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SUMMARY

The objcetive of the program reported here was to descign, fabricate, and test
a laboratory brecadboard optical temperature censor based on the temperaturs dependent
absorptive eharacterictics of a rare eartn (curoprium) doped optical fiber. This
concept aresc as a result of a study earried out under a previous NASA program,
Contraet NAS3-21004. The report diseusces the prineiples of operation, materialo
characterization, fiber and optical component decign, design and fabrication of an
electro-optic interface vait, signal proecscing, and initial test recults. The
initial tests indicated that, afver a brief warmup period, the output of the
sensor. was stable to appreximately 1°C at room temperature or approximately & 0.3
percent of point (°K). This exceeds the goal of 1 percent of poimnt. Recommendations
arc presented for further performance improvement.,
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1. INTRODUCTION

The ebjecetive of the pregram rcported here was te eonduet further analysis and
preliminary design of an optiecal temperature senser based on the temperature depen=
dent aboorption characteristies of a rare carth doped optieal fiber., Thio approach
arose as a reoult of a eoncept sercening study that was earried out under a previous
NASA program. Of the several approaches that emerged from the study, the rare carth
probe was seleeted ac the moot promicing for further development.

The reasoning that led to the idea of the rare earth probe can be summarized
ac follows:

ﬁ (a) Rare earth ions have numerous absorption lines in the vioible and near IR
' portion of the spectrum. The transmiscion of a sample ean be monitored at sclected
wavelength with commereially available LED's or laser diodes,

(b) Some of the absorption lines correspond to optical transitions that origi-
nate in the ground electronic statec of the ion while others are transitions that
originate in low lying excited levels. The strength of an absorption is proportional

® to the population of fons in the state from which the absorbing transition originates.
The population distribution is a unique function of temperaturc. In general, transi=-
tions originating in the ground state should show a decrease in streangth with in-
creasing temperature due to depletion of the ground state population. Transitions
| originating in higher states should show an increase in strength with temperature
' due to the increase of the population. Either type of absorption may be used to

monitor the temperature, or they may be used in combination for increased sensitivity.

(¢) Rare earth ions may readily be incorporated into a glass or crystalline
host material and the resulting material can be made with very good optical quality.
(Doping of glass and crystals with neodymium has been extensively developed for the
: production of laser rods. The chemistry of all the rare carth elements is similar
- to that of neodymium.) Rare earth doped glass may readily be drawn into optical

fibers by standard techniques. A rare earth sensor can be made with an active
sensing element consisting of either a rare earth doped bulk sample or a rare earth
doped fiber,

These considerations form the basis of the rare earth temperature probe. In
. implementing the concept, some additional considerations are:

(a) The measured transmission should be independent of the intensity of the
o light source used to make the measurement. This requires either that the source
intensity be maintained comstant, or that both input and output intensity be measured
and ratioed to remove the dependence on source intensity.

e ‘ . : S ;“"M&‘
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(b) It io desirable that the f£inal mcasured output that io uoed to determine
the temperature be independent of incidental losses oueh as would be eauoed by
changing eables or conncetors leading from the oenser head to the cleetronie intere
face unit. Onc appreach to achieving thic indcpendeonec is through tho uoe of a
reforcence beam at a different wavelength frem the sensing beam. The wavelength of
the referenee beam may be chosen to lic in a region where the rarce earth hao no
absorption. The tranomiscion of the reference beam then monitors the transmicocion
of the fiber hﬂaqp, eonnectors, ote,, and can be used to normalize thic factor out
of the transmicoios of the oensing beam. It ic not nceessary that the refercnce
beam be at a wavelength where the rare ecarth ic not absorbing. It need only be at
a wavelength where the absorption has a different temperature dependence. In this
case there are veally two sencing besmo; one eould monitor an absorption that
increascs with temperature and the other an zbsorption that deercascs with tempera=
ture. The ratio of the two transmicsion is independent of the ineidental locses
provided that they are wavelength independent,

(c) If the signal and reference beams are detected by a single detector,
drifts in detector censcitivity are also ratioed out. This eould be a problem if
geparate deteetors were used. Use of a single deteetor requires either time or fre-
quency multiplexing of the two beams. :

(d) The ultimate accuracy of the temperature measurements depends on the rate
of change of the measured trancmission ratio with temperature (i.e., sensitivity)
and the acecuracy with which a given transmission ratio can be measured (i.e., signal-
to=noise ratio). The latter depends on the amount of light available at the detec~
tor. This in turn depends on the source intensity and the absorption of the sensor
head and leads. It may be shown that for a given source intensity there is au
optimum absorption length, so that the signal-to-noise ultimately depends on the
source intensity. In selecting the wavelength for the sensing beam (or beams) one
must choose a wavelength at which the absorption changes rapidly with the temperature
and for which sufficiently intense sources are available.

These are the gencral considerations for the design of the temperature probe.
The following sections will discuss choice of materials, fiber fabrication, design
and fabrication of the electro-optic interface, optical component fabrication, and
signal processing. The present state of development will be reviewed and recommen=
dations made for further development.

-t g Kol
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2. CHOICE OF MATERIALS FOR THE SENSOR

2.1 General €Gonoiderations

In tho previous scetion, rcasens were given for the choiee of rare earth
elements for the temperature prebe. Figure 2-1 shows the encrgy levels for the
trivalent rarve carths in a erystallinc heot, LaCls. The funtion of the cnergy
levels of the rare carths are not ctrongly dependent on the host oo that enc would
expeet a qualitatively oimilar pieture for a glaco host. The enorgy levels in thic
figure are plotted versus wavenumber (cm“l). At a temperature, T, onc would cxpeet
oignificant population of levels up to a fow times KT above the ground otate. We
may express kT in termo of wavenumber by the relation:

kT s hv e 28

A
1.2
A he

8 0,692 T T in °K

= 0,385 T Tin°R
Thus, for a temperature of 2500°R = 1388°K, 1/A= 962 em ~. Por mcacurement of tem-
perature below this value, then it would be desirable to have a rare earth ion with
energy levels below or not far above 962 em~l. Ingpection of this level diagram
will show that europioum (Eu) and samarium (Sm) are the most promising candidates
with cerium (Ce), prascodymium (Pr), neodymium (Nd), promethium (Pm) and terbium (Tb)
as other potential candidates, particularly at high temperatures. (Promethium,
however, is radioactive and extremely rarei terbium is also extremely rare seo that
these two elements should be excluded.) Europium is particularly attractive due to
its very low lying levels and the fact that there are several uscful levels.

Some preliminary data were taken on the tcemperature dependent absorption cf both
europium= and samarium=~doped glasses. The europium data appeared more promising as
there were well defined absorption peaks that varied with temperature. The absorp=-
tion spectrum of the samarium was more complicated and did not vary with temperature
in as well defined a way. (Considerable broadening of levels and washing out of
the structure was observed.) For this reason, europium was chosen as the prime
candidates and more detailed consideration was confined to this ion. Figure 2-2
shows the lowest energy levels of europium in more detall. TFrom this we can see
that there should be two major sets of absorption pcaks, one set arising from transi=-
tions originating in one of the low lying states and terminating in the SDQ state and
the other originating in the lower states and terminating in the 5Dl state.

