 shows that over an order of* mugniItude increase in the average 3,8 m mi extinction wats

*observed at the coast at Capec Cmanaveral Air Force Staition. I'lorldaw"a Figure 18, f'rom three days of' ob-

servattions aboard LEXINGTON in 1979, shows ain average in between the coastal mnd sea dlstribu-

tions8.1' Clearly at 201% measurement accuracy In extinction coeffilent can distinguish bctweecn these

* ~two distributoios. We have shown that at 20% precision in kA, is at reasonable expectation, anid data olf'

this precision can provide valuable Information on aecrosol extinction, and open-ocean vs coastal partlicl

* size distributions,

C, Mokcu/en' A hsoirjnlo, Resafts and Modc'lx

The mole1cuIlar absorption in the 1W region Is mostly due toII DO, 1120, thle watter vapor continu-

u rn, and lesser contributions Irorn N20 and C114, The N20) and C'114 concentrations aire expected to be

29
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near their cannonical concentrations of 0,28 ppim and 1 .6 ppm respectively. These value~s can be easily

chlecked tfromi the Ptrr spectra. The 111 a~)ind I100 concentrations tire related by the commnlmiy accepi-

ed value of' t),3/o Ill ). Althonugh sonme questions exist regzardinog the indepentdence of t he ratio Mill

altitude" as we alluded to eatrlier, we can check this number with analysis of the FrS spectra. Figure

19 displays FTS spectra In tlie P~4 M ni ragion for at 6A kml ptith tit WSMR." Note the. high klutalil of'

present, The N20 data presented here yielded at value of (0,278 ± .03) ppm. very close In the accepted

value of (1.2$ Pppm. Results also indicated not departure from 0.03% 1 l1)0hhi20, and Cl 14 concentrations

were observed to he sonme 50% above the 1.6 ppim standard. .
FPitorg 201 shows it plot or sevoral closely -%paced iwater vapor absorption lines, Iwo ti1 which tire

110)0, near 3,66 pill, These data were repjlotted trom archival storaige of' results taken during Sell-

tenibgr, 197%, over it 5.12 kml path ait Patuxent River Naval Air lest Center, for 1113 torr of amnient

writer vapor,' Trheme duata arn of' very high quality indeed, as very lIIittl noisv is4 obsewrvalfle, The absorp-

tion coeffilents ofi two of these lines can be dterminedct to an accuracy of' 5%~ or better,. The. molecular

Integrated line strengths tire available from the 1980 AFUL Atlas2 t and tire given in Table 8 below.

Table 8 - 11100 and If.,() Absmorption Line ~arameters Niear .3,66 JA M

I Il)DO 2730,9281 cm 1 (.011 cim 2 (j5 X 1t) 24 Vm /il /c&loVII

Our analysis of' this mpectrat yields it value of( (0,028 + .003)1%1ill00. 11,I11% is an example of, the

high quality results available fromt the lVTS spectra, TFie Pax-River case repreents an optical depth ol'

57,.16 torr-kni of water vapor, In our planned experiment we cani reasionably expect an optical depith of

100 torr-kni or more, FHgure 21 Oivum an Indication of' how measttrL'nent of' the 111DO/h t10 ratio (Iii-

pactsi current illi1 tast results Interpretation, lo produce this lIgurc we used at recent MIRACI. test
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re~ull power spiectrum, kIndly supIplied hNy Dr. J. Stregak. to fold lgtihelr ilie weighted abstirplionl

covlelllis (11, su ome. 201 DF )Iollvc, anid *ugicd hreu wh the IIIkil )(il 111C l) 111)'l" ill. The resull Slums~~ a

very tillear rltlion btw~een 1101 absorption (atbove the fltour olt .03 kil Iufor mid-tlaltudc iuninwr) and

111110)/1120~ rutlo, Thi unvortaily ot' 1011/6 oriOSt hI'0 less ~ ma i oynt hesgnidfictimlf dt~i.CIm(idin oil the

NouInurlo, finoir aIbsorpiknl bloomngii, etc, anid the power spec'tral distribution tit the Onic, H owever,

resuhis ol, the Nhll-to.tO.~lp Oxtlgi tnwnts tire exp~ected it) natrrow lilt error httl% on0 the .0P.' raiotit seltl4

'the nmgmlurument atexuracy ol the dew point ieleri (11E(ii kModel 1(1 S. Nl is 5 (sIliteot the

ut.For niodertite to higIh humidiqti'at expecte~d mloderatelC ) high tern etlv-urv we Viliulatte Oisi 11pivtie

it 1,1111/4 uurawy In mieasuring the 11I parl itirla pressure. At 5 kil atnd -20) irr it.,() this yields it

lransillonvo uainveuierlainqiiit' afbhout 0, 511. and hence anerror in extinetton tof 11/i at 90% I' 11ý(H I ainmsil

howei This i% weil within hounds ol' uscftil datic 'I'he accurito wilt he even better tit 111(g)

1The NOg resolution1 motovular spectrit presented above 14 hV9ts Mee11OWn 10 be verv UNCet ul r VX-

tracting Ioll h-lnhegrolod nolovular vneolwi)raitlons, A mxeond qualttiy tit grettt Intorcsi In thN molevulor

Npactra Iis the Willer v'ipor Continuum. The physival origin oft thle waitter vaiour continuum Is probalbly re.

Iatetd i)lo1WIUitlt: ~uuki%' aihmorpiton of the 'latNIrl%( willi4ot tr vapiot ahiboiption linies. Two moitdels tire inI

current ume iII the 3.542 ~Am region: the "ltUrCh 11M19dut 1i114wh "W hill 110d. OVIenetadY the

Blurch nmodal N~ crillciecd r~or not lirgdleting ctough absorption where the White Continluum 1110 lutdNt

prodict lt)o much at lithe short %yovielenoth and olf the OF1 ie~loli. Rloth miiilstit~~ire haimd (oil laihaurai tory

tliiliiura iliatlls II l~aI Chiliadlm, Thue 11111t0 Valtlr prosliurd (1l WIGIVI, uniraliwe atparturo size iold mirror

raloetilvitiaN linitl thia ao~nti of olticul dolith mvatiltblo i Inlburaorv xe~primniv m% io it most 30( to 401I

At filve kilometers palth wild 20 lorr of' waiter vapor we would %"- liln optical deulth tit IN1 torr.

kilometers. The spectrum neilr P I A) ls NhOWI III Fig. 22, ilnd We HQQ Ithe tWO con1tinlua y-iied
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transmittance [or the Burch model, and 631A for the White model. At tin average transmittance of 681%

and an assurned error or' 21% we obtain in expected error of' 5,2111 in molecular extinction, Allowing for

tin aer'osol absorbance or 0.,15 (0.03 km-" x 5 kin) analyzed at a t*20%A uncettainty gives a range or

aerosol Libsorbtince of 0,12 to 0.18, The B~urch and White absorbances work out to 0,13 and 0U3

tespectivel. each with 5%1A uncertainty. C' nsldering the aerosol uncertainty, the molecular unc'irtainty,

and the small contribution Irom the nitrogen continuum which we know with groat certainly, we should

be able to conclusively tell which model .-orrectly predicts the observed absorption. The expected Spec-

tra as plotted in I'1g, 22 demonstrates this,

Thle molecular Absorption spectra that we have presented here have yielded ubsorption cotfilciont

results well within the 1011A uncertainty that we have projected for thle ship-to-ship transmission experi.

ment. Spectral datit of 1011/ or less uncertaiinty will address the following inmportant questions-.

1. 1-ow well does measured dew point, measured ait the, path end-points, correlate with path Integral-

ed water N-tpor absorption?

2. Does the open ocean I-IDO/11 20 ratio vary significantly from 0,031%?

3. Does the measured water vapor continuum absorption distinguisht between the Burch and White

ModelIs?

Considering the high quality or the high resolution data to be avellable from this experiment we

should be able to provide quantitative and meaningful answers to these questions, Of particular r~on-

vern to the Navy IlIEL community will be the correlation between predicted and measured absorption.

This will be discussed In detail in Section V In relation to ihCe critical thermial blooming problvm,

____ __ ____ ___ ____ ___ 42
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V. IMPACT OF H'-IS EXPERIMENT ON NAVY HEL

In the previous chapters we hIavC gie an in-depth description of the ship-to-ship )1F laser

trinsmittance experiment, We have gone through the details or estimating the errors in transmittance,

extinction coefficlents, instrumental errors, and required accuracies such that the results might have

significance, We now review it "se points and discuss how 'these results will impact the larger scope of

Nav, HEIL. programs, A very important aspect of' this program is to examine the predictive ability of

modes its they relate laser propagation to meteorological observables, Thermal blooming effects In

high energy laser transmission depend principally on the absorption coefficient and wind speed,-1 A

previous NRL study"1 briefly examined the sensitivity or thermal blooming eflects to meteorological

variables, We will examine this important IIEL propagation effect In relation to our experiment,

A. Modi'l Vollidatlimn

The two problcons of' prime concern to us are aerosol extinction and molecular absorption, In the

former we expect to have a very significant impact in that we expect the data to add to the growing

body of' NRI. evidence that an "open.sea" aerosol model Is needed, and concurrent meaurements of'

the ship's impact on the open-sea condition, Previous NRL open-sea aerosol measurements have

shown a distinct order of' magnitude decrease in ilhe number of' 2.10 Anm size aerosols in open ocean vs

coastal measurements, One likely result or the rmeasurement Is the recommdridation thai an "open-

ocean" aerosol model option be added to LOWTRAN.

A second anticipated result Is the need for study (f' neiar ship aerosol distributions. Much hats

been made or the requirement that it ship-based HEL weapon needs to be stern mounted, but no cxin-

sh aerosol studiks have been made on tin alrrtera carrier, Particular attentinn needs to be paid to the

variation or extinction with the height above the sett surlace, Statistical nmodels such as WKM may

need to be re-examined ii' our data hase is or the quality that we expect, Accurate prediction or aerosol
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extinction bused on "simple" observables (windspeod, humidity, air/watvr temperature) will play an ever

increasing role in the development of' TDA. flence high qluality duta relating Met to extinction is a

neesiy
The ofthet or our expected results on molecular absorption modeling is ntot likely to be as exten-*

sive as that on aerosol modeling, The HITRAN code has gone through over ten yoars of revisions, and

hits been fine tuned to state-of-the-art high resolution measurements. However, our expected cantribu.

tion will be the use of HITR AN, with our field data, to rotate humidity to extinction, to carefully exam-

Inc the 111)0/1120 ratio question, and to provide spectroscopic support to the separation of molecular

from aerosol extinction in the laser-transmittance part of the experiment,

B, IIEL Sensi~gxiU-t to ,Alb~oijrrion C'odlh'k',ii Mas~.u?'fll('fl Accuraec~v

Arn important concern In the tiesign of the at-sea transmission experiment Is the Issue of' how

HEL perrormance predictions are aff'ected by expected errors in the derived absorption coefficients,

While we have not yet undertaken a complete parametric analysis or' this problem, a simple calculation

wats performed to illustrate the general form such at sensitivity study would take,

A sot of conditions was selected to allow it compiete analytic treatment without recourse to the

computer, Nonlinear prnpagation wats based on tin empirical fit to it large amount of datat as reported by

Gobhardt.34 This fitIs of' the rorm

TOWe,(: I + 0,0625N 2

where I, - peak Intensity at range :,P - laser output power, k,~ absorption coefficient,

ai(z bouam radius at range zand N -distortion coefficient given by

N k P (2)

where Pil, - coemfcient of' index change with rcspect to temperature, it( - ambient rerractive Index,
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is(, amnblent atmospheric density, vil - wind veolocity, and On equal beam radius at the laser,

I1' we assumne that a imissile of' velocity v,, is Irrudiated initially tt a very large range and remains

thereta'ter within the focal volume of the laser ais it approaches, then the total avcumulnted fluet•ce.

i.'(: ), any rn•,€c is givcn hy

The beant radius a (:) at focus is given by 0,4 1)D whore / Ist a measure of the poomness of the

boarn quality, 4 Is the laser wavelength and I)- (21Va,) Is t(le laser aperture diametur, Thus

.- -(0. 4_5) ____2v_ o _____:'__ (4)

where wu have assumed small absorplion, A,,,,: << I, no slowing and strong focusing, ajV0(:) >> 1

so that Clebhardt's IHq, (34) applies and, thus.

