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Introduction: Temperature scales
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Introduction: Thermodynamic Basis of the ITS-90

H,O-TP Zn-FP Al-FP Ag-FP  Au-FP Cu-FP
| | | ————-T/x
273.16 692.677 933.473 1234.93 1337.33 1357.77
absolute thermometry relative radiation thermometry

NIST gas thermometry

gas thermometry
reference value

T . =730K (457 °C)
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Introduction: Thermodynamic Basis of the ITS-90

» Preparatory Thermodynamic Temperature Measurements for the ITS-90:
Constant Volume Gas Thermometry (CVGT) at NIST
r Two, independent data sets for the intermediate temperature range
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Introduction: Thermodynamic Basis of the ITS-90
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Introduction: Thermodynamic Basis of the ITS-90

thermodynamic uncertainty

of the ITS-90 fixed points quadratic error propagation

13 mK 25 MK 43 MK |50 mK |52 mK

H,O-TP Zn-FP Al-FP Ag-FP  Au-FP Cu-FP
| | | ————~T/k
273.16 692.677 933.473 1234.93 1337.33 1357.77
absolute thermometry relative radiation thermometry

NIST gas thermometry

gas thermometry
reference value

/ T .= 730K (457 °C)
4 15 mK
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Introduction: Thermodynamic Basis of the ITS-90

Problem:

i increased thermodynamic uncertainty of the ITS-90
high temperature fixed points

AU-FP: u(T, ) =0.050 K

Application: High temperature blackbodies (HTBB) as primary
standards for the UV-precision radiometry

T1gg = 3500 K
P U(T 155 ) = 0.345 K

L=
4. = relative uncertainty of
the realized spectral irradiance

AE; _02% 4=200nm

A
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Introduction: Thermodynamic Basis of the ITS-90

r Measurement of the Total Solar Irradiance
critical factor in climate prediction
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Motivation

Decision: Which of the two NIST gas thermometry series is closer to
the thermodynamic temperature ?

PTB approach:

r Absolute radiometric determination of thermodynamic
temperatures of blackbodies with lowest possible
uncertainties and comparison with the ITS-90

e Instrumentation: Absolutely calibrated filter radiometers

Task: 15 mK @ 730 K
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Thermodynamic temperature determination

¥ Schematic experimental setup

source output: detector input:
spectral radiance spectral irradiance

L(AT)=e(A,T) L, g(1T) precision apertures £ (1,T)=G(r,r,,d)-L,(4,T)

N

[
»

Too |

S

_ detector: filter radiometer,
source: blackbody, spectral irradiance
thermodynamic temperature T, responsivity sg(A)

- _
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Large area blackbody (LABB) — schematic view

B emissivity calculation with

Monte-Carlo / ray-tracing technique

~ heat outer heater outer heatpipe
Insulation measured temperature profile

of qa__\_/i.ty included in the calculation
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LABB - Temperature stability

temperature / °C
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Thermodynamic temperature determination

: PTB experimental setup
¢ thermodynamic accuracy of ITS-90 (7-Tg)
r temperature range: Zn-FP (419.527 °C) to Ag-FP (961.78 °C)

large area blackbody (LABB) @

precision
aperture

3 N
by hh]

= radiometer ~
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¥ diamond turned (Al, Cu)

e thin, ,knife like*-edges

¥ nhon-contact measurement of
the aperture diameter

¥ absolute uncertainty (k=1): < 0.5 pm

Imperfect aperture edges
effective radiometric area
dependent on solid angle

Perfect aperture edges
effective radiometric area
independent on solid angle
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apertures

Al9, 85°gekippt, seitliche Sicht

9 E _; AlZn2; 85° gekippt; seitl. Sicht .
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Filter Radiometer — schematic view

temperature
controlled housing

interference\:' '/ ' Absolute calibration

—T e spectral irradiance
) i responsivity

~ 5['3 » relative standard
uncertainty: ~10-4
; . | » primary detector standard:
SN\ [ =% cryogénic radiometer
Y\ ; » two step procedure

windowless silicon
photodiode
10 Mmm x 10 mm

Pt-100
temperature
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RS

calibration at discrete laser lines

~~

transfer standard
spectral responsivity s(4) [A-W-1]

e

silicon photodiode based
trap detector
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Spectral responsivity transfer standard: trap detector

g
i photo-
photodiode 3 - " diode 2
(background, 2
not visiblq)
photo- ..
diode 2 photo-
’ diode 3
| optical
radiation
detector Y
housing i | r high stability
| e low reflectivity
,  optical ¥ polarization insensitive
I radiation .
| ¢ homogenous responsivity
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Trap detector: spectral responsivity

r calibration at 14 laser lines
¥ Interpolation with a physical model

Spectral responsivity / A-W*

1.0
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» 1 m Ti:sapphire-laser
— Interpolation
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Filter radiometer absolute calibration: step 2

precision aperture \

calibration at discrete laser lines

~_~

..‘- transfer standard
ﬁ; spectral irradiance responsivity sg(1) [A-W--m?] |ard
%y T I spectrar responsivity S(A4) [A-W-1]