From this energy level structure we may calculate the expected distribution of

population in the lower states as a function of temperature. At this point it will
be valuable to review the significance of the spectroscopic notation. The letter

Laal LE TN ¥ 4
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ENERGY LEVEL DIAGRAMS FOR TRIVALENT RARE EARTHS (N LaClg
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| THE ENERGY LEV'EI‘. DIAGRAM FOR EuS* IN GLASS. THE SPLITTING ASSOGIATED WITH
; THE J MULTIRLICITY (M =24 1) S SHOWN,
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dooignation vefers to tho tetal erbital angular Concntun, L, of tho oloetvono
(=0, P=l, Do 2, Pod, 6nb, e 5 106, cee.)s Thuo tho F ctates have

an orbital anpular momcntun of 3. The ouporaerdipet refers to the total opin angular
mementum, If the total opin angular noncntun io o, then tho cwpvroeript o 2cbl.
Thup, for a Iy eonfiguration the total opin o alce 3 (¥ = 22 3+ 1), The opin
and the orbital angular momentun couple together to give tho total anpular nemeontun
Jo The cubseript giveo the valuo of J. A opin of 3 and an orbieal onpulay memontun
of 3 ean eouple topothor to give o total anpular momontum of J o 0, 1, 2, 3, 4, 3y
or 6. This 1o the erigin of the poven lowcot cnerpgy levelo of the eurepiun ien.

| Theoe otates are net actually pingle ctaton but are degenerate boeauwoe ef the

| variouc poocible opatial oricntation of the tetal angular mementun J, For a glvon
value of J, thore are 2+l peooible erientations. Thuo, the Fy otate io o cinglot,
. the Ty is threofold depencrate, the Fp io fivefold degenerate, cte. Thio J

) degencraey ic a veoult of the eryotal ocymmetry. In other hooto, it may be oplit

by the loecal field ccen by the ion.

We may now caleulate the ozpected dictributien of population in the 7F stateo
ac a function of tcmperature, acocuming thermodynamie equilibriuvm. Theoe otates are
the only oneo that will have any cignificont thermal population, and the rgot of
the otates may be ignored. The populatien ny of the Jth otate (i.c., the p otate
trith cuboeript J) ic given by

Q.AEJ

X 19
P05 ueti (2-1)
J=0 kT

The (2J+1) factor arices from the multiplieity of the lovels that wao diseusoed
above. The quantity ng ic the total number denoity (cm”3) of iono in the glaos.
The population values may be calculated numerieally, and the recult ic chown in
Fig. 2=3. 1In thioc caleulation the energy_lovel opacingo were taken ac 421, 987,
2000, 3000 and 4000 ¢w~l. Including the 7F5 otate at x 5000 em™! was found to have
negligible effect,

| This figure chows ceveral interesting featureo. The population of the ground
state deercases monotonically with temperature. Abocorption linco eriginating in
thic state should thus become weaker with increasing temperature. Over most of the
temperaturc range of interest, the population of the first state ic not a otrong
. funetion of temperaturce; absorption lines, originating in this otate chould be only
R weakly temperature dependent. The next ('Fp) state chows a population that incrcases
monotonically over the temperature range of interest. Abgorption lines originating
in thisc state should inerease in strength as the temperature increases.

The model for the population distribution may be used to determine the optimum
path length and transition for uoe in a temperature sensor. We consider the eptieal

:
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the optieal tranoniccion of a glaco canple at a wavelength eorrooponding te ene of

tho abgerptien poako. The optieal powor P that ©ill be tranomitted 4o velated to the
ingidont powor Py by

=f . d ek
Ps P@o ARR

Heve ny do the population denoity of the initial otate ef the trancitien, o, io the
aboorpeion erooo pection and £ o ehe path lempeh. The temperature cenoitivity of
the optical sronchioolen may be ealeulated ao

4 P dny =0nye 4l

g & - g,.0 T Y

T Py U

and from the previeusly piven enprecoion for nj, ve may ealeulate

, 8,
ﬁzé,a n@(2J+x) if% n@(ZJ#liE;}EJ+1§ bE, o2y
# k" - - W
2 kT
2 A

(2-2)

heve 2 io the partition function (the denominator of Pq. (2=1)). This may be cime
plified to

6“J AEJ - (AE?
ar ~ M TR
(2=3)
where
o (23+1)2E) o™tEy
<LEy ® 5 kT (2-4)

ic just the average energy at a temperature T (which will be comparable te kT). The
temperature sensitivity ic then

& B anct ohgft g ;
= P@ o nch 1L S bEl ~<Q$* (2=5)
kT2

Regarded as a funection of nyo, thic censitivity ig maximized when n,n.2 © 1 or when
the tranomiscion P/Pc ic just e, The path length in the senscor element should
therefore be chesen o¢ that the transmiscion (say at the eenter of the range) is o=l
The tranemiccion can also be varied by changing the doping density n,. It io also
depirable to make the magnitude of AE;=<AE> ac large as possible. This indicates

watsag Al
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that we chould ehoasc a transitien eriginating cither in the ground otate, for which
ALy = 0, or in a highly oxeited state with a large AB,. A partieularly poor eheiece
10 a4 transition originating in_a state for which ALy % <AB>, Thic io the eace for
trancition originating in the 'F, state. The above expreocion predicts a weak tem=
perature dependence whiech io just a refleection of the wealk dependenee of the popula=
tion chown in Fig. 2-3,

2.2 Preliminary Meacurcments of the Temperaturc Dependent Absorption
in Buropium

The general consilderations discussed above led to the choice of europium for
the temperaturc sensor. A scample (v 10 1bs) of curopium=doped glaoc was prepared
by Emdex, West Haven, CT. Thic glass was a high expansion borosilicate glaos
similay to EN1 and contained 15 percent 5“203’ This glass was pfegared under
oxidizing conditions to ensurc that all the europium was in the Eu”  state. If thiso
is not done, some of the europium will be in the Eu?® srate. This leads to an un-
desirable background absorption that decs not vary strongly with temperature. Glass
containing only Eu3* ions is a pale pink color; the presence of Eu * 1eads to a
strawv color, The samplezgf glass obtained from Emdex appeared to be free of any
significant amount of Eu“ . Approximately 300 meters of optical fiber with a
europium=doped core and an ENl glass cladding were also obtained from Emdex. This
fiber was used for some initial measurcements, but most work was done with fibers
that were fabricatsd at UIRC from the bulk sample.

Pigure 2-4 shows the typical temperature dependent absorption of a europium=
doped fiber. These data were taken with a scanning monochrometer and a photo=-
multiplier. Three prominent absorptions occur at wavelengths of approximately
570 nm, 380 nm, and 605 nm. These correspond to the 7F -“Dg, 7F1~ DO and 7F2-5D
transition, respectively., These are also three peaks at shorter wavelength (only
two are shown in the figure). Then correspond to transitions from the same
initial states to the Sp state,

The bechavior of the absorption with increasing temgerature is qualitatively
as expected from the calculation of Fig. 2-3. The 7Fy="Dg transition decreases in
strength due to depletion of the 7D0 ground state population. The 7P2-5D0 transi-
tion inecreases in strength due to the inecrease in population of the 7F2 state.
The 7Fl-5DO transition does not vary much as would be expected from Fig. 2-3. The
fallout in the signal at long wavelengths is due to the response of the photomulti-
plier that was used. The fiber 1s actually clear in this region.

In crder to simulate the results that would be obtained from an actual sensor,
the transmission was maintained as a function of temperature at two specific wave-
lengths. The results are shown in Fig. 2-5. The MV5052 LED had a peak emission
centered at about 670 nm, in a clear region of the fiber. The transmission at this
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wavelength is virtually independent of temperatute. An MV5752 LED with a 610 nm
interforence filter wao used to monitor the 'F eJDO tranomicsion. The trancmitted
signal fell off approximately exponentially with temperaturc.