N," 8.74 k, P/Iv/lP V.

The integration in ELI. (4) can be performed to yield the result

- P 'd~ !I - tan M_ (,)
v (O4S) • j2 Nil-

where

SO 0.25 N(,:,

Since

an .Vo " - + '

we can rewrlIe (5) for our purposes as

E I 1)1 "925 N i Iff (0,4529 A 2 %m 3 .2IN1

"0 , "11 I (6)

The various influence coeflIients for at sensitivity analysis tire now straightforwardly obtained,

Two such tarc given here:
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(1) Delivered fluence sensitivity to errors In measured absorption coefficient at conmtint range:

(2) Sensitivity of damage threshold range to errors in absorption coefficient at constant threshold

nluence:

: - 2Ak ' (8)
MiCult 3A,,,

We selected some nominal values for P. v0, D, and k., (which will not be specified here in the in.

terest of keeping this report unclassified), In so doing we generated a curve which rupresents one of a

family which are possible performance curves, given our possible errors In measuring ,. the ubsorp- :

tion coefficient. For assumed errors, Ak,,,, of ±t IO0% In the at-sea transmission measurement, the en.

volope of these curves is shown for one case in Fig. 23, The sensitivity in range at the -2 k, point •.

is Indicated on the figure for illustrated purposes,

Comments and Comn/,slons

(1) This simple calculation Is offered only as suggestive of the sensitivity analyses which will be

performed to derive a desired limit on the error which can be tolerated in the at-sea transmission meas-

urement program. Nevertheless, we seem to be "in the ball park" for an accurate enough measurement,

(2) We anticipate that the ship's boundary layer will be so significant thai any model assuming

homogeneous absorption and scattering, such am the sample calculation here, will be misleoding.

Influence coefficients for strongly nearfield perturbed beams are tn important by-product (l' this exporl.

mint,

(3) Worst case conditions will be during propagation through the shlp'N polluting plume due to

both low relative wind vector and higher absorption (ef: (v1/kP)2 term in Eq, (6), In addition this re.
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lion of battlespace will be full of structure (turbulence, aerosol and sea spray dlscontlnuitles, Raseous

plumes from ship and aircraft etc.), Clearly, :arcl'ul analysis ol' this region can only he credible It'

hacked-up by a suitably designed remote sensing (llI)AR) systerm,

C, Flmore' ust' t' 1114 Tratrker

An important Issue in the |iEL propuaation study hun not been uddrossod, the beam spreud due to

opthial turbulence under at-soa condillions, Meusurements of boum spread at 3,8 microns only exist for

overland conditions, Just how %evere IR turbulence offocts are over water hua not been dotorminod.

Nor hun the lever-arm effect that would occur in tile nout-ship at1nmosphere bean assessed. After finish-

In this i1rSt ship-to-ship m1easurtment the tracker system with only slight modllcution could study

thaso very important issues. And, thle required ewuipmernt for the modillcation already exits1t a.1 does

the dula reduction system and sol'twalre axparttio,

The tracker will alio he a valuable asset tar future DoI) proroms for which careful assessment a1'

atmospheric effects is an Important tochniccal requirement, Its mobility gives It virtually unlimited tic.

coas to field silte where electro-optictal system toets are undertaken, Possible post.L.F.XINCTON pro.

,loctn include:

(I) Long range hlant-path transmission measuremonts, utillinag ia flying (aircraft or ,atellit)h

tracking beacon; blackbody source and laser retrorenleclor to study, e,g., atmospheric stratllfcatlon,

offects of' InversIon layers on U-0) systems, trolpuptiue pecullarlties, oione layer, stratlspheric free radi.

cal effects, incipient cloud effocts, trntn lnmslmon through weather fronts, etc. Potential sponsors: NA.

VAIR 370, I)ARPA, IUOME'r,

(2) (JOnertllan o1' statIstical dta hbse of' neur-fleld turbulence Oefects on blue-green and UV laers

in support of' DARPA uplink and Navy SS(' programs, Theae data could be taken at candldate sltes Ior

laser transmitttr, Potential sponorm: l)ADRPA,
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(3) Itigh resolution spectral, transmission dato-tIakins in support or Hoeld tests or lutute EO systenms

o~.j,, i1S'r. loser designators, beam rider systems etc. Sponsors: Specific systenm spt)Iiors,

(4) Support of' other serv'ice progarms in atmospheric optis including II S. Air Force slumt visihil.

hty studies for A/C landinS and takeoffs and support or %moke and dust tests carried out by U.S. Army.

(3) Support of International defense proirnims In atmospheric optics throuih NATO, RSO.S, and

TTCP .J AC/9.

(6) Use in LlIDAR modo In support of' developing programs In trace chonilval/blofosicai mitent

detection, vehicle emiission detection, tracer detection for monitoring presence of passing ships ot,

(7) possible tole In support of' lictuil antilniismile testing tit SEALII'I, including roul-tirne .lati

gathering for aid in porfromncetw assessment, additional spectral ort spatial truckino of' targets, 1.1I)AR

dowtit n path structure, especially desert plumes, wind shear and dust clouds,

Thus, we anticipate that the cut-rent NAVSIl-A/IFON4TIinvestment will pa dividends in f'uturie

F0O systern support In the Navy aind througfhout lDol)

The authors gratefully tick nowledge thu technical contributions oft the lollowing evoplle: 1. 11 C (os.

dcn, H.A. Potton, and C.VAvtoti or NRHL., AK~ (iorocli of' NIUlV 11. K4111at of' NSW(.Whili OIl)k, J.'U Strofiack or' PMS.4fl5, M, lDourri of Mamsschusseits MunulrcturIng, V. Mulfltletio of Research Optics,

T. Wilkerson of lho University oft Marylond, and V, Ciebbairdi of'SAl.
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Appendix A

PRFlIMINARY TRACKER TEST PLAN

In order for PMS/401 and NRL. to itme progress on the ship-tot~.hlp nlcuuuromento prograim,

NRL will perfrmhn, during Autumn 1981, aln extensive analytis or tOw traceker performancne. The text

und~ nicasuremonts will bo conduelted onl the roll-and-piteh plutfrnim at NRL's Chosttpeaike Hany D~ivision.

The tracker asmembly will he mounted on IhN pltutlorn andI exorcl~ed tn simulate tit.4ei conditionq i&s

atre oxpected aboard LEINUJTON, A Aixed bencon will be mounted on it slable mount. prohaibly oin

the Jack-up hatrp ofishora Iin Chomiapeake llttiy, together with the tracking c4luipnwnt (qwtid-veil, detec.

tor, tracking data link, vat. ,he following tests and incasurements will be perl'ornedi

rhoc error signal Iin the marvo-clectronics will be recorded its the tracker simulates the iiitm it mo.

tiun, Anatlysis tit this dita will be used it) v~'nluate the veletonics cotitrol demilln.

2, The diegreeo 'Ediflivully or Ildllulritig the target will he measurad, Severatl people will each cmpiltq

the joystick syliltm for taWIe acuivillOn, 'is the sYstemi Il inMotion.

3. The 4uad.cahl signal ino noise will be meas~ured at several ranges,

4. The beam~ sizo and strongth of' the CitIA11 laser hystem will tie studiod "or turbulence ellevts,

I ~A report dlscusimb- the results and conclusions or the above teslts will ho delivarod to l'NIS!4 on
or before I I Januairy, I 992,
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Appendix 91

N/H TEST RESULTS AND ANALYSIS OF TRACKING CAPABILITY

.I-

Prepared for

Naval Research Laboratory

by

MasLachusetts Manufacturing Corporation
308 Poarl Street

Cambvidge MA 02139

9 September 1981
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1. INTRODUCTION

In March 1979, Appendix A, "Mount Control Systems"

was written am an addition to "A Shipboard Experiment for
DF Laser Propagation Measurements" by R.F. Horton (June 1979).

This briefly discussed the N/H tracker in general terms.
We calculated ship-based fixed-target tracking errors of

25-100 prad based on a guess as to the achievable servo
unity gain bandwidth.

With considerably more information, we produced a
"Nike Hercules Interim Report", dated 24 April 1980.
Unfortunately, at that time anomalously high friction

was measured on the mount which created uncertainties.
Nonetheless, the predicted errors were in the same range.

In December 1980, we installed a position control

svsini 4~. ''~'"11,4Thc used 50 vrad resolution a1a2t
angle encoders to measure the position instead of the
beacon tracking silicon quadrant which will come later.
In addition, the mount was on stationary dry land and
therefore the servo system did not have to handle external
perturbations. However, the transient response to step
inputs added more information which can be used to predict
performance expected in the field.

At this point it seams appropriate to try to tie these
together. In addition, a new potential requirement for
tracking moving targets makes it worthwhile to look at
the possibilitiese there. In response to questions from
individuals trying to evaluate progress, we will keep tho
discussion on a non-specialist level. A general understanding
of Laplace transforms will be very useful, however.
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411.

We will examine different "types" of servo systems

and in particular errors one might expect. Then we will

look at a more general system--one that combines two types.

This model will be adapted to a "real" system such as

the N/H tracker. Lastly, some experimental results and,

based on this, prýjctions of future performance will be

given.
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2, E.RRORS FROM DIFFERENT "TYPE" SERVO SYSTEMS--BANDWIDTH

After a basic discussion, we find steady state errors
for various inputs and "types", which term is explained.
Bandwidth can have a slightly different meaning than the
usual -3 dB one, and this is explained below.

2.1 Basics

The need for feedback can be illustrated by Fig. 1.

Without it (Ho0),

C- GE- OR (2.1)

If G could be made well behaved, then no feedback would
be necessary. Often, however, G includes a power amplifier
or motor whose ch rac0lrI•tics are not .nly nOirl:;y ...
change with time. The basic feedback operation is to

compare the input R with a sample of the output B (or the
output C if H-l) to produce an error, E, which drives

an amplifier G. The bottom line usually is what is E?
We have

C " GE G(R-HC)• ~G

C T-4 R

E R GH R R (2.2)

I:
when

a * w, C - R/H, and E 0.

A desirable system results if G is large and H is
the inverse of the desired input to output transfer function.
Here the asstmption is made that a sufficiently accurate

64
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H element can be built. For instance, a shaft angle
encoder to feedback angle information will always be more
precise than a 1 Hp motor to control the angle, but even
so the desired precision can sometimes tax the capabilities
of the feedback sensor (as in the N/H case).

22 UniyFedback, He!

Without too much loss, we can simplify the discussion
by assuming unity feedback, H-l. This means we have a
perfect measuring device on the output and want it to be
an exact replica of the input. Equation 2.2 becomes

C Gi
E 1W

2.3 Instability

Now it would appear that all we have to do is make
o infinite by, for instance, the addition of electronic
amplifiers in front of the motor. As is well known,
however, the system can become unstable if the gain in
made too high. To illustrate, suppose we are not too greedy
and are willing to mettle for a system which is very
accurate at low frequencies only. We will make G large
thoru but let it fall off as fruquonclos increase. We

could try (acmuming ideal motors, etc.)

G(S) = - (2.4)
S

GO w a constant

MMC/10602



Then1
C 0 K (2.5)

and 3.-.... 26

Thus# the error &t zero frequency 'a zero but it can be

shown that the response to an input would be of the form

C(t) ~-egp(+Ut) sin(/ 3 at + 0) (2.7)

0-(K/B)1 "

a some phase angle

T" M'her 'wor'e, the atit-tt would qrcw exponent iti' .b

system iu unstable).