™) callbratlon by comparison

_.——--. I

il silicon photcl;gl

B Spectral
cility

fllter radiometer
spectral irradiance responsivity sg(1) [A-W-1-m?]
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Spectral comparator facility — schematic view

FILTER WHEEL (SUPPRESSION

SPEEI\;EAL OF HIGHER ORDERS)
®~\\§§ GRAT]NG VVVVVVVVVVVVVVVVVVVVV FILTER
TUNGSTEN ® e MONOCHROMATOR RADIOMETER
HALOGEN \ ZEISS SPM2 (f=400 mm)
LAMP J
— |
f= 450 mm s 52} :
H | \
TRANSFER-
L / DETECTOR
~ \
TRANSLATION
\ LEISS PRISM R UNIT
MONOCHROMATOR
LIGHTTIGHT
ENCLOSURE
SPECTRAL OR

f=150 mm TUNGSTEN
HALOGEN LAMP
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Spectral comparator facility

grating
: monochromator

-

" prism
pre-disperser

tungsten '
halogen
lamp
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Spectral comparator facility

filter
radiometer
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Filter radiometer calibration - results

Investigation of the thermodynamic accuracy
of the ITS—?from 419 °C to 962 °C !
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Results for T-Ty, (S filter radiometer)
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Results for T-T,,— comparison with gas thermometry
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Results for T-Ty,,— uncertainty

filter radiometer
800 nm 900 nm 1000 nm P In units
500 °C 660 °C|450 °C|660 °C|419 °C| 660 °C
g y of 104
eometr
area aperture LABB 04 04 04 04 04 04
thermal expansion aperture LABB 0.3 0.3 0.3 0.3 0.3 0.3
diffraction correction 1.6 1.6 1.8 1.8 2.0 2.0
aperture distance (50 pm @ 1000 mm) 0.5 0.5 0.5 0.5 0.5 0.5
total 1.7 1.7 (19 19| 21 2.1
ITS 90
realization ITS 90 (9.9 mK @ 660 °C) 24 1.6 2.3 1.8 1.9 1.6
temperature stability LABB (£ 2 mK) 0.6 0.4 0.6 0.4 0.6 0.3
total 25 17124 19| 20 1.7
measurement of T
photo current / ppoto 0.5 0.5 0.5 0.5 0.5 0.5
calibration I/U -converter 1.0 1.0 1.0 1.0 1.0 1.0
calibration digital voltmeter 0.2 0.2 0.2 0.2 0.2 0.2
numerical integration photocurr. integral 0.5 0.5 0.5 0.5 0.5 0.5
n refraction index air 0.3 0.3 0.3 0.3 0.3 0.3
k Boltzman constant (CODATA 1998) 0.4 0.3 0.4 0.3 0.4 0.3
emissivity LABB (0.99994 + 0.00008) 0.8 0.8 0.8 0.8 1.2 0.8
total 16 15|16 15| 1.8 1.5
- . Encuentro Nacional g bt gl -
‘H&}g‘ -l':.-’wmm - Mﬁtmmﬂiﬂ 5 5 = TemparsE ¥
Eléctrica 2009  ropusie ot - .
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Results for T-Ty,,— uncertainty

filter radiometer P -
800 nm 900 nm 1000 nm In Un|tS
500 °C|660 °C|450 °C 660 °C|419 °C| 660 °C ()f 104
geometry
total 1.7 17119 19| 21 21
ITS 90
total 25 17|24 19| 20 1.7
measurement of T
total 16 15|16 15| 1.8 1.5
filter radiometer calibration
calibration spectral comparator 2.0 2.0 2.3 2.3 5.3 5.3
diffraction correction 0.5 0.5 0.5 0.5 0.5 0.5
central wavelength 2.3 1.8 1.9 1.3 1.0 1.0
total 31 27|30 27| 54 54
total uncertainty 46 40|46 41|64 6.2
temperature equivalent (mK) 15 19 15 22 21 38
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NIR InGaAs photodiode filter radiometer

® thermodynamic temperature determination

Si photodiode of blackbodies
based filter radiometer ® 419 °C up to 3000 °C
F below 500 °C a difficult task, even .
@ at 1.=1000 nm
InGaAs photodiode B centre wavelength: 1595 nm
based filter radiometer e spectral bandwidth (FWHM): 100 nm .

