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Wo. Kk
ntr ion To Fiber-Opti nsor

Frecent sensor techriologr has not kKept pace with the
datz accumulation and reducticon capability of modern
micrcelectronice. Available sensore are bulky, cost'y,
and not readily compatable with digital microprocess ing
electronice. So a means of measuring temperautre,
pressure, flow rate, and similar parameters would agreatly
enhance the performance of many eveteme. Yet euch sensors
will need to withstand hostile environments, including
electromzonetic interferen_e. With the recent rapic
acceleration in the grow'h of fiber optic tranzmicscsion
eveteme, 1t ceems natural that all-cptica! sensore would be
the logica)l next step.,

Fiter-optic sensor svetems to be most useful ehoulc
have a digitzl transmission format and be independent of
intensity variation. Thus, the number of light wave
transmicszion parameters which can be utilizerd i 1imited
(although these constrazinte do not 1imit the number of
parameters that can be used for sensingl). If single ode
$:bere were uvseag, five characteristice of light could be
applied to digrtz)l transmiscsicon: amplitude, intensity,
wzuelength, phzse, and poclarization, However, multimcide
fiterz zre currently practical, Thece rectrict
transmiszion echemes to digital intensity modulation
(Binzry, pulse width, frequencr, etc., wavelength C(or
coleorr moduiztion, and color multiplexing.

desirable that transducers produce digital
rectly, rather than requ»ire the analog-tc-
: nuverters used with conventiconal senscore,
Furtrer, trazrnsducers chould require only optical 1nput
power,

Q =

Lirth these criteria, & "digital-compatible" sernsor
czn be any eensor which ie not affected directly by
amplitude variaticons (such as changes in fiber or
connector atteruztion), The possibilities for cencor
congtruction are az extensive as the potential
applications, OQpcocs hae developed under NeSS Contract
NeZ=2=22S2Z one such promieing senzor (FEST=10000, 2t
diecussed in this cperaticnse manus

-

Fabrvy=-Ferot senzars nvoclve a2 multiplicity oFf

reflectioneg arnd splitting of & beam of light such that
‘nterference and sugport of the components of & single

Vight re. can occur many timese, Such senscrs have the

g
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desirable <hsracteristic that the change in output can be
very sharp function of the wavelength,

The €ensaor evstem ghown 1n Figure 1.1 consists of a
broadband light scurce coupled intc & fiber which
tranemite thie broadband spectrum to the remote senscr
element. The senczcr element i€ & variable gap Fabry-Ferct
cavity which modulates the reflected spectrum according to
gap dimensicon. The reflected spectrum ie fiber
transmitted back to a2 microprocessor-based, colaor
demodulation evetem. This color demodulation i€
accomplished by priem dispersion over a charge-integrating
litne-scanning device (CLDY, The microprocesscor &anzliyses
the spectral data and converte it to temperature

Trttie manuzl precente a discussion of the FFR-T=-1000
harduarg, scoftward, operaticon and performance.

2.0 Hardware Decscription of the OPCOA FP/T-1000

2.1 Sensor
The sernzar which was deljvered under Contract NS
T-22TZZ 1e 2 shownm n Figure Z.1. Thie censor dcoes not

dr¥fer 1n warvs which would be apparent 1n this drzwing,
from planned esubceauent sencore., There are, however,
detzils concerning the particuiar urit delivered, wrich
zre amportant, Thece details wilil be discussed in the
folloeng description,

Trhe bz 10 ©f the censor, Figure Z.1, and the tuwuc
em2 Tags 20 oarc I, #re constructed of 304 etainless
ztecl, Thie zteel hzs & melting point of 1427-1510 osa-C
CZ2e0U0=Z2T7S0 Fr oard an aznnezling point of 1037-1092 deo-C

1900=-2000 F, The gczling temperature for continucuos
zervice 18 B3 deg-C (1450 F)., These values are expected
tc be sat sfactory for moderate duration low-stress
zpplicesion 2t the desian maximum temperature of 1000 deg-
. For e tenged uze of the cencsor &t higher temperatures,
an z2liov such az 330 stainlezs mzar be preferred for these
booy parts, in corder to give better strength, as well as
improved resistance to carburization, oxi1dation and

trermei ehock,

The epring +9) provides a comprescsive force to hold
the componente ' place. The compliance o+ the soring
zilowe this 4crce to be maintained gduring the disferent !
expangion encountered during use of the serncsor, This
gsoring in the deluered senszor 1€ am ordinary room-
temperature-stesl scring. The sprang i€ n the cuter part
ot the sersco thus not subliected to the internsive
rne
t
2

T MmN

ara 1€
o element, However, it g
res will be quite high here =z
rgn of thie epring can be made.,
etermirne Juet how Righ the

L
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BROADPAD MICROPRIS-CCD
SOURCE TRANSDUCER

DIGITAL
TEMPERATURE

Figure 1.1--FP/T-1000 System Overview
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temperature will be in this region, If it ie found that

the temperature 1€ €o high that a suitable spring design

16 excessively difficult, it may be desirable tc redesign
the housing €c thxt 3 spring force can be provided from 3
location cof somewhat lower temperature.

The Coupling Rod (S ie integral with the fibers (&),
Thie rod ie cast of the high-temperature material,
Sauereisen No. 12, This material, made by the Sauereisen
Cemente Company of Pittsburgh, Fa, 15232, ie a chemically
getting inorganic cement with a maximum service
temperature of 1204 deg-C (2200 deg-F:.

