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EXECUTIVE SUMMARY

3
? As u significant first step toward development of un HEL shipbourd system, PMS/405 and
X NAVSEA/EOMET huve funded NRL 10 perform an atssen, ship-to-ship DF laser transmission experi- ";
ment. Evaluution of the prototype equipment developed under this program, and subsequent unalysis
of the luser trunsmittanee duta obiained during the experiment will permit one to eviluate how reulistic
] the modeling to dute hus been, und will examine near ship boundary layer problems for 1he first time. E
The specilic gonls of the ship-to-ship experiment are: j
(1) To validate modely predicting the propugaton of DE laser radintion through the marine aimo- i
Y
sphere by measuring the infrared transmittanee between two ships ul seu. P
- . ?
| (2} To evuluate the wiility of using carrent meteorological instrumentation for predicting electrosoptiv ‘i
systems performunce in the marine environment, '
:
(3 To determine whether shipboard transmittunce meusurements correlute with existing land-bused 1
nIcasUrements. f
i
(4)  To domonstraie the Feusibility of operuting a large aperture, predision optical tracker abourd g
Nuvy ship. E
(8) To demonstrate the Teasibiity of operating un NE, combustion«deiven DE luser aboard o Navy 4
ship.

This document provides a thorough analysis of all facets of the experbment.  Partfeular attention i

plven o assessing the expected quality of the measurements, and (o discussing the eventund usebulness

vili .
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of the results in current Navy laser transmission modeling cflorts.

We provide o review of the project to date, and then immedintely begin the discussion ol luser
transmission measurement, The absolite ransmitience experiment involves directing a low power (100
mW), line-seleciable DF laser through a converted Nike/Hercules mount and o 0.8 meter cussegrain
telescope. This equipment will be mounted In the hanger deck of the aireraft carrier USS LEXING-
TON, and operated during Night trulning operations, The laser beam receiver will be & vonverted 60"
scuarchlight opernted as u "light-buvket" ubourd an escort ship, This receiver will also be aperiated us o
pointuble trucker. Both trucking devices ure computer controlled via guad-vells und a dedicuted GuAs
daty link. The sccond hall’ of the trunsmivtanee experiment reverses the direction of propagation: a
blackbody source at the focus of the 607 element ix directed actoss the intership path and into the 32
recelver and direeted into the entrance uperture ol a high resolution Fourler Trunsform Spectrometer
(FTS) tuned to operate at 2:12 gmy, This is the rebative transmitance pact ol the experiment, und will

provide high resolution moleculur spectra of the puth between the ships.

1n thiy report, we provide an extensive study of sources of trunsmittunce error in this experiment,
bused on NRL experience over the pust 7 years with lund bused transmission expertiments. We discuss
specific und extensive improvemonts for this experiment, The transmittance error in the obsolie meas-
urement Iy ostinmuted al 2%, and the relotive measurement transmittinee error in shown to be 1%, The
Beer's luw relution between transmitunee und exunetion, 7= exp [ -Gk, + &, ) L 1. is then employed
10 derive a rolution between the expected errors in transmittances, and the resulting expected errors in
uerosol extinetion, &,, und molecular oxtinction, 4,,. 1t s shown that Tor wll atmospherie conditions
lkely to oceur aboatd LEXINGTON, and for all puthlengths greater than | km, high quallty data on
nerosol extinetion and moleculur ubsorption is oblainable. We use € 10% for etror In &, and & 20% for
error In &, us indicution that the resuliy are uselul and of high guality, .4, the precision needed to vt

ify the varlous propegation codes,

e
e




Chapter three then goes into great detail to show whit modeling problems in atmospheric
transmission cun be exinmined with data o the intrinsic quality as deseribed above. In particular, the
acrosol muasurements will provide open-ocean dita of use for vahidating the TOWIRAN muariime
models, and as input o the WellseKutz-Munn model relating uerosol extovtion to wind speed and
humidity, Neareship effects related (o aerosols such as bow vy stern wind conditions, and height ubove
the sei surfuce van niso be exumined with aerosol extinetion dutu of 20% aceuruey, Besides the ubsolute
transmittance data, acrosol meusurements will ulso be made with a Knolienberg particlessize spectromes
ter and a nephelometer. Also an actosol mass monitor normally used for "deny aerosols will he tested
in the narine envitonmaent, The correlation between transmisslon meusurements and Met observables
in discussed. Simple relations between extinction and Met observables are needed for Tactical Decision

Aids (TDA)Y,

The maodecular absorption dute, with expected error in absorption coeMeient 4, off 10% ar less,
will wddress the Tollowing three problems for which complete understanding still doex not exist: using
the laige optical depth of up w 100 1ore-km 1o resolve the White va Bureh 38420 pom water contivum
modeling probleny using the high resolition FES specten o narrow the error bars an the 0.03%,
HDOZHLD ixotople water vapor vatioy and pros iding o path=Integrated witer vapor conventradon meus-

urement off use o separate the water continuum utid derosol extinetions,

A more subtle, but perhups in the fong run g more serious problem ol HEL propagation which
thiy mensurement addresses is: how well can open ocean DEF taser absorpion (K,) by predicied from
met obxervables? A thermal blooming sensitivity study s outiined, and o 10% error in knowledge ol
the moleculur absorption Iy interpreted In terms of wecuraey in predicting Nuence vs runge on an incom-

ing target. ‘This information s required to determine tme/ power on target,

In uddition 10 the discussion outined above, we have provided corroborative material in fve

appendices.  Appendiy A4 provides o milestong of Junuary 11, 19820 when NRE will provide PMS/408
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detailed report describing resulty of tracker al-sca-simulation studies from mensurements at NRL's
Chesapeake Bay Division,  ppendiv: B contains two documents written by Muassauchusetts Manulucturing
Corporation, who have been contracted by us 1o provide engineering work on the Nike/Hercules
tracker mount. Detadls of design puramoters in the servo-systems, opticel data links, quadd-vell parfor-
maitce parameters, infrared detector signsl-to-noise caleulations, and detabled wnalysis of the feedbuck
systems s provided in two documents, Appeadic Clis u reprint of o published artivie by Richard Horton
doseribing the desigh optimization involved in the linal tracker twelescope and relay mirror contlguration,
Appendiv D containg the results of w computerized ry trace analvsis of the desigh deseribed in C The
vileulations were pertormed by Research Opties, Ine., of Baltimore, Marvland, and the results indicate
that (1) the traeker aptica) design has indeed been optimized, (20 simpliication of the design is not
possible without performance saeritice, und (3 considering the consteaings imposed by reluying the optis
vitl beam through the trueker mount, the fmal contiguration is an impressive optical design nehieve-
wment,  dppendiv £ s aithored by Prof. T 1D Witkerson of the Unbversity off Marvlungd (nstitute of Phye
sles and Technology.,  He deseribes what LIDAR measuraments might be obtained in the shipao-ship
experiment by emploving one of severul establishod LIDAR geoups. A more interesting possibility is
then duseribed « the use of v pulsed DEF LIDAR to obtain water vapor coneentration protiles in the
wavelength reglon of interest,  Appendix B concludes with o deseription of what benefit the Navy HEL

program nught galn trom using w sophistivated, multiuse LHDAR ot sen

The tmpaet of' the DE luser ship-to-ship transmissdon experiment will be far-reaching,. W2 antiel-
pate the aecrosol extinetion resu s will requibre the addiion of g "open-sen aeronol madel 1o
LOWTRAN sinee results will protubly point out addbional insdequacies it the present "maritime”
model for open sen predictions, Acrosol maasurements will provide additionad data for vidldation of' the
Wells-Katz-Munn extinetion model. Water vapor continuuey models and the inotopie water HDO/ZH,LD
tutio problem will be divectly addressed by the high resotution infrared spevtral measurements, The aee

curaey of thermunl blooming models will be addressed when the abllity of metweorologivul measurements
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to predict DF absorption is determined. And u final achicvement will be the demonstration of the use

of a dual, large aperture tracking system to perform significant stmospheric transmission measurements

4
.
E using # ship-bused, combustion-driven chemical luser, 3
4
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TECHNICAL ANALYSIS OF A PROPOSED SHIP-TO-SHIP
CHEMICAL LASER TRANSMISSION EXPERIMENT

I. BACKGROUND ON THE PROBLEM

Since 1979 the Optical Sciences Division of the Naval Research Laboratory (NRL) hus been sup-
ported by PMS405 and the BOMET program. 1o performy  abyolute trunsmitlanee  meusurements
between two shipy, The speetral reglon of interest is 1.5 - 4.2 microns, the DF laser operating region,
As originally wsked, a Xenon laser Uine selectable from 2 = 12 microns) was 10 be employed with u
Fourier Transform Spectrometer (FT8) and aerosol and mateorologicul equipment to obin absolute
transmitlanee measurements in a munner similar to that suceesstully used by NRL in u series of land
and sea-coust measurements. '™ The obvious difference in the ship-to-ship measurement is the
necessity for two traeking systems 1o keep the source and receiver in optical alignment for a period of
ten minutes or so, In FY 81 the task was aliered to require the use ol combustion driven DI chemical
faser as the calibration source, rather than the Xenon laser. The substitution of the DF sourge compli-
cated planning due to safety and logistival considerations,  These problems have been examined, and o
W large extent solved. We believe that o successtul experiment is now moving from the planning und

procurement stuge 10 the ussembly und execution stage.

The purpose of this document is to closely examine the scientifle justification for completing the

program.  The absolute transmittance measurement us now configured has a very high probability of

success, will contribute valuuble dutn on open-sen trunstmyittance such that codes may be verified tor

moditled), and will have a substantial operational impact on future Navy HEL planning in the areas of

thermal blooming, scaling lows, optical turbulence and s compensation, and in delining uceurate

micro-met requirements,

Munuscript submitted Decetnber 9, 1981
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We will first describe the details of the experiment as it is now configured, We will examine in
detuil the precision of transmittunce meusurements required to provide daty of high enough yuality
such that meaningful conclusions regarding nerosol extinction and maleculur absorption may be drawn.
We will demonstrate how this data affects present Navy codes which predict nser und broud-bund opti-
cal trangmission in the infrutad. We will detail and quantify the error In transmitlance expecied from
several possible sources: Mel parameters, turbulence, diffraction, blooming, tracker jitter, ete. The net
expected error in extinction for both nerosols and maolecular absorption will be derived from the expect.
ed trunsmittance error for ussumed realistic meteorologicul extremes expected ubourd LEXINGTON,
From this analysis we can project n fgure-of-merit for the transmittunce data compured with model
predictions, The predictive capability of codes such us LOWTRAN,!" HITRAN,'? and acrosol models
such us (he Wells-Katz-Munn (WKM) model for predicting aerosol extinction from wind speed, tem.
perature, and humidity'™ ™ will be cxamined. These modeling abilitics are of great value to the Nuvy at
present for such fundamental tusks us the design of luser devices, und the design of tuctical declsion

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

The most importunt outcome of the ship-to-ship experiment will be the creation of a unigue datn
buse for code verificution and design of future devices. We demonstrate in this document that the ex-

periment hus been properly designed such thut high quality data and practical conclusions will result,

1. SHIP TO SHIP MEASUREMENT OF ABSOLUTE TRANSMITTANCE AND
HIGH RESOLUTION INFRARED SPECTRAL MEASUREMENTS

The transmittance measurements involve (wo sepurate experiments which share the sume optical,

tracking, duta reduction, und support equipment.




" A, Absolue Transiiiance Measurements

The absolute transmittance source iy the combustion driven DF fuser, which served NRL experi-
menty well for over five yeurs burring /3. The device is now completing modifications wt TRW (o burn
the safer fuel MK, The luser output bean is coupled through transter optics, collimated, and sent out
through a4 32" Cuassegrain telescope, ucross an {ntervening path of 0.5 o 5.0 km, captured by a 60"
seurchlight mitror (the so catled tight bucket) mounted on the escort ship, Detwils of the optical train
in the trucker muy be found in Appendix B. A pyroelectric detecior is mounted ut the focus of the 60"
teceiver on a turret mount, Appendix B2 describes o preliminary estimate of the expected S/N at this
detector considering « pravious optical design involving u complicaled triplicute mirror. We have since
exumined the quulity of the 60" device focus (o blur ¢ircle of less than 1.5 mm). The quality was much
higher thun originully expected, so we have repluced the triple mirror design with a much simpler
receiver. In the present conflguration we estimate u S/N of 10 to 10, bused solely on D*, u reasonuble
§f laser power of 100 mWaus, and simple phuse sensitive detection, Hence we expect fur less than 0,5%
) transmittance error due to noise in the detection iystem. The captured signal is sent back 10 LEXING.
TON for processing via the datu link described in detail in the Appendix. The signal {8 ratived ugainst a

\ reference sighal from the reflecting chopper (o ratio out Nuctuntions in the luser power. Previous ex-

_ perience with rutlometers™ '* hus indicated an expected error of 0.4% or less due to the division, We a
note that we are considering eliminating the ratiometer in fuvor of o simple division of the sighal und ;'\'%
reference at the minicomputer control system, This is an éxumplc of where techinology has progressed i‘i

- since the fust NRL trunsmission fleld experimtents, and where it is to our asdvantage to use simpler {ech- 1;‘
" niques and more relinble digitnl electronics instead of the unaloy system used previously. »m
: 4
| Our previous resuits, however, indicuted & 2% tranymission aceuracy over fand and sea-coust paths ‘3
| ;. I8 achievable, but only when turbulence does not cause excutsions of the light beum out of the light \
buckel. Sinve we are employing the sume size source und recelver optics wnd similar pathlengths, we :

expect the same situntion, or fur better, to oblain here, since €.} values on the open seu are typleally

one to (wo orders of magritude less thun over lund, Thus, we do not expect uny problems from beam




wander which the tracker cannot handle. There is, however, a second order effect due to turbulence.
The receiver is obscured at its center by the detector turret mount. The total obscured arew is 3% of
the receiver miirror urca. As fong us the beam does not vary in size at the receiver, no error is induced.
Turbulence, however, nny cause some spreading of 1he beam, so the central vhscuration will block pro-
portionately less of the 1ot beam aren as the puthlength is increased, Dr. A, Goroch of NEPRF (Na-
vil Environmental Prediction Research Facility) hus estimuted the r.m.s, beum wander for three values
of the index of refraction structure purameter C,2 ut three runges.'® ' The results are presented In

Table | below,

Table | ~ R.M.8. Beam Wunder Due to Turbulence

¢l 05km [ 30km [ 50km |
10 m 7V T 028 urad | 0.60 0.77
10 18 0.77 1.90 2.40
10 2.45 | 600 7.70

The beam spread s less thun 10% of the beam wander. The most likely value of ¢} for our ex-
periment is ubout 10 ' m¥Y. The results of Table | cun be expected 1o be within S0% of correct for si-
tuntions whcw horlzontal homogencity exists ot u seale of about 10 km upwind.  In wddition, oceuan
scu-squ’ucc temperutures nre more uniform than near coustal regions!* reinforeing our confidence in

the applicabliity of the ubove ostimates for our expetiment,

The ubove values are o combined with the estimuted trucking error, (10,407 = 48 grad, und the
error due lo diffraction at the exit aperture, (05)" = 4,78 urad, (o obtain
"nu - ("I’:uvk +H dm‘ + “\’urh]%
w 8.8 jrad

which Is less thun 2% increase above the trucking uncertainty itself. Henee we conclude that for open
sen conditions we untivipute negligible error to be imtroduced by optival turbuience. In uny caxe, since

G2 will be monltored during the testy, we can account for thiy effect In the data reduction.
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A final posyible degrading effect in trunsmittunce may oceur if the tracking system fails to achieve
lock-on, ‘This is very unlikely for our projected conditions, however, since the Nike-Hercuies mount
wis designed to track nirplanes at much higher rutes und accelerations.  Furthermore, we have im-

proved its specifications as detalied in Appendix A,

Of the six possible accelerutions (roll, pitch, yaw, surge, heave, sway) we concluded that only roll
is of any reasonuble concern here. Since the alreraft carrier training operations only tuke pluce during
rensonably calm weather, we have assuimed u roll amplitude of & 19 every 12 seconds. The 17.8 mrad
amplitude will be hundled by o feedbuck system having u gain of’ 400, giving 43.6 wrad accuracy as de-
tniled in the Appendix. We point out that the £ 17 amplitude sssumption ailows for & £ 87 meter verti-
vul displocement of the escort ship at o runge of § km. Hence we are confident that a generous design
murgin hus been bulll into the system,  In addition, a ring of detectors, elght or so, will ¢irele the 60"

receiver and provide a waurning system in the event that the beam might wander out of the receiver.