The preliminary data appeared very promising and work was begun to design and
fabricate the prototype scensor discussed in the following sections.

12
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3. DESIGN OF OPTICS MODULE AND SENSOR HEAD

® 3:1 Introduction

Ao discussed above, the fiber-optic temperaturc censor works on the principle
ot temperature dependent absorption in a rare earth=doped glasc. The measurable
parameter is a change in power of an optical signal passing through the curopium=
doped fiber. If there are other effects besides temperature thot change the optieal
power, then an absolute temperature cannot be determined. IFor instance, a fiber
connector that is unmated and remated may cause a small but significant change in
optical pover transmitted through the fiber, which could be interpreted as a change
in temperature, We can climinate this kind of an error by sending a second optical
h‘ : signal through the same fiber. The wavelength of the second signal is chosen to

lie in a portion of the spectrum where there is no temperature dependent absorption.
By taking the ratio of the two signals, we measure the transmission of the fiber
which vartes with temperature and is independent of the optical power in the fiber.

Light emitting diodes (LED's) were chosen as the light source for the tempera-
ture sensor. LED's have advantages over an incandescent light including small size,
= high brightness, high efficiency, and they have the ability of being modulated at
reasonably high rates. Laser diodes can couple more than ten times the amount of
: optical power into fibers than LED's, but there are no laser diodes on the market
| that emit at the required wavelengths for the europium fiber sensor; and, in general,
laser diodes are considerably more expensive than LED's. In order to obtain
sufficient wavelength separation, two separate LED's were used. We are then required
to couple both otpical sources into a single fiber. This was accomplished using a
four-port fiber coupler.

To avoid errors caused by changes in the intensities of the two diodes, an
additional reference signal is extracted with the four port coupler and the sensor
signal levels are normalized to the reference levels., Normally, four photo-detectors
would be required: two detectors for each wavelength for the reference signals,
and two detectors for each wavelength for the signals that pass through the sensing
fiber, A dispersive element or bandpass filter at each detector would be required.
By modulating the two LED's on and off alternately, we can sample both wavelengths
at different times. This method of time domain multiplexing reduces the number of
detectors to two and was chosen as the detection scheme for the temperature sensor.

We considered several different sensor head designs. The required length of
europium f£iber is about 15 cm to obtain a l/e absorption at an intermediate tempera-
. ture. We will show later that this absorption length is optimum for the best sen~
sitivity., We chose to use a continuous loop of feber for the sensor with a 5 cm
radius. Asingle fiber with an end reflector could also be used, but this sensor gesign gives
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a backpround vf rvefleeted light from the various fiber junetions, eonncetionc, and
opliccs. 1In addition, o ceparation of the incident and return eptical oignalo ic
required at the input end of the fiber, and thic would give an additional 3 4B loco.
A single cnded temperature probe confipuration eould aloo be made by making a very
omall vadius, 180° (i.e., folded back) bend in the fiber. We have constructed 180°
fiber bends as» omall as 0.56 mm radiuc and have measured trancmicoion losses through
thece bends ot less than 2dB (Ref. 1),

In order to build the optics module and sensor head, we had to learn, often
through trial and errvor, hovw to make fusion splices, four-port couplers, fiber
connectors, and to effectively couple the fibers to epoxy encapsulated LED light
sources. Difficulties were encountered several times with unprotected fibers
breaking that were placed under a bending sctress at rigid epoxy joints., Making
the epoxy joints to the fiber buffer «oating eliminated thic problem. In one
instance, the temperature sensor head was accidentally operated above the rated
temperature and one LED was damaged by rumnning at average current levels above the
rated maximum. As a consequence, the optics module and sensor head had to be
rebuilt with new components to bring the signal levels back to a level of good
detectability., The rebuilt module and sensor head gave improved signal levele with
better splices and a smaller connector loss.

Figure 3-1 shows a photograph of the optics module and sensor head. The
sensor head consilsts of a two fiber connector and a temnerature sensing loop.
The sensor head is connected to the optics module with a 15 £t length of flexible
metal conduit that contains the two fibers from the sensor loop. The optics module
is shown with the lid removed and contains the LED's, LED modulators, the four=port
coupler, the reference and sensor leg detectors, focusing optics, and optical fil-
ters required to separate the two wavelengths. Details of the construction and
mechanical layout of the optics module will be discussed in the next section. In
Section 3.3 we will discuss the construction and design of the optical components;
and in the subsequent section, we will discuss the electrical circuit, including
the LED modulators and detector electronics. We will also discuss the timing sequence
for the modulators and signal processing electronics; and calculations will be pre-
sented for the signal~to-noise ratio and minimum detectable temperature.

3.2 Mechanical Layout

Figure 3-2 shows a close-up view of the optics module and the two fiber connec~
tor which is disengaged from the sensor head, The various components in the optics
module are labeled in the following illustration, Fig. 3-3. The module consists
of a4 in. ®x 5 in. x 1 in., aluminum box with a recessed iid for shielding against
electromagnetic and optical interference. The inside of the box is compartmented and
painted black to eliminate any possible optical or electrical crosstalk between the
reference and sensor detectors.
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The compavtment in the lower loft of the medule eontaino the two LED'sc and
thoir semiconduetor FET nodulators that turn the LED's on and off in aceordaneo

with tho LED modulateor input pulse rate. The fiberc that colleet light frem the LED'n

ave joincd in the four port eouplor that ic encaced in the long thin tube. A plase
tie board supports the LED'c and eouplor. The tube holding tho ecouplor extends out
of the LED eompartment as chown in the photo. The twe fibero at tho output cnd of
the eoupler have a eomponcnt of light from caeh LED. One of the fiboro bendo into
a fibor helder and illuminatos the rofcrenec deteetor threugh a opeeial ovder file
tor. The sceond fiber is splieed into a lcad that conncets with the occncer head
thorupgh the floxible metal conduit. The return fibor lead from the cenooy ip
terminated at a eapillary tubo fiber helder chown in the upper ripht eovnor of

Fig. 3=3, Light cmitted from the ond of the rcturn fiber ic imaged on to the concor
ehannel photedotector through an eptiecal fiber that hao the oame ehaeteriotico

asc the filter in the referenec ehannel. By releasing a oet perevw the poscition of
the roturn fiber holder ean be adjusted along the azio of the leno. The lens io
mounted into a plaotie holder that ic held to the bottom of the module box in an
oversized hole with a serew and washer. A comall adjuotment of the leng position
can be made by loosening the mounting cerew, moving the leno holder and retightening
the screw. The omall adjustment in lens pooition was required cince the sencing
area of the photodetector ic not cencentrie with the axio of the photodetector
mounting ean. Four SMA coaxzial connectors on the right hand gide of the medule
were uged for the detector outputs and the LED modulator inputs ac indicated in the
illustration. On the lower side of the module are four electrical feedthrough
bushings and ¢ ground tie point that provide terminalo for the DC power to run

the LED's and photodetectors,

The sensor head consisto of a double fiber comnector and a 30 cm long loop
of 50 mil diameter stainlecs steel hypo-tubing that contains the curopium doped,
temperature sensitive seetion of fiber. The connector was made from the shell
of a Cannon WK=4~22C and WK=4=318 four pin electrieal connector. Two alignment
pins on the conneetor body and a groove on the shell give a preecise alignment and
orientation to the two parts of the connector upon mating. The fiber d.ameter was
9.5 mils, To drill two holes with a diameter that small in mating parts ic a
fairly difficult task., Instead, larger recessed holes were drilled that precisely
fit a sapphire jewel. The sapphire jewel had a precision hole that nearly fits the
fiber diameter.