The fibers are QSF-300-AS fibers, made by Fibres
Cptiques Industries, ar. distributed by Quartz Products
Corporation of Plainfield, NJ, 07041, Thece €ibers are
specified by Quartz FProducts to be "Al1-Silica Fibers" and
are mave by combining "axial plasma deposition and lateral
plasma depocition methods." Thece fibere contain & pure
fused silica core, optical cladding, surcunded with &
silica coating.,

In the coup.ing rod (S), the plastic coating of the
$i1ber hazes beer removed from the fiberz except for & short
portion near the spring end of the coupler., As with the
epring, it ie not kKnown what the temperature will be at
this location., Thue it ie anticipated that the heat at
thiz locaticon mav be excessive for the .acketed fiber. I+
Xh 12 the cazse, the fiber will require Sauereicen
costing farther cut (lorger coupling red!, and/or
reclacing the fiber with 2 fiber of higher temperature
resistance.

"

i

Steel wazher-shaped ¢hime (7)) are used between the
covpling rac and the sensor assembly, In the aelivered
assembly three shims are used here with & total thickness

of 0.2% mm ¢(.010"Y, Thecse shime are made of setandard steel
(tmagnetict "shim stock" which has an undetermined
temperzture resistance, Cleariy it will be recesgars to
erther veri1fy the temperature recictance of the materizl
usec, or to use = higher temperature steel in future uced
for ver» high temperature.

Trhe purpcse of these shims 1€ twofold., Firset, the»
disgtribute the prescsure from the coupling rod to the
censor assembl v, It ie important that thie holding
precsure be applied around the circumferential periphers
cf the senszcr, This 12 true because, although the top of
the sengsor 1= relatively rigid, the high sensitivity of
the Fabry-Ferct gap mabkes it respond toc moderate pressure
zoplied a2t the center of the top (100, Second, the shims
gVicu gpacinc of the coupling roo for ma:imum optica!
coupling efficiency,

The zen:

or ae

emoly 1 tzeld, the €enzor "button" (£
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Figure 2.2--Sensor Element
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Figure 2.3--Confocal Fabry-Perot Sensor Element

Compaonents Before Optical Bonding

! L
l

Figure 2.4--Low Temperature "toughing" effect in
confocal resonator
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¢, anc 10>, cansiste of & base (B), an expancsicn collar cr
gleeve (%), and & top (10), These parts are shown in more
detail in Figures 2.2, Both the base piece, which
includes the center post, and the top are made of Corning
Glase Worke "ULE" 7971 titanium silicate, a material which
hae a cocefficient of expansion of about 0,.05E-&/deg-C, »
value which 1¢ about 1/10 that of fused silica. The
expansion collar 1€ made of Corning 7940 fused silica.
Thue the fused eilica, & material which often finds
engineering application because of it's low expansion
coefficient, ie here used as the expancsion element,

work jng againet the lower expancion titanium silicate.
Thie choice of two low expansion materiale is dictated by
the high temperature requirementes of thie particular
gensor., COther membere of the OFCO~S FRAST family will work
with materiale cuitable to their recspective temperature
rarnge.,

The e«pansicn collar i€ fusion bonded to the baze,
Althicugh & lower=-than-optimum pressure was applied to this
base-ccllar bond during ascsembly of the delivered sensor,
thie bond has been temperature crcled to 1000 deg-C, has
held up with no problems during mzny teste, and i¢
expectec tc perform well,

The top ie "opticazlly contacted" tc the expancsion
1lary that 18, the cptical palicsh, cleanlineses and
gemb!s techr:ques are of such precizion that the parts
in the azzzembled etate are sufficiently close together for
molecular attraction to provide the holding force. No
otrer bonmo 1€ e ther required or desired here,

e

genzor "button' delivered under thie contract
incorporetes an expe' mental grinding ‘and palishingd
techrnigque which wasz ntended to reduce the cost of
progucing the “initial" gap, i.€., the gap a2t room
temperzture, This technique was only partly successful,
The technoue and the problem which it produced will row be-
gezcriped. First the technique 18 to grind the surfaces
.cr one gurface) elightly concave, a&s shown in Figure 2.2,
The concavity ie of the order of an eighth to a auarter
cf & vigible wave leng:h, When the parte are ther
cptically contzcted, there ie sutficient elasticity In
them tc &llow the top to fully contact the sleeve. (The
existance of "optical" contact can be ceen by the zbeernse
of reflecticor 2t thise boundry,)

Thie techrnique for producing & room-tempsrature Qg
worked &€ planned, &n unexpected preblem, howewver , w:s
encountered. wmt and slightly above room temperature,
there appear:z to be & touching of the post rcenter of bzse
& to the gengor top. Fresumably the gecmetry of what s
nippening 1€ approvimately as i€ shown 1n Figure 2,4, The
e.1gtance of this probazble touching 1€ Indicated £y 2
lTower ing of the sensor sensitivity topticell, messured g:t

- A
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change for & Qiven temperature change', as lower

terperatures asre apprcoached. The result ie nonlinearity

#7d reduced accurac+ of temperature measurement from room

temperature to about 140 deg-C.