The probable muximum crrors in transmittance for the absolute transmitlance experiments are

listed in Tuble 2 below,

Tuble 2 = Error Sources in Absolute Transmittanee

T Hlement T iirror Souree AT
I, Pyroelectric Detector | S/N = 10710 104 <<0.8%
2. Ratlometer Analog Divider & 0.4%
I Turbulence Central Obscuration <0.5%

Lroran - <aon

From the discussion ubove, and considering NRL's considerable experience with similar experi-
ments In the 1970°s we conclude that a transmittunce error o' 2% or less In absolute transmittanee s

reusonuble to expect.
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B, 1igh Resolution Infrared Speciral Measuremonts

The second part of the trunsmittunce experiment employs the saume optics, but in the opposite
direction. The turret at the 60" receiver, on the escort ship, is rotated 1o bring o blackbody source (500
watt tungsten tilament in o guartz jacket) into position, and a mivror at the wacker transter optics i ro-
tted to bring the FTS entrance uperture into alignment, rather than the DF luser exit aperiure, The
blackbody radiation Iy sent across the path in a 1/2 degree beam, through the FTS, to the cooled InSh
detectar.  This optical atrungement hay been used in numerous NRL high resolution mousurements,
and a 8/N of aver 200 hus been routinely obtained {n the transtormed spectra wt pathiengthy of up to
6.4 km. Typieally sampling umes of § 10 15 minutes with about 100 condded interferograms are used
to obtain eftective (unapodized) resolution of 0.08 ¢m ! in the transformed spectra. We note here that
the TS part ol the transmittance experiment does nol propose 10 measure ubsolute transmittunee, and
no attempt is made to operate in the light bucket mode. Spectral information is ueguired, however, und
us long us w constunt fractlon ol the bluckbody souree output s radiated into the entrace aperture of the
FTS, qunlity cata with 8/N greater than 100 will be obtained ' The effect of turbulence will be 1o udd
some modulation to the interferopram, but experience hus shown thut this nolse Is normalized out by
the coaddition process.  Based on previous experienee, we assume u maximum of 1% for the noise in

the transtormed spectra,

We have evaluted the (wo party of the transmittunce experiment and have oblained estimates of

2% ueeuruey for the absolute transiittunce, and 1% aecuraey tor the relutive trunsmittunee, Both extis
mates have ussumed that the tracking portion of the system performs as planned, fe., 42 mictoradiun
tracking noise, Since we ure ultempting to keep o 32" spot Inside u 60" dinmeter aren at the longest (8
ki) distunce, sbout 140 microradian precision in tracking Is reguired for the worst case condition,

Hence we have o tracking design margin of ubout three,




I, THE INTRINSIC QUALITY OF THE DATA

The trunsmittance vulues themselves are ruw data and further analysis iy required to extract the
extinction coeflicients from meusured values. There ure two relevant mechunisms contributing to the
lotal extinction: nerosol extinction and moleculur absorption. The uerosol extincion coellicient, A, is
the sum of two purts, the aerosol scuttering coefficlent &, and the acrosol ubsorption coeflicient Ay,

The two purts are related to the reul and imuginuey parts of the index of reftaction of liguld waler

i

through Mie scatlering theory and ubsorption eficiency functions €, und Q. We might wlso note
that a1 3.8 microns ubsorption Is only u minor portion of the total nerosol extinetion, whether the partl-
cles ure assumed to be witer or suft, Therefore for the purpose of our discussion agrosol extinetion and
scuttering ure effectively the suma, and hence the total optical extinction Iy given by the sum of the
nerosol und molecular extinction ¢nefficlents;

k - kd + "'m

. Transmittance and extinetion are reluted by the usual Beer's

with units of reciprocnl kilometers Am

luw refation,

T w axp (-ki)
where L (s the path length in kilometers, We now derive what probable extinelion errors M4, und A&,

s are Hkely to result from the transmittunce errors we estimuted in Section 1. We will assume atmos- B

3 pheric conditions which brackel those conditions most likely to be present during the experiment. In. 9
3 torpretution of the resulting A& estimutes in view of acrosol and molecular modeling will be made in ;
j ;
i : Section 1V, .
B : From Beer's Luw we yet
3
\ (o 7] o (AL ]
b 9.;:" w Ak + KAL
b & ‘ ."j‘
-. _A_T n/ {.u All_] ‘




In our experiment we plan o use « luser range finder which will give us the ship separation o
better than 1%, so the fractional error in L will be negligible compured with the other fractional errors,

Therefore we obtain the busle relation between extinction error, trunsmittunce error, and transmittance:

The In7 fuctor means thut 4 good measurement ol extinedon requires that the trunsmitinnee not
be close to 100%, Figure | gives u plot of the above relation for a series of values of 7%, AL 37%T the
ertors in 7 and A are equal, bul at 90% trunsmission a one percent error in 7 glves a 10% error in A
and ut 98% transmission we get S0% error in & for the sume 1% measurement of 7. 1t is for this reason
that methods other thun trungmittance are employed to measure very small absorption coeflicients in
the luboratory? where very long pathlengths ure not available. This is especially true of water vapor
meusurements where the tinite « w-peint prevents oblaining mote than 15 to 20 tore of waler in a
closed cell at umblent temperatures.  For our experiment this means that situations of very high
transmittanee whil not necessurily provide useable dutw, OF conese high trunsmission conrditions ure not

o cuuse for congern to operation of the HEL beam.

Tuble 3 lsts three probable extremes of stmospheric conditons with regard 1o humidity which
may oceur during our experiment.  Intermedinte values of watet vapor pressure are more likely,
ulthough some extremely humid days aboard the LEXINGTON gave over 20 torr ol water partial pros.
surc In the sumnier of 1979, as shown in FFlg. 2. We have listed molecutur absorption coefvients for
tho DE luser £5(8) line us predicted using our HITRAN cade and the 1980 AFGL Addus of ubsorption
line parameters.'? In addition, we chose to use the "Bureh” water vapor continuum,?’ which gives ubout
§-10% less ubsorption than the other continuum mode) In current use, the "White" continuum mo Jel??
This is not becuuse we prefer one over the other, but for the purpose of this estimution of Hikely uh.

sorption we would ruther underestimute than overestimute the predivted results to get highest error estis

muatos, a8 discussed above. Actosol extinetion values corresponding o dry open sea'” humid open
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sen,” and coastal werosol! extingtion as caleufuted using & Mie algorithim und observed purticle slee dise
tributions are assumed. Woe note that open sen aerosol extinetion iy somewhat less than coustul acrosol
extinetion at the sume bumidity, We will discuss this point in refution e the "maritime” modet in the
LOWTRAN code in Section 1V, but we only puint out here that NRE has aceess to one of the few truly
“open ocoun” dutn buses as the result of several cruises over the past Tow years. ' Table 3 niso lists the

Beer's luw tranamittanve at #,(8) for three puthlongths,

y Tuble 3 = Range of Likely #,(8) Molecular, Acrosol, und Towl fxtinetion
F and Resulting Predicied Percent Transmittance for Theee Puthlengths
= T ey Oven Seu | Tiumid Open Sew | Comvil
o S 6 10 200 torr 1,0 Z"QM(U”"
B Koy T2km M7 km'! 037 km T
{ k, 020 030 480
K032 ) e 8
7108 km) 08 4% 96, 7 LIRS
70 ki) 90,9 818 1.0
. S km) | 882 AR 19.3
é' N .
3 The 2% estinutes In A7 for the absolute trunsmittunee will be used to determine the fikely error
;
1 in uerosol extinetion A&, and the 1% estimated error i &7 for relulive trunsmittance will be used (o
3 determing the resulting error in the molecular absorption coefficient A&, These are valvulined using
the previously derivod relution, or estimated using the graph in Figure 2. The results ure collected in
Tuble 4, for the three pathiengths,
§ Tuble & = Practionul Pervent Error in Molecular £#,(8) and Acrosol Extinetion Coellicient
p fur Three A\mnsphuric Conditions and for Three Puthiengihy
1 ~l‘ulhl “ (h “Dry Open Seu | Humid Open Sen | Tiamid Coustal
T ¢ g- {600 HO 200 10rr HyO 1 200 orr Hy0
0.§ km 062.0M% 29 /% 19, T
! Ak, /ky | A0 10.§ 5.0 L8
I NEE NN 1020 JOUURY . Lo 4
0.8 km 12.4% £9.6% 21 4%
QA /k, 130 20 10,0 o
I 1'"
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The extremely high uncertainty in the very high trunsmittunce cases ure put into perspective when
we realize that an inability to distinguish between 97% and 99% is truly o greal unceriaingy in
knowledge of the extinction. The logarithmic term bears this oul. Figures 3-8 are HITRAN plois of
the spectiral reglon uround the Py(8) tuser tine, and show the oxpevted transmittunce for the purameters
listed above. We agalny seo why the short optical depth case Is so hard 1o analyze. The immaedinte cons
Clusion i8 that pathlengihs as short ux 0.5 km are very uselul for obtaining infortnation on the near-ship

absorption, which may be much higher than the intervening path,

We have worked out the ubove results for the DF P,(8) line since it is known o be one of the
more powerful Hnes In the emission rom multiline devices, and because it is so well transmitied
through the atmosphere. By contrast, the DE 2,(R) ling, wlso a ling with significant strength though
nol us groal as Py(8), Ix very strongly absorbed by water vapor, in saeticular, by a strong HDO line,
Previous NRL rasults with the BDL DF faser? indicated that although only $% ol the total outpul power
reslded in P (8), 18% of the totul ubsorption wnd hence of the thermat blooming was coused M, (8). Be.
cause of the anomulously large blooming effect due to o handful of wouk DEF lines, some coneern
should be given to controling the outpul power spectral disteibution of the device. Weo therefore,
thought {t approptinte 1o repeut the #,(8) unalysis For the P, (B) parameters, and this is given in Tubles
$ und 6 below. Figuros 6 through 8 give the correaponding moleculut absorption effiect on the untivipat.

ed trunsmittunee of DE 2, (8),

The above unalysly hax given predicted uncertaintios In extinetion coeflcients resulting from our
ussumed uncertuintion in transimittance for o dikely vunge of optical depths. For the next section we will
g0 Into geeat detatl 1o extublish erbterin for ussessing the quality of our extinedon measuren iy,
Specifienlly, we will demonstrate that o 10% uncertuinty in moasured &, and a 20% uncerianty in meas-

ured &, will contribute substuntial resulis in terms of current laser propagation modeling ¢orts. Fiy.
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Tuble 5§ «— Range of Likely #,(8) Molecular, Acrosaol, und Total Extinction und
Resulting Predicted Percent Trunsmission for Three Distances

Dty Opon Sea | Humid Open Sea | Humid Constal
- , 6.0 torr H,0 200t | 20010t
Ko 084 km ! AR89 km ! 189 km !
K, 020 030 150
Kyt 074_ BT 1 5. SN N 1.3
7(0.5km) 96.4% 89.6% 84.4%
T(3.0km) 80.1 SILB 162
T(5.0km) 69.1 s I L

Tuble 6 = tiructional Percent Error in Moleculur £, (8) und Aerosol Extinetion
Coallicient for Three Atmospheric Conditions and for Thiee Pathlengths

Dry Open Sea | Humid OpenSea | Constal
)
Puthlenuth | 65 torr 1,0 | 20.0 101 1,0 | 20,0 wrr 11,0
0.8 km 17.8% 9. 1% $.9%
Ak, Ky 3.0 4.5 1.5 1.0
Y 2.1 0.9 gobe
0.8 km $4,0 18.2 1.8
Sk, k, 3 9.0 30 2.0
SRS 2 54 R £L ISR SV I
{ ures 912 plot the expected measurement uncertainties in DF 2 (R) and DEF £,(8) moleculur absorption
] and nerosol extinetion measuroments. The dushed lines at 10% and 20% indicate the "usetul duw" cris {_

terin, We see from the above tables, und their resuits uy presented in Figures 9:12, that these criterin
it be met and exceeded under almost all atmogpheric conditions and ship sepurations likely (o oceur ;,',
during the experiment. In view of this, we list the most importunt conclusions of the analysis ol meas-

utement procedures per se

E 1. Datw at 0.8 km will be useful for estublishing nternal catibrition and for nearsship effect as.

sessment, bul little hgh qualhy spectral Information will be seyuired wt this short optical depth,

2. The P8 DF fuser fine should be used ux well us #5(8) so both "wenk” and "strong” ahsorp.

Hon by water vapor can be examined.

2)
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3 The equipment deseribed here s capable of creating un extremely useful scientifie data base.

IV IMPACT OF THIS EXPERIMENT ON THE MODELING OF HEL TRANSMISSION

Ao Intraduction 1o Curremt Modeling of Amosplierte Transinission

The Nuvy, and [nsfuet the entire Dol), hax been actively involved in the development of comput.
or vodes for the prediction of broadband and laser ransmission. Tlere we concentrate on the mlrared
and ondy mention that many of the sume atmospherie parameters also inpact transmission prediction of
the entire spectrum Tot radio waves 1o ultraviolet, Many codes are unrestricted in the sense of time or
computer size. One example of a farge code s FASCODE  (Fust Atmospherie Sigmire Code),
developed by AFGL.Y Hpredicts atmtospheric transmission andZor tadianee Tor w varlety of atmospher-
fe und aerosol seenarios ineluding <lant paths front sea level to the upper atmosphere, and it requires o
very lurge vomputing ability.  An opposite case I8 REALTRANY which predicts transmission at select
ol wavelengths from "look up bles” and v driven by o HPOR2S desk top valewlator and interfaced in
real time to temperature, prossure. and dewpoint meters. Pesktop or hand held ealeulutors will in the
near future play Important roles av TDA (Taetival Deciston Afds) for laset weapons  systems,
LOWTRAN" und HITRAN' vodes are avidlable by several Porms and generally are used tn low resolu-
ton (8220 em ) andd high resolution Gaser) transmission probloms respectively. The AFGL ATULAS of
160,000 wimospheric absorption Hnex ts used by programs llke HITRAN and LASER™ ax input,
LOWTRAN iy unique in ity ability 1o also predict aerosol extinetion using look-up tables for six model
atmoxpherest 1962 US Standaed, Tropicul (1N Midiatfiude Sumimer (48N, Julv), Midlathade
Winter (487, Junuary), Subartic Summer (60"N, July) wind Subartic Winter (60N, Jansinry), which sup-
port rural, urban, prieiime, and Tog tropospheric aerosol models,  Varlatons in werosol offeets with
humidity wre also inctuded In the most recent verston of LOWTRAN-S and the reader In relerred there

for more detall.!' We expect thal one important result of our ship-to-ship experiment will be the ae-
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yuisition of high quality "open-sen” werosol dutw and we anticipate the need for compurison with the

“maritime’ maodel,

A sevond model which predicts open ovean avrosol extinction from MET observables Hempera:
wre, humidity, whnd speed) ix the Wells, Katz, Munn (WKM) maodel ! 1405 Wa expect our open-sen
dutie will be very uselul for validuiing this model. The IHTRAN Code Tor predicung high resolution
(L. fuser) absorption requires high guatity laboratory dida where acrosols are not an inerference in
mensurements, ghd we expest aar results with not luve much impuct on the HITRAN dita base. Two
relited arcas muy be alVected however: the HLHO contlnuunt absorpiion, and the fractional populution of
deuterited atmospherie water vapor (HDOZHLO ratio). The effect of the errors in eavlt is less than 10%
in abwerption coeflicient, The HHO comtinuum iy deseribed by (wo models: One attributabie 10 K, O,
White of the U8, Army Auospheric Scicnees Luboratory at WSMR, the "While" continuum,™ and
one to DB Bureh of Ford Acrospuee.” Previous analysis by J. Dowling of NRL s Florida duta base
wis uosuecesstul at distinguishing between the two models. Fhe open ocean dista which may e ab.
wined under very humid conditions Q0 e or greater) may involve sutliclent optical depth to distin.
puish between these two models,  The HDOLO ratio probieny Is bused on sketehy upper atmosphers
dati whivh purports 10 show evidence of lurge excursionn from the commonly aceephd vidue of
.08 The FTNS data obtininable in the ship-to-ship experinent should adil o the growing body of evis
denve Gt sen feveD) thnt o sfgmidteant Ghe, > T0% o nomdnal O35 varkiions ure seen in high quadity

