BIPM Report BIPM-2000/9

REPORT

ON THE

INTERNATIONAL COMPARISON OF

CRYOGENIC RADIOMETERS
BASED ON TRANSFER DETECTORS

BIPM September 2000
R. Goebel, M. Stock, R. Kohler



TABLE OF CONTENTS

1.

2.

Organization Of the COMPATISON ........ccuievieiieeiieiieieee ettt ettt aesaeseeesseeneeenes 3
Lol MEROQ ottt sttt st nae 3
1.2.  Circulation of the detectors and time schedule...........cc.ccoccooviniiniiiii 4
1.3.  Calculation of the relative differences..........coceviiviiiiiiiniiiee e 5
1.4, The BIPM IEET@ICE .....eoueiiiiiitieiieii ettt ettt 5
1.5. Experimental CONAItIONS.........c.eeveuieiiiieiiieiiiieeiiesieeeieesteeeteesbeeeaeesbeessseessseesnseesssaessseenns 5

Preliminary MEASUTCINENLS ........ceccvierieeeiierieeiteesteeeteeseteesteeessaeesseeenseeeseessseessseesssesssseesseesnnes 6
2.1, TTanSTRL AETECTOTS ..uuieutieniieiieiie ettt ettt sttt et et sbe e b e e e 6

2.1.1. Spatial UNIOTMILY .......ccvveiieeieiieiiese ettt eseeaeeneesseenseenseens 6

2.1.2. Temperature COCTIICIENT........c.eecvieiieiiecieieee e 8

2.1.3. Sensitivity to beam polariZation ..........c.cccereeriieiiieiiieieeiesiee e e 10

B S 71T a1 20RO 11

2.1.5. Other environmental €ffECtS .........voviriiiriieiie e e 15
2.2.  The BIPM experimental arrangement ............c.cecveeeveerieeniieenveenreesseenseessseensseessessnnens 15

2.2.1. SOULCES ...ttt ettt et et b e b et e bt et et e et e saeesbeenbeenbeeneeenes 15

2.2.2. The BIPM cryogenic radiometer ........c.cccvieecueeriieeieeniieeieesieeesieeeveeesseesvneeseeennns 15

UNCEItaINtY DUAZEL ... veieiieeiieeiie ettt seve et e e st eestae e s sbeesabeesssaensaeenssaenseens 15
3.1.  Repeatability of the absolute MEaASUIEMENLS..........ccceeriiieeiiieiiienie e eee e eee e 15

3.1.1. SROTE EEIMN ...ttt ettt et et sb e b et e eaeeeeee 15

3.1.2. 0] 1T 1<) w0 OO OO PRUIOPPTOPPPRRPPRIOt 16

3.1.3. TTANSTET .ttt sttt 17
3.2, Stability 0f the deteCtOrS......eiveieieriieiieieeieeeee ettt e enee e 18

32,1, EXperimental TESUIL...........ccieiiiieiieiieie ettt st 18

3.2.2.  Uncertainty associated with the COMPAriSON .........c.ccceevvieririieriieiieriei e 22

Results from the national 1abOratories...........ccverieeiieiie it 23
AU1. CSIRO ettt a ettt h et a e a et e e e te et ebeeneene et et et e 23

4.1.1. Experimental CONAItIONS..........ceccuiiiiieeiiieiiieecieeite et eee e sae e e seaeesene e 23

4.1.2. CSIRO uncertainty BUA@ET .......c.ceccvveeriieiiiieeiiie e eiee et eee et e eeee e ereeseaeeaee e 23

4.1.3. COTTECHION FACTOTS ..enviiiieiie ettt st s 23

4.1.4. CSIRO: comparison with the BIPM calibrations ...........ccccceeevveereeecieeeneescieeeneeenne 24
A.2. HUT ettt et h et a et et et e bt e bt e ae e st et e et e bt beeneene et et e 24

4.2.1.  Experimental CONAItIONS........cccvevuieiuieiirriesieriesieeieeee et teseee e eneeeeeeseaeseeesseenes 24

4.2.2. HUT uncertainty BudGet........cccveviieiiieierieiieriieie ettt 24

4.2.3. LO0) 4 (1o (o)1 1 2217 101 = U 25

4.2.4.  HUT: comparison with the BIPM calibrations............cccceceevuerieneninenenienienenennens 25
A3 P ettt ettt et 26

4.3.1. Experimental CONAItIONS..........ceccuiiiiiieeiiieiiieeiie et eite et see e e sreesebeesene s 26

4.3.2. SP uncertainty DUAEt.......cccuveiiieeiiieiiieeiie ettt ebeesaeeenreas 26

4.3.3. COTTECHION FACTOTS ..eneiiiieiieetiet ettt ettt st st 26

4.3.4. SP: comparison with the BIPM calibrations..........c.cccceevvveerieenieenieenieeieeeieeeneenn 26
S\ 1 LTSRS 27

4.4.1. Experimental CONAItIONS..........coecuiiiiiieeiiieiiieeiie ettt sre e seaeesane s 27

4.4.2.  NIST uncertainty BUAZEt .......ccveviieiieiieieciereeeee e 27

4.43. LO0) 4 (1o (o)1 1 2217 101 = USSR 28

4.4.4.  NIST: comparison with the BIPM calibrations ..............ccceeveeeierienieneeeeieseeeenn 28
450 NPL ettt ettt bttt 29

