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Measurements were made at the gold and silver freezing points to demonstrate the accuracy of the
new optical fiber thermometer (OFT). It is shown that the output signal from the OFT is related
to the radiance from a blackbody source in a simple manner and that the temperature interval

between the gold and silver freezing points, as determined with the OFT, is close to other recent

results.

1. INTRODUCTION

An optical fiber thermometer (OFT) suitable for tem-
perature measurements in the range 600—2000 °C has been
described recently’; its concept and design are straightfor-
ward. A metallic blackbody cavity is sputtered on the tip of a
single-crystal fiber of sapphire. When the cavity is heated, its
radiance in a narrow wavelength band is used to determine
its temperature. The high-temperature sapphire fiber and a
iow-temperature silica glass fiber transmit the signal to an
interference filter and optical detector. The performance
analyses predict the potential temperature sensitivity and
accuracy of the OFT to be extraordinary.

The experiments reported in the original paper’ demon-
strated that temperatures in the range 700~1000 °C could be
measured with an uncertainty on the order of + 0.05%.
Although the accuracy was limited in part by the OFT de-
sign, a major source of error appeared to be the uncertainty
of the temperatures derived from thermocouple measure-
ments. It has been estimated? that the minimum uncertainty
in a single determination of an unknown temperature mea-
sured with a platinum-10% rhodium versus platinum ther-
mocouple, which has just been calibrated on the Interna-
tional Practical Temperature Scale of 1968 (IPTS-68),” is

+ 0.2 °C near 1000 °C. Furthermore, it is well known that
the thermal history of a thermocouple affects its perfor-
mance in a complicated way that can increase the uncertain-
ty many tenths of a kelvin above this minimum level.*

This paper describes measurements made at the freezing
point of silver and the {reezing point of gold to test further
the accuracy of the OFT. The temperature at each freezing
point is known to be highly reproducibie and the tempera-
ture interval between the two freezing points has been deter-
mined by a number of investigators.>~'2 It is shown that the
output signal from the OFT is related to the radiance from a
blackbody source in a simple manner and that the tempera-
ture interval between the gold and silver freezing points, as
determined with the OFT, is close to other recent resuits.
These measurements were completed in February 1983.

*) Present address: Accufiber Corporation, 2000 E. Columbia Way, Bldg. 7,
Vancouver, WA 98664.
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Il. EXPERIMENTAL APPARATUS

The general experimental arrangement of the freezing-
point cell and the OFT is shown in Fig. 1. The freezing-point
cell, the lower portion of the probe, and Al,O, fiber of the
OFT are drawn to the same scale. The components of the
radiometer portion of the OFT are shown schematically.

A. Gold and sllver freezing-point cells

The gold and silver freezing points were realized in
sealed cells. The fused-quartz glass envelope of each cell en--
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cell and the optical fiber thermometer as used in this experiment. The in-
conel jacket is surrounded by an electrically heated furnace which is used to
control the melting and freezing of the metal in the cell.
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closed the high-purity metal which was contained within a
cylindrical graphite crucible closed by a lid having a graphite
reentrant thermometer well. After a freeze was initiated, the
temperature over the lower part of the well remained con-
stant to within a few millikelvins. From freeze to freeze the
temperature, as determined by platinum resistance thermo-
metry, was reproducible to within approximately
+ 0.002 °C."* For this experiment, the glass-lined thermom-
eter well of the freezing-point cell was assumed to be a black-
body cavity. The inner diameter of the well was 6 mm. The
distance from the top of the liquid metal to the inside bottom
of the well was about 17 cm for the silver cell and about 15
cm for the gold cell. The freezing-point cells and their asso-
ciated furnaces were designed for testing the performance of
high-temperature long-stem platinum resistance thermom-
eters. As a consequence, the bottom of the thermometer well
was more than 50 cm below the top surface of the furnance.

B. Optical fiber thermometer

The optical fiber thermometer (OFT) used in these
freezing-point experiments differed from that used in the
previous experiments' in several significant features: (1) A
silicon photodiode was used as the detector in place of a
photomultiplier tube. (2) Only a single compound interfer-
ence filter was used without any beamsplitter or neutral den-
sity filters. (3) The high-temperature fiber did not have a
blackbody cavity coating on its tip.