The hypo=tubing loop that supports and protects the sensing fiber terminates
at the conncctor in two ceramic tubes as shown in Fig. 3-l. The ceramic tubes give
thermal insulation between the hot sensing fiber and the connector and keep the
connector temperature not too far above room temperature when the sensing loop is
placed in an oven,

The four fibers, two for each half of the connector, were threaded through the

sapphire jewels and potted in place with a hard epoxy. The ends of the connectors
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eonncetors worc thon ground and poliched on o lap to produee a pood optical finich
on the endo of the fibero. Unfortunately, enc of the “iborc hiad beon tileed off
ecntor and cnded wp with abeut onc thivd of the eore diameter of micalignment. A
nisalignment of this ameunt would give an additional looo of agbout 2 to 3 4B for
tho eonncetor, Sinec it is difficult to eorrcet alignmont problems with the eome
ploted conncetor, wo doeided to live with the additienal looo for the preoent propran.
Later in thoe program, ao preovieucly mentiencd, the conoing leop wao ovorheated to
temperaturcs well above 500°C and the tranomicoion of the ocnpor head deeredoed te
20 porecnt of its oviginal voluc, A new fiber cenncetor and cencing leep wac made.
bue to time limitationo, a leco eomplicated eonncetor wao made that uwoeo oplieeo
and could be pcbuilt without much difficulty if the cencing leop werc overheatod
again.

3.3 Optiecal Circuit

3.3.1 LED Emiooion and Coupling to a Fiber

A genoral cchematie of the optical eircuit for the optico module and cencoy
head ig shown in Fig. 3=4. Thioc figure illuctrates the optical and fiber etpieal
component layout that was discucsced in the previous seetion. Galite-type 3000 1.C,
204 um diameter core fiber with a PVC buffer coating wao used throughout the
optico eireuit exeept for the curopium cenocing ceetion of fiber that we preduced
oyrcelves, The operation and conotruction of the different components of the optical
system will be diccusced in thic ceetion,

The longest wavelength that gave a temperature dependent abgorption in the
curopium fiber wac 610 nm. We teocted different types of vicible LED's from Texao
Instrumente, Opecoa, and Meonsanto (now Gemeral Inctrument Optoclectronico) in the
610 am waveleagth range to determine the best LED to uce. All the vieible LED's
are encapsulated in cpory and cold on the market as indieator lights. The prices
for the LED's range around 50 cents. Vipible LED's are constructed from gallium
arsenide phosphide, GaAs q_yyPy. By varying the arsenide/phoophide ratio, the
central emission wavelength of the LED can be adjusted. With no arsenide the LED
cmits at its shortest wavelength of 565 nm, and at the other extreme with no phosphide
at the LED emits at the longest wavelength of 940 nm. The radiated power per unit
arca from the LED'sc is directly related to the emission wavelength, the long wave=
length LED's being considerably stronger radiaters than the shorter wavelength LED's,
We chose the longest wavelength absorption in the curopium fiber for this reason.

Spectral emission widths of the LED's are typically 40 nm. The abgorption width
of the europium fiber, however, varies from 5 to 15 nm over the temperature range of
interest. In order to obtain the largest percentage change in the optiecal signal
with temperature we need a bandpass filter that passes only the light that is
affected by the absorption. There are no standard LED's made that have a central
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epioocien vavelonpeh at 610 ang howeover, it would be peccible at nueh prester ezpenso
:0 have an LED pado ot the eorkect onfcoion wavelenpth, ©OFf all the LED'o teooeked, o
Mornante V5152 gave the greatoot power throwph a 610 an, 10 an full wideh, half
tagdoun bandpaco £4ileer and wac ehoocon for tho tcnperature ocencer. Pipure 3=5 chewo
the opeetral power output of an V5152 LED befere and afeer flltering with the 610 an
bandpaco filtow. Only five pereent of the eptieal power fven the LED io pacoed

by tho fileer.

The optieal ‘pover enitted by o bateh of the come type LED'0 ean vaey by ao
mueh ao a factor of 2. He celeeted the highoot power V5152 LED out of g deocon.
The beot LED emitted an optieal power of 60.6 i, but enly 6.7 pereent er 424 nl! eould
pe foeuced with a leno into a 200 un eore, 0.48 nuncrical spepture (NA) £iber. The
opony eneapoulation aveund the tep of the LED 1o ophorieal to form o lens. Ia
addition, there io a parabelie reflector behind the LED to help eolleet the side
enitting light and diveet the light forwayd. DBut cutting the tep of the LED leno
flat and drilling a omall hole, we eould place the end of the fiber near the LED
enitting ourface. 7The fiber had to be aligned in the drill hele with an X, ¥y 2
nicrometor pooitioner to obtain the wmaszimum eoupling of optieal pewer. The fiber in
tben frosen in the popition of mauimum coupling by potting im a elear cpozny. We
found that it io important to have the epony potted to the buffer eecating on the
fiber to help provide g styain velief for the fiber en bending. Coupling the fiboy
te the LED in thic manner (butt coupling) gave a surpricing factor of five improve=
ment over leno ecoupling. Dutt coupling io the moot efficient coupling one can make
if the oouree ic larger than the fiber core that colleeto the light and §f the fiber
end ean be placed againoct the emitting ourfaece. 1In our eace, however, we could not
place the fiber direetly on the emitting ourfaee without damaging the LED. By
making a omall lens in the end of the fiber with an are oplieing device, we eould
inereace the light eoupling amother 20 to 50 percent. With the bect coupling, them,
we obtained about 1.8 u¥ or 3 pereent of the optical power from the LED inte the
fiber. Loocoec of the optical filter at the detector, aboorption by the fiber, and
loooeo in the eoupler and oplices reduce the power level to 29 n¥ by the time we
deteet the oignal at the cencer photodcteector. A Moncanto ME7124 was chocen ac the
seuree to producc a wavelength ceparated from the temperature dependent aboorption.
The peak emicoien wavelength of the ME7124 LED io 940 nm. Thic IR LED io considerably
more powerful than the MES152 red cmitting LED.

The optical power and cpectrum emitted by an LED are functiono of the tempera=
ture of the ocmiconductor junetion (Ref. 2). Radiated output power, from the LED's
ean typienlly decreace by 1 pereent per degree centigrade, and the peak vavelength
of the radiated output increaces by 0.09 nm per degree centigrade for indireet band
bap materials and 0.2 nm for diveet band gap materialo. The epectral chift of the
MV5152 LEd would lie comewhere between these two values. To obtain a maximum signal
level, the MVS5152 LED ic operated at itsc mazimum rated average current of 35 mA. As
a conscquence, the junetion temperature ripes above ambient after turn-on and
reaches a cteady otate value after a cuffieient length of time when thermal cquilibrium
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is eotabliched, We found that the detected signal from the MVS152 LED decreased

to 79 percent of its initial value at turn-=on with a characteristic (1/e) decay
timc of 25 see. The MBE7214 infraved LED, hewever, has cxeess powar at itoc maximum
rated average current of 100 mA ond io operoted at only 3.2 wA for the temperaturc
sensolrs  As a concequence of the low drive eurrent, the MB7124 LED gave no meacured
(< 5 percent) decrease in the otpical signal leovel after turn-on. The spectral
shift of the LED's may represent a problem with the temperature meacurement and for
a4 given accuracy set a limit over what range of temperaturcs the opties module can
operate. in addition, the central wavelength of the interferenee filters can
shift 0.03 nm per degree centigrade to longer wavelongths. The speetral shift and
its possible effeer on the temperaturc sensor will be disecussed in a later section.