J

thermodynamic temperature determination in the range 419 °C — 660 °C

() uncertainty: 100 mK @ 457 °C |
main contribution: uncertainty of the
spectral responsivity in the
NIR wavelength range (0.95 pm — 1.65 pm)

Encuentro Nacional e vt g -

' Metralogia Eléctrica 2009 ._T“'?ﬁ?l?yc--c‘:wm . . .
S5 1220 de noviembre s DG'N Physikalisch-Technische Bundesanstalt P{B 5,




[

NIR InGaAs photodiode filter radiometer

1.0E+11 (123453 K
Ag-FP (1234.93K
1.0B+09 676 nm Zn-FP (692.677 K)
1.0E407 | '
Sn-FP (505.078 K)
1.0E+05 -

1.0E+03 - '
1.0E+01 + | >

1.0E-01
1 0OE-03 / /| ‘ l Shift to the near

infrared is mandatory !

1.0E-05 4
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1.0E-09
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NIR InGaAs photodiode filter radiometer — PTB first approach

1.E+00
- Si InGaAs

1.6-02 -
- 476 nm 800 nm 1000 nm 1595 nm
LERTN 676 nm 900 nm

| E-06 . f i [

| N

1.E-10 -

1.E-12 /\

1E-14 ©

Spectral irradiance responsivity / A-\W'm™

1.E-16 -
200 400 600 800 1000 1200 1400 1600 1800

Wavelength / nm
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NIR InGaAs photodiode filter radiometer
PTB objective : improvement of thermodynamic temperature determinations

in the Zn-FP (419 °C) temperature range / extension down to Sn-FP (232 °C)

® improvement of the spectral responsivity scale in the near infrared

Si trap detectors: u,(S) = 0.02 % (500 nm — 850 nm)
I one order of magnitude !

InGaAs photodiodes: u,(S) =0.17 % (0.95 pm — 1.65 pym)

C Establishment of a new, cryogenic radiometer facility for the
high accuracy calibration of InGaAs transfer detectors

® design and calibration of new InGaAs-photodiode based filter radiometer

N . Encuentro Nacional de ‘Eectumsgreten: 2
P V) Metrologia Elgotrica 2009 e oot o _
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NIR-Detector calibration facility: monochromator source

Laser for adjustment and
I Wavelength range: wavelength calibration
900 nm — 1820 nm
¥ optical power: —
1uw -2 uw

| Tungsten halogen
‘ lamp

Monitor \
beam

‘ ST ~TaliaF—Ta

I H MW

Detectors under test

Cyogenic

radiometer
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iﬁ,0r calibration facility: tunable laser source

— . Laser for adjustment and
| » wavelength ranges: wavelength calibration
1260 nm — 1370 nm
| 1460 nm — 1580 nm
¥ optical power: ! < Z[[II@
> 20 W >
— Tungsten halogen
lamp
SO
Prism-grating double monochromator
| ST
i ’ | -
- Monitor
Optical fiber beam
e | Tunable laser @ |
\ ; [ 9 — ‘-||il/-' ]

Detectors under test Cryog enic
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NIR-Detector calibration facility

Cryogenic radiometer
CRI, CryoRad I

| Motorized stages for
e vertical positioning
e rotation of detectors

Motorized stage 2

Motorized stage 2

Encuentro Nacional gy ~ ~Eetrwetm -

Metrologa Eléctrica 2009 S -vica
pc'}

18-20 de noviembre - Ty e

J"fmm

Physikalisch-Technische Bundesanstalt P-I-B 36



Uncertainty budget: NIR spectral responsivity

Source of uncertainty

Radiation source

Tungsten halogen lamp

Tuneable diode laser

Instability of cryogenic radiometer (noise, drift) 0.075% 0.011%
Uncertainty in wavelength 0.030% 0.001%
Window transmittance 0.030% 0.010%
Uncertainty of electric power measurement 0.015% 0.015%
Detector temperature 0.005% 0.005%
Cavity absorptance and nonequivalence of 0.003% 0.003%
power measurement

Stray light 0.002% 0.002%
Combined relatlv_e _standard uncertainty of 0.088% 0.022%
spectral responsivity at beam position

Typical contribution of the nonuniformity of the 0.030% 0.020%
transfer detector

Combined relative standard uncertainty of 0.093% 0.030%

spectral responsivity

Encuentro Nacional gp  ~=ems=im
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NIR filter radiometer — schematic view