This effect can be seen in Figuire 2.5, which is »
plot of temperature ve "X3", a measure of the Fabry-Perct
Qa2p determined by analysie of the spectrum. The unite of
»¥ are e€caled for computaztional speed and convzriience.
The actual indicated Fabrv-Ferct gap 1n micrometers (um’
carn be obtzined by dividing X3 by 1Z.14. Thue it can be
geen 1n Figure 2.5 that the gap at room temperature i€
indicated to be about 1.8712.14 = 0,148 um, or 148 nm, or
1480 ~, The gQap at the point where the curve begine to
devizte from linearity i€ measured to be 2/12.14 = ,247
um, or 247 mm, or 2470 A. It can be seern that the g:p
changes by only 0,1 um, or 1000 A crer the " onlinear
reg:on.,

Feferring to Figure 2,4, 1t would be assumed that
touching begine when the center gQap i€ about 2500 &, and
that compression of the touching corners occure from about
140 oeg-C, ocwr to room temperature at about 20 gdeg-C., It
ceems clear that durirg thie compressicon, micrco chipe mavy
form, &nd that these chipe, as well as any other dekbr ¢
that ma» have not been remcved in the cleaning, may during
disferent temperzture crcles seat in different wave ano
theret. cause & certain amount of randomrese I1n “ne
indicated temperasture 1n thige regicon of measurement,

Emorasizing thie problem 1 the fact that curvature
introguced into the celibration curve, below 140 deg-C.,
Ircreases the temperature difference repcrted for & gQiven
vartation in actuzl gap. No claims therefcre are mads for
cperaticn celicw 140 deg-=C.

] ro- i nver

The Electro-Optic Converter ie shown in Figures Z.&
ard 2.7, The only connecticone tc thie converter are vz
the tuz #iber-cptic connectore and the e€ingle ZS-pin
electrical connector, seen in the figure corn the nesr end
o¥ the ernclosure, @A €ingle multiconductor cable from th s
cennecteor to the Sigrnel Frocesscor (Section Z.,3: provices
the Electrc-Crtic Converter with electricz! power ano
cighnals from the processcr, and returne sigrale from the
Electro-0Optic Converter to the processcor,

The FFR'T=-1000 sengcor iteelf hae onl v two connezt i ors
made to 1 t, anc these two are the two fiber-cptic cebles
which attach to the twe fiber-cptic connectore menticonec
ir the parzoraph abcve, One of these cpticz! cables
proevioes & gource of 1i1lumingtion to the sernsor, &#nC tre
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Figure 2.6--Electro-optic Demodulator(optics)
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cother cable returne the signal from the sensor to the
Electro=Optic Converter.,

Figure 2.6 shows the Electro=Optic Converter with the
cover remcver from the optical side of the enclosure. The
cptical comporente are mounted on what might be termec @
miniz2ture opticel bench, This consicte 0fF & &.35 mm
(174" thick aluminum plate which can beern seen as the
bottem of the cpen space vieible in the figure. Thie
plate hag successfully provided the temperature and
phveica)l stability necessary to maintain the required
leng= and sheor t=term stability of the optic») parte.

These cptical parte, ac seen ir Figure 2.6, are as
$cliomgs COn the near left is the illumination source and
the connector for attaching the illumirating fiber. The
lamp 1n the enclosure 1€ & Welesh=-Allyn 20200 miniature
lamp, The lamp base inself ie inscribed "W&aZ", EBecause
theg lamp 18 commenly ueed in medical instruments, 1t 1€
$eirly rezcily available, for example from medical suppls
houges, In application here. the lamp has been derated tc
atcut 2000 houre average life, based on manutacturer ¢
gpecificxtiong, The electronic parte ceen farthest from
trhe viewer comprice & solid-etate switch which gives tae
processcr orn-off control cuver the lamp.,

The temperature-encoded light signe) which returne
from the serscr enters the Electro=-Tntizcal Zonuer ter
through *he fiber-optic connector seen to the right,
foreground, Immediately bevornd thie connector structure

g &#r &Zfsuetzble cntica)l €lit, the top of which can be
geer n the figure, This 11t hae been €&t to about SO um
CO0,00Z") 1 the unit delivered,

~fter the €l1t, awsrs and to the left in the +igure,
#re two lenses and & Ciepersing praosm, Toth lenses are
gchromets of about SO0 mm focal lengti, ind Z0 mm dia
42,8, The priem ¢ equilatersl, 30 nm on & side &nd 20
mm b ‘;l"'i .

The $.ret lenes (nezrest the viewer) (¢ mounted one
foce) lengtn from the €lit, o that the rave leaving ¢
#re ezzertially carallel., A round target on the far
ine1de wall of the housing has the same diameter & the
leng ard 1g used for aligning the first lens ‘with the
prism tempcorer il removedr, With proper #lignment, 1ight
from the fiber will produce & spot on the target the same
£1z¢ &t the tzrget, 1+ the lernz 1e¢ toc nezr or far 4rer
the ¢lit, tre soot wil be correspond i ngls too large or
zgmall, J4 the lers g imp-cperiy positioned, the spot
p Y mot guperpcoze the target, 14 the €'t iE not
profer iy poziticned reiative tc the enc of the fiber, the
it Mluminzgtion of the spot will not be urniform, Once the
Tt arc firzt lens 2me #ligned, the prism g replacec snc
*tte geconz ‘et 18 poEitioned near tte proiEm,  The angled
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for these are based on the expected refraction of the
priem. Finall», the mounting block for the Charge-
integrating Line-Scanning Fhotodicode Array ie positioned
cone fcocal length 4rom the second lens. It ie to be noted
that all mocuntings have designec 1nto them the
adjustability needed to fine tune e aligrment and focus
of the syestem.

The Charge-inteagrating Line-Scanning Device (CLD)
gensor 1€ & 128-element electro-optic device made by EG&D
Reticon, Sunnvvale, C~ $408&, type RL1ZES. The 128
elements n thie light sensor have (0.0Z25 mm (1 mil)
spacing for an arravy length of 2.25 mm (about 1-8"5., The
elemente are charged at the becinning of a cycle, and
guring the light-sensing interval, these small dinde
cepeacitore giecharge in proportion to the light falling on
them, thus civing & reading proportional to the time-
integrzi of the illumination failing on them during that
pericd. Curing the resd sequence, the charges are
trarzferrec out 1n time sequence by eclid-state multiplex
gwitches driven by twoc internal shift regicsters.