The major eff~ort in servo design is 'to minimize the

error but keep the system stable.

2.4 System Typ*,

Quite often the forward open loop gain G can be written

in the form

0 (S) 1 t!L5 (2.6)

where
al a constant

a 0# 1# 2, 3# vitc.

and where

bb,

KMC/10602
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The definition of servo system type is simples

Types 0 1 11 111 etc.
ni 0 1 2 3

We saw above that iype III systems can be unstable and
we will, as in usually done, restrict ourselves to Type II
or lower.

2.5 Steady State Errors with Algebraic Inguts

One evaluation criteria for a servo system is the
residual or steady state error remaining after inputs like

steps, ramps, and parabolas. Two of these are the integrals
of, the previous one and go as ttm as in the table below.

Bd r_ (t)_(S m_
step u( (t) 3/S 1
ramp tu1 (t) 1/2 2

pwabola 1/2 t u.l(t) 1/S3 3

The simplicity of the Laplace transform, R(S), is
helpful because, even without knowing the detailed transient
response, one can find steady stato values using the final
value thoorem. For the error, we have

lim a(t) - lirn SE(S) line% S•" (2.9)so t-00 S*0 + (0

This can be simplified if we use a low frequency approximation
G(S) GI/0/5. Then for the algebraic inputs,

e lim a*n+l-m (2.10)5l 80 •+Sn
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with the following results for steady state errors, east

step ramp parabola
1 2 3

0 0 (0a - -

I 1 0 -1

11 I 2 0 0 GI'

The steady state e mrors are either infinite# finite
or iero. Since Gi 1 (usually), the finite seers are
inversely proporthona3 to gain. Type 0 systems are rarely
used in trac'•ing servos because of tho non-zaro errors, p
and parabolic inputs are not often encountered. One;•

therefore tends to concentrate on Type I and 11 systems

with stap and randp inputs

(See Se(tion 2.5, (a2. 20))
2%6 -Steady State Er'rors with Sinusoida~l Inputs_ .

If the tracking system in mounted on a table which
oscillates minusoidally, th~e equivalent input is an
identical sinusoid, Thump

-r (t) sien w t (2.11)

and
we

but in the steady Mtatatu,

eI + a + 70iTi (21,.3)

MMC/10602I



Using 0 - Ga/S, we have for errors due to unit sinusoidst

Approximate Error

jye Error Magnitude (*(

0 (l+Ga1- G

UZ (1 a 022/wea )1/2 We/0
2 -1 2

(l-we /01

Again# the error is inversely proportional to gain

and decreases as the type goes up (since we << G1).

2.7 Bandwidth F

Looking at Eq. 2,13 one might conclude that the

3 dB bandwidth occurs when G(jw) - j, This is approximately
true, but not a useful concept since the transient response

can differ considerably from a simple filter.

The more usual frequency characteristic is the similar
unity gain crossover frequency, fl - wi/2r# defined by

Io(wQI - 1 (2.14)

or the Type systems discussed so far# w1 ist

Type IG(Jowl

0 - 01

T 01 wl/W

where G(S) was assumed to be Go/Sn
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The sinusoidal tracking errors ware disoussed in the

1979 Appendix. At that time, we anticipated ship rolls

o• W in 12 see periods with unity gain crossovers for

Type 1I systems of 1.5 to 3.1 Hz to yield 100 ur to 25 ur

errors, respectivaly. in the Interim Report we discus.ed

more roalistio ship's roll rates of 10 in a worst case

16-sec period. This is considerably easier than before,

but in December 1980, an we discuss below, we could only

achieve an 0.8 Xi unity gain bandwidth.

With these newer results, we have

f 0.6 Hs 2I

*i 21tf 1 = 5 rqad/sacj

A" 19 - 17.4 mrad

we i 2w/T w 0.4 rad/soc

Type a I

ag o A1 (W/a/W 1 ) 2 - 1 wrad

which is slightly higher than we first guegsed.

Unfortunately, we do not have a pure Type II system and

so these results are a lower bound on the error. On the

other hand, the 0.1 Hs represents only a 3-day effort

with a fully operating mount. rurthor, typical roll rates

are expected to be down by a factor of 4. We will return

to this in Section 5,2.

70
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2,55 Steady Sta.te Error Cgefficients

Another bit of nomenclature involves the so-called

arror coefficients which are defined for steps# ramps#

parabolas, etc. These are a little more general then

the error, cc.mput.ation given in Section 2.5. Given

K 8(1) - ' m , 1, 2, 3, etc.

then

,,a IL jO lie -

as) M-1

. +

m w~~

where

m -. m urn

it we identify 1, 2, 3 with a step, ramp, and parabola,

then the error coefficients are conventionally identified

as related to position, velocity, and acceleration. The

following table may help.

Steady Stato
M Input -,Dohiinat gq gpefficient Limit Error
1 step position K p O(S)

2 ramp velocity K 8 (8) Xv
3 parabola acceleration K aI0(g) X€-m

This method -o findtir. e*rrors is slightly more general than

that of Section 2.5 bnca•nu ono dine nr, "oed, to ,-rrtte WO

explicitly in thea formi 0/ M/

KIC-10602



SNJCOND 0B2ER SYSTEM RESPONSE

Most systems cannot be described well as a single

"Type but many can be as a combination of a Type I and

Type 1X over some frequency range. t•y this we mean the

open loop gain is of the form

where w0 a "natural" frequency
8 a damping factor.

For low frequenites C(S) -a 1/8, but at higher ones,
G(S) I/S. By adjusting 6 one can go from Type I to

Type 11.

The closed loop gain and error transfer functions
*tA

1 + 26(S/w 0 ) +

*28(S/w ) + (S/WO) 2

ir ~ 1 + 26(S/w0 ) + (SIWO)~

The steady state errors for seieps# ramps# and low fr9quency

sinusotd, aret

Step 0

Ramp 26/wo
Sinunoid 24 (e/W 0 )

121

RMC/1O602



... . .. ... ..

It appears that one would like to make 6 small but
this may adversely affect the transient response even
though steady state error is improved. The remainder of
Section 3 discusses this traleoff.

3.1 Response to a Step

if r(t) - u-1 (t), then using Eq. (3.1) and inverse
Laplace transforms, one can find (see Fig. 2)

i, e - 6w t

C(T) - 1 - sin(/-T7 W0 t + *) (3.3)

where

Si/J=C o s 6-s no ( 3 . 4 )

one can see tromi the figure that as 6 - 0, the

transienit response has a great deal of overshoot and zero
average error but large instantaneous exror, even in the
steady state. As 6 * =, instantaneous errors become small

but this takes a long time to achieve. Because of the
slow response, values of 6>1 are generally not used.
The lowest total rms error is achieved when 6 - 1/2.

Becaube it is easy to understand and measure on a
strip chart recorder, the first (peak) overshoot and time
to reach it rciu of some interest. Setting dC/dt - 0,

one finds

Cmax - 1 + expE-i/(1-62 )1 /23 (3.5)

at
atT t 1/2(3 6

max WO1-6

MMC/10602
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The maximum error occurs at tmax also and is given simply

by

max - C max-1 = exp(-v6//C-6-) P for 0<6<1 (3.7)

Since the input is a unit step, this is a traction called

"overshoot", P. Note that for V>1 there is no overshoot.

Given P and tmax, one can find

- + In 2pJ 1/2(3.8)

and

2 2 1/2
W (r+lP)(3.9)
0max

3.2 Response to a Ramp Input

For a ramp, r(t) - tui(t), R(S) 1, and we can
use inverse Laplace transforms or note that a ramp is

the integral of a stop and so are the responses. We find

C(t) t - + e -6w , sin(• 06 +*) (3.10)WO (A 1- 2)0

c coo'(262 -1) - sin- 2 6/1- (3.11)

which is illustrated in Fig. 3.

The error is

e(t) - C(t)-t -2 sin(i 0t++) (3.12)
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This has a steady state value, 26/wor as we foun~d previously,

and a decaying sinusoid. Again, if 6w0, the average error
equals zero but the sinusoid never decays. if 0<6<1

the error reaches a peak undershoot on the first cycle,

which occurs at

tma (3.13)
max WO-2) 1/2

at which point

1.1

a1 ) (3.14) t
max - 0

Since this is the maximum error, it tells us whether we

can keep a target that suddenly appears within the field

of view.

we could alwo find wand 6 from tma and ema

but ramp inputs are harder to produce and not as convenient
to interpret for test and measurement purposes.

3.3 e~rnseto a Sinusoidal Input--Unity Gain Bandwidth

The amplitude response to a sinusoidal input sin w~t

is

IC I - -3

a (C1 - (We/WO) 2 1 * (26we/wo)'J 4('/ (3.15)

The magnitude of the error is

ri tA
2  2, 12 / 2 1,q,,j1P
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When the input frequency in low, the error is

E 26 W (3. 17)
~A0

which contrasts with a pure Type II system, where the

error warn

*E (w a/wl )2 ( 8

In this system# the magnitude of the open loop gain
decreases to 1 at a frequency

W woC(1+46 2) 1/2 . 26 2 1 /2  (3.19)

WlIvaries from w0to .49w0 as 6 increases from 0 to 1.

Thus wlis close to woin value and for small 6,w 1 1 can
replace Loo in Eq. (3.17). in order to keep the sare. error

for the same bandwidth as a pure ype zx, one needs to keep

1 (we (.0
~ " T~ (320

As an example# if wl - 5 rad/sec and we - .4 rad/sec

as in Section 2, then we need 6 (<<.04. This is very low

and indicates for a system with good transient response we

will need a larger bandwidth than the pure Type 11.
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4. MOTOR DRIVEN ANGULAR POSITION SERVO

Having laid the basic mathematical groundwork,
we can start to look at slightly more realistic situations.

We will find, however, that a second order (in S) model

can still be useful.

4..1 Motors

The prime movers in moat tracking systems are motors.
The minimum model is one which takes into account inertia
and viscous friction. The equation of motion is

T BN + J dN/dt (4.1)

or

T(S) (B+JS)N(S)
where

T - torque

J - moment of inertia

B a viscous friction coefficient
N - motor shaft speed.

The motor torque can usually be expressed approximately
as a linear function of a control voltage or current,
depending on the type of motor. The transfer function is

therefore of the form

ti (-S- (4.2)

where K = torque constant
V - voltage applied to motor.

.77
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S4,2 General hAle -Control Leo

The simple angle control servo, Fig. 4, is typical

of both the N/H and 60" systems. This has unity position

feedback to an angle error amplifier A. The H(S) block

is a new feature, an internal feedback or minor loop.

It will provide compensation for part of the servo by

feeding back a function of the angular velocity to the

velocity error amplifier 0.

Note that shaft angle, e, is mathematically the integra3

of shaft speed, N, so the 1/S term is exact. One tends

therefore to have at least a Type I system.

403 Rate (Tachometer) Feedback Comnensation

If all servo system components were ideal, then the
tAch lomp would not be useful or coutld be h c,,li;hz .

in some other way. However, because motors and their
awsociated power amplifiers are not well behaved, it has

been found beneficial to control the motor shaft speed
with this type of internal feedback, H(S). We will assume
H(S) is necessary but still use a linear motor model for
further discussion,

it might be assumed that the ideal form would be

H(S)-l. In other words, try to make N=M and go from there

for the position loop. This is the case when operating
a joystick which has inputs connected at point M and the

desired controlled variable is N. 1lowever, when embedded

in a position loop, this is usually not. the case. The
transfer function

GK
N -i OK (4.3)

1 + H B + SJ + GKH
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already contains a term in the denominator, D, which is
not zero at low frequencies. This keeps the open loop
gain small at low frequencies, something we have been
trying to avoid. Adding another constant term, GK
(if H-1., a- constant), does not help. Making GaS would
fix that, but would cause problems in the numerator.