IUNUTC eI,

We luve given this briet review o intraduee the render 1o some ol e computer vades aid
maoduls aviiluble Tor predicting atmospheric transmission in o variety ol sitwations.  Additdonal informa.
Hon ean be oblained from the origing! soutees, and much of the cuerent stutesof-the-art reluting
meteorvlogy 1o laser transmbssion may be fowmd in e recently publiahed provecdings of the NRI.-

directed LIDAR review conferenve™ cosponsored by OUSDRE und the EOMET progrm,
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The value of the dutn obtained in the ship<to-ship experiment is that it will provide accurate laser
extinction, FTS, and acrozol data reluted 1o Met observables, and therefore will be usetul to many peo-
ple in the Dol) community. We now proceed 1o deseribe the equipment and procedures used to ag-
yulre the dutu, we nssess its intringic quulity, and we show how the resuits of a ship-tas-ship open-sea

experiment contribute to validating and Improving current modeling.
8. Aeeosol Extinction Results and Models

LOWTRAN and the WKM model are the two codes/models most likely to be directly aftected by

the acrosobreluiod results of the proposed trunsmitiunce experiment. We now demonstrate why the

Ak . \ . .
i e 20% figure-ofimetit for nerosol extinetion will provide useful input to the models. The verosol

[
measurements are performed with lour instruments, plus Met support. These are (1) ihe Knollonbery
particle spevtrometers thit measure the aerosol particle size distribution dn/de ve particle rudius, (2) an
aeroxel mass monblor which glven the muss of werosols present in ggrams per cubic meter, () o
nephelometer which gives u total seuttering coefticient in km !, and (4) the transenittonce experinment
which gives the differchce between the total extinelion and the molecular absorption vonteibution. The

lint of the nerosod relaied mensuremont equipment Ix given in Table 7.

b1}
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A

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

aerosol extinction relation has been observed only by calculating the muss density and aerosol exting-

. , n . .. , . . L

tion using iI'F from particle spectrometer resuits, e, seq Fig. 20 in Refl 10, We are now investigating
{

the use of an instrument thut monitors the mass density of purticles directly by weighing the particles in
u known volume of air using u quurtz microbalance. We have not finished anulyzing the data tuken
with the instrument, so fur, und hence the "To be determined” remuark in Table 7. If this muss-monitor

ivestigation shows promise, und the ship-to-ship measurement will certainly uid in the evaluation, lﬁen
a device much simpler than the Knollenbery spectrometers muy be devised for routine IR-extingtion
prediction. The mass density will not, however, provide good visibility information and hence the in-

¢lusion of the nephelometer (3) nbove.
[t should be noted how the elements of Table 7 ure interrelated:
¢ Total extinction is the sum of uerosol scuttering, uerosol absorption, and molecular ubsorpiion,

&  Aecrosnl mass concentration is related to the MIE scuttering result if the particies are spherical und

homogeneous,
8 Visibllity (0.5 um) is related to scattering at 3.B um. (The relationship is nonunique, however).
®  Point and path integrated measurements car be compared Lo extract near-ship effect,

An Important resuit of the experiment will be unalysis of the dutu to obtain how well the separute

instruments are correluted,

Clearly one cannot expect to provide sach Naval vessel with a laser trunsmissometer and stute-of-
the-art Met geur for monitoring IR atmospheric transmission, One important result will be the sorrelu-

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




wivd s i i)

...

the expected impact on programs und models such as LOWTRAN and WKM will full,

Figure 13 provides an indication of the performance intercomparison between identical Knollen-
berg particle counters,  Seven counters and a Barnes Trunsmissometer on Sun Nicholas aislund were
compared® an u common site and a 0% spread in predicted &, between instruments is noted. For
euch instrument a 20% error in repeatabliity is common. Figures 14 and 1§ Indivite two very important
measurement results from previous open-sex uerasol meusurements abourd the reseurch vessel USNS
HAYES in 1977 Figure 14 indicates an order of mugnitude decrease in the number of 210 g size
particles from 9 to 15 meters above the oceun surfuce, Figure 15 demonstrates the large influence of
near-ship effects of over un order of magnitude increuse in acrosol extinction between stern und bow
wind conditions. Such near-ship effects will be examined it our data since we will be able to analyze
the difference butween our point und path-integrated MET observations. The imporiant change in pars
ticle size distribution toward fewer large purdeles in open-sen conditions is clearly shown {n Figs, 16 and
17. Figure 16, which shows Mig-extinetion results from open-sen measurements guve an average aere-
sol extinction, at 3.8 wm, of ubout 0.01 km ! for 19 duys of observation in the North Atiantic."? By
contragt, Fig. 17 shows that over un order of mugnitude increase in the average 3.8 wm extinction wus
observed ut the coust ut Cape Canaveral Alr Foree Station, Florida™® Figure 18, from three days of ob-
servations aboard LEXINGTON in 1979, shows an average in between the coastal und sea distribu-
tions'' Clenrly o 20% measurement uccurney in extinetion coefficient can distinguish between these
two distributions. We have shown that u 20% precision In &, is o reasonable expectation, and duty of

this precision can provide valuable information on werosol extinction, und open-ocean vs coustul pusticle

size distributions,
C. Mualeeular Absorprion Rosulrs and Models

The molecular ubsorption in the DF reglon is mostly due 1o 'HDO, H,0, the water vapor continu-

um, and lesser contributions from NyO and CHy The N,O and Chy concentrations are expected to be
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neur their cannonival concentrations of 0.28 ppm and 1.6 ppm respectively, These values cun be custly
vhecked from the FTS spectra. The HO und HDO concentrations are reluted by the commuonly accept-
ed value of 0,.03% HDO. Although some gquestions exist regarding the independence of the ratio with
altitude?” as we alluded 10 ourller, we can check this number with unalysis of the FTS spectra. Figure
19 displays FTS spectta in the 3.94 unt region for u 6.4 km puth at WEMR.® Note the high guulits of
the spactrum. The regulur xpacing of the NyO lines allows sinmple data reduction sinee ho overlupping iy
present.  The NyO datn presented here vieldod o value of (0.278 + .03) ppm, very close o the ueeepted
value of 0.28 ppm. Results ulso (ndicated no departure from 0.03% HDOH,O, and CHy concentrations

were observed 1o be some S0% ubove the 1.6 ppm standurd,

Figure 20 shows o plot of several closely-spaced witer vapor absarption lines, two ot which are
HDO, near V.66 um. These datn were replotied from archival storgge off resuits taken during Sep-
tember, 1976, over u §.12 km path at Patuxent River Navul Alr Test Center, for 113 torre of amoient
water vapor.” These duta are of very high quality tndecd, as very little nolse Iy observable. The absorp-
ton coefticients of two of these lines van be determined (o an accuraey of % or better, The molecutar

integrated line strengths are avalluble from the 1980 AFGL Atlas' and ure given in Table 8 below,

Tuble § «~= HDO andd H,0 Abxorption Line Parvmeters Near 3,66 um

Moleeule [~ v [T TIWIM T TR
HHO 2730948 ¢m ! D88 ¢m ! 208 %10 % em Ymolem?
1,0 2732.49) 086 1w x 0o

Our anafyxis of this Npectrn yiolds o value of (0,028 + 003% HDO. This i3 an example of the
high quulity resulte available from the FTS speetra, The Pax<River case represents an optivul depth of
§7.86 worr-km of water vapor. 1o our plunned experiment we can rausonibly expoct v optical dopthy of
100 tore-km or more, Figure 21 pives an indication of how measurement of the HDOALO rtio (me

pacts current HEL tost results Interpretation. 1o produce this figure we used o recont MIRACL towt

6
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result power spectrinn, kindly supplied by Dr ) Stregaek, o fold together the weighted absarption
coellivients of some 20 0 fines, and varied the result with the HDOALO ratio. The result shows a
very lineur relution between net absorption (wbove the floor of .03 ki ¥ for midelntitude summer) and
HDOALO rutlo. The uneertiinty of 10% or less may or may not be signitteant depending on the
seenurio, Hnear absorption, blooming, sw., and the power spectra) distribution at the time,  However,
resuliy ol the ship=to-siip expatiments are expected to harrow the error burs on the 03% ratlo at seu

leved,

The meusurement wevuriey of the dew point meters (FEGRG Model THSMI ix T 8% (state of the
art), For moderate 1o high humidiy at expected moderate w high wmperature we caleulnte this imphics
o LA% uceuracy in measuring the THO partiol pressure. AL S kmoand < 20 o 16O thix yvields o
frunymiitnee uncertalnty of about O.58% and henee an error in extinetion of 2% at 8% Py (8) transmil.

nee. This is well within bounds of useful data. The aceuracy will be even better wt £7,(8),

The Mgh rexotution molevulur spectin presented above has been shown o be very usetul for ex-
tracting path<dntegrmtod moleculr voncentrntions. A second guality of great intorest in e musleeular
spocten in the water vapor continuum,  The physical oelgin of the witer vavor continuum Is probably re-
futed 1o the cumulutive abxorption of the fur wings of water vapor ubsorption lines, Two models are in

AR
v

current use in the 3842 m region: the "Burel' modelF! und the "White" model.™ Generally the
Bureh model ix eriticized Tor not prediciing enough absorption where the White continuum tends 1o
prodict too much al the short wavelength end of the DE reglon. Both modols are bused on laborsiory
muousurementy in closed cells.  The finkte vipor prossure of waet, entranee aparture size nd mirror

roflovtivition fimit the umount of optieal dopth availuble in lbarntory experimeiin 1wt most 30 o 40

wer-Rilomelers,

At five kllometers path and 20 wrr ol water vapor we would soe un opticil depth of 100 torr

Kilometers. The spectrum near #3(R) ix shown (n Fig. 22, und we see the two continua yield 73%

40
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transmittance for the Burch model, und 63% for the White model. At uan uvernge trunsmittunce of 68%

and an assumed error of 2% we obtain an expected error of 5.2% in moleculur extinction. Allowing for

un aerosol absorbance of 0.15 (0.03 km™! % 5 km) analyzed at a *20% uncertainty gives a runge of |

R

aerasol ubsorbunce of 0,12 to 0.18. The Burch and White absorbunces work out to 0.13 and 0,23

!

1\ .

; respectivel. each with 3% uncertainty. C-nsidering the aerosu! uncertainty, the molecular uncertainty,
Lu and the smull contribution from the nitrogen continuum which we know with gredl certainty, we should
t

' be able to conclusively tell which model rorrectly predicts the observed absorption. The expecied spec-
: tra as plotied in ¥ig, 22 demonsirates this,

b . , . .

; The moleculdr absorption spectrn that we huve presented here huve yielded absorption coeflicient
g results well within the 10% uncertainty that we have projected far the ship-to-ship trunsmission expeti-

ment, Spectral date of 10% or less uncertuinty will address the following impottant questions;

1. How well does meusured dew point, measured at the path end-points, correlate with path integrut-

ed water vapor absorption?

2. Does the open ocean HDO/H,0 rutio vary significuntly from 0.03%?

3. Does the measvred water vapor continuum absorption distinguish between the Burch and White
Models?
Considering the high qguality of the high resolution datu to be aveilable from this experiment we

should be uble to provide yuantitutive and meaningful answers lo these questions. Of particular ron-

cern to the Navy HEL community will be the correlution between predicted und measured absorption,

' This will be discussed in detail in Section V in relution to ihe critical thermal blooming problem,
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V. IMPACT OF THIS EXPERIMENT ON NAVY HEL

In the previous chapters we have given an in-depth description of the ship-to-ship DF luser
Alr:msmitlnncc experiment, We huve gone through the details of estimating the errors in trunsmittance,
extinction coofficients, instrumental errors, und required sccuracies such that the resulls might have
significance, We now review (! ese pointy and discuss how these resuits will impact the larger scope of
Nuvy HEL programs. A very important aspect of this program is to examine the predictive ability of
models us they relate luser propagalion to meteorological observables. Thermal blooming effects in
high energy laser trunsmission depgnd ptincipally on the absorption coeflicient und wind speed.* A
previous NRL study™ briefly examined the sensitivity of thermul blooming effects to meteorological

variables. We will examine this important HEL propagation effect in relution to our experiment,
A, Model Validation

The two problems of prime concern 1o us ure serosol extinction und molecular absorption. In the
former we expect to huve u very significunt impuct in thal we expect the data to udd to the growing
body of NRL evidence thut an "open-seq” uerosol mode! is needed, and concurrent messurements of
the ship's Impuct on the open-sen condition. Previous NRL open-seu uerosol messurements huve
shown a distinct order of mugnitude decrease in the number of 2-10 wm size uerosols in open ocean vs
cousial meusurements. One likely result of the meusurement is the recommeéndation that an "opens

ovean” uerosol model option be ndded to LOWTRAN.

A second anticipated result iy the need for study of near ship uerosol distributions. Much has

been mude of the requirement that u ship-bused HEL weapon needs to be stern mounted, but no exten-

sive agrosol studics huve been mude on un alreralt currier. Particular attention needs to be pald 1o the

variation of extinction with the height ubove the sen surfuce. Statstical models such a8 WKM may

need o be re-examined If our dutu buse Is of the quality that we expect.  Accurate prediction of nerosol
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extinction bused on "simple” observables (windspeed, humidity, uie/water (emperature) will play an ever
increasing role in the development of TDA, Hence high quality date relating Met to extinction is a

necessity.

The effeet of our expected resuits on moleculur absorption modeling is not likely to be us extens

sive us that on aerosol modeling. The HITRAN code has gone through over ten years of revisions, and

hus been fine tuned to stute-of-the-urt high resolution measuremants, However, our expectad cantribue

g

tion will be the use of HITRAN, with our field data, to relate humidity to extinction, Lo carefully exum-

3 ine the HDO/H,0 ratio question, and to provide spactrostopic support to the sepatation of molocular

from uerosol extinction in the luserstransmittance part of the experiment.
B. HEL Seasitivity 1o Absorption Coeflicient Measuroment Accuracy

An important concern in the design of the atsen trunsmission experiment is the issue of how
HEL performance predictions are affected by expected errors in the derlved ubsorption coefficients,
While we huve not yet undortuken a complete parametric unalysis of this problem, o simple calculation

M was performed to illustrate the general form such u sensitivity study would tuke.

A set of condiilons wus selected to ullow u vompletle unalytic trestment without recourse to the
computer, Nonlinear propugation wus based on un empirical fit 10 o large amount of duts us reporied by

Gebhardt.* This fit 8 of the form

k8
() o k" I ()
" rat(z) 1+ 0.0625N2
where /, = pouk (ntensity at range =z P = luser oulput power, &, = absorption coeflicient, ’
i
o (z) = beam radius at range 2z und N = distortion coefficlent given by o
3 = niyk,, Pzl e
N oo WS )
T HWaty Vo d ]
where ny = coefficient of index chunge with respect to temperuture, #y = amblent relructive Index,
i
44
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jig = umblent atmospheric density, v, = wind velocity, und ay equal beam rudius al the lager,

1 we assume that @ migsile of' veloelty v, Is Irradiuted initially wt a very large range und remains

thereafter within the focal volume of the laser as it approaches, then the total nccumulated Auence,
£, atany range o is given by
Ew =L 11 )
Yy Ve

The beam radius a(2) at focus is glven by 0.458A 2/ D whete 8 Is o meusure of the poorness of the

beum quality, A is the luser wavelength and Dw (2v2a,) I8 the lnser uperture dismeter. Thus

., L ! !
b m e [ - s @)

YO YTEN 1 (1 + 0.0625N:)

where we have assumed small absorpion, &,z << |, no slewing and strong fogusing, ay/al:) >> |,

so that Gebhardt's Ey, (34) applies and, thus,
N” - 8,74 A'm P/Vdjk D,

The integration in Eq. (4) can be performed 1o yield the result

Ay

PO 25 Ny | {
i(2) = _— Vg — — 5)
B = sy, |7 T X (
where
Xo™ 0.28 Nu:.
Since
(Y -'.'..7:...-. ..l.._ l.. ..l._.
wn '8y 3 N + b .\'"‘ + .
we can rowrite (8) for our purposes us
iy PO S N 4 [ )
o r (04BN v, 3 |25 Nu:
011 D
011 Divi )

7 pat
ki Ps

The various Influence coeflicients for a seasitivity analysiy ate now stralghtforwardly obtained.