The $zce of this CLD cencsar 1€ mounted directly to
the CLD mounting bBlock, o that the alignment of the
censino-element array 1€ not dependent on the seating of
tre electrical caonnector. The "DIP" socket for the CLD ¢
attzched tc the flat cable which can be seen extending
$rom behind the CLC mounting block through the “"optical
pench” plate tow xrd the space below the "bench".

Fic.re 2.7 zhowiz the Electro-Optic Converter housing
t.rned &t , and with the ccuver on the cother si1de remcuved,
The space below this side reveals the specialized CLD
eleztrcnice, This board is a standard ,eticon PC circui t
wir it tre. haue gesignates FO-'0Z45~,., The extra wires
gesr orn the board are modifications made for the
application here, In particular, these connections
p-coide senchronizing svgnals for the microprocessor, anc
ziz0 & laow the microprocessor to modify the integration
time, thus giv i ng 't & meane of maintaining cptimal gain,
The CLD=-to-circuit board cable attaches to the undercside
cf thig board 2nd e not vieible in thie fi1gure, & 44-pn
edge connector +or the RC-1024%5~ crrcuit board 18 wired to
the ZS=-pin connector on the front of the Electo-Optic
Converter houz:ing., The only connections to this Z2S5-pan
corrnector, bevono thesze to the 44-pin edge comnector, are
the power znc €i1gnal to the lame a2nd lamp o) id-state
g tech ment conec above,

DU
"

2 o r

¢ Froceszzor works with the Electro-Optical
Subzvetenr to anziree opticel date from the OFCOS FR/-T=-100C
gerzor to oDt y the dezired temperature data, This
rocegsnr 1 g anh "mlM=-&85" standard micro-computer built b



2 . ORIGINAL PAGE ) YT
perating Manua OF OR QUALIT age
OFM e FFR/T=1000 i November 20, 1984

Fockwell, Internaticnal, combined with a second IC Known
as the "VIDEQ-1" expansion board. (The power supply was
s3lso expanded to include requirements of the CLD Charcge-
integrating Line-scanning Device circuites discussed
sdbove.) The two are mounted 1n & single case. As Part of
OPCOA‘e continuing uparading program, it ie planned in
future svetems to use the smaller "Commodore é4" instead
of the AIM=-4S micro-computer, along with a more
cpecialized replacement for the VIDEO-1, Advantages of
the Commodore é4 include improved reliability, smaller
€12, 1ncreased inter' a2l memory for rcduced requirements
orn the expansion boar I, lower cost, easier availability of
cervice ond/or repl-cement. The AIM-£45 had advantages of
flex1bility in thie earlier development. The fact that
both of the microcomputers use éS00-seriecs
microprocessors, ancd thue have the same machine-language
inetruction set, will ease software trancition.

The Processor requires only two connecticne to make
the FF/T-1000 evstem operative, These concsist of applring
etandard 110-volt ac power, ond of connecting the 2%5-pin
connector on the cable from the Electrco-0Optic Suberstem.

“rnooptional connection 1€ from the Frocessor to a
standzrd televigion (7S-ohm cable with RCA audic jack at
Froceszor end? tc provide & monitor display of the raw
optical spectrum of the senscr signal, and a cleaned-up
verzion, I(fAs & secondary feature, thie display will
present the spectrum of any optical eignal provided by the
user to the input fiber.,)> At precent thie signal 1¢
modulatea for channe! 2, 4, or S, depending on turing of &
coil next to the 75-chm cable connection on the processor.
It i plarnned for future unite to be available for moni tor
connecticn aleo,

In cperaticon, the Frocessor sends on/cff signale to
the Optic lamp, and digita) sample-time cignale to the CLD
board., The samplc~-time si1gnale determines the free
running speed of the CLD board when then sendes date read.
signale to the processor,

The ~AIM=-4T board 1¢ & etandard piece of hardware.,
~11 epecial functione are performed on the VIDEO-1 btoard.
Frincipally thie board provides analog/digital conversion
for the CLD sigrals. In addition it supporte the EFROMS
which store the specizlized programe which szve and
analvee the spectral optical datz and convert thies
ynformation to senscr temperature., It alec provides
additional F~M 3t more convenient memory locatione. In
addition, &1though not fundamental to the temperature
conversi on function, 1t makee the video ecreen spectral
gisplay opton possible by providing the permanent
goftware, thne needed additional video RAM and the hardware
receszzary for the video display, The AIM=-&S and cther
standarg boargs are snown in Figure 2.8, 3¢ well as the
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completec FFR/-T=10G0,

Hook n nitiali ion

3.1.1 Electrical. The electrical hookup requires

only:

1. Flug cord on Processor to standard 110 v, é0 Hz ac
pCuuer

Z. Connect the 2S-pin connectors on the ribbon cable tc
the Frocessor on one end and the Electro-Optic Suberyetem
orn the other end., The connector on the FProcessor s
femzle and lacated on the back panel. The ZS-pin
connector on the Electro-Optic Subsyestem 1¢ male and
locczted near the two fiber optic connectors.

St of twar itialization. It is convenient to
initialize the scftware before attaching the fiber-optic
cebles, Thie ie done as fcollows.

i. Turn on Processor ac power at the switch on the bock
panel .