A possibility is'to make A(S) a I/So but now we have
S's in three denomtinator., raising possibilities of

instability. The usual choice is to make

H(S) a DS (4.4)

where
D *tachometer feedback constant.

With this choice, angular acceleration, dN/dt, is fed back.
Then,

N GK
-B + S(J+GKD) (4.5)

GX/B
1+ST

where

T J /B + GKD/B# a time constant,

By varying Do one can swamp out the motor time constant
J/B. Additionally, if D and 8 are large,

N (4.6)

In this approximation we would have a Type 11 positioning

system if A is a constant.
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4-4 I?§sitiOfl C-n-trol
Using the rate loop compensation discussed in the

last section, the open loop (forward) gain is

GK/B a/4-

1+ST a 8+ST

where

a 4AG1, a constant, and

~LA _,&LB9
R Oz 1+Ao a/3 + S + ST

I + SB/a + S- TB/a I + 2&S/00 4

where

0 -D

S+' AGXJ'
When D is large# we havej

(A/D 1/2(4.9)

We have a second order cntxol ByStom identical to

the kind discu*&Cd in SOction 3. The "niat-ural frequency",

w0o and damping# S, can bo adjtistad with A, O, and D.
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We found in Section 3 that the steady state error due to
a unit ramp war

* B (4.10)

and due to a unit minusoid was

in both cases higher qain is needed to overcome frictiorn.

I
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SN/H Servo Experiments

In December 1980, a preliminary servo system electronics
package was connected to the N/H mount. This package
consisted of

a). a joystick
b) a trackball
a) thumbwheel switches
d) LCD displays
e) analog displays
f) servo electronics.

The joystick could be used for velocity control and the
trackball 3for position control. A more useful position
control device was the set of thumbwheel switches for each
axis. These and the LCD were 17-bit binary devices matching
the SO %irad re ntutl.oin of the m1bef-. encoders installeid on
the mount. Since tracking quad cells were not installed,
the shaft encoders were the only means of position feedback.

The servo electronics implemented a tachometer
feedback compensated posiLion loop similar to that 'described
i.n Section 4. They were a bit more complicated, but those

'details are not necessary here. After some adjustment of
gains and filters, we obtained reasonably stable control
of the azimuth axis.

Experiments were performed in which one of the lev-ars
on the thumbwheel switch was advanced one position and
the error transient recorded oan a strip chart. Tho resalts
for steps of 400 prad, 3 mradp 24 mamd, 200 i'rad, and
1.6 red are shown in Figs. 5,1 through 5.5. Note that
the initial size of the error equal thu step so the
absolute vertical scale is riot ,.quired.

MMC/10602
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Zgnoring for the moment the 400 urad case, Fig. 5.1,
one can see in Pigs. 5.2 and 5.3 a reasonably behaved

transient response for the 3 mr and 24 mr steps. Using

Eqs. (3.8) and (3.9), we find

6 0.5 4
Vw 5 rad/sec

ILooking back at the 400 arad case, one can discern

transients obscured by apparent noise. Although the

reproduction does not make it obvious, examination of the
original strip chart suggests that the noise consists of

50, 100# 150s 200 urad, etc. stepr corresponding to one

or more bits of the shaft encoder. This could be reduced
using higher gain but then the transient response became

a :L is QýpecLt~ Lh-A.L Llm whd&t~ivw can be
reduced later by reducing the gear backlash and motor
amplifier deadzones.

The 200 mr and 1.6 red responses are progressively

slower and less damped. If the system were linear,

their shapes would be identical to the lower amplitude

transient responses. If it were simply a came of lower

gains the frequency would be lower but the damping would

be higher. When response time slows down with amplitude,

it is usually a sign of saturation inside the control loop,
but this needs further investigation.

5.2 Projected Errors

Making the assumption that we can obtain a second
order servo with an w 0 a 5 rad/vec (cor•amponding to a
unity gain bandwidth of .76 Hz), we havy prepared Table 5.1

of errors to be expected from stops and ýiriusoiei for
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'la from 0 to 1. Sjnce it is conceivable, we have made

Table 5.2 for w0 * 10 :ad/sec.

One can see t)at. up to a * 0.707, the response time

is not appreciably lengthened. The overshoot becomes

* , appreciable when 8!.@.2 so that 0.2960.7 is a preferred

ra agep but there the error due to ship's motionm i

Sappreciable unless 8*04 and -0 10 rad/seo. Using
vU sq. (369)0 W 0.- ,99 tad/sea or t* 1.6 HM. This is not

an unreasonable hope,

Another alternative is to dynamically vary- depending

on the situation. It is not unusual to lie a Type I system

(8 large) to give small overshoots and switch to a Type 1Z

system (d small) to reduce the residual, error. This will

be investigated in the future.
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1. INTRODUCTION

In 1977, the Naval Research Laboratory (NRL) began
investigating the possibility of placing its heretofore

land-based Infrared Mobile Optical Radiation Laboratory
1 2(IMORL) on large naval ships. The purpose would be to

extend its measurement of the atmosphere from conditions
obtained on land or at the seacoast to those which might
obtain at sea. The primary measurement would be of
atmospheric transmission in the 2-12 si.m wavelength range.

This would require two ships to act as sender and receiver.
For reasons of stability, ease of emplacement, and

availability, an aircraft carrier used as a training
vessel was proposed to house the major part of the
equipment.

NRL started procuring optical mirrors for the new

32" telescope which would be required and, in July 1979,
Massachusetts Manufacturing Corporation (MMC) started
designing a servo control system to point it. This
telescope would use a U.S. government surplus Nike/Hercules
(N/H) radar mount with the optical mirrors substituted
in place of the radar receiving dish. Cost and availability
were major reasons for taking this approach. Work progressed

on a very low level, but progress was made. The telescope

optical design was finished 3 and the servo control aspects
of the N/H mount began to be understood.4 Finally, in
Decewber 1980, the mount was brought under closed loop
velocity and position control. The position control used
digital shaft angle encoders onlyr infrared tracking
sensors were to be installed in the third and final phase
of M4C's contract.
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By January 1981, confidence in the likelihood of

achieving the initial objective had increased and some
new tasks had been thought of, These new ones centered
primarily on using the N/H tracking telescope to follow
aircraft from the carrier or in some cases basing the
telescope on land and following ships or aircraft.
The purpose would still be to make atmospheric transmission
measurements, at least on a relative basis, and to measure
radiation from a variety of sources. Because the potential
usefulness seemed greater than before, NRL decidud to
pursue the program on a steppod-uia level.

The following proposal from MMC is directed toward
achieving what we take to be NRL's two main objectives ofi

1) making absolute atmospheric transmission measure-

ments between two ships at sea over ranges up to 5 km, and

2) to the largest extent possible, using the N/H
telescope alone to track and measure sources other than

used in the transmission measurements. This will include
helicopters, aircraft, and the like.

The remainder of this document discusses what is now
named the IMORTAL system. Most of the discussion centers
on the first objective, since the second one will be

realized later in time and will depend on experience in
realizing the first. It shnuld be stated that the second
objective will be pursued as much as possible from the
beginning, however.

We will discuss the transmission measurements, the
servo controls, and the measurement system electronics.
A work statement, list of deliverables, and schedule follow.
It in assumed the reader has seme familiarity with the

references above and progress to date.
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Although the overall problem is addressed, MMC's

part is limited to tho electronics and electro-optical
elements. Many parts of the system will be furnished

by NRL..

2. TRANSMISSION MEASUREMENTS

In order to understand the requirements on the
tracking servos and other electronics, it is necessary
to know how the system will be used to make measurements.
A typical IMORTAL system deployment between two ships,
Fig. 1, would make an absolute transmission measurement
in two steps--absolute at a few fixed oavelengths used
to calibrate relative measurements over a broad range.

2.1 Absolute Transmission

For this measurement, a laser is used which, in
conjunction with the N/H telescope, produces a well-
collimated beam. To make absolute transmission measure-
ments from one ship to another, all the energy in this

beam, except that absorbed by the atmosphere, must be
captured by another optical telescope on the receiving
end. The major technical problem is to steer the beam
into the light bucket, which task is aided by using the
largest possible bucket. The one proposed is a modified
NRL surplus anti-aircraft searchlight with a 60" mirror.

The 60" telescope need not produce a high quality
image, since light gathering is all that is required,
but there are other requirements. If a 3r, beam from
the N/H impinges on the bucket, then at most 3.4" of
central obscuration can be allowed before 1% of the beam
is lost. Thus, in addition to Lhe primary IR detector
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(DET *1), a secondary one (DET #2) is required, since the
secondary of the 60" must be larger than 3.4". The

obscuration due to XMTR B (whose use is explained below)

must be less than 3.4" in diameter.

Assuming the fields of view (FOV) 6 and are
equal, IR DET #2 will be loss sensitive since it has the i
smallest collector. For 1% transmi~sion w.--•s~riement
accuracy, a signal-to-noise ratio (SN.K greater than 100:1

is required. A rough calculation (Appendix, section 2.1)

shows this can be achieved with pyroelectric detectors

and a 15 mr POV.

In terms of the control syutems, if a 32" beam is
to be kept in a 60" bucket and no turbulence exists, then

less than 116 ir of error is allowed on the N/H control
system at 5 km separation. The 60" control system must

point at the N/H, keeping cos 0 less than 1%, in other

words, 0 less than 140 mr (80). in addition, the N/H
must always be within the FOV of the IR detectors and

so t5 mr could become the real requirement.

2.2 Scanning Michelson Intorferometer (SMI) Measurements

In this case, IR DET #1 in replaced by a light source
and the laser at the N/H is replaced by an NRL SMI.
Now the N/I must keep the 60" %ithin the SMI's FOV (300 pr),
The 60" control system must keep the SMI source beam
pointed at the N/1., In order to keop the SMI SNR high,

the source beam divergence shouli be as small as possible--
on the order of 10 mr (0.50) or less.

iI
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3. CONTROL SYSTEMS

Both the N/H and 60" systems will have servo control

systems which point their respective telescopes. Usually

manual (joystick) control of velocity will be used for
acquisition followed by optical tracking of IR beacons.

3.1- Quad Sensors

Steering is accomplished via silicon quadrant angular
position sensors (QUADs A and B) which track GaAs 0.9 um
laser diode transmitters (XMTRs A and B). The N/H must

direct its beam precisely down the 60" boresight and so
XMTR B must be located there. QUAD A likewise must be

on the boresight of the N/H. Since 60" steering is much
more relaxed, XMTR A and QUAD B can be off axis.

An earlier configuration used the laser in place of

XMTR A and a quad IR detector as DET #2 in place of QUAD B.
The change here is suggested because it uncouples some

aspects of the measurement from the control systems so that

a) we can separately optimize tracking and measurement,

b) we will not have to wait for relatively expensive
laser sources and IR detectors before closing the 60"
control loop,

a) the money spent on a quadrant IR detector can be
spent elsewhere,

d) XMTR A can be used as a data link from the N/H
to the 60".
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There are some disadvantages as well:

a) Two transmitters and receivers are needed--
but these can be identical and development costs are only
for one,

b) XMTR A may be picked up by IR DET 1 & 2. This
can be a problem at clone range (Appendix, section 2.2),
but can be almost eliminated (see below).

c) XMTR B backscatter may be picked up by DET 1 & 2.
Based on an experiment at NRL, backscatter in clear air
at leant should be negligible, but should be kept in mind.

The Appendix (section 1.1) indicates that SNR
would be quite good for a reasonable quad sensor/IR beacon
system.

3.2 L NH Control System

This has been discussed in detail elsewhere and will
not be here. 4

3.3 60" Control System

The original 60" searchlight consisted of
a) transmitter synchros driving
b) control synchros driving
c) vacuum tube amplifiers driving
d) Amplidynesedriving
e) DC motors driving
f) the searchlight.

The transmitter synchros could be hand driven at a control
station connected via cable or by an automatic locator.
In order to use the searchlight with a qUad cell, we would

need linear to synchro converters to simulate the transmitter
synchro. Since these are 11OV synchros, this in not easy.