The high-temperature fiber of the OFT was a 1.25-mm-
diam, 23-cm-long single crystal of sapphire (a-AlL,O,) with
the cylindrical axis parallel to the ¢ axis of the crystal. The
crystal was commerically grown by the method of edge-de-
fined fiim-fed growth.'*'> Both end faces of the uncoated
fiber were cut and polished at an angle of 90° to its axis.

Because the depth of immersion required by the freez-
ing-point furnances exceeded the length of the sapphire fi-
ber, it was necessary to build a probe which extended down
into the guide tube above the cell in order to (a) place the
sapphire fiber in an isothermal region and reproducibly posi-
tion its tip approximately 2.5 cm above the bottom of the
well of the freezing-point cell, and (b) provide a water-
cooled mechanical coupling between the high- and low-tem-
perature fibers as well as a cool environment for the low-
temperature fiber which passed up through the center of the
probe. The upper end of the probe was mechanically at-
tached to the radiometer housing and support.

The low-temperature fiber was a 0.6-mm-diam silica-
core, step-index, silicon-clad fiber covered with a protective
plastic sheath.

The high-temperature sapphire fiber and the low-tem-
perature transmitting fiber were butted together inside a
short fength (~ 1 cm) of close-fitting glass tubing and were
fixed in place with epoxy cement. The glass tubing was held
in the water-cooled copper sleeve, located at the lower end of
the probe, by means of a set screw and Teflon pad which
pressed the tube against the inner surface of the sleeve.

The probe was cooled with water from a temperature
regulated recirculating supply. The water temperature was
nominally set at 25°C but varied in a regular manner
between 23.6 and 26.4 °C during the 3.2-min regulation cy-
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cle. This temperature excursion caused an expansion and
contraction of several micrometers in the 60-cm length of the
probe. During initial testing, the upper end of the low-tem-
perature fiber was also held in a fixed position at the radio-
meter. However, the attendant dimensional changes were
sufficient to cause regular periodic variations in the output of
the radiometer which were attributed to stress-induced vari-
ation in the optical transmission through the low-tempera-
ture fiber. To minimize this effect, the optic element formed
by the sapphire plus low-temperature fiber was fixed only at
the copper sleeve while its upper end was allowed to slide
freely through a guide located in front of the limiting aper-
ture of the radiometer.

The radiometer was of conventional design and was
built with readily available optical and electronic compo-
nents throughout. As shown in Fig, 1, the radiant flux exit-
ing the low-temperature fiber was limited by an aperture,
collected with a lens and focused through a compound, nar-
row-band interference filter (800-nm peak wavelength with
a 100-nm bandpass) onto a silicon photodiode. The aperture
was introduced to restrict the flux to near normal compo-
nents (the numerical aperture was approximately 0.1) and
thereby (1) reduce the effects due to the movement of the
free end of the low-temperature fiber relative to the aperture,
(2) limit the effects of the dependence of wide-angle rays
upon induced stress in the low-temperature fiber, and (3)
provide for optimum performance of the interference filter.

tii. MEASUREMENTS AT THE GOLD AND SILVER
FREEZING POINTS

Initially, each furnace was held about 10 °C above the
freezing temperature to completely melt the metal in the
freezing-point cell. With the OFT in place, the furnance was
then set to control at a temperature just below the freezing
point. The output of the OFT was recorded for 50 min begin-
ning as the liquid metal approached its freezing point. With-
in about 30 min after recalescence occurred (with the corre-
sponding sudden increase in temperature) the cell reached
an isothermal state and the freezing point was realized.

The output signal from the OFT during such a measure-
ment sequence is shown in Fig. 2 for measurements at the
silver freezing point and in Fig. 3 for measurements at the
gold freezing point. For convenience, the output signal is
expressed as a temperature difference relative to an arbitrary
reference temperature. A reproducible periodic variation in
the signal is clearly evident in both figures. (The beginning
of each period was directly correlated with the start of the
refrigeration portion of the regulation cycle of the water sup-
ply.)