2. Enter the following ("Rtn" referz to the single ke
iabeled "RETURNY, Usze cehift as reouired, e.g., for "*")

KEYS TYPED AFPEARS ON DISPLAY
tFower Orno 4

# 00 (=007

Ftr 4

G (G>/"

Spzce -

(Eteri=Ppint) (QFF2

Cntl=Frint ‘Frint key deprecssec while Conmtral key 18 helc
doiwwnd 18 ootionzi, Crntl=PFrint togoles printer o< cn,
U'se here 1< 1t 1¢ dezired not o prant out temperature
vglues during norma) opsration,

F U R

Ftr NEW REF?(yv/ )
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ti ] Hookup. ~* trnis pcint in the
inttialization it is necessary *o decide 1f a2 new
reterence 1¢ tc be used, or 1¥ the default reference will
te used. &t low senscr temperatures, a variation in the
veltage of the lamp produces & spectral shift eimilar teo
that produced by & change in sensor temperature. The
svztem del ivered under contract N&S 3-Z252Z hae the lamp
vl tage set to 3 slightiy different value than that at
which the default spectrum wae recorded, resulting 1n an
ofszet 2t these lcuwer temperztures. In later vercions of
the FFR/T-1000 it ie planned to use a larger initial Fabry-
Fercot gap dimension to largely elliminate this effect,
For thie, and other reascne discucssed below, it may be
gesirable to take z new reference.,

r ancwer to the quecstion "NEW REF?" above, any key
e:cept W' ("Zpace” 1€ conventent.) will cauce the rnew
r rence sequence to he skipped, and & defzult set of
erence datza to be wused. In thie case the cequence
umps directly to the requecst for “"SENSOF SIG, ANY KEY"

Ot d o, (If & bevr desined in Section 4.1 ie entered

e

inetesd of space or ancther undefined key, the recuecsteg
cpersticn w !l occuer befcore the program proceedes. See
Section 4,1) I+ the key "Y' ie hit., then:

i FEF SIGNAL .. JANYFEY

Trhe program ncow waite for the reference sigreal to ke

connected at the Electro-Optic Subsyztem. If the Screen
[ieplavy option 12 berng used, the signal spectrum will be
Zrzplzved cn the T\ screen in 2 rezl-time mode., €o that
tre reference si1gnal can be ceen az the opticel cable ¢
teing attached.

This connection 1= made by connecting the short
$iter-opti1c ceble directly from the input to the cutput.
biher connecting thie in the unit delivered, it 1
necessary to put one or both of the connectore only part
wizy intc the connector socketied to avoid €zturation of
the si1gral.,

Ornce the reference signal ic establiched, hit anv Kev

"epace" 1e convenient, to indicate "reads," The program
w1l now gz through an Dptumnznng gequence 1nualuing
gxine, offszet, ano dark eignel, 14 the cisplay 18 beIng

ueed, 1t w:'l cisplar spectra used during this
cptimizaticon procecure,

14 the =z grszl used ¢or reterence ig too strong. »ou
W1l be zeked to "REDUCE SIGNAL, KEY"., In thie cacse, pul)
core cannector pErt way cut of the eccket and hit & ke
'@, BEECE tC I1ndiCate "ready.'
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When the cptimizaticon of the reference cignal is
complete, the digplay will read

SENSOR SI1G, ANY KEY

Attach the two FRAT-1000 fiber-optic cables tc the
two connectors on the Electro-Optic Subsyetem. If the TV
option is being used, the screen will be dieplaying the
resultant signal, real time, to verify that the connection
ie carrect .

When a kKey 15 now pressed, the sensor will go through
an anitialization eimilar to that described for the
reference, i1n this case cptimizing the parameters for the
genscm signal, bhen thie procedure 1€ completed, the
normal temperature measuring mode will be entered
automzticalixy,

3.2 Normal Operation of the FP/T-1000

The aisplay will now read three values, ceparated by
"i" 0n the left ie the rme error of the fit. In the
migale 1= the value of the maximum data point (255
mz:imum? ., On the right is "T=" the temperature in Deg-C,
14 the printer waz left on during 1nitializ.tion (power=-up
deszu't., these wvalues will also print out about cnce
eve~+v & seconds.

Ourimg norm:zl operation the processor 1€ constantl:
performing tests relating to performance. blhen parameters
are Jiscovered which would cause excessive errors, re-
crtimizztion proceedures are called, More monitoring
techrnigues zuch 2e these are planned for future sveteme.
Crie of the two rovtines which will be noticed during
normzt cperation at present are the "NEIL ZERO" routine
which 1€ entered when the CLD (Charge-integrating Line
zzanming Devices svetem has been determined to have
arifteg berong €6t Timite, Thie will occur moet oftern
goon after = previously cold svetem has begun coperation,
&na will cccur wvery little if ever after the svetem ¢
thorouly warmed up., The other automatic routine which
w11l be obzerved to occur occasionally resets the gain ang
otfset parameterse, This routine ie entered
rautomaticail e most often when the temperature ¢
changing, rezulting in changing sensor signal levels which
are best hzrcdlec with changec gz insg,

4.0 Operating Options Available

Figure 2,1 iz &2 simplified map of the modes of
coerztion., waye of @Zing from one mode to ancther, and
Frincipe!l commands eveilable 1n each of the modes.,
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Feferring to Figure Z.,1, it will be seen that the
initiralization entriec listed in Section 3.1.2, above,
took ue through the monitor, through BASIC, and to the FF
Fregram. Within the FF Program there are & number of
commands which can be used. These are described in the
next secticon.

Some commands available in other modes are discussed
in esubsequent sections. Commands relating to changing
modes are generally discussed under the mode being left,
but some are concsidered self explanatory in Figure 3.1.