New design
interfEHER&S Pt100
temperature
sensor
T
precision aperture
preciséog ﬁ?‘néﬁmb miniature
‘'wind®mess silicon Pt-)‘f% translation stage
43.1 photodiode
10 mm x 10 mm temperature
InGaAs
photodiode
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‘radiometer




NIR filter radiometer: Detector homogeneity characterization

» InGaAs photodiode: @ = 5 mm; high shunt resistance, typ. > 20 MQ
r A=1300 nm
» Measurement spot size: @ = 0.3 mm

2.6 2.6
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NIR filter radiometer: interference filters
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NIR filter radiometer: interference filters
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NIR filter radiometer: interference filters

1.0E+03 - A4.=1301 nm || 4.=1542 nm -
= ——absorptance (water vapour) =
1.0E+02 = —o—transmittance 1300 nm - 1.2
- —o— transmittance 1550 nm -
1.0E+01 ?—o-—s(InGaAs-PD), monochromator _
o 1.0E+00 ;ﬁ—o—s(InGaAs-PD), tunable laser : - 1.0 .
LCJ E —8— s(InGaAs-PD), tunable Iase s A - ;
S 1.0E-01 = ' <
E : - 08 =
© 1.0E-02 - 5 g - >
. 3 - @
Z 1.0E-03 - - =
o = - 06 o
&) = O]
S 1.0E-04 - ) 2
§ 1.0E-05 E - : g
RN\ = T 04 O
" . 4 B o
S 10E06 - V¢ i ®
1.0E-07 - - 02
1.0E-08 - ]
1.0E-09 - e 0.0
800 1000 1200 1400 1600 1800
wavelength, nm
T Encuentro Nacional gy =it 2

1 Metrologia Eléctrica 2009 “;%?-E%c—mm 1
DG, |

18-20 de noviembre - Ty e

Physikalisch-Technische Bundesanstalt ISI-B 43



NIR filter radiometer: spectral irradiance responsivity
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Thermodynamic temperature determination: results
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Thermodynamic temperature determination: results
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Thermodynamic temperature determination: results
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Thermodynamic temperature determination: uncertainty

Filter radiometer

Source of uncertainty FR1300 FR1550 FR1595
As /s ¢ (x10%)

Geometry
Aperture area 0.4 0.4 0.4
Thermal expansion aperture 0.3 0.3 0.3
Distance of the apertures 1.0 1.0 1.0
Diffraction correction 1.0 1.0 1.0
Measurement of T
Photocurrent noise 0.5 0.5 0.5
Calibration feedback resistors 1.0 1.0 1.0
Calibration DVM 0.2 0.2 0.2
Refractive index n 0.3 0.3 0.3
Boltzmann constant k 0.2 0.2 0.2
Numerical integration 0.5 0.5 0.5
Emissivity LABB 0.8 0.8 0.8
Homogeneity LABB 2.0 2.0 2.0
Filter radiometer calibration
Calibration spectral comparator 5.8 5.5 13.5
Diffraction correction 1.0 1.0 1.0
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Thermodynamic temperature determination: uncertainty

Filter radiometer
Source of uncertainty FR1300 FR1550 FR1595

As /s ¢ (x10%

419 °C 29 32 74
660 °C 52 59 134
Measurement of T, u(Ty) / mK
419 °C 7 7 7
660 °C 10 10 10
u(T-Ty) / mK, k=1
419 °C 29 33 74
660 °C 53 60 134
Bruroers DA E:L“l‘f::i% Nacional e et 2
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Results for T-T,, (Si and InGaAs filter radiometer)
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Summary and Outlook

F PTB operates laser and monochromator based cryogenic
radiometer calibration facilities

¥ Standard uncertainty (k=1) of the spectral responsivity:
dissemination with Si trap detectors: 0.02 % to 0.1 %
dissemination with InGaAs photodiodes: 0.03 % to 0.1%

I Absolute calibration of filter radiometers at the
Spectral Comparator Facility;
standard uncertainty (k=1)of the spectral irradiance responsivity:
Si photodiode filter radiometer: 0.03 % to 0.06 %
InGaAs-photodiode filter radiometer:  0.07 % to 0.14%
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Summary and Outlook

r Systematic T-T4, determinations with Si-/ InGaAs-photodiode
filter radiometers in conjunction with a high accuracy sodium
heat pipe blackbody in the temperature range from the Zn-FP
(419 °C) to the Ag-FP (962 °C)

» Results for T-T4, of all applied filter radiometers are consistent
within their uncertainties

F Results strongly indicate that the ITS-90 reference from gas
thermometry value has been chosen about 15 mK to low

¥ Near future: T-T,, determinations down to the Sn-FP (232 °C);
source: cesium heat pipe blackbody
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