Figure 4 shows the output signal, obtained at the silver
freezing point during an initia} test, when the OFT was
equipped with a fiber optic element constructed from three
individual AL, O, fibers joined end to end. An indication of
the contribution of the low-temperature fiber can be seen by
comparing the signal shown in Fig. 2, obtained when the
OFT was equipped with the Al,O, plus low-temperature fi-
ber combination previously described, with that shown in
Fig. 4. The periodic variation in Fig. 4 is also due to contrac-
tion and expansion of the water-cooled probe and the atten-
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FIG. 2. Qutput signal from the optical fiber thermometer recorded during
measurements in the silver freezing-point cell. For convenience, the output
signal is expressed as a temperature difference relative to an arbitrary refer-
ence temperature. The periodic variation was caused by the temperature
regulation cycle of the cooling water flowing through the probe (see discus-
sion in text).

dant motion of the upper end of the low-temperature fiber
relative to the limiting aperture of the radiometer, With both
configurations, the variation in the output signal was corre-
lated with the regulation cycle of the water supply.

The periodic variation of the output signal from the
OFT did not preciude the use of the data. At thesilver freez-
ing point (Fig. 2), the peak-to-peak change was 8 X 107 * of
the total output signal; at the gold freezing point (Fig. 3),
the corresponding peak-to-peak change was 18X 104, This
variation was found to be quite reproducible. For the last
four periods of data obtained at the silver freezing point, the
magnitude of the OFT output at the same distinctive point
within each period (e.g., at the broad maximum) was repro-
ducible within + 0.5 10~ * of the signal. Equivalent repro-
ducibility of corresponding points was also found for the last
four periods of the data obtained at the gold freezing point.
These resuits confirm that each cell had reached an isother-
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FIG. 3. Output signal from the optical fiber thermometer recorded during
measurements in the gold freezing-point cell. For convenience, the output
signal is expressed as a temperature difference relative to an arbitrary refer-
ence temperature. The periodic variation was caused by the temperature
regulation cycle of the cooling water flowing through the probe (see discus-
sion in text).
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FIG. 4, Output signal from the optical fiber thermometer recorded during a
test measurement in the silver freezing-point cell. For convenience, the out-
put signal is expressed as a temperature difference relative to an arbitrary
reference temperature. These data were obtained when the OFT was
equipped with an optic element constructed from three individual Al,O,
fibers joined end to end. Note the difference between the shape of the period-
ic variation in this figure and that obtained when the OFT was equipped
with the combination Al,0; plus low-temperature fiber element (Figs. 2
and 3).

mal state. The last four periods of the data obtained at the
gold and silver freezing points were used to calculate an ex-
perimental value of 2.9995 for the ratio of the radiance at the
gold point to that at the silver point. From the range of dif-
ferences between the ratios at the corresponding points, the
systematic error in the experimental ratio was estimated to
be + 0.0006 ( 4- 0.02%).

V. AUXILIARY MEASUREMENTS

In addition to the unknown error in the value assigned
to the temperature of the gold point, there are three major
sources of error that limit the accuracy with which the OFT
can be used to determine thermodynamic temperature.
These are (1) uncertainties in the spectral response charac-
teristics of the optical system (particularly the interference
filter and the detector), (2) uncertainties in the linearity of
the detector and its associated electronic circuitry, and (3)
uncertainties in the optical properties of the high-tempera-
ture fiber. In this section independent measurements of the
spectral response and linearity of the OFT radiometer plus
measurements of the magnitude and temperature depen-
dence of absorption and scattering in the sapphire fiber are
briefly described.

A. Transmission of the narrow-band interference filter

The spectral transmittance 7(4 ) of the narrow-band in-
terference filter (800-nm peak wavelength with a 100-nm
bandpass) was measured over its bandpass on the NBS high-
accuracy spectrophotometer'® with a wavelength accuracy
of + 0.04 nm; the out-of-band transmittance was measured
with a CARY Model 14 spectrophotometer. The results are
shown in Fig. 5. The nominal spectral response 7(4) of the
silicon photodiode is also presented in Fig. 5.