Two such ure given here:




(1) Delivered fluence sensitivity to errots in measured absorption coefficient at constunt range:

AL Ak,

- - )
- E t- con Kn

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

fluence:
] é-’-L LY (8)
: t w conat 3 k'"

We selectod some nominal values for P, vy, D, und &, (which wlil not be specified here in the in-
3 terest of keeping this report unclussified). In so dning we generated » curve which represents one of a
family which are possible performance cutves, given our possible errors in measuring 4. the ubsorp-

tion coefficlent. For assumed errors, 4k,,, of =10% in the at-seu transmission mensurement, the en-

velope of these curves Is shown for one case n Fig. 23, The sensltivity in range at the z =« 2 &, point

Is indicated on the Agure for Hlustrated purposes,
Comments and Conclusions

(1) This simple calculation is offerad only us suggestive of the sensitivily analyses which will be

performed Lo derive u desired limit on the error which can be tolerated in the at-sen transmission meas-

urement program. Nevertheless, we ysem {0 be "in the ball purk” for an uccurale enough meusurement,

(2) We anlicipute that the ship's boundury layer will be so significunt that any model assuming

homogeneous absorption and scallering, such as the sample calculution here, will bo mislending.

Influence coefficients for strongly nearfleld perturbed beams ure an importunt by-product of this experl.

ment. 9§

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

both low relutive wind vector and higher ubsorption (ef: (vy/'k,,)? term in Ey. (6), In addition this re-
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glon of battlespace will be full of structure (lurbulenve, acrosol und sca spray discontinuities, guscous

plumes from ship and aircraft ete). Clenrly. careful unalysis of thls reglon can only be credibie if

bucked-up by u suitably designed remote sensing (LIDAR) system.

C. Future use of the Tracker

An important isaue in the HEL propugation study has not been uddressed: the beum spreud due 1o
optical turbulence under nt-sou condilions, Mousuremenis of beam sproud at 3.8 microns only exist for
overland conditions. Just how severe IR turbulence effects ure over water hus not been determined.
Nor has the fever-arm effect that would oceur in the neur-ship atmosphere beon assessed. Aflor finish-
ing this Nest ship-to-ship monsurement the tracket system with only slight modification could study

these very important issues, And, the required equipment for the modificution already exists uy doas

the dut reduction system and soltwure exportixe,

The tracker will alvo be a valuable usset for future Dold programs for which careful ussessment of
atmospheriv effects iy an important technical requirement. Lts mobility gives {t virtually ualimited ue-

vesd 10 flokd slten where electro-optical vystem tosty ure undertiukon. Possible postLEXINGTON pro.
Jects include:

(D) Long range sinntpath transmission measurementn, utitizing o Qving Cafreraft or satelfite)
trucking beacon; bluvkbody Source and luser retroredloctor o study, o.g.. stmospherie strutification,

offects of {nverston luyers on E-0 systems, tropopuuse pecutluritios, ozone fuyer, sieatospheric free rudi

cal effects, inciplent cloud effots, trunsmisslon through weather fronts, ele. Polental sponsors: NA.

VAIR 370, DARPA, EOMET,

(2) Generation of stutistice! duty buse of neur-fleld webulence effocty on blue-green and UV (users

in support of DARPA uplink and Nuvy SSC programs,  These duta could be tuken at candidate sites for

fuser transmitter. Potential sponsors: DARPA,
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(3) High resolution spectral. transmission duta-taking in support of fleld tests of future EO systems

e.g., IRST, luser designutors, beum rider systems ete. Sponsors: Specifle system sponsors,

(4) Support of other service programs in atmospherie opuies including U.S. Air Foree slant visibil-

ity studies for A/C landing and takeoffs und support of smoke and dust tests carried out by U.S. Arny.

(5) Support of international defense programs In atmospheric optics through NATO, RSG-8, und

TTCPJAG/.

(6) Use in LIDAR mode (n support of developing programs in wace ¢hemical/biofogical agent

detection, vehlele emission detection, trucer detection for monitaring presence of pussing ships et

{1 Possible 1ole in support of actunl ant-missile testing ot SEALITE including realtime dalu

guthering for uld in performunce wsessment, addidonad speetrat or spatil trucking of taegets, LIDAR

data on puth structure, especially desert plumes, wind shear and dust clouds,

Thus, we anticipate thit the current NAVSEAZEOMET investiment will pay dividends in future

© Wt ez

EO systemy support in the Navy and throughout Dot), l :
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Appendix A
PRELIMINARY TRACKER TEST PLAN

in arder for PMS/408 and NRL (o asses progress on the ship-to-ship meusurements prograny,
NRL will perform. during Autumn 1981, un extensive unulysiv of the wracker performunce. The tesl
and mensurements will be conducted on the roll-und-pitch platfarm ut NRL s Chesapeake Bay Division.
The teucker ussenibly will be miounted on the plutform wnd exercised to simulate ut-sen conditlons oxs
are expectad abourd LEXINGTON, A fixed beucon will be mouniad on a stable mount, probably on
the Juck-up barge offshore in Chesupeuke Buy, together with the trucking equipment (quad-cell, detes-

tor, trucking dute lnk, ect.).  “he following testy und meusurements will he performed:

oo The error signad in the servoseloctronles will be recorded us the trueker gimulates the alosen mo.

ton. Anulysis of this duta witl be used 10 evaluate the electronivs control dosign.

2. The degrae of ditficulty of nequiring the wrget will be meuwsurad. Severul people will cuch employ

the Joystick systans for Wweget wequisition, as the system s in motion,
3 The quud-cell xignal-tnenoise will be meusurad al several ranges,
4. The beum size and steength of the GuAs luser aystem will ve studied Yor turbulence eftety,

A report discussiryg the resully and conclusions of the above tests witl be delivered b PMS/408 un

or before 11 Junuury, 1983,
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' 1. _ INTRODUGTION

In March 1979, Appendix A, "Mount Control Systema"
was written as an addition to "A Shiphoard Experiment for
DF Laser Propagation Measurements" by R.F. Horton (June 1979).
o This briefly discussed the N/H tracker in general terms.
: We caloulated ship-based fixed-target tracking errors of
25-100 urad based on a guess as to the achisvable servo !
unity gain bandwidth, ' '

With considerably more information, we produced a i
"Nike Hercules Interim Report", dated 24 April 1980. 4
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 I
gyatem An tha mawmnme, This ysed 50 prad resolution ashaft
angle encoders to measure the position instead of the 2
beacon tracking silicon quadrant which will come later. g
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 i
performance expected in the field. i

E At this point it seoms appropriate to try to tie these i
: together. 1In addition, & new potential requirement for .
tracking moving targets makes it worthwhile to look at
the possibilitiese there. In response to guestions from |
individuals trying to evaluate progress, we will keep the ' »
discussion on a non=-specialist level. A general understanding f
of Laplace transforms will be very useful, however. ' i

i 62
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We will examine different "types" of servco 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, prujections of future performance will be
given.
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I ERRORS 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 (H=0),

C = GE » GR (2.1)

If G could be made well behaved, then no feadback would

be necessary. Often, however, G includes a power amplifier
or motor whome charactarietics are not only nonlincsars tul
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 Hwl) to produce an error, E, which drives

an amplifier G. The bottom line usuvally is what is E?

We have
C = GE = @(R=HC)
G
¢* wan R
GH R
Ew R - TG R= 560 (2.2)
when

G*W,C*R/H, andE”Oo

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

64
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H ealement can be built. PFor instance, a shaft angle
encoder to teedback angle information will always be more
precise than a 1 Hp motor to control the angle, but even

80 the desired precision can sometimes tax the capabilities
of the feedback sensor (as in the N/H case).

2.2 Unity Feedback, H=l

Without too much loss, we can simplify the discussion
by assuming unity feedback, Hel., 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

S£L 8
R " T
(2,3)

2.3 Instability

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

could try (acsuming ideal motors, ete.)
G
G(8) = i~ (2.4)
8

Go = a constant

68




Bg
Then,
_%_ - 1%5 - 5 (2.%)
8°+K
] and
! L . _gi_ (2.6)
R gl
L Thus, the error at sero frequency is zero but it can be
% ghown that the response to an input would be of the form
. clt) = axpl+ot) sin(yVT ot + o) (2.7)
? o = (k/8)%/3
§ ¢ = some phase angle
é In nther words, +he output would grow expenentinlly {the
E system is unstable).
g The major effort in servo design is 'to minimize the
1 error but keep the system stable.

2.4 8ystem Type
Quite often the forward open loop gain G can be written
in the form

(v}
1 N(8
G(8) = '_'5%“% (2,8)
gh D18
where
G1 = g constant
v'. ns= 00 1' 2. 3' etc.
E and where

N(0)/D(0) = 1

bh
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The definition of servo system type is simple:

Type: O I I IIT etc,
nt 0 1 2 3

We saw above that iype III aystems can be unstable and

we will, as is usually done, restrict ourselves to Type II
or lower.

2.5 Steady State Errors with Algebraic Inputs

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 onec and ¢go as t™, as in the table below.

Kind £ (t) R(S) m
step U, (e 1/8 1
ramp tu_, (t) 1/82 2
parabola 172 tdu_ (&) 178’ 3

The aimplicity of the Laplace transform, R(8), is
helpful because, even without knowing the detailed transient
response, one can find steady state values using the final
value thuorem. For the error, we have

S8R (&
e Z lim a(t) = lim SE(S) = lim -~ (2.9)

This ocan be simplified if we use a low frequency approximation
G(8) = cl/a“. Then for tie algebralc inputs,

1 ghti-n (2.10)
(] - M = .
88 g+0 G,+8"
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with the following raesults for steady state errors, €us
step ranp parabola
Type el ! 2 3
0 0 (al-m"l « -
' S| 0 6, -
T 2 0 0 6t
The steady state errors are either infinite, finite,
or zero. Since G, *> 1 (usually), the finite errors are
inversely proportional to gain. Type 0 systems are rarely
used in tracking servos because of the non-z2ero errors,
and parabolic inputs are not often encountered. One
therefore tends to concentrate on Type I and II systems
with step and ramp inputs.
(See Ssation 2.5B, pagae 10)
2.6 Steady State Errors with Sinuscidal Inputs
If the tracking system is mounted on a table which
oscillates sinuscidally, the equivalent input is an
identical sinuscid, Thus,
r(t) = gin wyt (2.11)
and
We
R(8) v =y (2.12)
R™ + wo
but in the steady statu,
le(t) | = : (2,13)
+ i )
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Using G = Gl/s“, wa have for errors due to unit sinusoids:

Approximate Error

B

Type Error Magnitude (bg << Q)
-1
0 (1+Gl) ; . l/G1
. . ﬂ -1/2
é 1 (1 + 6, /wg )1 m.;cl
? It (1 = Gl/w. ) ug /01
‘ Again, the error is inversely proportional to gain “é
and decreases as the type goes up (since w, << G,). f?
2.7 _Bandwidth 3
Looking at Eq. 2,13 one might conclude that the 1
3 4B bandwidth occurs when G(jw) = 3§, This is approximately f}
true, but not a useful concept since the transient response '3
| can differ considerably from a simple filter. I
1 The more usual frequency characteristic is the similar é

unity gain orossovar freguency, fi = “1/2“' defined by

Bt i e

] |Gluy)| = 2 (2,14) 3.
i or the Type systems discussed so far, w, is! 'g
| |
1 Type wy |G(8) | 4
: ' )
| 11 Ay tuy /) ® !
? where G(S) was assumed to be cl/s“ i
3 69
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A The sinusoidal tracking errors ware discussed in the
3 1979 Appendix. At that time, we anticipated ship rolls
iil of :2° in 12 sec periods with unity gain crossovers for

| Type II systems of 1.5 to 1.1 Hz to yield 100 ur to 2% wr
errors, respectivaely., In the Interim Report we discussed
mora realistic ship's roll rates of 1° in a worst case
16é-sec period., This is considerably easier than before,
but in December 1980, as we discuss balow, we could only
achieve an 0.8 Hz unity gain bandwidth,

with these newer results, we have

=« 0.8 Hz (2.18)

wy 2ﬂfl = 5 rad/sac
A= l* = 17,4 mrad

w, w </t w 0,4 rad/ssec

Type = II
() = Al(w./wl)2 = 111 urad

E which is slightly higher than we first guessed.

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

po these results ara a lower bound on the error. On the
other hand, the 0.8 Hsz represents only a 3-day effoct
with a fully operating mount. Further, typical roll rates
are expected to be down by a factor of 4, We will return

2 to this in Section 8.2,

%D\ MYMC/10602
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2.58 Steady State Erzor Coefficients

Another bit of nomenclature involves the so-called
error coefficients which are defined for steps, ramps,
parabolas, etc. These are a little more general then
the errar cocmputation given in Section 2.5. Given

R(S) m 8”0 pm w1, 2, 3, eta.

then
R 1
e = lim = lim —— -
88 g.g it g+0 g™t 4+ gM"ig(s)
b §
n m=l
I+K1
b 5
- - m-: 3 ses
ﬁn (X
where

K, - ,’;.‘,‘3 8™ 15 (s)

If wea identify 1, 2, 3 with a step, ramp, and parabola,
then the error coefflclients are conventionally ldentified
as related to position, velowity, and acceleration. The
following tabla may help.

Steady Stata

m_ _Input Designation Coefficient _Limit Exrror
1 atep position Ky G(8) (1+KP)'1
2 ramp veloelty X, 8G(8) Kv'l
3 pearabola acceleration Ka 832G (8) x.'l

This method of finding errors is llightly more genoral than
that of Saction 2.5 bacause one doas nnt nead to urite 4/8)
explicitly in the form oo/s“.

n




S SECOND ORDER SYSTEM RESPONSE
Moat systems cannot be described well as a single
Type but many can be as a combination of a Type I and
Type 1I over some frequency range, By this we mean the
open loop gain is of the form
G(8) =  SR— (3.1)
Z§7w0515€*+ (S/wo)] )
where w, = "natural" freguenay
§ = damping factor.
For low frequencies G(8) « 1/8, but at higher ones,
G(8) = 1/82. By adjusting 4 one can go from Type I to
Type 1I.
The closed loop gain and error transfar functions
ars
-c | G M l
® e 1+ 26(8/&0) + (S/moﬁr
2
28 (B/wy) + (8/u,)
O WAL /% (3.2)

LI 1+ as(s/uo) * (S/wo)F

The steady state srzors for steps, ramps, and low frequency
sinugoids are:

Btep 0

Ramp 26/w°

8inusoid 26(m‘/u°)
7
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A It appears that one would like to make § amall but
this may adversely affect the transient response even
though steady state ercor is improved. The remainder of
Section 3 discusses this traleoff,

b 3,1 Response to a Step

; _ If rit) = u_l(t), then using Eq. (3.1) and inverse
- Laplace transforms, one can find (see Fig. 2)

? -dut

- C(T) = 1 = S ain(/1=s2ugt + ) (3.3)

: 1-§

; where

[

é o = cos™ls = sin™d /1es (3.4)

%- g

! une can see from the figure that as § » 0, the H
transient response has a great deal of overshoot and zero :
average error but large instantaneous erxor, even in the S
steady state., As § - =, ingtantaneous errors become small 2

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

Because it is easy to understand and measure on a
strip chart recorder, the first (peak) overshoot and time
to reach it ure of some interest. Setting 4dC/dt = 0, :
one finds %

}

2)1/2, (3.5)

Crax = 1+ axp (=1d/(1-8

13
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The maximum arror occurs at tmax alse and is given aimply
by

i

T
€rax ™ Cmax~) ® exp(-mi//1-6%) £ P for hes<l  (3.7)

gince the input is a unit step, this is a fraction called
"overshoot", P. Note that for §>1 there is no overshoot.

Given P and tmax,‘one can f£ind

) 2 1/2
: 4+ 1n"P
1 and
(n2 + 1ln P)J/2
, Wy = T {3.9)
i max

3.2 Response to a Ramp Input ,ﬁ

For a ramp, r(t) = tu_l(t). R(§) = l/sz, and we can %
use inverse lLaplace transforis or note that a ramp is 4
the integral of a step and so are the responses. We find 8

R

-Swt

24 e VA

Clt) = ¢t = == 4 13 gin(/1=-8"wat+y) (3.10)
Wo wa{1=8%) 0

b = cos”t(26%-1) = sin"t 26/1-6 (3.11) p

which is illustrated in Fig. 3.

The error is

R Csu 1

3 e(t) = Clt)-t = 28 4 e 1/2 sin(/1~ 62w ot*y) (3.12) rj

3 Y0 wy(1-8%) .
74
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This has a steady state value, zs/wo, as we found previously,
and a decaying sinusoid. Again, if é=0, the average error
equals zero but the sinuscid never decays. TIf 0<§<l

the error reaches a peak undershoot on the first cycle,

which occurs at

-1
-« I =~ co8 ~ ¢
Emax - 172 (3.13)
No(l‘é )
at which point
28+ =6 (n=cos "t¢).
exp (1-02) 172
®nax - " iy (3.14)

Since this iz the maximum error, it tells us whether we
can keep a target that suddenly appears within the field
of view.