)General lectric Co.



It appears that the easiest place to break into the
chain is at the Amplidyne field control winding. This
requires l04 approx (100VDC at 0.1A) and is a simple
control point since motor torque will be a fairly linear

function of applied voltage.

This also eliminates a tremendous number of cables
and interconnections that would have to be checked and

possibly refurbished.

In order to have reasonably accurate tracking,
QUAD B's FOV cannot be too big. This moans some sort
of manual control would be demireable. For initial
pointing, a joystick velocity control is probably best.
The DC motor's back EMF can be used for velocity feedback.

The control loops would then be similar to the N/H
but trackballs, shaft position encoders, position displays,
and thumbwheel switches would be left out. Looser
requirements and better behaved main power actuators here
(Amplidyne-motor) should make the design les, critical.

3.4 Detector Ring Array Im
In making absolute transmission measurements, it is

essential that the beam not wander out of the light bucket.
One straightforward way of checking this is to put a ring
of perhaps eight detectors around the circumference of

the 60" mirror (Fig. 2). In order to be cost effective,
each sensor must use small optics and inexpensive detectors.

This precludes using pyroelectric detectors, but allows
silicon or possibly lead malt detectors. As shown, eight
are used, but if the approximately 3% area lost in the worst
case is too severe, 16 would reduce it to less than 1%.
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in order to use silicon, a HeNe laser would have
to be added to the transmitted beam. The SMI uses such
a laser to measure its internal mirror position already,
and possibly would find use in this modo.

In any case, if 1 mW is available, we show in theI, Appendix (section 3.1) that the SNR would be very high
with I" optics and silicon detectors.

Given that this is the case, one might try to use
the ring detectors for not only checking but also controlling
beam wander. This might be useful in the initial acquisition
stages, but if employed instead of the XMTR A - QUAD B
com ination, the resulting on-off type control system
would only keep the average position of the beam in the
center of the bucket. Quite a bit of wander and small
excursions outside the bucket wo'ld result.

4. IMORTAL Measurement Systems

The system for transmission measurement is shown in
more detail in Fig. 3. In the approach illustrated, the
beacon tracking subelements XMTR A,B and QUAD BA form

a duplex communication link which will be discussed in
detail below. Assuming the link, we will first discuss
the N/H and 60" subsystems.

4.1 60" Subsystem

The receiver contains fewer elemonti and will be
described first. At the top (Fig. 3) aro the two IR DET's
whose signals are appropriately weighted and summed togethor.
A variable gain amplifier is controlled by an automatic
gain control (AGC) loop which looks at the output of a
phase sensitive detector (PSD). (PSD'o are also called



synchronous rectifiers or lock-in amplifiers.) The reference
for the PSD iE obtained by decoding the sum output of the
QUAD B tracker which picked up tho encoded signal from
XMTR A.

Previous approaches have used asynchronous detection,
but it is thought signals in the future may be smaller

than heretofore. Narrow,.band passive filters can be used
but since these are fixed, the chopping frequency must be

fairly stable. Once PSD techniques are employed, the
ultimate SNR is obtainable and chopper stability is
no longer a problem. Conmnercial lock-ins can be used or
simple dedicated ones can be constructed using about

10 sq. in. of board space.

Following conversion to DC, either a V-to-F or 16-bit*
A-to-D converter changes the analog to digital. At first
glance the V-to-F looks simpler, but in the long run the
A-to-D may be. Its parallel output would allow us to use
commercial encoders which convert 8-bit bytes into serial
transmission signals complete with parity bits. This

information is the numerator, N, in the ratio of transmission.
Other information could also be sent, e.g., whether the

beam has wandered as determined by the ring array.

In the SMI mode, IR DET's 1 and 2 are not used,

but the rest of the mystem is, In this mode, the source
could be monitored at the 60" and this amplitude sent back
since the conmnunications link would still be open.

24 bits is obtained by automatic gain changing and
digital scaling of the A-to-D output.
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4.2 N/H SubsYstem

This consists of a 2-12 lim laser source which is
alternately transmitted and reflected to a local IR DET.
Detection and conversion to binary form is accomplished
as in the 60" systcm.

A chopper pick-off drives a phase lock loop (PLL)
which drives the PSD, and after encoding sends a reference
to the 60" system via XMTR A.

The signal from the 60" is received by QUAD A,
decoded, and becomes the denominator of the ratio N/D

which is the transmission.

4.3 Data Handling

In the past, analog dividers (ratiometers) were used
because high accuracy A-to-D converters and digital
computation were expensive. The analog approach required
closely matched filters and some care to achieve 0.2%

(9-bit) accuracy. In the intervening 8? years, digital

techniques have become much less expensive. In fact
so much so that a general purpose digital data handler
has become the most cost effective current method.

An example of this is the Hewlett-Packard HP-85
system. Using keyboard commands, one can enter information,
process it, including digital division, and display the
information on both a CRT and a small strip printer.
For later use the information can be sent to a digital
tape recorder such as NRL's Digidata.
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The major advantage to this approach in addition to

low first cost is flexibility. More variables than those
shown can be input and more complicated calculations
performed if needed, Considering the high cost of
arranging ships for measurements, it is essential the
operators have immediate feedback on the system and
whether it is producing sensible results. As theme
requirements are understood, changes are readily made
with such a system. As an example, in addition to
absolute transmission, if the range is known, the value
for extinction can be calculated and compared to the
expected value.

4.4 Duplex Data Link

The XMTR AB plus QUAD A,B, in addition to providing I
servo tracking, also function as a duplex (simultaneous
bi-directional) data link, Fig. 4. In this application
the data sent and received has been specialized but more
flexible use could be made in the future.

For now, in the absolute transmission mode we would
like to send information on the phase of the laser beam
chopper (top of Fig. 4). At the same time we need to
minimize the signal picked up by IR DETs 1 and 2 and

decoded by the PSD.

The approach we use is to send the same number of
pulses in the (+) and (-) phases of the reference.
These are arranged at approximately the same density
but in the (-) phase half the pulses are shifted slightly.
If one can imagine a real pulse density five times that
shown and a detector with a response time extending over

...................--....
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many pulses, it should be reasonable that the difference

between the (4) and (-) phases will be small. Since the
PSD subtracts the signal in the (-) half from the (+) half,

the residual signal will also be small. This should be

good for the two ordors of magnitude reduction in pickup
required if no visible filters are used on IR DET's 1 and 2.

(See Appendix, section 2.2, for further discussion of pickup.)

On the return path, XMTR B is shown sending a number

of pulses corresponding to an 8-bit word plus parity and
a check bit. Identical pulses are sent in each half of

the chopper cycle so that any backscatter pickup is

effectively cancelled. Additionally, sending duplicate
transmissions allows one to reduce errors if necessary.

4.5 Transmission Error Rates

From a tracking standpoint one needs SNR's from the

QUAD's of greater than 100t: in order to track with an
accuracy of 1% of the QUAD's FOV. The bit error rate
in this case is infinitesimally small. It is possible
to operate tracking systems with much lower SNR's.

A. an example, 5:1 would imply an equivalent random

angle noise of 20% of the FOV. This may still be useful
but the bit error rate will go up by exp(+40).

The error rate for one 100 ns pulse would be

2-x/2
S3x 10"7

VT' x x-S

With unsophisticated processing 107 times this would occur

every second. If we transmit a word every .005 seconds,

the word error rate is .005 x 107 x 3 x 10- = .015,
which is large enough to require error correction but small
enough to be feasible.
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Appendix: FIRST CUT ANALYSIS OF EXPECTED SIGNAL-TO-NOISE

We will work out numerical examples for three detection
cases:

1) Silicon quadrant tracking GaAs beacon
2) Pyroelectric detector measuring 2-12 ýim laser

transmission
3) Silicon single detector detecting HeNe laser beam.

Also we will look at the possibility of crosstalk among
them. Transmission and optical efficiencies will be
assumed to be 100%. Sunlight backgrounds will be neglected.

1.1 Silicon quadrant tracking GaAs beacon

ror the beacon we assume
peak power: 1W
pulse width: 100 nfl

rep rate: 10 kHz
divergence angle (after lens): •10 mr (1.574)
(Notet average power - 1 mW)

For the silicon quadrant, we assume

overall diameter: 1 cm
D* 10 12 cm-cpsl/2 -"

For 100 no pulses the optimum bandwidth is 1.6 MHz, and
so at best, for one pulse the NEP is 1.3 x 10-9 watts,
but more pessimistically,

NEP per pulse' 108 watts.

We assume
receiver optices 500 mm, f/B.

Therefore,
receiver area: 30 cm2

107
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We compute
irradiance at receivert 1.3 x 108 W/cm2 peak.

Therefore,
power on detector: 3.8 x lo-

signal to noise (one pulse): 38 to 1.

This may not seem large, but from a communications
standpoint,

probability of false alarm: expl 0 (-314).

"From the standpoint of a tracker, we can average ovcr
10 pulses and still not introduce a delay greater than 1 ms
in the servo loop, so

tracking signal to noise ratiot 120 to 1.
Therefore,

random angle noisei 142 urad.

1.2 Effects of 2-12 wm' laser transmission on Si cuad
During transmission measurements, the quad cell will

be irradiated by 2-12 wm radiation. This should have no
effect except heating and this should be less than I mW.

1.3 Effects on HeNs laser on Si quad

See Section 3. The HeNe irradiance is 4 times the
QaAs irradiance, but a combination of optical and electronic
filtars can eliminate it.
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2.1 Pyroelectric detector measuring.2-.12 IAM laser•
several lasers could be used in the transmission

measurements. The worst case we can imagine is 1 mW spread
over 6011 at the r¢ceiver! thus*

irradiance: 5.5 x 10-8 watta/cm•

,k For the re ce ive r# w e as2um:

Collectors 31" (787 mm) F.L,, f/2.
r, Therefore#

collector areas 1100 cm2

watts on detectors 6.1 x 10- watts,
Further,

detector size: 5 mm dia.
Therefore,

field of views ±3 mr.

Pyooeleftric detector NEP's are non-simple funotions
of bandwidth. The one we ume depends on laser chopping
frequencies and the fidelity required., For now we assume

bandwithi 100 Hz.
Therefore,

NEP (10.6 pm, 1-100 Hz)i 1.9 x 10-7 watt.
signal-to-noise: 400 to 1.

This is adequate for 1% accuracy when transmission
is 100%. Higher laser powers may be useful, however.

MASS.MFG.CORP.
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2.2- Pyroelectrio pickup of GaAs beacon

The 100 Hz bandwidth is so slow that the 10 kllz beacon
can be modeled as a DC source with a corresponding average

power. We have

duty cycle: lOOns x 10kHz 10-3

average powers lW x 10-3 -10 3W.
Therefore,

irradiance at collectort 1.3 x 10" 1 W/cm 2 at 5 km
watts on detectors 1.5 x 10-SW at 5 km.

Also we have
3Iratio to 2-12 Pm lasers 2.5 x 1.0- at 5 km.

This in reasonably mmall but at 500 m range, the GaAs
source would be 25% of the 2-12 wim laser. More powerful
lasers or non-interference chopping schemes would be required
to make accurate transmission measurements. '1

3.1 Silicon sing~ile detector detecting HeNe laser

Because eight of these are envisioned, small simple

receivers will be used. We assume

detector size: 1 mm

D*: 10 1 2 cm-Hz 1 /2_-"

There fore,
I4R: ''1 13WH -1/2NEPi F11 I0Iw-Ha"/ .i

For now,
bandwidths Af
collectors 100mm F.L. f/4.

There fore,
collector areas 5.9 cm2

field of view: s 5 mr;

MASS .MFG. CORV.
Sigel
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We further assume

source: I mW IleNe lamer spread over 60".