The dashed lines on the 7(4) curve are estimated upper
bounds in the spectral regions where the CARY spectropho-

Dils, Geist, and Raeiily 1007

Downloaded 16 Apr 2010 to 129.6.65.219. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



TRANSMITTANCE AND RESPONSE Logyg [AVW]
i ! I [
» &) ~ w
T T T T

i
~
T

~8 i 1 " L N A N a\ N
200 400 600 800 1000 1200

WAVELENGTH [nm]

FIG. 5. Spectral transmittance 7(A4) of the narrow-band interference filter
(800-nm peak wavelength with 100-nm bandpass) used in this experiment.
Also shown is the nominal spectral response r(A ) of the silicon photodiode.

tometer was not sensitive enough to detect the radiation
transmitted through the filter. The shoulder on the (A1)
curve beyond 1100 nm is an estimate of an upper bound to
the response associated with the absorption of sub-band-gap
photons by transitions from the top of the valence band to
donor ions in the n-type region of the p*nn* photodiode.
This extrapolation passes through the measured response at
the 1150-nm HeNe laser line.

From these measurements it was possible to define 7(4)

with an uncertainty of + 0.0041% due to wavelength accu-
racy and + 0.0032% due to out-of-bound transmissions;
these lead to corrections of 0+40.005°C and
— 0,004 +0.004 °C in the silver freezing-point tempera-
ture, respectively. Note that it is only the shape of the pass
band, not the absolute transmittance, that enters into these
calculations.

B. Eltectronic circuitry

The silicon photodiode was operated in the photoam-
peric mode and the induced photocurrent was measured
with a high-input-impedance, high-gain amplifier, and
bandpass circuit. The electronic circuit was found to be lin-
ear within 1.88 x 107 from 10~ ®to 10~ ¢ A, which included
the photocurrent range of the measurements at the gold and
silver freezing points. The electronic noise was 3.87 x 10~
Vv f A, which is a factor of 4 smaller than the shot noise
associated with a photon flux causing a }0~7 A photocur-
rent. The electronic drift was 3.85X 10~ '* A h ™!, These val-
ues correspond to uncertainties of 4+ 0.0017 °C, + 0.00003
VvV f°C, and 4 0.00003 °C h™', respectively, in the silver
freezing-point temperature. When compared with the other
sources of error described below, negligible error was intro-
duced by the electronic circuit.
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C. Radiometric nonlinearity

The linearity of the radiometer response was measured
using a common technique’’ with the apparatus that is
sketched in Fig. 6. The radiation from a Quinn-Lee'® tung-
sten strip lamp passed through two apertures, 4 and B, in an
opaque screen onto a lens which imaged the filament of the
strip lamp onto one end of the low-temperature optical fiber.
The other end of the fiber was mounted in the radiometer. A
shutter was positioned near each aperture in such a way that
the apertures could be opened or closed independently.

The apparatus shown in Fig. 6 has four states. The ra-
diometer output voltages corresponding to these four states
are V(¢0)’ V(¢A ) V(¢B ), and V(4. + B ). Here V(¢«) rep-
resents the radiometer output voltage when radiation flux ¢,
is incident on the end of the optical fiber. The subscripts 0, 4,
B, and A4 + B correspond to the states (1) both shutters
closed, (2) only shutter 4 open, (3) only shutter B open, and
(4) both shutters open, respectively. Thus if the ratio

= V(ds) — Vidy) + Vidg) — V()

£ V(darn) — Vido)

is unity, the radiometer output voltage is linearly related to
the flux incident on the fiber tip. Of course, if R, is not unity,
it can be used to derive a correction for the nonlinear re-
sponse of the radiometer.

R, was determined as a function of output voltage for
photocurrents ranging from 3xX107* to 8 X107 A. Al-
though the lamp current was feedback stabilized using an air
cooled shunt resistor, the flux from the tungsten strip lamp
drifted on the order of a few parts in 10* during the measure-
ment interval. To compensate for this, ¥(4,, ;) was mea-
sured at the beginning and end of each interval.

The total error due to nonlinearity is estimated to be
approximately 1X 10~*. Figure 7 shows the nonlinearity
data over the output voltage range that applied to the mea-
surements at the silver and gold freezing points. Note that
the sum of the individual readings was always larger than
V(da.n).