We could alwo find wy and § from tmax and ® ax
but ramp inputs are harder to produce and not as convenient

to interpret for test and measurement purposes.

3.3 Resronse to a Sinusoidal Input--Unity Gain Bandwidth

The amplitude response to a sinusoidal input sin wgt
is

o 1,
|c| = p)
1+ 25j(we/wo) + (jwe/w0>

= (11 = (w/ug 1 & (2su /0?17 (3,15

The magnitude of the error is

! 1"41‘2 ‘ ' /.
T @

\zsl/zlml

LK I X
)
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When the input frequency is low, the error is

MMC/10602

|B| » 2§ ~=2 (3.17)
Yo

which contrasts with a pure Type II system, where the

error was

B = (wg/uy)? (3.18)

In this system, the magnitude of the open loop gain
decreases to 1 at a freqguency
2)1/2

' m wgl (1448 - 242172 (3.19)

“1
wl' varies from Wy to .49w0 as § increases from 0 to 1.
Thus ml' is close to w, in value and for small §, w,' can
replace wy in Eq. (3.17). In order to keep the sarme error
for the same bandwidth as a pure ype II, one needs to keep

5 << _%“( :: ] (3.20)

As an exampla, if wy = § rad/sec and we = +4 rad/sec
as in Section 2, then we need & << .04. This is very low s
and indicates for a asystem with good transient responae we } 
will need a larger bandwidth than the pure Type 1I.
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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 §) model i
can still be useful. :

4,1 Motors

The prime movers in most tracking systemas are motors.
The minimum model is one which takes inteo account inertia
and viscous friction. The equation of motion is

T = BN + J dN/d¢t (4.1)
or

T(S) = (B+JS)N(8)
where

torgue

moment of inertia

viscous friction coefficient
motor shaft upeed.

7
J
B
N

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

M(s) , K
VTé'g' B+J8 (4.2}

where K = torque constant
V = voltage applied to motor, ]

17
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4.2 General Angle Control Loop

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(8) block
is a new feature, an internal feedback or minor loop.

It will provide compensation for part of the serve by
feeding back a function of the angular velocity to the
velocity error amplifier G.

Note that shaft angle, 6, is mathematlcally the integral
of shaft speed, N, so the 1/8 term is exact. One tends
therafore to have at least a Type I aystem.

4.3 Rate (Tachometer) Feedback Compensation

If all servo system components ware ideal, then the
tach lonap would not he useful or could he accemplichcod
in some other way. However, because motors and their
associated 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(8)m=l, 1In 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, However, when embedded
in a position loop, this is usually not the case. The
transfer function

GK
N EEL . SK (4.3)
1+ BI85 H B + 8J + GKH
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already contains a term in the denominator, B, which is
not zero at low fraquencies. This keeps the open loop
gain small at low frequencies, something wea have been
trying to avoid. Adding another conatant term, GK

(if H=l, G = constant), does not help. Making G=5 would
fix that, but woulud cause problems in the numerator.

A pouuibility'ii'to make A(S) = 1/8, but now we have
8's in three denoninators, raising possibilities of
instability. The usual cholce is to make .

H(8) = D8 (4.4)

where
D = tachometer feedback constant.

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

N GK
M= ™ B+ 8(J+GKD) (4.5)
. _GK/B
1487

where

T« J/B + GKD/BE, a time conastant,

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

_ﬁ, - .% . (4,8)

In this approximation wo would have a Type Il positioning
system i1f A is a constant.

19




4.4 position CGontrol

1
Using the rate loop compensation discussed in the

last section, the open loop (forward) gain is
. GK/B 1 a/Bp
3 ‘ A, = x ® = (4.7
| ol 1487 s 8§+ 87
; where
: a = AGK, & gonstant, and
Anp B
.%_ “n, =2t 8L (4.8)
c l+a,, a/B+ 8¢+ st
m 1 - l
) . ¥)
1 + 8B/a + 8“TB/a 1 * 268/wg *+ (S/wo)
where
a 172 AGK 1/2
wo * (T’ﬁ] (3"“"5‘»« x’b‘]
and

5wl BB 1 11/2
~4- = * ~T| RGRTI+eRDT |
When D is large, we have

wg @ (a/p) M2 (4.9)

s w E%f (“%E“}l/z

we have a second order control system identical to
the kind discuseed in gaction 3. The "natural frequancy”,
wo.nnd damping, 6, can bo adjuated with A, G, and D,

80
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We found in Section 3 that the steady state error due to
a unit ramp was

and due to a unit sinusoid was

zatw.] LB (w.(J+GKD)]1/2

ja| = a; ;3 x5 | o (4.11) %

In both Cases higher gain is needad to overcome friction.
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S$.1 N/H Servo Expariments

In Decemher 1980, a preliminary servo system electronics
package was connected to the N/H mount. 7This package
consisted of
T a) & joystick

b) a trackball

¢} thumbwheel switches
d) LCD displays

) analog displays

£) servo slectronics.

The Jjoystick could be used for velocity control and the
trackball for position control., A more useful position
aontrol device was the set of thumbwheel switches for eaah
axis. These and the LCD were l7-bit binary devices matching
the 50 urad vamnlution of the sahaft ancoders installed on
the mount. 8Since tracking quad cella were not installed,
tihie shaft encoders were the only means of position feedback.

\ The servo alectronics implemented a tachometer
| feedback compensated position loop similar to that described
; -in Section 4. They were a bit more complicated, but those
! "details are not necessary here. After some adjustment of
S gains and filters, we obtained reasonably stable control

of the azimuth axis.

Experiments were performed in which one of the levars
on the thumbwheel switch was advunced one position and
the error tranaient recorded on a strip chart, fThe results
for steps of 400 prad, 3 mrad, 24 mrad, 200 rrad, and
1.6 rad are mhown in Figs. 5.1 through 5.5, Note that
the initial size of the error ecquals the step so the
absolute vertical scale is not .¢quired.
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‘reproduction does not make it obvious, examination of the

Ignoring for the moment the 400 urad case, Fig. 5.1,
one can see in Figs. 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

§ = 0,8
w = 5 rad/sec

-Looking back at the 400 urad case, ona can discern
transients obscured by apparsnt noise. Although the

original strip chart suggests that the noise consists of
50, 100, 1%0, 200 urad, eto. stepr corresponding to one
or more bits of the shaft encoder. This could be reduced
using higher gain but then the transient response became
sasdlladery, T L8 oupactud Lhal the vhiatiuwr can be
reduced latur by veducing the gear backlash and motor
amplifier deadzones.

The 200 mr and 1.6 rad 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 ware simply a case of lower
gain, the fraquency would be lower but the damping would
be higher. When response time slows down with amplitude,
it is usually a sign of saturation ineide the control loop,
but this necds further investigation.

5.2 Preciected Errors

bolper Bl B, == gy e T Y T o s ol H i

Making the assumption that we can obtain a second
order servou with an wg = 5 rad/ga¢ (corrasponding to a
unity gain bandwidth of .76 Hz), we have prepared Table 5.1
of errors to be expected from stops and mirusoids for

=
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: d's from O to 1. Since it is concelvable, we hd@e made
Table 5.2 for Wy = 10 rad/sec.

One can see that up to § = 0,707, the response time
is not appreciably lengthened. The overshoot becoumes
oo npprcniablc when §=.2 so that 0,2<4<0.7 is a profs:red _ i
: zange, but there the error due to ship's motion in :
appreciable unless £=0:2 and wy " 10 rad/ssc. Using
i . Bq. (3.9), “1 = 5,59 rad/sen or ‘1 = 1,6 He. This is not
' an unreasonable hope,

Another alternative is to dynamically viry~6 dapending
on the situation. It is not unusual to use a Type 1 system
(§ large) to give small overshocts and switch to a Type II
system (4 small) to reduce the residual error. This will
be investigated in the future.
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i

- H(8)
R = input
C = gutput
B = sample of output
B = errer
G » forward (open loop) gain
§ = Laplace transform frequency variable

Fig. 1. DBasic Servo Block Diagram.
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Fig. 8. Unit Stop Transient Respouse.
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Fig. 3. Unit Ramp Transient Response.
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Fig. 4. 8imple Angle Control Servo.
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Fig. 5. N/H Experiment:
200 urad step.

Fig., 6. 3 mr rad step.

/

Flg. 7. 24 mx rad step.

S
Fig. 8., 200 mr rad step.

Fig, ¥. 1.6 rad step.

88

i

S



SYSTEM ANALYSIS OF SHIP-TO-SHIP
TRANSMITTANCE MEASUREMENTS AND ASSOCIATED ELECTRONICS

INTERIM REVIEW

APRIL 1981

MASSACHUSETTS MANUFACTURING CORPORATION

89




?
i
A
Ly

R PR

.....

1. INTRODUCTION

In 1977, the Naval Research Laboratory (NRL) began
investigating the possibility of placing its heretofore
land~based Infrared Mobile Optical Radiation Laboratory
(IMORL)1 on large naval ships.z 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 um 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 1
equipment. i

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. Thia
telescope would use a U.S. goverament 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 & very low level, but progress was made. The telescope
optical design was finighed’ and the servo control aspocts
of the N/H mount began to be undaratood.4 Finally, in
Decenber 1980, the mount was brought under closed loop
velocity and position control. The position control used
digital shaft angle encoders only: infrared tracking

sensors were to be installed in the third and final phase

of MMC's contract,




T e D A1 T TP ST NITYESMTREEMITITRCIS L T LNt L aTngn srIkin ek e

B2.3

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 basig, and to measure
radlation from a variety of sources. Because the potential
: usefulness scemed greater than before, NRL decided to
Q pursue the program on a stepped=un level.

ekl g

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

1) making absolute atmospheric transmission measurc-
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 dimcusses 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 expericence in
realizing the first, It should be stated that the second
objective will be pursued as much as possible from the
beginning, however,

We will discuss the transmission measuremonts, the
servo controls, and the measurement system electronics.
A work statement, list of deliverables, and schedule follow,
It is assumed the reader has some familiarity with the
referencea above and progress to date,
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Although the overall problem is addressed, MMC's
part is limited to the 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 alectronics, 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 wavelengths 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, prodiuces 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 ono proposed is a modified
NRL surplus anti-aircratt searchlight with a 60" mirror.

The 60" teleoscope need not produce a high quality
image, since light gathering is all that is required,
but there are other requirements. If a 3*" beam from
the N/H impinges on the bucket, then at most 3.4" of
caontral obhscuration can be allowed before 1% of the beam
is lost. Thus, in addition to the primary IR detector
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(DET #1), a secondary one (DET #2) is required, since the
gecondary of the 60" must be larger than 3.4", The
obscuration due to XMTR B (whose use is explained below)
must be lass than 3.4" in diameter.

accuracy, a signal-to=-noise ratio (SN»: greater than 100:1
is required., A rough calculation (Appendix, section 2.1)
shows this can be achieved with pyroelectric detectors

and a 5 mr FOV,

Assuming the fields of view (FOV) 6601 and eeo, are %

equal, IR DET #2 will be less smensitive since it has the %

: smallest collector., For 1% trangmissibn noasdrement %
j

j

et e e

In terms of the control systems, if a 3" beam is
to be kept in a 60" bucket and no turbulence exists, then i
less than 116 ur of error is allowed on the N/H control j
pystem at 5 km separation. The 60" control system must y
point at the N/H, Keeping cos 0 less than 1%, in other
words, © less than 140 mr (8°). 1In addition, the N/H
must always be within the FOV of the IR detectors and
80 t5 mr could become the real requirement.

R

f 2.2 Scanning Michelson Interferometer (SMI) Measurements

In this case, IR DET #1 is replaced by a light source
and the lasor at the N/H is replaced by an NRL SMI.

} Now the N/U must keep the 60" within the 8SMI's FOV (300 wr). i
f The 60" control system must keep the SMI source beam .
pointed at the N/II. In order to keop the SM1 SNR high,
the source beam divergence shoulli be as small as possible~-

on the order of 10 mr (0.5°) or less.
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3. CONTROL SYSTEMS

Both the N/H and 60" systems will have servo control
gystems 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
lagser diode transmitiers (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
3 on the boresight of the N/H. Since 60" steering is much
i more relaxed, XMTR A and QUAD B can be off axis.

KTPRCIEERO Y =TT~ TN TN, 2 ST TR

£

An earller configuration used the laser in place of
XMTR A and a quad IR detector as NET #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 clusing the 60"

gontrol loop, s

;

%

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

Bt i -

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 close range (Appendix, section 2.2),
but can be almost eliminated (see below).

¢) XMTR B backscatter may be picked up by DET 1 & 2,
Basad on an experiment at NRL, backscatter in clear air
at least 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 N/H Control Sysmtem

This has been discussed in detall elsewhere and will
not be hera.4

3.3 60" Control System

The original 60" searchlight consisted of
a) transmitter synchros driving

b) control synchros driving

¢) vacuum tuhe amplifiers driving

d) Amplidynes~driving

e) DC motors driving

£) the searchlight,

The transmitter synchros could be hand driven at a ocontrol
station connectaed via cable or hy 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 threse are 110V synchroa, this is not easy.

Gbcenaral Blectric Co. 9
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It appears that the easiest place to break into the
chain is at the Amplidyne field control winding. This
requires 10W 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 mcans some sort
of manual control would be desireable., 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 less critical,

3.4 Detector Ring Array

In making absolute transmission measurements, it is
esgential that the bheam not wander out of the light bucket.
One straightforward way of checking this is to put a ring
of perhaps eight detectors around the circumforence of
the 60" mirror (Fig. 2). 1In order to be cost effective,
each sengor must usc small optics and inexpensive detectors.
This precludes using pyroelectric detectors, but allows
silicon or possibly lead salt detectors. As shown, eight
are used, but if the approximatoly 3% area lost Ln the worst
case 18 too sovere, 16 would roduce 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 mode.

In any case, if 1. mW is available, we show in the
Appandix (gection 3,1) that the SNR would be very high
with 1" optics and silicon detectors.

Given that this is the case, one might try to use

: the ring detectors for not only checking but alsc 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 would result. %

4. IMORTAL Measurement Systems

The system for transmission measurement i1s shown in
more detail in Fig. 3, In the approach 1illustrated, the
beacon tracking subalements XMTR A,B and QUAD B,A form
a duplex communication link which will be discussed in -ﬁ
detail below. Assuming the link, we will first discuss !
the N/H and 60" subsystema.

A.1 60" subsystem

The receiver contains fewer elemonts and will be
described first, At the top (Fig., 3) aro the two IR DET's
whose signals are appropriately wolightod and summed together.
A variable gain amplifler is controlled by an automatioc
gain control (AGC) loop which looks at the output of a
phage sensitive detector (PSD)., (PSD's are also called
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synchronous rectifiers or lock-in amplifiers.) The reference
for the PSD ic obtained by decoding the sum cutput of the
QUAD B tracker which picked up the 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. Commercial lock=-ins can be used or
simple dedicated ones can be constructed using about
10 8g. 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. 1Its 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 transmigsion.
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 system is. In this mode, the source
could be monitored at the 60" and this amplitude sent back
since the communications link would still be open.

fi4 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 um 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 vatio 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
clogely matched filters and some care to achieve 0.2%
(9=bit) accuracy. 1In the intervening 8? years, digital
techniques have become much less expensive. In fact
80 much so that a general purpose digital data handler
hags 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 divisicon, 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 these
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 A,B plus QUAD A,B, in addition to providing
servo tracking, also function as a duplex (simultaneous
bi-directional) data link, Fig. 4. 1In this application
the data sent and received hzs 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 DETe 1 and 2 and
dacoded 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 orders of magnitude reduction in pickup
required if no visible filters are used on IR DET's ]l 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. TIdentical 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 onec needs SNR's from the
QUAD's of greater than 100:1 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.