3.3.2 lour Port Coupler

To make the temperature sensor independent of signal amplitude and measure the
trancmission of the sensing fiber vs temperature, the emission from both LED's ha
to be placed in the same fiber. In addition, a fractilon of the two sensor input
signals must be sent to a veference detector to normalize the inputs and make them
insensitive to source intcnsity changes. A four port fiber optie ecoupler solves
this problem by mixing two input channels and giving outputs for the sensor and
reference channel that contain both inputs at some fixed ratio,

We constructed two types of four port couplers. The first coupler used a scc-
tion of vectangular core fiber that had two input fibers butt coupled to one end and
two output fibers coupled to the opposite end. The optical power from each input
fiber is split equally at the two output fibers if the coupler is made long cnough.
A cross section photo of the rectangular core fiber and an illustration depilcting
the coupling of input and output fibers is shown in Fig. 3-6. Ideally, to obtain
the best coupling, we want the least overlap loss. In this case the height of the
rectangular fiber core should just equal the input and output fiber core diameter,
and the width of the rectangular core should equal two fiber core diameters plus two
cladding thicknesses. The ideal excess coupler loss would then be:

L, = 10 Log [die(dtdE) ],

where d 1s the core diameter of the input/output fibers and t is the cladding thick-
ness. Por Galite 3000 L, fibers the excess loss in addition to the 3 dB splitting
ratio is 1.5 dB.

in addition to the area match, the coupler length has to be long enough to mix
the two inputs. We chose a length of about 100 fiber core diameters (2 ecm) that
.should allow enough mixing. If the NA of the rectangular coupler fiber is less

than the NA of the input/output fibers, then not all the light will be captured by
the coupler at the input; and if the NA of the coupler is greater than the NA of

23

R

b 4




RB0-9246251

RECTANGULAR CORE FIBER FOR TRANSMISSIVE 4-PORT STAR COUPLER

ORIGINAL PAGE IS
OE POOR QUALITY

FIG
:}—'
B80-6-72




|

R80~0"+625=11

fibers, then some of the light at the output end may not be eollected, although the
latter easce is morc desirable sinec the input optical rays will maintain their
emitted angles te a eertoin extent. Scveral rectangular eove couplers were made,
and the best coupler had an cxeess loss of 3 dB.

Host of the eoupler cffort was made on the biconieal tapered coupler of Kawasaki
and Hill (Ref.. 3). The coupler is depicted in Fig. 3-7 and is eonstructed by twist=
ing o palr of fibers under slight tension, fusing the twisted joint with a toreh
or small heater wire furnace, while at the same time extending the fusing joint to
produce a taper with a central diameter about the same size as one fiber. The
coupling ratio and cxcess loss was monitored at intervals in the process by detcct=
ing light transferred from onc input fiber to the two output fibers. After making
many couplers, we found that it was Impertant to keep a smooth taper at the coupling
jolng to avoid a large cxcess loss. The cxeess loss in this ease occurs mainly by
not recapturing all the cladding light in the fiber core on expansion back to the
original fiber size at the output. The light retained in the cladding is stripped
off into the buffer coating within a short distance.

Making the couplers with a toreh gave inconsistent results and was hard to
control., To help eliminate the inconsistances, we built a small Kanthal wire fure
nace. The furnace surrounded the fiber, but had a slot in the top portion so the
twisted pair of fibers could be lowered into the furnace. A slight taper was built
on the furnace to make the central region the hottest section. Several tapered
couplers were made and excess losscs varied from 1.8 dB to 0.5 dB depending on the
smoothness of the taper and the coupling ratio. In general the smaller the fraction
of optical power coupled the smaller was the excess loss. The fraction of power
coupled increased as the taper was made sialler. We were interested in coupling
of 20 to 35 percent; this range of coupling was relatively easy to produce. Figure
3~5 shows the coupling ratios from the two LED's for the coupler used on the tem-
perature sensor. For this coupler, 70 percent of the Red LED power went to the sen=~
sor channel and 18 percent to the reference channel., The other 12 percent was lost
in the eladding. TFor the ir emitting LED, the ratios were just reversed, as might
be expected.

3.3.3 Sensor Fiber

The temperature sensing fiber was made from a high expansion borosilicate glass
that was doped with europium to a 15 percent concentration. The special glass was
purchased from an outside vendor in cane (i.e., rod) form. We used Kimble-type EN1
glass tubing for a cladding glass and pulled several spools of sensing fiber from
the rod and tube, with the fiber pulling apparatus constructed at the Research Center.
Figure 3-8 shows a photomicrograph, enlarged 100 times, of the cross section of the
temperature sensing europium fiber and the Galite 3000LC fiber. The europium fiber
core would give a red emission from the end of the fiber when the spool of fiber
was illuminated with room lighting. The red glow was from trapped fluorescence of the
europium ion in the fiber core.
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Figure 3.9 illusctrates the construction of the senoing fiber. Two piceco of
Galite 3000LC tiber were fused to a 16 cm long occetion of the curopium f£iber with a
fiber fusion apparatus, also constructed at the Researeh Center. In gemeral, there
ic little or no difficulty in fusing eleaved or poliched cnds of identical fibers.
The transmission loss through a fusion splice of identical fibers is less than the
Freonel peflection loss of the fiber joint before tusion. When the fiberp are
dissimilar, though, additional seattering losces can be generated at the fusion joint,
In dissimilar fiber splices, the melting pointo and expancion coefficient of the
glasses can differ. Bubbles and seattering surfaces ean develop at the interfaecc
of the splice and cause the additional losoes by scattering a fraction of the optiecal
signal from the fiber core.

; Several sensing fiber sections were made as shown in Fig. 3-9 for tho hypo=
s : tubing loop discussed earlier. Transmission losses at unabsorbed wavelengths
~ ranged from 5 dB to 1,5 dB. The NA of the curopium fiber is 0.44 and of the Galite

fiber is 0.48. As a consequence, not all of the incoming optical signal £rom the
Galite will be captured by the europium fiber. The loss due to the NA misateh goes
as the squarc of the NA ratio and calculates to be 0.7 dB. The cross scction of the
fiber coves was made to overlap by choosing a slightly tapered section of europium
fiber that bhad a core slightly larger than the input fiber and slightly smaller than

" the output fiber, 1If we allow for the NA mismatch loss, the excess scattering loss
for the two fusion splices in the best sensing fiber was only 0.8 dB.

3.4.1 General Description

The electrical circuit for the optics module is straightforward and shown in
the schematic of Fig. 3~10. Two Semiconductor Products' 15 V power supplies are
used to drive the module, One supply is split into two branches to power the two
LED optical sources. [Each branch has a helipot to set the average LED current.