The measured nonlinearity may be an artifact of the lin-
earity measurement technique rather than a defect in the
photodiode or in the electronic circuit. This possibility must
be taken into account when estimating the uncertainty of
correction factors based on the data shown in Fig. 7.
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FIG. 6. A sketch of the apparatus used for the determination of the radio-
meter linearity.
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FIG. 7. Observed linearity data for the radiometer when equipped with the
800-nm narrow-band interference filter used in this experiment.

To derive V(¢) from these results, we assume that the
radiometer response can be represented by the following re-
lationship which distributes the nonlinearity uniformty over
the measurement range

V(g) = V(do) + K (/4% (2)

where V(4,) = V(4,} + K and N is an exponent to be deter-
mined from the data. Then by substituting Eq. (2) into Eq.
(1), we obtain

N N
R, =B+ @n) _ 5 05p-, 3

(4 + )Y

because V(dy) = 1.05 X ¥(¢, ) for the linearity apparatus.

To allow both for the imprecision in the data of Fig. 7
and for the possibility that the systematic difference between
R, and unity was an artifact of the linearity apparatus, we
assumed that 1.000 00<R; <1.000 13, from which we ob-
tained 0.999 82<N<1.00000. Thus we adopted Eq. (2)
with N =0.999 91 + 0.000 09 as our model of the radio-
meter input-output relation. For the ratio of the radiance
measured at the gold point to that measured at the silver
point, the correction for the nonlinearity of the radiometer
response corresponds to 0.009 4+ 0.009 °C in the silver freez-
ing-point temperature.

D. Absorption and scattering in the high-temperature
sapphire fiber

In order to know the relation between the radiation leav-
ing the high-temperature fiber and the temperature of the
fiber tip blackbody environment which is provided by the
freezing-point cel, it is necessary to soive the equations of
radiative transfer for the geometry detailed in Fig. 1. Be-
cause the index of refraction of Al,O, is high and the solid
angle collected by the radiometer optics is small, the prob-
lem reduces to a one dimensional transfer along the axis of
the fiber. Negligible flux is lost through scattering due to the
uniform temperature {blackbody) radiation environment in
which the fiber is immersed. As a result, the spectral distri-
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bution of the flux in the direction of the radiometer at a
distance / from the tip of the Al,O, fiber is given by

!
$(1) = 35 (T) {1~plT(°)]}e"P(—f

0

a{T(s)}ds)
1
+j dx @[ T(x)} ¢ps [ T(x)]

Xexp( - .[la[T(s) ]ds)

+ e, (4)

where ¢, (T) is the Planck function evaluated at the tem-
perature T of the well of the freezing-point cell, p{T(0)] is
the refiectance of the fiber tip as a function of the tempera-
ture T(0) of the fiber tip, and a[T(x)] is the absorption
coefficient of the fiber at the point x at the temperature 7(x).

Several experiments were conducted to characterize the
absorption and scattering in a number of sapphire fibers.
These measurements were conducted in a free stream of hot
exhaust gas which was generated in a laboratory combustor.
The combustor has been described previously.'*>! The mass
rate of flow of the exhaust gas was maintained at 8.4
kg min~! in a 7.6-cm cylindrical exhaust nozzle; the fuel
flow was adjusted to vary the gas temperature from 850 to
1060 °C. The velocity of the gas stream varied from 210
ms~ ' at 850°Cto 250 m s at 1060 °C. At an average gas
temperature of 1093 °C and velocity of 304 m s !, the tem-
perature distribution across a typical radial traverse of the
gas stream at the exhaust nozzle had been found to be uni-
form to within + 19%.%° This unusual source of heat was
used in order to heat the fiber without exposing it to a signifi-
cant source of radiant flux, thus enabling the weak self-emis-
sion from the fiber to be measured.

The sapphire fiber of the OFT was placed across the
exhaust stream 3.2 cm downstream from the nozzle and per-
pendicular to the axis of flow. The tip of the fiber extended
beyond the boundary of the flow so that the acceptance angle
of the fiber included only room-temperature radiation
sources. The central 7.6-cm section of the fiber was heated to
the temperature of the exhaust stream while the output of
the OFT was recorded.