The screen displar (optional) haes a slight problem in
the svetem delivered. (Thie will be corrected in later
uriits,? Whern & new ZERD ie taken, the screen display is
g tched to displaving the zero data during this routine.
Due to & programing oversicht, the diesplay i€ not switched
bacy &t the end of this routine. There are twoc wave this
can be done manuslly without changing the values of the
variables in the program. Thece are mentioned in Secticn
4.1 under "Key, " and in Section 4.2 under "“SP=DP".

4.1 FP Proqram tio Avail ]

During operaticn, several coptions can be instigated
br pressing suitable keyve, The keyboard ie checked once
ever v temperature cycley hence, the Key much be held down
until the end cf the current cycle., Also, anytime the
processor azkz for ANV O KEY" the use of one of the defined
bevez wil)l cause that cperation tc be performed. The hers
wihicrn are defined zre as n the Following paragrapns,.  mn
urndefined ker will simply be printed and cperation wili
continue, &Fter the operation of & defined Kev is
completed, the evstem will ask for another kKey, and wait
unt o2 b ! ed, I+ simple program continuaticon ¢
Cesirea, pres e" or any undefined kev, 1+ ancther
defined kKev ed, that operation will be performed
anc the svstem iy acgk for etil)l another Ke., etc,

M -

€
 J

bev, 2. Thie kev will cause the svetem to read z ne
zerc, i.e.,, the optical dark signal,

.« Senzor gxins and offset parametere will be
ly optimized.

Key, 2, Thig ke~ will cause the next optimizing
cperation to optimize only the two variables amplituoge &nd
c+¥fset, Eecausze these wvariables are by themszeluves linear,
the» vil) caonwverge repidiy and &ic in sryetem convergernce
If Caces wnhere the current approximation 1e far off. This
crerzticon rarmallsy hzpperns avtomatically, hcwever, and the
ke entry 12 not necded except perhaps for testing., @A
tug=varjakble iterzticn can be cbserved 1n normal operation
t. the fact trnzt the zame jdentical temperature 18 printea
c.% $or tiuc sequentie) itergticone, Thie 1€ commen wher

e o et el e
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the evetem ies firet powered up

Key, T. Thie Key allows the operator to insert a
different value tor X2 in the estimation vector (X3 is the
cvetem temperature parameter)., This has two uses. Firest,
it makee it pocssible to observe the dynamics of the
convergence by upsetting it temporarily. Second, if the
estimated temperature i€ far from the correct value, there
are, in the delivered system, situations in which an
erronecus stable point can be found by the temperature-
estimating algerithm., By using the T entry, the operatcr
can bring the system to a region in which it will
convergence correctly, Software systeme are being
decigned which will automatically detect this problem and
locate the correct stable point. These will be
incorporated into future systems, but for the present, the
T entry gives & method of recovering if there should be &
problem cof thie nature.

Key, A, Enter Alternative start and end values of n.
The default values here are 18 and 81. This means that,
&lthougn 128 elements of CLD (Charge-integrating Line-
gcanning Device) spectrum are taken and converted to
digital dsta, only thcose over an (81-18+1=£4) range are
ueed in the analysie. This wae done in the interests of
speeding up the cperation and alsc because the
itlumination outeide thie range is rather low and does not
comtribute & great deal tc the operation. Use of this key
enables the cperator to determine the effect of including
thie extra data,

N

kery I, lntervsl of data used in analyveie. Default
value iz 4, Thie means that on)ly data peointe 1&, 22, 2&,
etc,, #re use In the analvsis., This using every 4th
pcint 12 purely in the intereste cf speed. Llher mare

gectione of the scftware are converted to machine
language, the speed here will not be a problem, and every
point wmil)l be used, In the delivered unit, thie kKe» entry
permite operation at different values of 1 to be
evalusated,

Kev, Q. Quit the program and return to BASIC.

Kex, F1. Transfers operation from Program to Direct-
Entry BREIC b» causing a "BREAK" in operation. If the
printer ig rnct on at the time of & break, it 18 good
practice to hit the "Print" kKev immeciatel» &“ter "F1" n
crder to mabke & record of the line number in which the
tresk occurred, After this breab direct commands carn ke
entered., ~ftem completing direct commancs, operation cen
te recumed where it left off by typing "GOTO xxxx, Return®
where xxx: 1€ the 1ine number displaved upon the breszd,

v e
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Once Command Leel BASIC has been entered with Key
Fi, many of the usual BASIC direct commands can be used.
However, because the program is storeo on EPROM, no
entries which attempt to change the prcgram will work,
Some of the mcst usefu)l entries are those that print out
valuees of the variables, or which change these variables,
Examples are listed below.

4.2.1 Genera) BASIC Direct Commands
Crntl=Frint., Toggle printer off and on.

FRIMT ZF3DFiSP. (or: ?2P3DP3SP) Values of different
variableg can be cbtained.