As 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
_ul
o X /2
YZn x w5

7

= 3 x 10

with unsophisticated processing 107 times this would occur
every second, 1If we transmit a word every .005 saconds, il
the word error rate is .005 % 107 x 3 x 10" = 015,
which is large enough to require error correction but small
encugh to be feasible.
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:g Appendix i FIRST CUT ANALYSIS OF EXPECTED SIGNAL=TO~NOISE

We will work out numerical examples for three detection

cases:
1) 8ilicon quadrant tracking GaAs beacon
‘ 2) Pyroelectric detector measuring 2-12 um laser
P transmismion
] 3) 8ilicon single detector detecting HeNe laser beam.

f Also ve 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 8ilicon quadrant tracking GaAs beacon
Far the beacon we assume

. peak power: 1W
. pulse width: 100 ns
“ rep ratae: 10 kHz

f divergence angle (after lens): :+10 mr (+.57°)
(Note: average power = 1 mW)

' For the silicon guadrant, we assume
overall diameter: 1 om i
D¥, 1012 cm-cpsl/z-w'l L

For 100 ns pulses the optimum bandwidth is 1.6 MHz, and
80 at best, for one pulse the NEP ia 1.3 x 10'9 watts,

but more pessimiastically,

NEP per pulse: 10°% watts.
We assume »
receiver optics: 500 mm, £/8. 4
Thereforo, A
receiver area! 30 em? i

10
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5 We compute
E irradiance at receiver: 1.3 x 10°° w/cm® peak.
f Therefore,
i power on detector: 3.8 x 10”7

signal to noise (one pulse): 38 to 1,

This may not seem large, but from a communications
standpoint,
probability of false alarm: explot-Bld).

From the standpoint of a tracker, we can average ovar
10 pulses and still not introduce a delay greater than 1 ms
in the servo loop, so
tracking signal to noise ratio: 120 to 1.

Therefore, B

random angle noise: $42 urad, 4§

| E
1.2 DBffects of 2-12 um laser transmission on Si guad .

During transmission measurements, the quad cell will ?

be irradiated by 2~12 um radiation. This should have nc _f

effoct except heating and this should be less than 1 mW.

1,3 Effects on HeNe laser on Si quad

See Section 3. The HeNe irradiance is 4 times the ;ﬁ

GaAs irradiance, but a combination of optical and electronic if
filtors can eliminate it. g
k-
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2.1 Pyroelectric detector measuring 2-12 um lasex

Several lasers ocould be used in the transmisasion

measuremants. The worat case we can imagine is 1 mW spread

over 60" at the receiver) thus,
irradiance: 5.5 x 1078 watta/cma.

For the receiver, we assume
Collawtor: 31" (787 mm) ¥.L., £/2.

Therefore,
collector area: 1100 cm2
watts on detector: 6.1 x 10™° watts,
Further,
detoctor size: 5 mm dia,
Therefore,

field of view: 3 mr.

Pyroelectric dotector NEP's are non-simple functions
of bandwidth. The one we use depends on laser chopping
frequencies and the fidelity required. For now we asaume

bandwith: 100 Haz.

Therefore,
NEP (10.6 um, 1=100 Hz):

signal=-to-noise: 400 to 1,

1.5 x 10”7 watts

This is adequate for 1% accuracy when transmission
is 100%. Higher laser powers may be useful, however.
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2.2 Pyroeleotrioc pickup of GaAs beacon

The 100 Hz bandwidth is so slow that the 10 kHz beacon
can be modeled as a DC source with a corresponding average
power. We have

duty cycle: 100ns x 10kHz = 10°°
average power: 1w x 10=3 = 10-3w,
Therefore,
irradiance at collector: 1.3 x 10-11W/cm2 at 5 km
watts on detector: 1.5 x 10°8w at 5 km.
Also we have

ratio to 2«12 um laser: 2.8 x 10'3

at % km.

This is reasonably small but at 500 m range, the GaAs
source would be 25% of the 2-12 um laser. More powerful

lasers or non-interference chopping schemes would be ragquired

to make accurate tranamission measurements.

3.1 8ilicon single detector detecting HeNe laser

Because eight of these are envisioned, small simple
receivers will be used. We assume

detector size: 1 mm
pr: 10 %em-nzl/ 2yt
Therefore,

NEP: ~10”H3

W'Hz-l/z .

For now,
bandwidth: Af

collector:t 1l00mm F.L. £/4.
Therefore,

collector area: 5.9 com
field of view: 53 mr,

2
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We further assume
source: 1 mW HeNe laser spread over €0".
i Therefore, E
‘ irradiancetr 5.5 x 10”% w/em? ?
watts on detector: 2.7 x 1077 q
2,7 x 1076 |

P signal to noiser,

The signal to noise is very high unless the bandwidth
: is also high, If a fixed chopper is used, the bandwidth
will be low. When tha SMI is used as an interference
"ohopper ," thae frequency is variable, but the maximum is

R

Af = 4§ cm/sec + 1,2 m/cycle = 33 kHz.

Therefore,
signal to noise: 1.8 x 104.

» All of the radiation will not be available from the !}
B SMI, but this is still high, %

3.2 Pickup from GaAs beacon
The GaAs heacon will be picked up but jt would be
attenuated by the smaller collector and lowur bandwidth,

We have

= et 2 e i,

irradiance at receiver: 1.3 X 108 W/cm2 peak. 3

Therefore, 3

power on detoctor: 6.4 X 10~% w peak. t
Also A
33 kHz low pass filter attenuationt .02 K
affactive watts on detector: 1.3 x 107°, :

This is less than 1% of the HeNe signal and so could
' be discriminated against,

3.3 Pickup from 2-12 um laser ¥
The 2-12 um laser should generate at most a little ;

heating of the detector.

i
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WORK BTATEMENT

{ 1. N/H Control System

*1l, Analyze NRL Dacember tests.

PR

2. Redesign 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.
g, Change outer electronics package to fit trailer.

§. Prooure small modern trackball,

6. Design and build new trankball interface card.

7. Test new designs at CBD on atatlc N/H mount against
tracking test source.

8. Finalize servo design.
9. Test at CBD on roll tzble against fixed test sources,
10, Test at CBD on roll table against meving test sources,

; 11, wWrite up informal manual.

12, Write up ship-based field test plans,

13, Teat on carrier against helicopter-borne Hg lamp.

é 2. 60" Control System

} 'l Measure open-loop Amplidyne motor characteristice at CBD, 5
{ *2. Analyze control servo requirements,

: 3, Design control electronics.

i 4. Build control electronics,

Y L Package control elactronics to mount in 19" raek,

r—--—-—-—
To 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.
l0. Write up field test plan.
3. GaAs Transmitterg/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, breadbhoard, and test
(a) GaAs LED pulse driver
(b) si gquad front end.
l 5. Produce PC boards.
6. Build transmitter and receiver cases.
i 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 informal manual.
? 4, Data Acquisition System (Amp/PSD/AGC A=to=D)
; 1. Datermine resolution and accuracy requirements,
; 2. Design electronicsa.
E 3. Procure parts.
| 4. Build board(s).
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5. Debuy and test at MMC for

(a) Dynamic range

{(b) Absolute accuracy

(¢) Signal-to-noise referred to input.
6. Package.
7. Tesat at CBD.

8. Write informal manual.

5, Communications Link

1. Determine reguirements vis-a=-vis
(a) Type and amount of data ‘
(b) Phasing to avoid interference with IR detectors
(c) General I/0C compatibility.

2, Find off-the~shelf UART (universal asynchronous
receliver/transmitter) IC if possible.

3. Design and build on wirewrap boards.
4. Teat without optical link at MMC.

5. 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, Deeign special interfaces, if unavailable.

4, Procure parts and egquipment,

g, Build special interfaces, if any.

6. Determine data manipulation routines.

7. Test with com links at MMC,

8. Document.

9. Test at CBD. H4
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IR Detectors

1.
2,
3.
1.
5.

Analyze sensitivity and dynamic range requirements, g
Procure detectors. f
Test at MMC using 500°K black body.

Help install and check out on N/H at CBD.
Help install and check out on 60" at CBD,

Field Test: Test all systams at CBD
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An 0.8 mater infrared tracking optical system design

Richard F. Horton
Optical Sciences Division, Naval Research Laboratory, Washington, D.C. 20378

Abstract

An 0,8 meter Camsegrain, reflecting relay and matcthE optics comprise a system which
incorpordtes a Nike Hercules pedestal for an infrared tracking system, Optical design
sritevia and performance will be discussed,

b DL

The Field Measurements Section of NFL's Optical Sciencei Divikion has been making %n
situ atmospheric propagation measurements for several years.,.! The scope and accuracy of
these measurementas has been paced by the development ol the required optical syatems, 1In
1975, an optical transmitter and recelver system was rsportud which accomplished DF laser
transmission measurements over & stationary 5 km path, In 1976, a new recelver system was
reported which added laser calibrated high resolution atmospheric wpectroscopy n% the
capability of Helle, Nd-YAG, HF, DFF, CO, and €07 lascr transmission measurements,

Currently we are bullding uan optical system to extend our measurement capubility from
stationary path measurements to tracking situations, of which, a ship to ship measurement
of laser transmissions, hiph resolution atmospheric transmission and atmospherie turbulence
is of interest, ‘

A recent study“ concluded that a ship to ship measurement was Peasible, based upon
reciprocal optical tracking from a "hiph resolution® tracking tranamitter, (50 ,r), to a
"low resolution'' tracking receiver, (5 mr). To keep costs low the transmltter aystem lg
based on a surplus Nike Hercules radar mount capable of the required tracking dccuracy,

The desipgn study which this paper presents {s the result of the design problem of
matehing the most capable optical wyvstem practical to the existing Nike Hercules mount,

General Desipn Considerations

The Nike Hercules mount appears well suited for our use as an optical mount., 1t is an
altazimuth mount, with a trunnionring which can accommodate a 32" Cassepgrain telescope, The
base appearas well sulted to the mounting of our Scanning Michelson Interferometer, (SMI),
which raquires stability and accessibility., In addition, laser systems which require vacuum,
high voltage, water cooliny, etc. require a stable platform, Specific requirements of the
SMI and laser sources will be discussed later,

Practical Considerations

As thin 18 polng to be o fleld aystem, {t will reside in a seml~traller, to be trana-
ported to an experimentual fleld site and set up as quickly aa Yonﬁible. The optlcal system
should be "built to take it and be realimgned quickly, precisely, and repeatably, The
optical system may be uded under conditions of large thermal variations, and should either
be insensitive to these variations or quickly adjusted to them, A maximum telewcope tube
length, required by the trailer layout, is 60" From the mount venter. Thiw, along with
moment of Inertla conslderationn, makes a compnet telewcope desirable.

Ve require the optical system to have pood performance over o wavelenyth ranpe of 1 to
20 microns, This precludes the use of refractive elements in the desipn, To facilitate
tracking and the use of a baresipht TV, a field of 1720 s desired, TFileld curvature should
be minima?. The optlcal system should be ubfc to focus from infinity to | km, and closer
focuring is desirable. The turbulent antmosphere will usually timit performance of the
oﬁticnl system in the visible, however later atmospheric propagation studies will require
the gysatem to be diffraction limited beyond 3 microns. Aliptment will be done with a llele
lager, so alipgnment tolerancing for the wavelength must be compatible with performance
criterin in the infrared. Special Fixtures to aied In aliptment will be deslpned during
the optical inatallation, desipgning in this capability is usefu!l,

17
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A e R Sl e
AN 0.8 METER INFRARED TRACKING OBTILAL SYSTEM DEBION

Cont {n, of gourae, an Lm)urt?nt cons Bderal fon, but also Twportant (s procurement time,
-~ sel up time, toltially and {n the fleld, an ovorall versatility, Flve years from vow the
“ayatem may- be- engaped-ln expariments of a tafnlly unforeseen nature, .

Nike Horeulea Mount

ivodesipnad alony whth o atter
A ‘!l\nln)'.l'vll‘ll ol the rotarbidshed
to Tacllbitate

I most optleal syatemse the mount ing ot The Telencope
the optles. Here, beeauae of conts, the converse fa true.
mout appears s Flpare 1o The mount has had several modiicat fong made to 1t

the tnatallation of optjes:

Voo The entdre rador svstem and Tea capportinge electronices score vemeved tram the monnt
S The Blevatdon shatt was cut ot st bevond the bearine tooabbow approsisat el
S rlearanee bor o opties o the Mara eide™ ot et coke
oo Phe "Hike pors" were o removed troen the o encoder cearboses oond o aimece: - cadd ine
was tetoved Prom the "data srde 7 oot the wobel
Ao The 100 ehanne!l abip ving was temoved tros the center ob the Acimuth axie, Lo Ty

replaced by o cable wrap allowing o 0199 contral openingy alony the axin.
b Holes were cut in the contral webbing of the vole to allow the passape of
6. ALY power nup}allvn. wotor controls, oter wore removed From approsimately 2
of the "front™ of the base to allow fnstallation of optfeal benches, ote,
A nhock absorber and stop was FHCted to thefAzimuth axin to allow mot fons of From
10D 1o 4709 his precludes damape to the eable wrap and protects the opt Lo
From sovere anpular decelorat fon ol the Artaurh axis,

iy,
i

The ronulting mount, veady For opties fa depleted schemat feally o Fipare 200 The
reuamndon ring fnner dlamet or s Y whth gome minor profecttons which Hinte the anobsenred
dlametor to 32" The widthv of the trannfoneing o 17" which wi bl sl Tow mount oy ot the
telescope tube and apider on one Paee and the peimary miveor coll on the other A turning
flat wil!t he requived to divect TR trom alonge the optfe o asvis ol the Canserrain theouel
the FElevat fon shatt, This mivror con be sapported trom the vear, ponsfhiv throneh the
central perfovatfon fn the primary, stdineg o the fahevent bat 0 of (he oo

S e —t roN .
¥ L. - 4 -
IR

Flpure | (above) Nike Hoveulen Moant, s WU SR
Ready for opties,
Piyure 2 (rfpht) Scehomat fe of Mount e
Lavout and Ponaible Light Path, —
e e——— Auimory
k "
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. HORTON:

the b 174" .inner diameter of the hollew Elevatlon shaft 18 a rignificant aperture

the light emerges In the "data" compartment of the yeke. The voke 1s weblied for struetural
wtrength, effecrively compartmenting the yoke., The optleal svstem will be contained in
three compartments., The flrat {« Hﬁnred with the Elevation encader packapge. The second fw
empty save cabling to the Elevatlon encoders. The third {s situated over the Azlmuth axis
hole, and is empty except {or the tall of the cable wrap which goes to the "motor side" of
the yoke.  Since the webbing mav allow mounting of mirror supports, ote. and {8 required
for structural {nteprity, {6 has been left fntact until the optical desipgn s finished,
There are accers holor and covers for all of these compartments, so providing for ncceeass

to adjustment of optical mounts does not appear to be a problem.  The three compartment s
are very small, and "shoeshorning” ol o workable optfeal gestem fnto this space {8 a
roasonable task,

The 6 1/8" hole down the Avimath axis fe the next major constraint on the optfeal
design, This diameter must be held tor about 12", After pavsing this axia, Lhe light
enters a relatively open area {n the base of the mount, which connoctn to the “front" of
the base hy an opening appruximutulr 12" x 13 172", Optical benches supporting the in-
strumentat ton will he attached to the "front" of the bage.