The light originating in the forward sections of the com-
bustor was blocked with a 4.8-mm-diam ceramic rod which
was placed 6.4 mm upstream from and paralle! to the fiber.
The temperature of the rod was approximately 100 °C below
the temperature of the fiber but, due to the small view factor
and lack of significant scattering within the fiber, it did not
represent a major source of radiant flux. The temperature of
the gas streamn was measured with two 0.08-mm-diam noble
metal thermocouple probes which were placed 3.2 mm
downstream from the fiber. Due to the high mass rate of
flow, the fiber temperature was within 1% of the measured
gas temperature.”

Because the absorption within the fiber is small, the ab-
sorption coefficient ¢ (T) can be approximated by

a(T) = { —In(1 — E,/E,) }/x, (5)

where x is 7.6 cm and the product ax is small, E, is the
radiance from the heated 7.6-cm section of the fiber, and E,
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is the radiance from a blackbody furnace at the same tem-
perature as measured with the test fiber. Under conditions of
local thermodynamic equilibrium that existed for this exper-
iment, it is valid to apply Kirchoff’s Law of Reciprocity*?
and equate the absorption coefficient to the emission coeffi-
cient.

At 800 nm, the ratio of the intensity of the blackbody
radiance to the self-emission was greater than 300 over the
entire temperature range measured. The absorption coeffi-
cient for the fiber used in the freezing-point experiments is
shown in Fig. 8. There is a slight temperature dependence of
the absorption at this wavelength. Between 850 and 1060 °C,
the absorption coefficient is described by the empirical rela-
tionship

a(T) = 1.895X107° exp[2.773 X103

X (T+273.15)1 em™%. (6)

No data could be obtained below 850 °C because the
intensity of the self-emission from the fiber was below the
limit of detection of the radiometer. Therefore, in the analy-
sis of the freezing-point data, & (7") was assumed to obey Eq.
(6) above 850 °C and to remain constantat4.3x 10" *cm ™!
for all lower temperatures (see Fig. 8).

For the isothermal environment in the freezing-point
cells, the temperature distribution along the sapphire fiber is
given by

T(x) =T(H + [T - T(l)](l _ cosh mx + f sinh mx) ,

cosh ml 4+ Bsinh ml
()]

where T°(/) is the temperature at the water-cooled end of the
fiber which was measured to be 30 °C and T is the tempera-
ture of the well of the freezing-point cell which was assumed
to be temperature of the freezing metal. In Eq. (7)

m = (4H /K d)''* (8)
and

B=H/Km, (9
where H is the convective heat transfer coefficient of the air
in the well of the freezing-point cell, X is the thermal conduc-
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FIG. 8. Absorption coefficient vs temperature for the sapphire fiber used in
this experiment [Eq. (6)]. Below 850 °C, the coefficient was assumed to
have a constant value of 4.3X 10~* cm ~' as indicated by the solid line.
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tivity of the fiber, and d is the fiber diameter.?* Equations (6)
and (7) were used to supply the T(s) and a[ T'(s) ] values for
Eq. (4). The correction to the silver freezing-point tempera-
ture for absorption in the sapphire fiber corresponded to
~— 0.046 + 0.022 °C.

The sum of the scattering and absorption of radiant flux
from the surface and the interior of the fiber was also exam-
ined in the combustor exhaust stream. The sapphire fiber of
the OFT was again placed across the stream perpendicular
to the axis of flow but 2.5 cm downstream from the exhaust
nozzle. In this case, the fiber was surrounded by a hollow
ceramic cylinder in which a 1.6-mm slit had been machined
along its length. The slit was located at an angle of 45° from
the stagnation point to enable the hot gases to heat the fiber
within the cylinder. As before, the tip of the fiber extended
beyond the cylinder and remained outside the fliow. The tem-
perature of the gas stream was measured with thermocouple
probes both within the cylinder and 6.4 mm downstream
from the cylinder.