SF=0F., Change SF (Screen Page) to DF (Data Fage).
Trie 1€ an opticonal way of restoring the screen display
after the ZEFD routine, during which, the screen page (SF)
ig charged from normal dats to zero page (ZP). As
mzntioned abcove, due to & programing cversight in the
delivered evetem, 1t 1&¢ not changed back at the end of
thet routine.,

Fii 40000, Thie i€ a short, exper imental BASIC
rcutine that allcwe the operator to enter velues for GN
iGzon Number), AQ (Analog Offeet)d, and CG (Gain of the
CLD, the Crharge-integrating, Line-scanning Device: while
the screen diepla, continues, The Gzin Numbere are not
monctonic ity gxan,

4.2.2 Temperature Scale-Factor Modification, The FF
Frozram mzeez no provieicon within the progrem fc-
mss.=virmz o taiabrsting the temperature-cutput gc:ele
fx2tom,  in futiere uvergziang it ie planned to include
routines fcr calibrating the ingtrument. Although the
roeutires w1l be rzther elatcorate, involuing Kelmar
ti'tering, their cperztion will involve simpiy en%tering
bFriciur temperatures when desired., Upon entering &
calibrate ¢ymbcl, the routines will ask for estimated
protatie errcor of the entered date, snd then combine this

%% with previcug calibratione to obteain an cverall best
estimate of the calibration,

At present, however, 'n the delivered s-ztem, 1§ it
¢ desired tc change the calibraticn, 1t must be done
meruelly, 2z cllowg, Firgt, the cal bration ecuzticrns
are of the form,

T= (x3 % (TS - Té fer xE

T = (XZ=T03 & (T1 = (X3S-T0) & T2) ,for Xi =< T
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The default calibration constants which are
initialized intc the system immediately upon entering with

# RUN command are

TO = 1.62
Tl = 146.67
Tz = 47.,2%

TS 47.22
Te = 1.6¢

Figure 2.5 shows a calibration run on the sensor from
room temperature to about 3%0 deg-C. It is seen that the
prrabolic calibraticn below X3 = 3 (T = 140 deg-C) is
introduced to compencsate for the touching shown in Figure
2.4 anad described in Section 2.1. As menticned, solutions

fcr this problem &ppear

to be clear and are planned.,

Recalibration of the senscor can be made by
recelcuiating these constante and introoucing them atgry

time pfter the srstem

it started with 2 RN commana, Thie

cculd be done, +or example, with the following sequence.

UM

Fen

Fl

TS=..,

Fer

Te=..., etc,
GOTO &:ale

Ptl’l

y

And so for th,

RUN®
NEW REFZ(Y/ )
“BREar IN £&0£

Ts'o . l"

GOTO selie”

Note that "NEu REF?(Y~” >*"
will not resppesr at thi s
point, but the program is
still waiting for the
snswyer to that queetion,
¢o, for example:

REF 31 Gu . u“’\,.l' "E‘

1'ne number &elé 18 an example sna
rerccine te be the line number
€ wERiting for » Kev

wriich occure wher trhe g stem

I¥ Fi-brest 18 maoce at snv

cther time, when reacr tco reenter the program simply GCTO

the 'ime number at which
SERNCYt Dé reentered v th

breal occurred, The progrem
& FRU'V command in thig ceee
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becaruse that would cause the reinitialization of al)
variables to the default velues., The GOTO reentry
preserves 1) values entered manually, as well as the
values which were 1n tne program at the break,

4.3 Machine-Lanquage Routines,

Once the syetem has been initialized (with
#9200 ,Rtn,G,Space), and the Monitor reentered (Esc from
BaSI1C)>, then the Key, FZ2, will enter operation to the
machine language, real time display. This routine (which
vuses no BASIC commands) will display the spectrum once
acrcose the screen. It is useful for simply observing the
cperstion of the spectrum, Several commands are available
during cperation of this routine, Some of these are:

A, Set @ralecy Céfeet applied to the anslog seria)
g:gnal from the CLD board,

G, Set Anzlog Ciin on the CLD signal.,

C. Set CLO Gerne Thie is a digiteal control snd (t
creratee by changing the integration time (count) used b
trne CLD.

G, Turrn Lamp of¢.
1, Turn lamp on.,

Fy Fraont display ¢ prant buffer full or nearly $ull,
Z. Re#d new zerc dete., This will not turn lamp o4,
I« lamp 18 not turred off manrually before resding new zerc
Oxte, the "zero" dete wil) be some spectrum, arnd
g.Czequent Cieplare will have this subtracted from the
current spectrum,

4.9 Independent BASIC Facility,

14 BASIC is entered using the <% entry commard, it
w1l function s & normal BASIC, with the OPCOA FF Prograem
rever suvailasble, Once this entry 1& made, the <&, reentr:
will reenter this BASIC instead of the usus! FF Program
BAEIC. Operstion in this BASIC mode is incependent o+,
and not directly corrnected to, the FF/T=-1000 syetem being
described 1 thie document., In order to restcre use cf
the FF Frogrem, the »S200 irnitialization mev be used agein
from the Meormi ter,

Fer #rn. questicng or commertg on the COFCO& FR.T=-1000
sretem, OFCOwm perscrnel welcome ang encourage cortact.
E¢zouse cf the short duration of the program (12 monthe:,
€ cerimerts on lifet mee ¢ the 1ncdiviOuE) comporents

TediZ rct De conouzted,
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A1) items deliverec under Contract NAS 3-24222 are
experimental 1n nature; all warrants and requirements may
te found by reference to the original contract document
and/ amendments. No other warranty, expressed or implied
is given,

2.0 Performance

This section discusses the various parameters which
determine the effectiveness of the FF/T-1000, compared to
other sensor syvstems. Such parameters as accuracy,
resclution, range, hysteresis, etc., are considered and
Cest estimates based on experimental results are provided.