Therefore,

irradiancei 5.5 x 10- W/cm 2

watts on detector: 2.7 x 10- 7

signal to noise., 2.7 x 10-6

The signal to noise is very high unless the bandwidth

is also high. If a fixed chopper to used, the bandwidth *
will be low. When the SMI is used as an inte~rference
"chopper," the frequency is variabla, but the maximum is

Af 4 cm/sec f 1.2 rn/cycle *33 kHz.

There fore#
signal to noise: 1.5 x 10.

All of the radiation will not be available from the

SMI, but this is still high.

3.2 Pickup from GaAs beacon

The GaAs beacon will be picked up buh it would be

attenuated by the smaller collector and lowu*r bandwidth.

We ave irradiance at receiver: 1.3 x 10 8 W/cm 2 peak.

Theefoepower on detoctor: 6.4 x lOe W peak.

Also
33 kHz low pass filter attenuation: .02 i
effective watts on detecto: , x 10.

This is less than 1% of the IloNe signal and so could

be discriminated against.

3. Pckup from 2-2 im laser
The 2-12 pmn laser should generate at most a little

heating of the detector.

MASS .MFGCURr.



WORKX STATEMENT

1. N/HControlSystem

*1. Anal.yze NRL December tests,

2. R~edesign and build servo to (a) handle moving targets,
and (b) reduce backlash on fixed targets.

3. Add 17 bit input port to allow programmed tracking.

*4, Change outer electronics package to fit trailer.

5. Procure small modern trackball.

6. Design and build new trackball interface card.

7. Test new designs at CBD on static N/H mount against
tracking test source.

8. Finalize servo dasign.

9. Test at C15D on roll tclle against fixed test sources.

10. Test at CBD on roll table against moving test sources,

11. Write up informal manual,
12. Write up ship-based field test plans.

13. Test on carrier against helicopter-borne HI lamp.

2. 60' Control System

*I. Measure open-loop Amplidyne motor characteristics at C13D.

*2. Analyze control servo requirements.

3. Design control electronics.

4. Build control electronics.

S. Package control electronics to mount in 19" rack.

WTo be done as part of an earlier phase.
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Work Statement page 2

6. Test Amplidyne/motor combination at MMC (primarily

joystick mode).

7. Assemble and test 60" system at CBD.

8. Test on roll table at CBD.

9. Write informal manual.

10. Write up field test plan.

3, GaAs Transmitters/Si Quad Receivers

1. Analyze FOV-SNR range tradeoff.

2. Design electro-optics.

3. Procure (a) GaAs laser diode and optics
(b) Si quadrant detector and optics

4. Design, breadboard, and test
(a) GaAs LED pulse driver
(b) Si quad front end.

S5. Produce PC boards.
6. Build transmitter and receiver cases.

7. Test at MMC for (a) SNR and (b) tracking accuracy.

8. Help install at CBD on (a) N/H and (b) 60".

9. Write up infonral manual.

4. Data Acquisition System (Amp/PSD/AGC A-to-D)

1. Determine resolution and accuracy requirements.

2. Design electronics.

3. Procure parts.

4. Build board(s).

113
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Work Statement 3'.2

5. Debug and test at MMC for
(a) Dynamic range
(b) Absolute accuracy
(c) Signal-to-noise referred to input.

6. Package.

7. Test at CBD.

8. Write informal manual.

5. Communications Link

1. Determine requirements vis-a-vis
(a) Type and amount of data
(b) Phasing to avoid interference with IR detectors
(c) General I/O compatibility.

2. Find off-the-shelf UART (universal asynchronous
receiver/transmitter) IC if possible.

3. Design and build on wirewrap boards.

4. Test without optical link at MMC.

S. Test with optical link at MMC.
6. Test with optical link at CBD.

7. Write informal manual.

6. Data Manipulation

1. Determine required data inputs from each end.

2. Determine output displays and storage media.

3. Design special interfaces, if unavailable.

4. Procure parts and equipment.

5. Build special interfaces, if any.

6. Determine data manipulation routines.

7. Test with comw links at MMC.

R. Document.
9149. Test at CBD.



Work Statement page 4

7. IR Detectors

1. Analyze sensitivity and dynamic range requirements.

2. Procure detectors.

3. Teat at MMC using 500@K black body.

4._ Helpintallandceckouton____at__ I
5. Help install and check out on 60H at CBD.

18. Field Test: Test all systems at CBD]
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Richard P. Horton
Optical Sciences Division, Naval Research Laboratory, Washington, D.C. 20375

AhiFt. ra ctI.An 0,8 meter Cassegrain, raflecuting relay and matching opti~cs comprise a system which
incorporates it Nike ilorcul~es pedestal for an Linfrared tracking system, optic~al design
criterian and performance will be discussed,

Introduction

Th Fil pesroemgatinSectionmeu etof NPV*LOpica Sciencei Divieajon has boon mnaking ,n

these measurement~s has been paced by the development:o the required optical systems, In
197 1 n ptialtransmitter and recei ve r system was rpru hc copihdD ae

transmission measurements over a stationary 5 km path. I 176a, a nwrcie ytr a
reported which added laser calibrated high resolution Atmospheric mpectrosoyt h
capability of Hlelle, fld-YAG, 11F, 1W, C0, and C02 laser trnmiS~sion measurements,-

stationary path measurements to tratcking situations, of which, a ship to ship mieasurement
of laser transmissions, hi)'.h resolution atmospheric transmission andi itmospheric turbulence
is of interest,

A recent st~udy4 Concluded that ,a ship to ship measurement was feasible, bnood upon
reciprocal,,optical tracking fromi a 'high rUsolut ion" tracking transmmitter, (50 jr) , to a"l1ow resolution' tracking receiver, (5 mr) , To keep costs low the transmitter system ibased on a surplus Nike fivreules radar mount ctipable of the required tracking accuracy,

The design Study Which this paper presents is the result of the design problem of
mtatching the most capable optical system practical to the existing Nike hlercules mount.

Glenseral Desiyn_ Considerations

The Nike liercules mount appears well suited for our use as an optical miount. 'it in an
altezimuth mount, with at trunnion ring which can accommodate at 32" Cassograin telescope, 'The
bae 8:appears well suited to the mounting of our Scanning Michelson Interferometer, (SMI),
whic requiren stability and accessibility, In addition, laser systems which require vacuum,
high voltage, water cooling, etc. require a stable platform, Specific requirements of the
SMI and laser sources will be discussed later,

Practictil. Considerations

As thin is going to be it field systoem, it will reside in a semi-trailer, to be trans- I
ported to .'in experie~ntal. field site and set up as quckly as possible., The toptica'l systemn
should be "built: to take it" aind be renligned quickluy, precisely, and epant 1by, The

*opticall system May he used under conditions of Large the rmal. variations , and sho)uld either
be insnstiitive to these vatriations or quickly aidjusted to them, A maximum telescope tube
lengthi, required by the trailer layout, is 60" from the Mount Venteor This, along withi
moment of Inertia considera~ot iu , makes at compac~t telescope (lusirob Ic.

Ile reqiuire the opt ical osvster to hlive goo0d per f'ormaiace over ii wavelength range of I Lo
*20 inicrons, This precludes the use of refractive elements Ln the dosignMl To facili~tate

trackinga ndthe use of it boresiglit 'YV, ,a f iyId olf1/2L) it; desireod Filid cur'Vature should
be minim '. " he opticail system shuu Id be able Lo focus from infinity to 1. kiin, and closer* focus~ing is des irabhle. The turbulent atmosphC1re Wii 1USUally limit: performance of' the,
optical system in the vis ible however Later itnmospherl c propaigat ion studios will requl r(
the a ymtom to be diffraction lfimited beyond 3 mi~crons. Al ignment wil 1be done with it hiee
laser, so a]. I gnMent tolerano ing for the wanvel ength must be compat:i h l with pe-ro-ruirneaci
criteria in the infraired, Sptc in rixtitres to a id tn al ignment will be des igned during
the opt icil. instal lation, designing in this capabhility is utiofu!
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"SurFaces Inches Meters

Primary Parabola M - 0

(Hyperbola) (H - .232)
R Curvature 160,00 4,0640
Di.amneter 32,00 .8128

Secondary Hyperbola M- 4.90
(llypvrbo In) (N 7,82)

R Curvnt-urv q09,2 2,7919
1)I ,o11Vt L,1 11 25 .!1166

I ' I S p h e e r , - I

I,• (.XurwvtL ro '. 00 '4 710
Uiaiw~e/ .00

PFL Diameter 4,25 .1080
Perf.ordtion 1.68 .0426

I'IF2 I) nmeter 12.00 3,0148
erft'ornt ion 1.68 ,0426 ,

RLtlpAU M - - 53
R Curvature 54.00 1,3716
Dinamter 13,00 .3302

r lniirv SecondaryV 47,94 1,2177
s lnndirv cndrYl " 112,94 2,8687

I 1"2 216,00 5,4864

Rac'k . fro va l I n gth 0,00 , 4I14f n o c u )ti.t (' i1 ,
P1.1" I36.00 9144

'I12 6.00 .) 144

r no 2,50 0hnc1t r.t tri RKit it .41
Sy14t'vnl fh'/ 1 ,00,)0 I"kill FlItld ,!)0"

S-v4i.'i I n ..0 u11 'I~ Id .' 50'' '

Itto•' H t. ayou

l-'lI-,ulrV, 8 (r*1, hl) 0III Ivat SyH*1, III T
MI ke Ih ri•iti l , ,t I I'I , 4V 1
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1. INTRODUCTION.
This document describes the results of an optical sys-

tem ray trace analysis. The optical system is an Infrared
tracker which oses a Nike Hercules pedestal. NAVAL RESEARCH
LABORATORY letter #2412-429 (9-21-60) and several papers by
R. Horton contain a complete system description.

The tracking system has a focal length of 192 inches
and an F/6 aperture. It operates at object ranges from 0.3 Km
to imfinity at a full field of view equal to 0.5 degrees. The
system itself comprises a pure Cassegranimn telesccpe followed
by a relay system consisting o4 a Sphere and an Ellipse.

This report describes in detail the optical elementso
four focussing elements and seven optical flats. Ray trace
results are included for various object ranges from 0.3 Km to
10p000 Km. and for two object angleso object on thr optical
axis and 0.25 degrees off( the optical axis, The results
show that the optical design goals have been met.
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2. SYSTEM DESCRIPTION.

The optical system comprises four focussing mirrors and
seven flats. In the order in which an input beam would strike
them they arei

1. Parabola
2. Hyperbola
3. Folding Flat

4. Folding Flat 2
S. Sphere
6, Perforated Folding Flat I
7. Folding Flat 3
S. Folding Flat 4
9, Folding Flat 5

10, Perforated Folding Flat 2
11. Ellipse

The Parabola and Hyperbola form a pure Cassegranian
telescope; the sphere and ellipse constitute a relay system
which together with the folding flats tranmsers the image to a
convenient location. Figure 1, which is extracted from the
NAVAL RESEARCH LABORATORY letter to the Mu÷foletto Optical
Company, shows schematically the optical system layout. The
specific. element parameters, also extracted from the same
document are as follows.

Primary Mirror Conrcave Parabola
Diameter 32.00 *0.05 inches oil
Focal length 80.00 *0.10 inches
Perforation Diameter S.00*0.05inches
Material NRL supplied

Secondary Mirror Convex Hyperbola
Diameter 13.25 * 0.05 inches
Thickness 2.25 inches minimum

k.Figure R curvature w 101.9 A 0.05 inches
Conic constant, Mw 4.90

Material Precision annealed Pyrex

Turning Mirror (Fl) Flat
Material NRL supplied 12 inch diameter x 2 inch

thick glass or precision annealed Pyrex.

Turning Mirror (F2) Flat
Diameter 4,30 * 0.05 inches
Thickness O.75 inches minimum
Material the same as in the previous item.