Significant variations in the magnitude of both the scat-
tering and absorption were observed between the severa! fi-
bers tested but, in general, the output of the OFT due to
scattering was less than that due to self-emission. If the out-
put measured when the fiber was behind the ceramic rod
was, in fact, due to scattering rather than self-emission, then,
when the fiber was located within the cylinder, the output for
similar conditions should have increased by a factor of 20
due to the increased view factor. For the fiber used in the
freezing-point experiments, the amount of radiant flux scat-
tered into the fiber from the ceramic cylinder was less than
one-tenth of the emitted flux. In the isothermal cavity of the
freezing-point cell such a small amount of scattering was not
important.

E. Reflection losses at the air-to-fiber interfaces

The reflectivity of the heated end face of the high-tem-

perature fiber varied with temperature. From data obtained
in a subsequent experiment?’ it was determined that, at the
temperature of the silver freezing point, the reflectivity at the
air-to-sapphire interface was 0.35 + 0.05% less than that at
the temperature of the gold freezing point. A correction of
— 0.025 -+ 0.004 °C was made in the silver freezing-point
temperature due to this effect. It was assumed that the reflec-
tion loss at the cooled sapphire-to-silica interface and at the
silica-to-air interface in the radiometer remained the same
for the measurements in each freezing-point cell.

F. impurity in the freezing-point cells

The gold freezing-point cel! that was used in our experi-
ment contained a sample that had been used in an earlier cell.
It was believed that the freezing-point temperature of the cell
was within 0.010 °C of the freezing temperature of pure
gold.”® This cell has subsequently been compared with a
newly constructed cell containing NBS Standard Reference
Material 685 which had an impurity content of less than one
part per million. Results obtained with five high-tempera-
ture platinum resistance thermometers show that the freez-
ing-point temperature realized in the cell that we used is
0.015 + 0.002 °C lower than that of the new cell.?” Assum-
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TABLE L. The ratio of the radiance at the freezing point of gold to that at
the freezing point of silver plus the associated silver freezing-point tempera-
tures.

L,,/L,, T.,,(°C)
Predicted value 2.9999 + 0.0005 961.980 4 0.015
Experimental value 2.9995 + 0.0006 961.99 + 0.017
Corrected value 3.0029 + 0.0011* 961.91 + 0.030°

* Includes the uncertainty associated with the imprecision of the experimen-
tal value and correction for systematic errors.

ing, due to the high purity of the sample, that there was no
lowering of the freezing-point temperature of the new goid
cell, the correction for the impurity-lowered freezing-point
temperature of the gold in the cell that we used and its repro-
ducibility corresponded to — 0.013 + 0.002 °Cin the silver-
point temperature.

The silver freezing-point cell contained NBS Standard
Reference Material 748 which had an impurity content of
less than one part per million. Due to the high purity of the
sample, it was also assumed that there was no lowering of the
silver-point temperature. The uncertainty due to the repro-
ducibility of the freezing-point temperature of the silver cor-
responded to + 0.002 °C.

V. RESULTS

A comparison between the experimental and the pre-
dicted values for the ratio of the radiance at the freezing
point of gold to that at the freezing point of silver L, . /L ,, is
presented in Table I. The predicted value is that which
would be expected using the Jones and Tapping value'' for
the silver freezing-point temperature (961.980 + 0.015°C),

TABLE I1. Summary of measurement errors.

the value assigned to the impurity-lowered freezing-point
temperature of the gold cell used in the present experiment
(1064.415 + 0.002 °C), and the independently measured
spectral response of the radiometer when equipped with the
100-nm-wide interference filter centered at 800 nm (see Sec.
IV A and Fig. 5). The predicted value also includes a correc-
tion for the effect of the hydrostatic pressure on the equilibri-
um temperature in each cell.

The corrected value for L,,/L,, given in Table I is
referred to the IPTS-68 temperature for the gold freezing
point (1064.43 °C) and is the product of the experimental
value for the ratio and the total correction factor given in
Table I1. The uncertainty is the square root of the sum in
quadrature of the estimated systematic error in the experi-
mental ratio and the error associated with the uncertainty in
the correction factor. The silver freezing-point temperature
corresponding to the corrected value of the radiance ratio is
compared with other recent literature values in Fig. 9.