A shunt resistor is used in each branch to measure the current, The LED's are modu-
: lated with Type 2N6659 MOS FETs placed in series in the cathode lead of the LED. An
S 8 V Zener diode protects the FET from overdriving with the modulator input signal.

|
L
i ¢ ‘ 3.4 Electrical Circuit

,§§ The photodetectors were Silicon Detector Corporation (SDC) Type SD=100~42-12-231
Ef hybrid detector=-amplifier, The diodes were blue enhinced and principally designed to
[, EoL o operate in the photovoltaic mode, that is, with no reverse bias. In applications
o where high bandwldih is not required, the photovoltalc mpde has an advantage of having
. no dark current from reverse biasing., This feature improves the signal-to=noise
s (8/0) ratio and gives the detectors a lower noise equivalent power. The internal
capacitance in the photovoltaic mode, however, is greater than in the photoconductive
o or reversal bias mode; and consequently, the photovoltaic mode has a lower band-
o width, Bandwidth limitation can be a potential problem with time domain multiplexing
- - and will be discussed later.
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3.4.2 Deteetor Qutput and Timing Sequenee

The photodoteetor has a responce of 0.38 ampo per watt of incident optical
power at A 610 nm. With the 20 M2 feedback vesictor uced with the amplifier, the oute
put cignal ic 7.6 mV per nanowatt of incident optical power. At A 940 nm the recpone
oivity of the photodetector ic 0.41 A/W and the output potential ic 8.2 wmV per nano=
watt of inecident power, Pigures 3=11 and 3=12 give the output cipgnalo from the
sensor channel and reference channel detectors with the senpor probe and room temper=
aturc. The 5 msee pulse output signalc .rom both LED'c are chown independently.
The ved LED is driven at its maximum average current and the output signal deeays
slightly during the driving pulse. There is no decay with the ir LED signal. We
found that running the red LED with chorter pulges but at the same average current
caused an cven greater drop in the red cipnal during the driving pulse. Thic effect
may be due to the complete utilization of the change carriers in the cemiconductor
Junetion of the LED. The pulse rate was 100 Hz for the red LED and 50 Hz for the
ir LED. The reasons for the different pulse rates will be deseribed later.

The detector output pulses shown in Figs. 3=11 and 3-12 were taken at room
temperature, 23°C. When the sensing loop is placed in an oven and heated, the red LED
signal decrcases in magnitude. Figure 3-13 shows a plot of the ratie:

£CT) = [V (red)/V, (1) [V, (4r) /¥y (red) ]

where V (red) and Vp(red) are red emitting LED signals in the sensor and reference
channels. The signal levels were taken from oseilloscope traces and could be read
to about 5 percent accuracy., The data was normalized to 1.0 at the 0°C measurement.
The data points approximately fit an empirical function:

£(T) o o 1/566

The exponential fit may be coincidental, since there is no obvious theoretical
reason why the temperature dependence need be exponential in this case.

The output of the detectors go to a signal processing unit to be discussed
in more detail in the next section. In the signal processing unit, each pulse
from the photodetector is integrated and then a sample=hold circuilt reads the result
of the integration. The held signal level is then converted to a digital output
through an A~to-D converter. The integration, hold, and conversion is done sequen-
tially every 5 msec so that both wavelength signals are read independently. In
order to obtain the true signal level, we must also measure the de level output of
the detector with no light signal, and then subtract the dc level from the light
signal level. AC coupling from the photodetectors would eliminate the dec level
signal; however, in this case we would be taking the difference between the signals
at the two wavelengths. To eliminate amplitude or power change error in the fiber
as discussed earlier, we need to take a ratio of the signals at the two wavelengths.
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Reading tho data fren the two wavelcngtho ccqueontinlly (d.0., tine demain
cultiplening), roquives that we aloo road tho ceve=light oipgnal level fren the
doteetor and cubtyact to pot the true oignal lovol.

The tining cequeneo, vhich io devived frven thoe conputor, io chown in Fip. 3=14.
The red LED 10 puloed on for 5 moee evey 10 moce, and the ir LED o puloced on for
3 moee every 20 noce, Tho ir puloe oeeurs betwoen two red pulceo on cvery other
puloe. In thic mannor we ean read o sore=light level puloe every 20 moee or botwoen
every other red puloe. The photedoteetor omutput cignal 4o illustrated by the thied
trace in Pig. 3=14. The fourth traece or bottom trace chows the cequence of evento
for the integrator eireuitc. At a tine 2 moce into the 5 moce pulce interval, the
procecoor initiasteo integration. The integration peried vuns for 3 moee. The
integrated oignal lovel ic then held for the nent moee ce that an A=to=D convercion
ean be made, Por the laot moee, the cignal level io recet ko pero and the preeeco
rveinitiated for the next 5 moee imtevval. The temperature dependent function 4o
then talien from the vatios

£(T) = {[V, (red)=V (0)1/1V (ir)=V (O)1H{ [V (4r) =V, (0) )/ [V, (ved)=V; (0)]}
wvhere VO(O) and VR(O) are the zero=light or baceline oipgnal levelo.

The temperature function io computed every 10 moee with a new meaourcment at
the red wavelength in the pencer channel and referenee channel., The zero=light
oignal level and the ir signal levelo are read every 20 moee and the temperature
funetion ic updated every 20 moee with thesce numbers. The laot three parametero
that are meacured every 20 moee change only slowly in time in velation to the
red wavelength cignals oo that the temperature reoponce time ic not pacrificed.

3.4.3 Signal-to=Noice and MDT

The noise level at the photodetecetor reprecentc a fundamental limit on the
censitivity of the temperature cenger, We ean define a minimum detectable tempera=
ture change (MDT) ac that change in temperature at the cengor that produeces a change
in the photodetector signal just equal to the rmo noigse cignal at the photodetector.
The MDT is the very best censitivity one could hope to achieve, since other effeeto
sueh as power cupply and amplificr variations or changes in the gignal in one
detector channel relative to the other channcl can also give a temperature crror.

The square of the vms noise current generated at the photodetector at a band-
width Af has three components (Ref. 4):

12 o 4KT AE/R + 2ei Af + Z0i Af.
n a 8 8 d
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The £irot component 1o Jehmcon or thevtnl noloe where Ry 1o the feedbaels vesictor
tor the hybrid getector-anplificr and T, the anbient tenmperature of the dotector.
The cocond eonponent, wheve 1, 40 the cipnal cukrent, repreoento the quantum op
shot nofoe, that 1o, the otatiotieal noloe vhen deteeting dicercte quanta. The
lant cenponent 1o nofoe frem tho photedotceter dark eurrent, id, ponerated from 4
reverce biao potential. Por the phiotoveltale deteetors uped with the temperature
vencor, the laot coppencut 1o gero oinee ne veverse bigoing potential io woed,

The oipwnal eurrent 1o piven by:

: =Y LT
ia o RPQQ R

vhere B o the detector reoponoivity in amps per watt of incident optieal power, and
P@QSP(WYLT) io the ineident optical power. The enponential faetor allows for the
tempevature dependent aboorption in the censing fiber, vhere T io the venocing fiber
temperature, L the conoing fiber length, and vy the aboorption coefficient of the
tibor, whieh dependo on ¢he eoncentration of curepium iono in the placo.

The chanpe in signal eurrent with temperature, that ic the temperature censi=
tivity, io given by

di fat myLRPOJ"’LT o (a/T) R

where o o yLT. We can determine the optimum length and/or concentration of f{iber
to use at a piven temperature by setting the derivagive of din/dT with reopeet to o
equal to gero., Thuo, at constant T

=
d diB i} RPOQ

4 =l1+a}=0
do dT T

and « = 1. Therefore, for maximum temperature oengitivity, we want an abgorption
of 1/e in the sencing fiber. The 1/e abserption length or concentration should be
chosen at a temperature that io in the middle of the temperature range te allow a
good genocitivity over the entire range.

The signal-to=noise ratin at the detector would be given by:

LT, .,1/2

=yLT =y
S/N = 10/1“ o Rpoe /[!;kTQAE/Rf + ZQRPOG M) .