Relay Mirror (El) Concavv Sphere
Diameter 7.00 * 0.05 inches
Figure R curvature 54.00 * 0.10 inches

Conic constant M * -1.0
Material Same as previous item.
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Perforated Relay Mirror (PF1) Flat D-4
Diameter 4.25 + 0.05 inches
Thickness 0.75 inches minimum
Perforation Diamewter 1.62 + 0.02 inches
Perforation Cone 1/2 Angle 20 degrees

Trurning Fl.at (F3)
NRL. supp.ied N.wtonian Di agurnl from 7",6 inch myst.um tIo be str-
ippwd and add/chrome coated only.

Turning Flats (F4) and (Fr)
Diameter 12.0 + 0.05 inches
Thickness 2.00 + 0.05 inches
Material Seine as Flat (FI)

Perforated Relay Mirr'ror (PF2) Flat
Diametr- 12.00 + 0.015 inches
Thi ckri•w•' 2. O0 inches minimum
Per-ftration Diameter 1,68 + 0,02 inches
Per-or-atimn Cone 1/2 Angle 20 degrees

Relay Mirror (E2)
Di ametwr 13.00 + C,05 1riches

Th i c: krn •i•ivi 2. 255 inches minimum
F'i quil,,r w R curvature 54.00 4 0. 10 inches

Conic Constant M - -.53
M awr Ii~ Il Prod ml on annevaled Pyrewc

The? e.fective focal lepngth of the optical system i• the
focal length of the Cawnss.ranian telescope for'med by the pric...
mary Pai•abola and the Hypt+rbtoal. The 1.phere and Elippas conis-
t itt, te a relay system arid donot t..,hanget the ef 4'ectiwye symtem
focal length.

1"he above istattd mirror rcu{rvatrevs together wit the
fol', lc1owing spacings beltwoen the focussinrig citinentu distarmine
af+ferct:Lvs focal length arid the final image position. The spa-,

i rigs airo as f,,lcows.

Fri mary to Swc:oandar y 47. '94 iLriches
Secondary t o El (uphrw) 112.94 inche.
El to E2 (El 1 Iple) 216.00 i1 richws
E2 to rnial FP'c:uus 36.00 inches

The systwm effective fcal Length is 192.00 inches.
TN v value arid the "2.00 inch Primary Diameter determine the
..... . number to be 6.00. The Obscuration Ratio is

.414.
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3. SYSTEM P'ERFOR~MANCE.
Systowr perfnrmance has bown *VaIL14ted by mneans of ai

trigonometric ray trace for the following (point) object diet--
anceWso 1p 5p 0p 50 100p, 15000 10001 5000p arid 10000 kilo-
meters, At eac~h range the object is on-axis end 0.25 degrees
off axis. RtesL(ts are alto~ shown for the object at 300 motors
in order to dewmonstrate how movement of the relay sphere main-
tairis the image in the proper focal plan'..

In each case a fan of forty rays emanating from the
object point scans the primary mirror in a four inch by four
inch grid. The results %how the focal plane coordinates in
torimit uf the grid points an the primary. The coordinate my%-
tu~m is one in which the Z axtis in the optical a)tis. Positive
X is horizontal toward the right when looking toward the pri-
mary mirror. Positive Y is up. , XP anti YP denote the primary
mirr~or coordinatesj XF and YF denote the focal plane izoardin-~
ate%. For each case the X and Y foical plane coordinates are
separately averaged to dotermine the muan and standard devia-
t~iori for focal Fplanff X and Y coordinates. In each case the
facial plans is laoated 36 inc~hes behind 1thw final Eli ipue.
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4. RAY TRACE RESULTS.
The focal plane coordinates for all cases even for the

object as near as one Kilometer and 0.2S degrees off axis
stay within an angular spread of 0.4 milliradians. Note that

all mirror and focal plane location% remained constant over

the entire object range from one to 10,000 .kilometers
As the object distance increases the focal plane spot Sime

decreases and eventually exceeds the Physical Optics Diffrac-

tion limit. The larger spot sizes at short ranges result from

out-of-focus conditionas but the focussing elements were nmt

altered during the traces from one to 10,000 Kilometers purp-

osely in order to demonstrate the acceptable optical system

performance without the need for adjustment
The final trace shows the focal plane coordinates for

the point object at only 0.3 Kilometers. Here the third
focussing element (Sphere) moved 3o6& inches backward (toward

the Focal Plane) while not changing the other locations.
The spot size for optimum adjustment of the sphere exceeds
the Airy Diffraction Limit Criteria (Wavelength m 0.6 micro-
meters) both for the object on-amis and 0.25 degrees off-axis.

RESEARCH OPTICS, INC,

C:. Verne Muffol ef, Pr a ent
8/24/81
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Range is, I ,1omet or
Im1agm is rl the amis
Thm following dimemnsior ar. in inches

XF YP XF YF

0 -16 0 -.. 0779:397
-. -9 -,3106 t.585166
-4 -2- 0195202 0585583

0 -12 0 -. 05860&5

4 --3,2 .0 19.3202 .-. 0558583
8 -12 C13,90 106 -, 05851a6

-12 -8 -. 0585207 -. 0319013
-8 -8 -. 0390698 -. 03190698

-4 -8 -. 0195561 -. C0391122
"-8 • -. 90391299

4 -8 0 195561 -. 0391122

8 - 1030698 -..)9 0190690

12 - 00.5852C.)7 -. 0390 11

-12 -4 -, 0585583 -. O1 5202
-8 -4 -0391122 -.,19556 1
9 -4 ,01391122 -.2019556

12 -4 .05815583 -. 01 952C12
-60 -. 0779393 0

C) 1.0586065 .0
-0 -'3491299 Q0)
B 0 .0391299 0

12 o).5S6C.)850
16 0 ).0779393 93164 -03585583 .0195202-. 4 --. 0391122 C0195561
8 4 .0391122 0vI955.61

12 4 .05855S3 .0195202

-12 8 -, 0585207 0'39013
-8 -. 03906918 .0390698
-4 8 -,0195561 .():3.?1122

0 8 0 ,039129
4 8 (.) 195561 .03:191122

a 9 .0390698 039b)698
12 8 C C581207 .t:1394:113

-8 12 -03901 0C6 ,0585166

-4 12 -. o 19501502 .0515583
C"7 t .0586065

4 12 .0195202 .115855E3

8 12 .0390106 .0565166

0 1 01 .0779393

Averag# X Value isl 0 Average Y Value is' 0MAea X pruead is .042089( Mean Y 8pread is .0420894 (Inc:hes)

1 X33



444

Range ism 1 Kilometer
Image Height is 4.36332 meters off the axis
The following dimensions are in inches

XP YP XF YF

0 -16 92.3"474
-8 -12 -. 0392576 9.1476
-4 -12 -,0196468 -. 9U4979

0 -12 0 -. 905091
4 -12 .0196468 -. 904979
8 -12 .0392576 -. 90476

-12 -8 -. 0591582 -. 805524
-S -8 -. 0315014 -. 838567
-4 -8 -. 019774 -. 996S04

0 -8 0 -. 886152
4 -8. _019774 -. 886084
a -8 .0395d414 -. 085967
12 -e .0591582 -. 885524

-12 -4 -. 0594723 -. 866284
-8--4 -.0397272 -.866608

8 -4 .0397272 -. 1966608
12 -4 .0594723 -. 866264

-16 0 -. 0795169 -. 846323
-12 0 -. 0597912 -. 646716
-8 0 -. 0399261 -. 847002

8 0 .0399261 -. 847002
12 0 .0597912 -. 846716
16 0 .0795169 -. 846323

-12 4 -. 060016 -. 826663
-8 4 -. 0400907 -. 8271

a 4 .0400907 -. 0271
12 4 .060016 -. 826863

-12 S -. 0602357 -. 806735
-8 a -. 0402225 -. 806953
-4 8 -. 0201337 -. 607062

0 8 0 -. 807126
4 a .0201337 -. 607002
a 9 .0402225 -. 906953
12 S .0602357 -. 806715

-8 12 -. 040342 -.786591
-4 12 -. 0201873 -. 766701

0 12 0 -.794703
4 12 .0201673 -. 796701
a 12 .040342 -. 7865•1
0 16 0 -. 766134

Average X Value isi 0 Average Y Value isu-.046276
Mean X Spread is .0429425 Mean Y Spread is .0425057 (Inches)

134



1.. "j,9

Range lsa 5 KiiometurC
Image is an the aSis
The foilwing cdimenuions are in Inches

XP YFP XF YF

*0-16 -. 015691

-* -12 -7.87628EL'3 -. 0118134

S-4 -12 -3.94390£-03 -. 0118313

0 -12 -. 0118649

4 -12 3.94:39SE-03 -. 0119313

:12-12 7E87t2Si-03 -. 0118134
S-12 -8 -. 0118134 -7.0762SE-03

i-8 -8 -7 90596E-03 -7.9•05968-1)3

i -8 0 ,-7.94721E-03
4 -8 393&7238-03 -.78 93445E-03
8 -(• 7. •05•;E-03 -7.9Cb05•6E-0S3.118134 -7.87E2E-03

1t2 -4 -, Ot18313 -3. 943991-03

-12 -4 -. 49E0
-8 -4 -7.913445E-01, -3.96b723E-03

-8 -4 7. 93445E-03 -3. 9b6723E-03

12 -4 ,0116313 -3.943988-03
-14 - .2 -4 0

-12 0 -. 0118649 0

-8 0 -.. 9472 1E-03 0

S0 94721-03 0

12 0 0 1181649 0

16 Cl :015691 0

-124 -. 011313 3.9439IE-03

-8 4 -7.93445•-03 3.96723E-03

8 4 7.93445EE-03 3.96723E-03

12 4 .0118313 3.9439UE-03

-12 5 -. 0118134 7.987428-03
-8 8 -7.95g9&E-03 7,90596E-03

-4 8 -3,96723E-03 7.93445E-03

0 U 0 7.947219-03

4 8 3.96723E-03 7.q3445E-03
SB 7,90596E-03 7.905961-03

12 .,0118134 7.74261E-03

-9 12 -7.S762G-03 .0116134

-4 12 -3.94398-03 .0116313

0 12 0 .0118649

4 12 3,9439SE-03 ,0115313

* 12 7.87626E-03 .0118134

0 16 0 .015691

Average X Value iol 0 Average Y Value isl 0

Mean X Spread t1 8.505227-03 Mean Y Spread is 9,505271"-03 (Inches)



S:+i : i .................

Rang• isi 5 KI omuters
Image Height is 21.81&6 motors off the aItis
The -Following dlmmnsions are in inchou

XP VP XF YF

0) -- 6 I -,!859218
." -12 "-7. 74674 F -- 0:3 - • .H

, -4 -*12 -3.87877E-03 -. 856673
Ci -12 0 -. 1915677
4 -12 3. 87677E-03 -.656673
s -12 7.74634E-03 -. 1356506

-12 -8 -. 0110935 -. 853379
-8 -6 -7.964029-03 -85'3664-4 -9 -3.9•9673E-03 -.1353845 :

0- -8 I-.•391
4 - E 399673E-03 -'.3845394
9 -8 7. '6402E-03 -. 35.664
12 -4 .0118935 --.9853379

-12 -4 -. o1222 .- 50231• 8 -4 -8, 17&BE-03 - 8501,)504

- -4 B. 1'768E-03 -850504 2
12 -4 •012202 -, 8502z

-16 Q - 165601 - 84421

-12 -. 01212 -,846775!
- 0 -8.38 118-Ci-.01, 847

0 S a.3a11 E-1O3 -. 84703
12 * .012512 -. ,846775t6 CI . 0165601 -,.846421 +

-12 4 -. 0127656 -,843028,
-4 2 -8.•5422E8-03 "-.643261

44 1.2 95422E-Ci3 -. 834832L I
12 4 .0127656 -. 843C25'- 12 8 CIL 0302.4 6 - 3N.403 ++

-8 12 -8.72123.-03 -. 039226 lt
-4 8 -4. 373,2C-Ci3 -. 839354030-,v939364 +

S4.p37325E-03 -r 859354a 6.•72123E-03 -. 839226 i

12 9 .0130246
-0 12 -9.07644E-03 -. 834923
-4 12 -4.44823E-03 -, 8350)41

0 12 0 -. 6E3508 :+
4 12 4,44623E-03 --. 0835046

• !]12 8.,876449-03 -. 9Q34923
S016 C) -,.9305152

Average X Valu~e iso 0 Average Y Valu.e tsi-.8461316
Mean X Spread is I6,97SUBE-03 Mean Y Spread to 7.7T6659E-03 (Inches)

[ + tO+



S , ..~-~'~-.----4"------.--------------"---------r----- - - ....-- - - - -... ... .