In Table I it is seen that the uncorrected experimental
value for the radiance ratio is really quite close to the predict-
ed value. The primary correction, corresponding to
—0.046 °C (see Table I1), is due to the absorption in the
Al,O, fiber; the large uncertainty in this correction can be
reduced by the use of superior sapphire fibers and a freezing-
point cell and furnace designed specifically for the OFT mea-
surements. The uncertainty of the corrected value for the
radiance ratio corresponds to + 0.030 °C; this can be re-
duced with superior information on the temperature depen-
dence of Al,0, absorption, better definition of the spectral
response of the radiometer, and superior experimental tech-
nique.

However, it is improbable that the detector nonlinearity
will be defined to better than one part in 10 and, therefore, it
can be expected that the practical accuracy of the OFT will

Radiance ratio Silver freezing point
Source of error Correction Uncertainty Correction Uncertainty
g ) (*C)

Radiometer

Linearity 1.000104 + 0.000104 — 0.009 + 0.009

Filter transfer function

Wavelength accuracy 1.000000 + 0.000058 0.000 + 0.005

Qut-of-band transmission 1.000046 + 0.000046 - 0.004 + 0.004
Sapphire fiber

Temperature dependence of Al,O, absorption 1.000531 + 0.000257 — 0.046 + 0.022

Scattering 1.000000 <+ 0.000000 0.000 + 0.000

Temperature dependence of Al,O, reflectivity 1.000290 + 0.000050 —0.025 + 0.004
Fixed-point cells

Gold: Impurity plus reproducibility 1.000149 + 0.000020 - 0.013 + 0.002

Hydrostatic head 1.000014 + 0.000000 —0.001 + 0.000

Silver: Impurity plus reproducibility 1.000000 + 0.000020 0.000 + 0.002

Hydrostatic head 0.9999%0 + 0.000000 + 0.001 + 0.000

Total 1.001124 + 0.000293 —0.097°C +0.025°C
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FIG. 9. A comparison between the corrected value for the temperature of
the freezing point of silver as determined with the optical fiber thermom-
eter, 961.91 + 0.030 °C, and other recently published results. (Also plotted,
for the convenience of the reader, is the temperature associated with the
experimental value for radiance ratio.) The horizontal line at 961.93 °C is
the value assigned on the International Practical Temperature Scale of 1968
(IPTS-68).° The published values are Quinn, Chandler, and Chattle’:
962.06 + 0.2 °C; Bonhoure®: 962.12 + 0.39°C; Jung’: 962.06 + 0.10 °C;
Coslovi, Rosso, and Ruffino®: 962.10 + 0.18°C; Ricolfi and Lanza®:
962.05 + 0.04 °C; Coates and Andrews '%: 962.05 + 0.03 °C; Jones and Tap-
ping'': 961.980 + 0.015 °C; and Ohtsuka and Bedford'*: 962.07 4 0.06 *C.

eventually be limited to about + 0.010-0.015°C near
1000 °C. That these initial experiments were within a factor
of 2-3 of that limit indicates that the device can be relatively
easily configured for practical temperature standards mea-
surements. Research to improve the performance and evalu-
ate the potential of the OFT as a new high-temperature stan-
dard instrument is continuing,

Vi. CONCLUSION

The performance of the new optical fiber thermometer
has been evaluated by determining the temperature interval
between the gold and silver freezing points. It is important to
note that the resulits given in this paper are based on only a
single measurement at each freezing point and, although the
measurements were conducted with care, not all the tests for
systematic sources of error required for a definitive deter-
mination of the silver freezing-point temperature were con-
ducted. As a consequence, the agreement between the value
of the silver freezing-point temperature obtained in this ex-
periment and recent values based upon more extensive mea-
surements can only be considered as evidence of the poten-
tial accuracy of the OFT. However, it has been
demonstrated that even with the limitations of these initial
tests, the uncertainty is of the order of + 0.030°C, or
0.003%, near 1000 °C. Examination of the sources of error
suggests that through improved experiment and device de-
sign, this error can ultimately be reduced by factor of 2 to 3.
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