The $/N in decibels ic plotted in I'ig. 3=15 vs the optical power PO in nanowatts.
The parameters uped were!
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yLT = 1

Af = 100 Nz
Rg = 20 m@

R = 0.35 AW

Signal=to-noise ratios greater than 30 dB chould be achievable with optical pignal
levels of 5 oW, With a 100 Hz bandpass amplifier we measured noise eurrent levels
of 0,3 picoamps. The noisc equivalent power or NEP of the photodetector would be
given by: '

NEP = 1 /R/AE © 8.6 x 10714 /i,

The NEP ecalculated from the Johnson noise is:

NEP = (4 KT /R,)Y/%/R
a' 't
= 8.2 % 10 y/ vz
and agrees within the measurement error of the measured NEP value.

A small change in temperature is related to a small change in signal current
byi

81 = yLre e T §7
£ [o]

The minimum detectable temperature change, Tmin’ occurs when:

Sis = in.

Therefore,

1/ T

LT Af 2/yLRPoe"YL .

- -y
Toin = L(6 KT,AE/R.) + 2¢RP e ]

min
Using the previously mentioned parameters, we have plotted in Fig. 3~16 Thin vs. the
absorption coefficient YLT for two optical power levels of 1 nW and 10 nW. A
median temperature of 500° K was chosen for the calculation.

For the temperature sensor measurement we require four optical signals. The
appropriate aTmin calculation in this case would have to allow for an accumulated
noise from all the signals. The smallest optical signal, however, would be the
greatest contributor of nolse to the MDT. 1In our case the smallest signal was 4.5 nW
at 500° K for the red emitting LED signal in the reference channel. Based on the
photodetector noilse alone, then, we should be able to detect temperature changes of
about 1°C at midrange. There are other contributions to the temperature measurement
error and they will be discussed later.
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4. SIGNAL PROCESSING

The design of the optico module already deseribed provides for a ratiometric
approach to signal processcing., This approach causes certain undesirable variables
to be eancelled in the signal procescing. The pleleton of this signal processing
ic to aequire a signal representing the transmiscion of light within a thermally
dependent absorption band, and linearize ond scale the result as temperature.

Processing is being performed digitally in order to attain a maximum degree of
long~term stability, Analog components are subject to parameter variations coupled

to age, temperature, and humidity. All but the absolutely necessary analog compon=-

ents have been eliminated, and the remaining analog parameters have been largely
cancelled in the processing. A red LED provides a beam which is split into a
thermally dependent signal path and a thermally independent reference path, Two
detectors are employed to acquire the two signals which when ratioed eliminate LED
intensity from the measure of red transmission. Difference in the gain of the two
detector channels and detector gain changes are addressed by adding a second LED

to emit IR radiation within a band not dependent on temperature. The two LED's are
time multiplexed into the same optical system. Ratioing the two IR signals results
in the IR transmission which is likewise insensitive to IR intensity. Ratioing the
two transmissions produces a temperature dependent signal in which the analog gain of
the two channels is also cancelled.

Each channel also incorporates an integrator to restrict bandwidth and thus im-
prove signal-to=-noise ratio, In order to cancel the effects of the background dec
level from the photodetectors the integrator output with the LED's off is measured
and subtracted from the signal and reference measurements.

Signals are acquired by a 12 bit analog to digital converter under the control
of an 8-bit microcomputer. External hardware provides cycling of the LED's through
a 4~count, 3=-state sequence of RED, CAL, RED, IR. This sequence allows acquisition
of the temperature dependent Red data each 10 ms period. The temperature independent
IR and cal signals are updated alternately each 20 ms. The microcomputer provides
synchronization with these states and acquires the data when the integrators are
in the hold mode.

After acquiring the data, the microcomputer calculates the ratioing and scaling,
then uses a lookup table to provide a linearized BCD output in degrees centigrade.

An Intel SYS80/204 microcomputer system was employed for the laboratory proto-
type in order to enjoy the benefits of mass production technology. Special custom
processor configurations could be designed and fabricated for subsequent units if the
volume or application warrant. The SYS80/204 was augmented with an SBC732 analog
1/0 board for signal acquisition and with an SBC310 board for high speed math process-
ing. The SBC310 board provides 32-bit floating point calculation capability using
Intel's 3000 series 2 bit bipolar slice technology.
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Source program gencration for thic project wao performed on a Tektronin 80024
Microprocescor Design Aid (MDA), purchaced for the UTRC Microprocessor Development
Center. This MDA also provideo acscembly, linking, ocimulation, and emulation.

Figure 4=1 chows a bloek diagram of the complete sencor. The portion in dashed
lincs is the optics module that ic shown in more detail in Vip. 3=4. The oystem
timing ic controlled by an external oscillator and the CPU ic claved to it., This
was done to allow preliminary testing of the opties module prior to completion of
the software. Im a next generation sensor the timing could be provided by the CPU,
which would eliminate some external hardware and simplify the synehronization,

Pigure 4~2 shows the run=time, flow chart for the singla processing., The branch-
ing sequence is RED, IR, RED, CAL, as discusced. Each time RED data ic acquired, the
ratio is computed using previously acquirved values for IR and CAL and an output is
generated and sent to the display,
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é, 5« PERFORMANCE AND RECOMMENDATIONS

5.1 Sengor Operation

The operation of the sensor depends on the meacurement of the probe transmission
to a relatively high degree of precision. As discusced in Section 3, the normalized
ratio follows the approximate empirical relation:

gy o o /o

()
with T, © 566°C (normalized so that £(T) = 1 at T = 0°C). The fractional change in
this ratio is

df L af
r £ dt

T

ml&

1
T df
[o] .

= 0,0017 dT,

or a change of 0.17 percent per degree centigrade., To achieve this accuracy

requires extreme care in the signal processing even though the overall signal pro-
cessing scheme is designed to cancel out most analog type error sources. The initial
operation of the sensor revealed a number of problems. One problem was a slight

A.C. ripple in the acquired data, Effects were made to minimize this by the elimina-
tion of ground loops in the signal processing and computing electronics; but it could
not be completely eliminated. The effect of the AC line noise was to cause the least
significant digit or degree in the output display to flicker rapidly at the 10 ms

3 update rate. Some excess noilse in the detector-amplifier hybrid circuits may also

X 1, have contributed to this problem. To allow a stable display, a digital smoothing

E, ?; filter was incorporated into the processor. This was a Finite Impluse Reponse (FIR)

| . filter that performed a 64 point running average on the data prior to display. This
‘ : filter still provides an output at the 10 ms rate, although it reduces the overall

effective system bandwidth.

‘;’ o With this modification, it was possible to obtain a stable output display of
; the transmission ratio. This ratio was measured at 25° intervals over the range
of 0 to 400°C and a calibration curve was generated by a piecewise linear approxima-
: , tion. This curve is shown in Fig. 5-1. The vertical axis is the desired ratio of
o ~ the transmissions at the two wavelengths. It has been scaled so that the range
' of possible values lies between 0 and 1023 (21"—1). The value of the scaled ratio
is used as an address of a location in the memory. The content of the address is
the corresponding value of the temperature in degrees centigrade.

Lo
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After an initial warmup peried, the pyotem output wac observed to be censtant
to about ¥ 2 n system unitc at a eeactant room temperature. Thic cervecponds to a
fractional change in the vatio of £ 271000 or % 0.2 pereent. For a oengitivity
of 0.17 perecent/°C, thio correcponds to a temperature stability of ¥ 1°C. At an
aboolute temperature of 293°K o 20°C, thioc ic an aceuracy of 0.3 pereent of point
wvhich exceeds the 1 percent of point accuracy poal for the cengoer.