The Elevation axis and Azlmuth axls Force another constraint on the svatem deslpn,
This has Lo do with the rotational symmetry of the beams as they pass along, thede two axes,
Obviously non-axinlly symmetvic destpns, which mipht have fleld tilts or asvimetries about
the axta should be aveolded,

Instrumentution Requirvements

The requirements of the desived instvumentation fall into three catepories: full fold,
collimated narvow fleld, and focused narrow (Held,

The burunlﬁhl TV wvatem will be used tor Fine tracking adiustments, and noeds accons
to the full /4% foeal plane, for inftial acufaition of the target and alipnment choecks,
During other measurements, the pegfon being samplod may boe subtyacted from the CHeld, and
fn 1tu place a dot be superimposed.  Call this the field hole,

The 8MI and lamer sources would be working throupgh the focal point not used by the TV,
The taser wources will want to enter the syatem as focused beams centercd on the fleld
hole, matehed 10 /7 number and exit pupil obscurations to the output pupll of the telencope
gvatoen,  The alipnment taser could work throupgh the system in the same wav that the laker
sources do,

The Scanning Micheldon interforometer requires o col limated bomm of 2" dlameter as 1ty
input beam,  The angle over which this beam tx detined tn oblect apiee {8 6.6 mr. An off
ag b parabota would be usod to form the 16 power telescope roquived,  The svatoen wounld
then sample .41 mr in the telescopes oblecet dpace,  Thin could couple throuph the field
hole mentioned proviously, allowing simultancous boresipht TV to record the ohject point,

A schomatic of this svatem luv shown {n Flpure 3, Notleo that It does requlre a stationary
focal plane,  This moeans focusing must be accomplished prior to this podnt,  Two possible
ways of schlieving thln are tho use of a “"trombone” section of the optical path, which adds
ref{uuliznu atid ponsible minallgnment, and the moving of one optical element along {ts
uptice axis,

Generallaed Solution

Alocal Syntoems

1t would he simple to devise a Galllein telescope of 16 power.  This would form the 2
colttmated beam vequired by the SME The fleld of view for this aystem would bhe very smnll,
With the apparent (teld of view defined by the two axtal apertures, 1t wonld only be aboul
4 depreeos,  The true floeld of the systoem would be 1716 th of that, about 1.5 me. This ia
Just tarpe vnouph to do both the laser experbnents and the SH1 work, but there would bhe no
fleld lelft over Ffor any tracking of Faets, or to oven see the tarpet . This mipht bhe adeguate
In wome situationn, however thin svatem would be too conatraining for our newds,  See
Fipure 4,

Hystems With Real Yoel

The leld of view of any system coming to a Tocus alfter polmy throuph the Elevat fon
akis e a funetion of the (7 number of the Cansepreadn and the diatunce of the focun from
the 4 174" aperture, (£), as shown in Flpure 5. A /2 field of view, without vipnetting
{8 possible only for dlstancer up to 12" away Trom the omd of the elevation shaft. A
vrelay ayntem of wome typoe {s requived to o relay this foeun to a potnt at the appropeiate
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place in the hake. This weu _
aeries of field lenses could be used, With rellective optics, however, the solutions to
th}ﬂ problem fall into two categorios, axially aymmotrie along the chief ray, and off
ax{s rystoma,

3 mmime i s

Off axfn_relay aystems, OFf axis velay svatems would generally be comprised of
sect fons of apherTeal wur faces, nince conle soctfons would ho too expensive to fabricate
Tor tow £/ number syutems.  Thia necssaltates a destpn tn which the aberrations balancoe,
plving the denlred depree of covrvection,  Remembering that the aberrations Induced by the
optlen must be oaxially svimeteie whon the Tt panses throuph the Avimuth bearing, fmplies
that any of U axis velay syvatom must be fully correctaed within the conlines of the theee
compartmentys of tho yuk$, This ds the wmajor problom with of f axie relay systoms,  The
Orrner antoeodt Huator® 7 whowed preat promtace, but was vory dirfienlt to shoo-horn tnto
the boumdaries of the voke For any practival Pleld, A second svstom, with more probleus
in corvection, but with o fleld lens like clement, was also looked at. High 1/ bumbers
requived for aborration batancing load naturally to many refloctions and small useful
fieldn, Thoso two wywtoma are nhnwn tn Fipures ba and 6h,

Arindly symmetvic syntoms, A preat advantage to akially symmetric aystomy {a the use
of conle Rovtiong to balubee aberreations, The diaadvantage ta that Newtonian flats or
thelr complementy must be used liberally te fold the aystom back onto ivself, ‘his {s not
true in a conventrie velay of the "eluamahel " type®, whown in Flyure 6e or o simflar system
shown {n 6d. The tattor showed promise since the widpolnt of tho relay {s about one half
the diametur of the mivrora,  This looked THke a pood way Lo pass through the 6 178"
diametor aporature at the Aximuth bear{ng. Unfortunately the use of two (or threo) folding
mivvors (o CHC this fute the contines of the voke, cte, reautted fn the penalty of afx (or
nined extrea vefloeotionn,

The velay syatem which the final deatpn is based upon {8 shown In Fipure 6o, fTwo
perforatod flata are used to padn accens to the foeal planes from two eliipron which
share the contral foeal plane botween thom,  This focal plane ta magnlfied by a factor of
1A thin cane. When thitn Tocal plane (s sltuated near the Azimuth bearing hole, a
veanonable tleld can be avcommodat od. One deawback to this volay svatom {n, lacking a
fleld Tons, the socond ol ipae munt be a barger ddametor than the et Another s Chat
the hole (i the Clrat flat does tot map onto the hote in the second flat, exeept at very
ama b b oanglon,  Thils cannen an oddly ahaped kink (o the vighotting functton, whteh ta a
minor deawback, and munt be taken fnte acvount 18 radiomot rie moasurenment s are ever tude
over o wide Plolbd, This will be elabovated upon tater,  Advantapes of this relay nvatom
arve wintmum number oF vettect fonn and focusing o roadily accomplishoed by moving B 1 alony,
tta optie axin,

{76 Cagnugratn and Relay Systom

The best optleal wentom desipn matehen a elfansie Cauneprain with the double ¢ftipt{cal
rolay wyatom Juat descrlbed,  fhe tavout of the optical suvlfaces 18 shown (n {aometrie
profoectton (o Fipure 7, A drawing fndicat{ng the £1t fn the Nlke Hereufon mount {4 shown
in Flpure 8. The syatom ban o useful Cleld of 178 wirteh will Intertace direvtly to the
funtrument matehtme opt teal tayout deacribed above.  The 17205 pavabola and a 11 174"
dismeter recondonry with o mapnitlicatton of 2,4 penult In o elassic Casnoprain of /6,

The 1/99 flold of view {8 defined by the Lo&6" hole o the flest portorated flat, M0 1
The dbameter of PR 4 amd 1 ave conndetent with mount {ng in the “data” compartment of the
vokeo B will be the focuning element of the avatewm,  Ray treacings Indieate that focusing
at 0 meters ba pospible without severe e depgradatfon over the Clelds The pyntomn
gecotd focun, approximately 5 to ddameter 1o pontttoned Junt above the Avimuth axie holu,
Thin will allow the posttioning of an al fpament aportuve, concontrie with the hole for
altpnment eheckn,  The second ellipae, B2, mum Lu T3 fn diameter but e pordtioned in
thoe open base, The aecond pertforated flat, PE 20 will be sitoated just outalde the bane

at the front,

Ray Tracon

The avatom wan optimtaed tor fmape quality in the 1727 Pleld of view uning ray tvacing
techintgues,  Ray traces weree sade us iy, T8 raya about the ehief vay in o hoxaponal pattern,
Input parameters were Bpacings and surfacve radall of corvature,  Conte conatnnts of mirrors
Eoboand B2 were aliowed to vary, with the primary amd socondary beld at both elassiv
Canneprfan and Ritchoy-Chrdat fon values, 10 was Found that the optimmm confe vonstant oy
od wan 058 and that B 1 would T{ke to be an obtate wpheorofd (B -1 Stnee B 7 domd -
nates the final performance of the systoem and “best focun’ Cloeld corviture, (0 was deetded
to hatt 5 1 at on apheor to mintmize conta, The wse of a4 ¢lannle Cannepraln allows the

avatom come extrea versatitity, without the Clest turndng flat 1t fo o stawd alone telencape,
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6a, Offner Relay. 6h, Off Axin Relay with "Fleld lens'

' S 5
i
}
3

6c.  “Clamnhell" Relay, nd, o Redava With Internal Focus,

m/ |

‘ \ |

pr2 =

6o, Relay Svatem talng 2 B pren and 2 Porforatoed Plats,
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e L e b e e e T e el DL
. Surfaces B ~ Inches Meters
Primary Purabola . M=0
{Hyperbaola) M= ,232)
R Curvature 160,00 4.0640
Diameter 32.00 .8128
Secondary Hyperbola M= 4.90
(Hyperbola) (M - 7.82)
R Curvature 109,92 4.7919
Diameter 13.25 L3166
k1 Sphoer Mo
R Curvature 4,00 1.3716
; Diamater 7,00 278
B C PFL Diameter 4.25 . 1080
: ' Perforation 1.68 0426
’ P2 Mameter 12.00 3,048
Perforation 1.68 L0426
: K2 Ellipae M= =53
| R Gurvature §4.,00 1,3716
: Diameter 13.00 3302
Separations
: Primary Recondary 47.94 V207
: Sevondury El 112,94 2.80687
f Kl £2 216.00 5. ABG4
; tack focal length 20,00 L7360
f 152 final focun 16,00 L9144
f 11 PE 16.00 V9144
M2 K2 16,00 L0 lhh
] Primary fino 250 Ohacurat fon Ratio 414 '3
% Syatem /o 6,00 Full Fleld o0 e
]
; . .
;5 ‘ , . " ._/
| . \ 3
. - ! :
: 1 x § | 3
] I . .
i } i Y [R213 17 . + nl i !o P
‘|, 1] . P “l y
* , : | i
r ' [ :
r "0 " . !J
la‘u
. Fipure 7 (abhove) taomet rie Lavout

Flpure B (riphty optleal Svatoem in
Mike Hereules Mount
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Phare 100 Vipwet Dy Funet fon Plotted v Flebd Sapele Tor Varfons Sartaces ond Senten (), A
¥
:,
A Tt ing of the port baent dbameters, ppactnee, radabl of cuevature and vonde conntant a E
fropdven In Talibe T Resul b of svntem vay Dracen are ahown Dy Flparee 9 for Pleld nnp ter B
a0, A me, wlel obecr dbstancen of 3000 1000, Wadn and T metern, *
i
i
Vipnetting tanet Loy 3
Approsint e vipnet Che tanet Jonn with vaee ine Plebd aneleo ave shown be Pleare 10 for
the mator retleet fng swCacen o the velay sentem 08 thene the one corvespendinge 1o b [
W the nanty kink ar 029 el anp e which wan ment foned previouste s T8 necensary, the '
vipnetChog thnet ton may be "amoothed™ byoaospeelat by deadpned apevia e, howover T meenn !
mont upeful to pee F0 any proablems avise Theat 4
i}
Cone b bone
The dostpn atudy wan puccosertal, The destpn poa b were wet by oo owlipht by addmpler ‘%
avntem i el been espeeted, Koy traces fndfeate that the nvntem perCormanee will be 4

pond, Porhapn (hln ure ot 0 sweplue vidar wount foroa teacktbng svetem will he vepeated,
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NRL INFRARED TRACKER

Ray Trace Analysis

! PERFORMED BY
RESEARCH OPTICS, INC,
- 9411 Flagstone Drive

Baltimore, Maryland 21234
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1. INTRODUCTION.
This document describes the results of an optical sys-

tam ray trace analysis. The optical system is an Infrared

tracker which uses a Nike Hercules pedeastal. NAVAL REGEARCH

LABORATORY letter #2412-429 (8-21-80) and sevaral papers by
Re Hortom contain & complete system description.

Tha tracking systam heas a focal length of 192 inches
and an /4 apertures. It operates at object renges from 0.3 Km
to infimlity at a full field of view equal to 0.5 degrees. The
system ituelf comprisen & pure Cansegranian telescope followed
by a relay system consiating of a Sphere and an Ellipse.

Thiw report describes in detail the optical eslementms
four focussing wlements and seven optical flate. Ray trace
results are included for various cbject renges from 0.3 Km to
10,000 Km., and for two object angles: object on the optical
aris and Q.25 degrees off the optical axis., The results
show that the optical design goalm have been met.
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2,8Y8TEM DESCRIPTION.

The optical system comprises four focussing mirrors and
seven flats. In the order in which an input beam would strike
them they are:

1. Parabola

2. Hyperbola

3. Folding Flat

4, Folding Flat 2

5. Sphere

&, Perforated Folding Flat 1

7. Folding Flat 3

8. Folding Flat 4

9., Folding Flat 9

10, Parforated Folding Flat 2

11, Ellipee

The Farabola and Hyperbola form a pure Cassegranian

telescope) the sphere and ellipse conatitute a relay system
which together with the folding flate transfers the image to a
convenient location. Figure 1, which is estracted from the
NAVAL RESBEARCH LARORATORY laetter to the Muffoletto Optical
Company, shows schsmatically the optical system layout. The
spacific element parameterws, also extracted from the same
documant are as follows.

Primary Mirror Concave Parabola

Diameter F2.00 #0.0%5 inches

Focal length BO.OO 20,10 inches

Perforation Diameter 8.00%0,0%5inches

Material NRL supplied

Becondary Mirror Canvex Hyperbola

Diameter 13,28 £ 0,085 inches

Thickness 2,28 inches minimum

Figure R curvature = 109, % & 0,00 inches
Conic constant, M= 4,90

Material Precision annealed Pyrex

Turning Mirraor (F1) Flat
Material NRL supplied 12 inch diameter x 2 inch
thick glass aor precision annealed Pyrex.

Turning Mirror (F2) Flat

Diamataer 4,30 # 0,08 inches

Thicknesn 0.78 inches minimum

Material the same as in the previous itaem,

Relay Mirror (El) Concave Sphere

Diameter 7,00 & 0,08 inches

Figure R curvature 54.00 & 0.10 inches

Conic constant Mo -1,0
Material Same as previous item.
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Perforated Relay Mirror (PFL1) Flat
Diamuter 4.2% + 0,08 inches
Thicknewss .78 inches minimum
Parforation Diameter 1,462 + 0,02 inches
Ferforation Cone 1/2 Angle 20 degreoas

Turning Flat (F3)
NRL supplied Newtontan Diagonal from 36 inch system to be atr-
ipped and add/chrome coated only.

Turning Flats (F4) and (F%)

Di ameter 12,0 4+ 0,05 inchaes
Thickness .00 + 0,085 inchew
Material Same aw Flat (F1)
FPurforated Relay Mirror (FF2)  Flat
Di ametar 12,00 + 0,085 (ncheu
Thichnoey 2,00 inches minimum
Ferforation Diameter 1,488 + 0,02 inchas
Perftoration Cone 1/2 Angle 20 degreos
Relay Mirror (EQ)
Diammet e 13,00 + G008 inches
Thickness 2.2% inchen minimum
Figure R curvature 54,00 +« 0,10 inchmae
Conic Constant M = - 53
Mt d anl Frecvigsion annealed Pyrex

The effective focal length of the optical mystem is the
focrl langth of the Cassegranian telescope formed by the peri-
mary Farabola and the Hyperbole., The Sphere and Elippse conee-
titute @ relay aystem and donot change the effective sywten
focal length.

The above wtated mirror curvatures together with the
following spacings betwern the focussing elementy determine
wffective focal length and the final lmage pomition. The spa-
cinge are as follows.

Feod mary to Becondaey 47,94 Lnehan
Secondary to El (sphaere) 112,94 inches
El to EX (Ellipwe) W1hH, 00 inches
EX to final Foocus M6 00 inchew

The systen effective focal Length 1w 192,00 inchews.
This value and the 32,00 {nah Primery Diameter determine the
whiempeviesesien- ¢ ciumbar to be 4,00,  The Dbucureation Ratio iw
414,

D-4
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Syswten performance haw been evaluated by meanws of &
trigonametric ray trace for the following (point) object dist-
ancesy L1, %, 10, 50, 100, SO0, 1000, BO00, and 10000 kile-
maters. At ewach range the object is on-axis and 0,25 degrees
off anis. Results are aluo shown for the oblect at 500 meters
in order to demonstrate how movement of the relay sphere main-
taine the image in the proper focel plans,

In each case & fan of forty rays enmanating from the
objezt point wcans the primary mireor in a four inch by four
inch grid,  The results show the focal plane coordinates in
twrme of the grid points on the primary. The coordinate sys-
team ils one in which the 2 avie in the optical atis. Positive
X is horizontal toward the right when looking toward the pri-
mary mirror, Pomitive Y is up, + XP and YP denote the primary
mireor coordinates) XF and YF denote the focal plane coordine
ates. For sach cese the X and Y focal plane coordinates are
separately averaged to determineg the mean and standard devia-
tion for focal plane X and Y coordinates. In each cane the
foreal plang is located 36 inchew behind the final Ellipse.
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4, RAY TRACE RESBULTS.