2.1 Accuracy

The accurascr of this instrument is still undergoing
gtugy, Some cf tre important limitations being considered
are (1) physical limitations of the sensor itselé, (2
limitations of the CLD opto-electric converter, (3>
limitetiong of the anslog digitsl converter, and (4)
limitations of the algorithm whnich converts the digits)
dats tco temperature,

The physical limitations
ot the sernsor itegelf involve chiefly those factors which
affect the mechanical stability of the parts themselves
and trhe marner in which they ame¢ joined, CGuslitatively,
the materials used are extremely stable. Fused silica and
Dew Corning ULE are both used where extreme stability are
the primery concern, for example in primary mirrors for
large reflecting telesccpes. However, as the sensing
techrique ie capable of detecting very small
digciscemerte, thie qualitative stebility carncot be used
to draw arns positive conclusions concerning cveral!
stebility, It i thought that any definitive conclusions
will have o await long=term testing of » complete
IngEtrument,

The methods used to make the yoints between parts car
Tihewite be s21d to be extreme)ly stable. The exparsion
collar 18 sttached to the base by glase fusion weiding
(ueing & glass frit designed for use with these
materials>. This fusion layer is both thin and stable.
The sensor tcp it joined to the expension collar b
“opticel contecting." & technique which involues getting
the surfaces sc clesn anc smocth thet ther come 1nte such
Intimate contact that ther are held together b molecul er
forces. Like the glass-frit fusion, this methed 18 &'zc,
auelitatively, ver» stable, Hcwever, 8¢ with the parts
meter 1ale, this known high stability cannot be used tc
draw positive conclusions on overall stability, ana 1t s
expected therefore that overall sernsor stabil ity muse
gt guitabie long term testing.,

T ———T
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cpto-electric converter introduces random fluctuations to
the indivicdua) detes points at the different wavelengths
being measured., How these propogate through the system
hes not yet been studied.

in detail. However, acdditional software could be used to
sverage such fluctuations over sufficient times as to
minimize these effects.

Like the
cpto=e¢lectric converter, the A/D converter intrcduces
rancdom fluctuations to the individual data points, and
that effect can be treated in the same way as the random
effects due tc the opto-electric converter., The A/D
converter, 0 adaition introduces digitizing errors which
can be trested in a somewhat similar fashion.

The algorithm which is
uged tc convert the raw datas to temperature introduces
limitations on the system accuracy. One set of tests
which weg performed on this limitation was conducted as
follomss First » set of digits) Cdata was obtained from
the D/A converter, and stored in microprocessor memcry,
Then this dits was analyzed to determine the indicated
temperature. Next, one element (representing one
weoelength 1n the spectrum) was changed by the least
sigrificarnt pmount, For example, there are 12€ cats
pointe, and each can vary from 0 to 2595, One of these was
takenrn, and for exanple, 1¢¥ 1t had a value of 177, that
velue vipg changed 1rn memcry to 178, while the 127 cther
dete po.nts were left unchanged. The algorithm was agdin
run, and & new 1ndicated temperature was obtaineo. The
#lgor i thm wee rerur before and after to insure thaet the
res.!te were repestatble, which they were. The resulting
incicetes didference 1n temperature was 0.000006 deg-C, or
é micro-degrees-C, Out of » range of 1000 deg-c, this
recrecents ) pert an 1éé million, This represents the
lerst change 1n temperarture which can be detected br the
¢lgorithm, (The repeatability from run to rur, using the
gaTe Cigirtal dets, was bDetter than this,)

Ir 20c tion to the above, the nature of the algor:thm
contributes to the manner in which other errors are
propogated., However contributions made by the algorithm
itgelf to sccurscy 1imitations spoesr to D¢ totally
regligible,

$:1.5 Test Regylts, The test recults to date have
thown the sccurscy to be limited by ronoom ncise effects,
wrich have velues in the | dec-C range, except ot the lou
temper pture ronge, where, s explained ¢l sewhere 1n thig
reccrt, readings appesr to be distorted, 2lmost certainly,
cue to contect betweern the Fabry-Ferot plates, something
crreh vt ll o not occur 1n future senscrs., Considering the
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above discussion on individua) sources of accuracy
limitations, better results than this should be evpected.
Reasons for this and system improvements which are
expected to improve this noise figure are under study.

2.2 Resolution

Some of the factors affecting resclution are the same
8t those affecting accuracy, namely sensor limitations,
opto-electric conversion, A/D conversion, etc.. For
example, the limitation of the algorithm to 1 part in 1é¢
million is a direct resolution factor. The digitizing
limitation likewise is related. For example a digitizing
error of 1 bit is the same | bDit used in the above. Thus,
it 128 points have 2 1/72 bit average rms uncertainty, we
might expect the rms error resulting to be 0.9 & (128)°0.9
= 5.7 parts in 16 million, Actuslly the weighting factor
on different points is different; hence, this result will
vary somewhat, but this calculation appears to indicate »
proper order of magnitude.

2.3 Range

The instrument is designed for a 0 to 1000 deg-C
rarge. However the testing done before delivery were
limited to » 20 deg-C to 400 deg-C range. It is
enticiprtec thet any protlems which might occur at the
rigrer temperatures will be periferal, i.,e., not inheent
n the design.,

2.9 Hrsteresis

Accurate measurement of observable hysteresis wil)
recuire more dccurate testing than has been done to dste.
Eecause of different time constants of the thermoccouple
used »f & reference, and the FP/T=1000, it was difficult
to dete mine 14 there wess any measurable hysteresis.

Theory wigse, there are no obvious sources of
hysteresis. The fused silices and the Corning ULE are very
pure and s*ould be expected to be very free of any
internal h.steresis. The fused joint would be expected tc
hsve negligible hysteresis, as would the optical contact.
Likewigse there is no spparent source of hysteresis in the
electro-optic converter, the A/D converter, or the
computation algorithm, Hence, it appears that any
messurement of possible hysteresis will have to w1t tes?
results, which to dete have not been extensive enough teC
detect any.

-
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