There arve, however, come additional problems that muct be selved before thio
accuracy ean be ubefully vealized in practice. The two major problems are a short
term drift that oecurs over a period of about five minutes after the LED's are
turtied on, and a long term drift which manifects itocelf in a change in the calibra-
tion curve over a period of several days. The magnitude of the short term drift io

about 10-153 syotem units ocrresponding to 6=9°C. The magnitude of the long term
drift is comparable.

The source of these drifts hac not as yet been firmly cstablished. A number
of possible sources were considered including drift in the de offset of the detector-
amplifiers, eross talk arising from the time multiplexing of the RED, IR, CAL
signals and changing characteristics of the LED's. At this time it appears that
the problem of the short-term drift lies not in the electronie processor but in the
LED/probe/filter/detector portion of the circuit. The signal processing occheme is
designed to cancel out errors due to variations 'in the light intensity from the LED's
and in fact, appears to do this. A potential problem, however, could arise if the
spectrum of the RED LED changes as a result of temperature, drive level, or aging.
As discussed in Section 3, the wavelength of peak emission of the RED LED does shift
with temperature by an amount ranging from 2 nm to 4 nm (5 to 10 percent, cf. Ref. 2)
during the initial warmup. The spectrum of the light actually transmitted through
the probe to the detector is the product of the spectral transmission of the fillter,
the spectrum of the LED, and the absorption spectrum of the europium fiber zensor.
Since the fiber response lies on the slope of the LED emission curve, a shift in
the LED spectrum can cause a change in the shape of the spectrum of the probing
light and therefore changes the total power transmitted to the sensor detector as
compared to the reference detector. If the absorption characteristics of the europium
were flat over the transmission band of the filter, then a spectral shift of the
probing light would make no difference, since both sensor and reference would see
the same shift. In faect, the absorption is not flat., The 610 nm wavelength lies on
the slope of the "Fp~~Dj transition and the absorption decreases fairly strongly
with increasing wavelength., If the probe light shifts is spectral shape, it will
sample a slightly different portion of the europium absorption and the ratio of
incident to transmitted light will change even though there is no actual temperature
change in the sensing fiber. We felt that this 1s the most likely cause of the
ghort~teim drift, i.e., the spectrum of the LED's change as they warm up after turn
on. It could also be the cause of the long term drift that was observed, if the
spectrum of the LED chapges as the LED ages.
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To echeek the speetral shift hypothesio meacuvemento at eenctant prebe temporature

wore taken on the cignal outputs from the cencor and reofcrenee ehanncl detogtoro
with tho RED and IR LED'c operating ceparately. We found that the ratio of the
sensor and refercnee ehannel oignalo, whieh chould remain eonctant, deercaced 3 pore
cent duving the firct five minuteo after initiation of the RED LED., The ratie then
remained constant during the remaining hour of operation. With the IR LED, the

ratio of oipgnals remained conotant over the entire hour. Thepe reoults indieate that
it io most likely the speetral change of the RED LED eoupled with the opecteal
pacocbando of the filter and curopium fiber that producco the obgervable cffeet on the
temperature measurement during the warmup period of the semnpor. A detailed meacure-
ment of the spectram of the LED/filter combination and ito drift characteristieo will
be needed, however, to ectablich with certainty whether it ic the eauce of the sen~
sor drift.

The performance of the fiber-optie tempevature sencor was promicing, concider-
ing that we could measure a temperature change of ¥ 2°¢ after an initial five minute
warmup, With the resolution of the drift problem, the senser should readily be
capable of meeting the goal of 1 percent of point accuracy. Work hac been underway
with internal spongorchip to help recolve the drift problemo and achicve this goal.
The following seetion indicates come promising approaches for further improvement.,

5.2 Improvements with Europium Sensor

Unless a much higher brightness, more monochromatic source is used with the
europium temperature sensor, we may have to live with a short warm=up peried for the
sengor output. The warm up drift could be reduced significantly by using a narrower
bandpass filter and an LED whosc emission speetrum is centered at the europium absorp-
tion wavelength, The narrower filter would reduce the optical power. Some of the
reuction in power, however, would be made up by centering the LED emission. To choose
the most favorable center wavelength and bandwidth for the filters, a series of
measurements should be taken to detarmine the exact way in which the LED spectrum
changes relative to the curopium spectrum. A trade=off undoubtedly would have to be
made between the optical power and bandwideth of the filter. Replacing the LED with
a wavelength stable laser source at the europium wavelength, of course, would
eliminate the spectral drift problem and give more than adequate light signal levels.

Another improvement that could be made is to use the same focusing optics in the
reference channel that we used in the sensor channel. This was originally felt to
be unnecessary. Presently, the reference channel collects light directly from the
fiber output through the filter. As a consequence, the red reference signal is the
weakest. With the placement of identical focusing optics in the reference channel
we would inerease the red signal level and the overall signal-to-noise ratio., In
addition, we would guarantee the same collection angle through the filters in each
channel, a possible source of error in itself.
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Ao proviouoly centiencd, a omall vadiun cuvepiun £iber loep could bo made to
rmako o oingle onded temporaturc probe (ef, Rof. 1), A odngle onded probo veould
ollow g botter tomperature ealibration and eepporicen to a thormoecesplo cemper. Tho
precent lovgoe leop probe aetually moaouros an averago temporature over the oven uced
for ecalibration. The oides of the leop whieh arc necar the heating clemonto in the
oven wall may cample a cignificantly difforent tomporature thaon the cnd of tho loop
wvhere theo thornocouple cencer io plaeced.

A eouple otlier minor improvemento weuld be te place the epties wedule, ogeilla=
tor, and oipgnal proceccing eleetronico, ineluding the inteprators and A/D eonverters,
in a coumon elacoic. Thio would reduee poocible ground leopo between the three
pceparate ehaoois that exict nowe. It would aloe be merc coenvenient to place Ehe
fiber eptie conpector at the inctrument chaonio inotead of at the probe.

5.3 Nd Glaco FPiber Temperature Sencer

We recently completed opectral meaourcmentso vo temperature or a Nd doped YAG
eryotal, The meacurcuents were made to determine if Nd in YAG would werk ac a cencor
for conoiderably higher temperatures than the EBu in glaco. If the meaocuremento
taken on the crystal host have the came validity for a giaoo hoot, then Nd in glaoco
would make a better temperatuve cengor than Bu in glass., First of all, we could une
an ir LED. The iy LED'c emit over an order of magnitude more optical power than the
vigible emitting LEDs. Secondly, at eertain locationo in the opeectrum, the senoi=
tivity of the temperaturc dependent absorption could be improved over that of the
Eu in glass. With the Nd, for example, wec had some speetral regiono where the
fiber transmiscion vs temperature dependence wao pooitive imotecad of negative. By
taking the ratio in twe opectral regiono that have oppooite temperature dependencieo,
we may be able to improve the cengitivity of the temperature oensor by 50 to 100
pereent.,

Another feature of Nd that may be an advantage ic that at the 15 pereent doping
levels only a short length of Nd fiber on the order of 1 to 10 mm may be required.
This feature allows a higher spatial recsolution with the temperature sensor. On
the other hand, if an average temperature is required over a long lemgth, the Nd
doping level could correspondly by veduced. Thisc is to say, the Nd glass sensor
can cover a greater range of spatial resolution than the Eu glass scnsor because of
the stronger absorption.
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