The focal plane coordinates for all cames even for the
abject as near as one Kilometer and 0,28 degrees off oxis
stay within an angular spread of 0.4 milliradians., Note that
all mirror and focal plane locations remained canstant over
the entire object range from one to 10,000 kilometers.
As the cbject distance incresses the focal plane spot size
decresses and eventually exceeds the Physical Optice Diférac-
tion limit., The larger spot sizes at short ranges result from
out-of-focus conditions but the focussing slements were not
altered during the traces from one te 10,000 Kilometers purp=
psely in order to denonstrate the acceptable optical system
parformance without the need for ad justmant

The final trace shows the focal plane coordinates for
the point object at only 0.3 Kilometers, Here the third
focunsing element (Bphere) moved 3.66 inches backward (toward
the Focal Plame) while not changing the other locations.
The spot size for optimum adjustment of the sphere mxceeds
the Airy Diffraction Limit Criteria (Wavelength = 0,4 micro-
meters) both for the object on=axis and 0,25 degreaes aff=axin,

RESEARCH OPTICS, INC,
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Range is 1 k4l ometer
Image ie on the axis
The following dimensions are in inchews

XF YF XF YF
E 0 ~1é O - 0779397
- -8 -12 -, OIF0106 -~ NS85 14é
4 ~4 -12 -, O19BAOD -, 0585563
i o -12 Q - OBBL0LS
% | 4 ¥ 0195202 -, OBBBEET
] 8 -1 LO3B0L06 ~- OBEN1Ab
4 -12 @ ’ -, OBEE207 -\ OFPOLX
i - -8 -, 0390498 - DIPOGFE
E -l -8 -, 0195561 - OBP1122
Y 0 -8 0 -, ORGP L R29Y
4 -8 0195861 “OXGLLRRD
e -8 L QX048 -, 290450
12 -6 L OSBEA0T - OBe01
-1 -4 -, OEB558T - 01 GH202
B ) - 0351122 - 0195841
: 8 -4 JOXPLI22 - 0195561
1 12 -4 L OEENEOT -, 0195202
q ~1é 0 -, 0779393 0
A = O -, OBB&0LY 0
. -~ 0 -, 0391299 0
8 0 LO3P1299 0
12 (W LOEB6LAY 0
16 0 0779393 0
-1 4 -, OBBESBS LO19%202
-8 4 -, 0391122 »0195%61
] 4 LORSL122 L D19E%4 L
12 4 . OBESH8T 0198202
-2 8 -, O5E%N207 JOIPOLY
-8 8 -, 03904698 , 02904698
-4 e -, 0195561 JOIPL1122
0 & 0 Q3R L29Y
4 e L 0195504 1 LOIPL122
8 8 «OIR0H98 L 03904698
o ] JOBBEROY SO0 3
-8 12 - ORPO106 LOSE%S1 66
-4 12 - 018202 LOBEENER
0 e o » 05846065
4 12 LOL9E202 , OBEBSES
e 12 L0X90106 0588146
0 16 0 0779393
Average X Value iw: O Average Y Value im1 O

Mean X Spramsd iwm 0420898 Mean Y Gpread ie LDAR0E%4

(Inchew)



Range is1 1 Kilometer
Image Height is 4,36332 meters off the axis
The following dimensions are in inchaes

XP YpP XF \{d
a -14 ¥ -, 922mT74
-8 -12 - ARG YL P07
- -4 12 - 0196468 - 904979
0 -12 0 - FOBOTY
4 -12 01964468 -, 904979
8 -12 392876 -, 0874
-12 ~8 -, 0891982 -, 985%524
-8 -8 -, 0298014 ~, 808847
-4 -8 -, 019774 -, 886084
; 0 -8 0 -, 086152
% 4 -8 Q19774 -. 8846084
. B -8 . 0395314 - BE%847
] 12 -8 0591582 -, 8858524
-2 ~4 - 0594723 -. B6b6204
- -4 -, 0X97272 -y Bb6L08
8 -4 LOIGT7RYR v, BH6608
12 -4 LO%9472% -, 866284
4 ~-16 W] - 795149 -. 844323
! -2 ) -, OB97912 -. 844714
-8 0 - 099G 1 -, B47002
8 o 03992461 -. 847002
12 0 LOB97912 -, 844716
16 0 O7951 4% -, 846323 i
~-12 4 - 060016 -, B24863 ;
-8 4 -, 0400907 -, 8271 >
B 4 . Q‘OCWCW bl 8271 ,{
12 4 040016 -, BR6863 iy
-12 -] -, 0602387 -, BOLYIS
-8 ] -, 040222% -, B06983 :
-4 8 - QROLIXY - 807082
0 8 o -, 807120
4 (] LOR01337 -, BO7082
8 8 04022258 -, 804993
12 ] 0602357 -, 80673
-8 12 -, 040342 -, 706581
-3 :a -, 0201873 -, 786701
2 0 -, 784708
4 12 LOZ201873 -, 786701
-] 12 040342 -, 784581
O 16 (4] -, 766134

Average X Value isy O
Mean X Spread is 0429425

Average Y Value is1~,046270
Mean Y Bpread is 04208057

(Inchew)
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Range iw: 8 kilometars
Image iw on the arie
The following dimenuions are in inches

XP YF XF YF
: o =14 A ~-. 015691
i -8 -12 -7.B87620E~-03 -~ 0118134
i -4 -12 ~X, 94398E-03 -.0118313
: ) -12 v -, 01118649
: 4 -12 3. 943986-03 -,0118313
b 8 -12 7.87628E-03 -, 0118134
¢ -12 -8 -, 0118134 ~7.,87628E-03
: -8 -8 =7 JOBGLE-OT -7, F0896E-03
{ -4 -8 -%, 9672IE-OF ~7.9344BE-0O3
! 0 ~8 b) ~7,947216~03
: 4 ~8 3, P672IE-0 ~7,93448E-03
\ G -8 7. FOSILE-OF -7, FOBFLE-OS
! 12 -8 0118134 -7.8762BE-03
; -12 -4 -, 0118313 -3, 94J9BE-OT
{ -8 -4 -7 . FRAABE-OE -, 64723E~03
; 8 -4 7. 93A4BE-03 “%, PH7RIE-0O
1 12 -4 (0118313 -3, 94390E-03
{ ~1& ] -, 18491 o
: ~12 ) ~, 0118649 0
! -8 ) -7.,54721E~03 0
3 ] 0 7.94721E-03 0
¢ 12 Q . 0118649 )
16 O . 0194691 0
-18 4 -, 0118313 3. Y4 39GE-0F
-8 4 ~7.93445E-03 3. 96 72IE-03
B 4 7.93448BE-03 . P672IE-03
12 4 W 0118313 2. 943YBE-0T
-12 e -, 0118134 7. B87628E-03
-8 a -7 FOBLIHE-OT 7. 90596E-03
-4 8 -3, 9H72IE-OT 7. 93448E-03
0 ] 0 7.94721K~03
4 8 2. 9472IE-0Z 7. 93448E-03
] 8 7. 90BY6E~Q3 7.90596E-03
12 8 0110134 7. @7420E~03
-8 12 -7,874628E-03 » 0118134
-4 12 -3, PA3PBE~OY (0116313
0 12 a 0118649
4 12 2, 94390E-03 »0118313
8 12 7.87620E-0F 0118134
o 16 ¢ LO1W69Y

Average X Value iw o]
Mean X Spread ie 8. BOBL7E

Average Y Valuw iwl O
Mean Y Spread is . 508276-03
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Range is1 5 HKilometers
Image Height im 21.8146 meters off the axis
The following dimensions are in inches

Xp yP XF YF
() -1é Q -. 859218
. -8 3 7. 7RAHAQE O L HEHG0S
E. -4 -1 -3, @7877E=03 -, 856673
; ‘o wip o - BB&77
4 “i2 3. 87877E-03 -, 856673
@ T 7. 74634E-03 -, B%56%06
: - -8 -, 0118988 - EINTY
-8 -g -7, PHA02E=0F -, BYR664
. -4 -8 ~X, 996 7IE-0F -, 853848
; 0 -8 0 -, @539
| a -8 3. P9LTIE-OD - BNXE45
8 -8 7 WOAO2E -0 - B%3644
12 -8 , 0118938 -, BEIXT9
- -4 -, 012202 -, 850231
: R -4 -8, 1746BE~03 -, 850504 .
? 8 -4 8. 1768E-0% -, BE%0%04 3
2 -4 L 012202 -, BBO2NY ¥
-16 0 - 0168601 -, 846421 #
-17 0 . O12B1D - 846775 z
-8 o -8, 281 1XE-0F -, 84703 ‘ ?
; 8 0 8, 3811 3E-0N -, 84703 3
] 172 0 LO12812 -, BA&YT7S )
16 0 0168601 ~. 846421 1
-1% 4 - O1276%6 - BARORY A
-8 4 -8, BN4IVE-OF -, 843261 ;
e 4 8. SM4DDE -0 -, 843261 .
12 4 L 01276%6 -, 8432
-y ) -, 0130346 -, BIROOR
-8 6 ~B, 721 2XE-ON -, B39226
-4 8 “q, 37ERBE-ON -, Q39344
0 O -, 839384
4 8 4, 3732BE-03 -, §39354
8 8 8. 72123E-0% -, 839226 £
12 8 0130246 -, B3PO03 ;
-8 12 -8.087644E-03 -, 354923 it
-4 12 -4, 44823E~08 -, 835048 i
O 12 0 - . 83508 E
4 12 4.44823E-03 - B3804E E
8 12 8.87644E~03 -, B34923 b
0 16 0 -, B30582 ;
Average X Value iw © Average Y Value iwi=~.84463%16 d

Mean X fpread iw G.F7EIGE-QF Mean Y Spread iw 7, 766589E~03 (Inches)
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Range 1wy 10 Kilometers
Image is on the axis
The following dimensions are in

XF YF
0 ~1b
..,B ] T
wd ~14
(] -1
4 -12
8 -12
-2 -8
-8 -8
wd} -8
Q -8
4 -8
8 -8
12 -8
-3 -4
~B8 -4
] Y
2 -l
-1é Q
-1 3 Q0
-8 Q
8 0O
12 0
Y- o]
-1 4
-8 4
a8 4
12 4
-1a a
-8 a8
-4 ]
O 8
) 8
] 8
12 -]
-8 12
-4 12
(] 12
4 12
e 12
Q 16

Average X Valuw im Q
Mean X Spread ie 4, 3044 3E~-03

fneches
XF

Q
=%, HROCGEE~DS
-1, FPOTE-OTF

0

1. 9967E-03
2. PBOCAE~OI
-8, 949 29E~03
-4, 0077E~03
2, 0146E~0T
()

2. 0166E~03
4,0077€-03
. 949 LIE-03
-4, HALE-OT
~4,033AE-O
4,0TBNIE-03
%, 7086E-03
~7.F0453E-0F
wh 01989803
«q, 0441 BE=03
4,04418E-03
& 01 PBFE-OT
7.90403E~Q3
-9, QEBLE-OD
-8, QT IIIE~0F
A, OZIIIE-0D
5, 9866E~03
-, PEN2HE-OF
-4, OOTTE~OS
-2, 0164E-Q3F
(¥
2. 01464E-03
4,00776=0F
5, FLFLIE~OX
-3, 98004E~03
-1, 99467E~03

Q

‘ . 9"67"“(‘3
3. FEO04E O3
Q

Average Y Value

YF

~7.9048TE-OR
-5 QLFRFE-COF
%, FRBLE-OT
s, O FPHIE-LI
g, 2884E~03
-, PLPR9E-OF
X, 9BOVAE-O3
wd, QO77E=03
g OIIRNE=OD
wd, 04418E-03
g, OSZDE~OZ
-4, 00778-03
=%, FBOOLE=OF
i, IPE7E~0O3
D, 01 b6LE~0T
P, 01 boHHE-OT
-, 9PL7E~OS
]
0O
Q
0
(v)
Q
1.,9947E-03%
2, 016466E~03
2, 01666E-0TF
1. 99867808
2, FBO04E-0O3
4,007 76-0%
4,03321E~-03
4,044188-03
4, 03321E=-03
4,0077E=0%
<, FHOV4E-DD
5, 96929E-03
8, 9886E~03
6,01989€~03
o, 9BBLE-Q3
5,.96929E~03
7. 90483E~03

fes O

Mean Y Spraad ie 4,304 2E~0%

P e

l
g
3
2

(Inches)
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Range 1w
Tmacw Height
The following i

L

O
-@
)

8
0

fivarage
Mean X

Fob ) comert @ u
P AT, G

netwes off the AN ®

menulone are in inchew

Vb

- ‘ N
-1
ol
-13
-1

#*.

0

Clr o »PEPST

E 5
T

5

[ 5% *5 51

&

X Value tur O
Bpread 1w 4, 77409800

XF

)
S TRACGE- G
wl,91182E~03
G
1.9 182E-0%
%, 79EOLE- N
s PP LE-QR
iy, ORRGRE Y
nLONBa1LE-OT
(%]
?.ﬂ?ﬂ#lﬁwoﬁ
4, VA AE - QS
ﬁ,@71wiﬁ~ng
oy DG AR T
g, NREHIE O
4, e EOTF
& 204 1AE-O)
1), S HAE-ON
el HOHBE =0T
vy, G341 LE- O
4, 4841 LE -0
& RGEIE N
£, HEWLQE~ON
iy AL EE G
g Ay I N
4, 6ROTIE-OD
&, B2 L SE-QN
w4 i MGE-N
wd, TTIFUE-OD
‘E.$W¢44Ewmﬂ
()
L LT ¥ T SR
4-77994EwOH
7¢ 1 1 BGE -
), DBV LIESQD
ety GECOPEE 0T
0
3, QEOGEE O
G4, PN IE-ON
)

dvaerage Y Valuw 1
Mean Y Sprwead 1w
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Range iw
fmage is on

The following dimensions are in
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O
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1 "
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o
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Image ia on 1h@ dtl w
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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. Thesc 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

Spectroscopy (Ch. 6), Wiley (1979), and by E. D. Hinkley et al. in Laser Monitoring

of the Atmosphere, 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 1idar funding have not been such as to keep a
number of transportable systems running, or to permit a dedicated muitipurpase
installation to be built. A few possibilities exist for the summer of 1982, and
these include the SRI Queen-Air - based NAYAG system for aerosols and the NASA-
Langley Electra that contains aerosol, HZO and ozone profiling systems (Nd:YAG +
OIAL using dye iasers) thcugh 1t 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
1ikely 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 1idar outlined below it is
unfortunate that we cannot wait until summer of 1983, by which time a comprehensive,
multi-purpose lidar system could be setup for about $400,000 - $500,000. It could
also then be used for a number of other remote sensing applications of interest
to the Navy.

An aiternative exists that we will describe in this proposal, namely

that a relatively novel lidar concept invoiving pulsed, low power HF and DF lasers
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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 advantagecus for the measurements because the
Tidar returns will give light scattering and H20 absorption information right
in the band region of interest, and the lidar is eyesafe. We estimate that

range resolutions for [HZO] of under 100-250 meters will be attainable and that

ultimate vranges = 2 « 10 km will usually be possible. At first the main goals

of the Tidar will be to measure aerosols and [HZO]‘

General Lidar Capabilities - Comments

For afrborne 1idar 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 1idar beam directicn and along the direction of

afrcraft flight. For downlooking humidity and temperature measurements, using

DTAL methods in the near IR, height resolutions of order 100 m are typical,
Given that 20 + 10 Joules of optical output are needed by adding up lidar returns,

one can expect a horizontal resolution along the flight track of order 1 + 1/0 km.

This horizontal resoiution 1s Just barely good enough relative to the need to

document variations along the DF laser transmission range or across the ship's

smokestack plune.
The spatial resolutions describing downlooking Nd:YA" 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 deplcting local or

regional airflows, inversions, etc., and is probably of very 1imited value for

the HEL transmission experiment in question,
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One might consider the possibility of using the SR! or NASA-Langly
types of equipment actually on the ship with the 1idar beam direction along the
DF 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 DF | idar Measurement

One's attention 1s naturally drawn to the middle infrared for 1idar
measurements of atmospheric properties in tests such as the Lexington transmission
experiment., In particular the DF regions can be used for range-resolved measure-
ments of at least water vapor concentration and aerosol backscatter in the DF
band. Other possibilities such as temperature and air pollutants are also under é
consideration, and there 1s some prospect of cross-check measurements using 'i?‘

restricted parts of the HF laser line system,

We are proposing the rapid adaptation of existing equipment at NRL,
to bring on-1ine a pulsed, single-mode 1ine-selectable DF laser for atmospheric '
ranging work during the Lexington tests in 1982. This system will time-share
optics with the DF transmission laser, and will make use of some of the same ;
plumbing and gas-handling equipment. Sti11 under study are technical questions
involving the repetition rate of the pulsed DF system and the possibility of
shortening the pulses to 0.1 usec (from the present level of ~ 1 usec).

A preliminary study indicates that:

™ ATty L g e e, e

(a) sufficient aerosol backscatter will be avaflable for DIAL .
measurements in the DF band, considering the typical transmitted pulse energy, K
ranges up to 10 km, and signal-to-noise considerations for the appropriate detectors.

(b) HDO can safely be used as a "spectroscopic surro?ate" for H,0 in the
?F band because the isotopic abundance ratfo 1s fairly constant (0.03%) neaa sea
evel,

i (c) The spectral match of high power DF lines with the absorption 1ine .
i spectrum of HDO 1s good as regards wavelengths, absorption strength, and temperature - 8
insensitivity of the absorption (e.g., see the attached figure).
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