~anw et10 KilometeSrs
Image is an the aNl1
The following dimensions are in inches

XP YP XF YF

0) -. I 0 -7. 90403E-03
-8 "-t I i --3. 9E8C'04E-, -5.96929E-(:,3

-4 - 12 " . 996b7F.-0! .- q 88LE ,-6Zi

-4 a! (0911159E-03
0 --12 1.9967E-03 -5.909i9-03
4 -12 3,96004E-03 -5.169299-03

-12 -S -51 9•929E-03 -.3.980049-03
-1 -2 -4.00771-03 -4,00779-03

- --2.0166M-03 -4.03321t-03

S-8 
0 - 4. 04418E-03

4 -9 2.0166E-03 -4.c3321E-03
4 -6 4,0077E-03 -4.00771-03
9 -8 m.96929E-03 -3. 98004E-03
12 -8 --5 880E-033

-t2 -4 91866E-01 -.2, 0166bE-03B. .-o4 3 3 3 3 IE - 0 3 - -2 , 0 1 6 6 6E - 0' 3 i

4,03333E-03 -2 0967E-03
B0 4.48-03

12 7,90453E-03 0

- 12 :6,01959E'-03 0 7E

80 0 q. 0441 BEC -411

-8 
4.04418E-03 0

12 
6.01959E-03 0

-1 7-,04•39-03 0

-1 0 - 5. 9 6 9 6E - 0 3 1 . 9 90 7 1 - 0 3

-12 4 -4.03333 R-0 11 2 , 016-66 -0

-4 4 .0 =;33 E-03 2. 1666E-03

1 4 52 . 1 80 E - 0 3 1. 9 96 7 E -0 3

1 4 3.980040-03
-12 5 -5,169q292-03

-12 8 -4 779E-03 4. 7007-03

-4 
-2.016 60-03 4, 03 3C 2 1 I-E 03

0 ~4,044191-03

-4 
-2.0160E-03 4.033211'03

S4 
. 00779-03 4.0077E-03

12 85.96,929E-0
3  3.960049-0'3

12 12 -3,98004E-03 1, 9692 9E-03
-4 12 -i. Vq67E-03 5.9UU&E-03

0 12 0 7,0L959-03

412 1.99619--03 5.'99SU&03
412 3,,96004E-03 5,969295-03

16 07. 904539-03

Ave•age 9 Value is' 0 Average Y Value is' 0

Mean x Spread is 4.30413E-03 Mean y spread is 4,304121-03 (1nthes•
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S4 A-. fi O
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42 4 , . _

• ~ ~ -.. t ' •,,"I C91i •.i-0:3 8 .. • 4 :,Y

8,4 . O2(7 I8 L,--,( " Y:
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.4g Is - , 1444E'-(3, 1

S) B84!,125
12. 239 9 44 r-". 'i

4 4 ', 7 7 9.•9 F

12 is7, 11 56dE'' *4¶i
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=•= , ., I*-

I II

Range i is s !5 0 : I,::i , um0 :t4.' .r -

IImege is on the hoJiA
'The -f il (:) w i r'q ci mrt.nsi cnm% ar-lo i n i n chw;,

* X V XF VFSX P' YP F'

0 -'. t. ...... 9 4 4.F. 04E, 4 4 14 1 Lo
""/-I '-' ,2 --1 * 62005•.E-0'.4 .- 40 1 L F;.-04 .

-4 -12 .. ,767134E-05 - -2. 63 214E-04S0 -12;' 0 ,... 9'3493E'-04

*4 -12 8. 76784E-0 --2. 632" 1 4F"-4

8 -12 1. 6,2005E-04 -2. 4104 1.E-04

-12 - -'2 4 1041E-04 -. .62C) 5E-04
8 -8 1- ... 1.94:311E-04 -1 94:1 11iE-04

-4 -6 -( .057'3'9E""04 --2. 147"7E-04
o ..8 0 1h.1%. 1. "04
4 -ID :1 (0-),739E-04 -2. 1.1477E,04

3B -83 1. 94,,11E04 -1 94:3 11E-C4

12 '-2- 1. 4 1 041EE-.04 -1 6)•2 C. 0. 5E-A4

-12 -4 -2. 632. L4E'"04 U.., 76'674E0 4E5
-2 -4 -2. 147"7E"E"r'4 "1 05739E5-C)4

13 -4 2.11 477E-04 . 1 .' C75W39E-"04

2 -4 2 ... '. I 4E1-()4 -8 •.7.84E-.059
.-."16 -"2. 94924.E-4 0

* I' -12 0" . 934SE-'"04 0C)
,- - 32. 31 (),2E"-4 4

6 0 2. 3, 1 C2r8 E- 04

12 C)2. 9 ;9 3E-*:14
:16 0 2. 94924E --04 0

L-12. 4 - 2. 63214 45>El4 "6780*:' -.8 4 -, * ,1, 4"77E...0)4 1 05'73.E"04
H, 4 2. 11477E' "'")4 1 7 9 573E"•1"04

* 12 4 2. e.63 14E E-04 R,., 76 7'14E'"'5-

-12 83 "-2..4:1.0'4 1 E--(14 1 6 620(N9E' .-04
-8 8 - *,9431 i,:",'4 1. ,, 4S,. :1. E 4
.-4 3 .1 , (,r/..E "-"04 .. 1:1477E 'I-04

1: 1 0 2. 31(21E-,::14

4 3 :1,. 05'7:39E.-04 2. 11477E'-04

8 6 1 94:31 E--04 I.9431IE,04

12 Ell 2. 4104:1, E-04 1. 62005E-04

*' -8 12 ". 1. 2005E-04 2. 41041E.A4I

-4 12 -8. 76784E-05 2. 6:32. 4-.1.4E"4
0) 1.2 0 2. 9:34937E-1(:)4

4 12 U. 767834L-05 2. 6::3.214E8,.04 i
6 :.2 1 .620,.jE-C.)4 2. 4 1 *41 E 4'4
02 16 41 2 ` 949E--4E"")4

Average X Value ±-a m:0 Average Y Value t1 Oil
Mean X gpr-ead ,it .JIB918>E-04 Mean Y ,pr~ead i 1 ,.91891E-04 Iic h,&
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The test program for DF laser transmission between ships at sea could

greatly benefit from the application of the full complement of lidar techniques

that have been developed to date. These include humidity, temperature, aerosol

abundance, wind, concentrations of air pollutants, and all of these as functions

of time and distance along the range between ships. The principles and capabili-

ties of lidar for atmospheric measurements have been reviewed in the Proceedings

of the DoD Lidar Workships (Tucson, 1981), by R. M. Measures in Analytical Laser

S.pectroscopy (Ch. 6), Wiley (1979), and by E. D. Hinkley et al. in Laser Monitorin

of the Atmospjhere, Springer-Verlag (1976).

Unfortunately very few of the appropriate lidar devices are available

for the Lexington measurement program in the summer of 1982, because on a nation-

wide average basis the levels of lidar funding have not been such as to keep a

number of transportable systems running, or to permit a dedicated multipurpose

installation to be built. A few possibilities exist for the summer of 1982, and

these include the SRI Queen-Air - based NdYAG system for aerosols and the NASA-

Langley Electra that contains aerosol, H2 0 and ozone profiling systems (Nd:YAG +

DIAL using dye lasers) thGugh it may be attractive for the project to make use

of these lidars, one should bear in mind 'that a decent measurement program for

each is bound to cost $70,000 - $90,000 and the useful information output will

likely be marginal in terms of the atmospheric variables and the space- and

time-scales important for the DF propagation experiment.

In view of the general capabilities of lidar outlined below it is

unfortunate that we cannot wait until summer of 1983, by which time a (omprehensive,

multi-purpose lidar system could be setup for about $400,000 - $500,000, It could

also then be useo for a number of other remote senbing applications of interest

to the Navy.

An alternative exists that we will describe in this proposal, namely

that a relatively novel lidar concept involving pulsed, low power HF and DF lasers

15o
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can be implemented quickly to give truly useful data in the 1982 tests - and

perhaps then become the basis for more highly evolved versions to be used in

subsequent years. The cost and other details of this concept are discussed

below. The pulsed DF laser is advantageous for the measurements because the

lidar returns will give light scattering and H120 absorption information right

in the band region of interest, and the lidar is eyesafe. We estimate that

range resolutions for [1120] of under 100-250 meters will be attainable and that

ultimate ranges 2 - 10 km will usually be possible. At first the main goals

of the lidar will be to measure aerosols and [H20],

General Lidar Capabilities - Comments

For airborne lidar systems used to define the state of the atmosphere

during the Lexington tests, one needs to be concerned not only about the accuracy

of measuring, say, the humidity but also about the spatial resolution of the

measurements .. both along the lidar beam direction and along the direction of

aircraft flight. For downlooking humidity and temperature measurements, using

DIAL methods in the near IR, height resolutions of order lo0 ni are typical.

Given that 20 + 10 Joules of optical output are needed by adding up lidar returns,

one can expect a horizotital resolution along the flight track of order 1 + 1/' kin.

This horizontal resolution is Just barely good enough relative to the need to

document variations along the DF laser transmission range or across the ship's

smokestack plume.

The spatial resolutions describing downlookig Nd:YAM measurements of

aerosols are in better shape, say 10 meters vertically and 10 meters horizontally

along the flight track. What these observations provide, however, is a relative

concentration profile of aerosols. This may be useful for depicting local or

regional airflows, inversions, etc., and is probably of very limited value for

the HEL transmission experiment in question.
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One might consider the possibility of using the SRI or NASA-Langly

types of equipment actually on the ship with the lidar beam direction along the

OF laser transmission direction. While this would provide some measurement

advantages over the airborne mode, these laser systems are not eye safe and

therefore could not be used in this way in the Lexington environment.

Proposed OF Lidar Measurement

One's attention is naturally drawn to the middle infrared for lidar

measurements of atmospheric properties in tests such as the Lexington transmission

experiment. In particular the OF regions can be used for range.-resolved measure-

ments of at least water vapor concentration and aerosol backscatter in the OF

band. Other possibilities such as temperature and air pollutants are also under

consideration, and there is some prospect of cross-check measurements using

restricted parts of the HF laser line system.

We are proposing the rapid adaptation of existing equipment at NRL,

to bring on-line a pulsed, single-mode line-selectable OF laser for atmospheric

ranging work during the Lexington tests in 1982. This system will time-share

optics with the OF transmission laser, and will make use of some of the same

plumbing and gas-handling equipment. Still under study are technical questions

involving the repetition rate of the pulsed OF system and the possibility of

shortening 'the pulses to 0.1 wsec (from the present level of , 1 I sec).

A preliminary study indicates that:

(a) sufficient aerosol backscatter will be available for DIAL
measurements in the DF band, considering the typical transmitted pulse energy,
ranges up to 10 km, and signal-to-noise considerations for the appropriate detectors.

(b) HDO can safely be used as a "spectroscopic surrogate" for H 0 in the
OF band because the isotopic abundance ratio is fairly constant (0.03%) nea? sea
level.

(c) The spectral match of high power OF lines with the absorption line
spectrum of HDO is good as regards wavelengths, absorption strength, and temperature -

insensitivity of the absorption (e.g., see the attached figure).
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