4.5.1.  Experimental CONAItIONS........ccvevuieriieiiiriesiiesiierie et eee st seee et eeeeeeaeseeesseennes 29

4.5.2.  NPL uncertainty bud@et...........cccouevuerimiririiieiineninenceetetetesie et 29

4.53. COTTECHION FACTOTS ..eneiiieeiieitiet ettt ettt st 29

4.5.4. NPL: comparison with the BIPM calibrations............ccceevveerveenieenieenieenieesveeenenn 29
4.6 BINM-INM. ..ottt ettt ettt b et be e st e s et e tesse et e eaeene et et e s ee 30

4.6.1. Experimental CONAItIONS...........eccuiiiiieeiiieiiieeiie et eite et e e saeeseaeesbeesene s 30

4.6.2. BNM-INM uncertainty budget..........ccccveerieerieeiieeiie e eriee e esire e eeeeesveeseae e 30

4.6.3. COTTECHION FACTOTS ..eneiiiieiieetiet ettt et s 31

4.6.4. Comparison with the BIPM calibrations ..........c.ccoceeererereeienieninieneneneeeeeeneennes 32
4.7.  PTB - Radiometry laboratory (BraunSChweig)..........ccoeeuvrveerienienieniieieeie e 32

4.7.1.  Experimental CONAItIONS........cccveriieriieiiieieeieeie ettt e e seeeeeee e 33

4.7.2. PTB uncertainty BUd@et.........cccveviieiiieiieieeie ettt 33

4.7.3. COTTECHION FACTOIS . .eeuvieiiieiiieiie ettt ettt ettt et entesnaesneesneesseeseenseens 33



4.7.4. Comparison with the BIPM calibrations .............ccecveeieeienienienieeieeie e 33

A8, TF A ettt h e aeea ettt et beeaeeae et e e e 34
4.8.1. Experimental CONAItIONS..........ceccuiiiiieeiiieiiiieeiie ettt eee e eire e saaeesebeeneneens 34
4.8.2. TFA uncertainty DUAEL........cccveeriiiiiieeiiecieeetee ettt steeebeesbaeeaee e 35
4.8.3. COTTECHION FACTOTS ..ttt ettt et st 35
4.8.4. Comparison with the BIPM calibrations ...........ccceeceeeeiieeieeeciieeniee e eiee e 35

R ¥ 1) ST 35
4.9.1.  Experimental CONItIONS........ccveriieriieiirieniesiiereeie e see sttt et eeeebeseaesseesseennas 35
4.9.2. MSL uncertainty bud@et.........ccoeoieoiieiiieierieiee et 36
4.93. COTTECLION FACLOTS ...ttt sttt 36
4.9.4. Comparison with the BIPM calibrations .............cceccvevieeienienienieeieeie e 36

4.10. DIFM .ttt ettt sh et nae 37
4.10.1.  Experimental CONAItIONS........cceeruieiirieeiieniieiieieeteeeeseeste st et eee e eeeeseaesseesseennas 37
4.10.2. DFM uncertainty bUd@et.........c.ccovuirriieniieiiierieerieeeee et sve e aeesveeseeeessveennaeens 38
4.10.3.  COrTeCtioN fACHOT....c..iitiiiiiii ittt ettt ettt s 38
4.10.4. Comparison with the BIPM calibrations ............ccccueervrerierneeenieenieeseeesieesveeenenn 38

4.11. INRC ettt h et a ettt et h e ae st et et et e ke bt eae bt et et e neeeas 38
4.11.1.  Experimental CONAItIONS .......cccueererieerieeiiieeiieeiieerre et esereesteeesaeesreesaeessseessseesssens 39
4.11.2.  NRC uncertainty bud@et.........cceeeeuieeiieriiieeiieeiieeiieeeieeeieeestee et eeseeeeaeeeseneenee s 39
4.11.3. COITECHION FACTOTS ..c.uteutitiierieetieiteitet ettt ettt sttt st s ebe et eebe e 40
4.11.4. Comparison with the BIPM calibrations ...........ccccceeeeerieneenirerieeieeieneeseesie e 41

4.12. NIMIEVSL ettt ettt sttt et et st be et 42
4.12.1.  Experimental CONAItIONS........ccvevuieiirieriiesiieieeie e eeeseeste st eneesneessaesseenseennes 42
4.12.2.  NMI-VSL uncertainty budget...........cccveriieiirrienieiierieee ettt 42
4.12.3.  COrTeCtioN fACLOTS .....eeutieiiiiiieiiie ettt ettt ettt seae e 43
4.12.4. Comparison with the BIPM calibrations ............ccccueervrierverneeenieeneeesveesveesveenenenn 43

4.13. BT ettt b et e ettt h e e a e et et et b ekt beentene et e tennen 44
4.13.1.  Experimental CONAItIONS .......cccueereuirerieeiiieesieeiieesiee ettt esreesereesaeesteesaeeseseessveensseas 44
4.13.2.  ETL uncertainty BUA@Et.........cceeviieriiiiiiieiieeeiie e eieeereeeteeeteeeteesaeeereeseeeeneee s 44
4.13.3.  COrTeCtion fACLOTS ..c..eeutieiiiiieiiieetieetce ettt ettt ettt et et seae e 44
4.13.4. Comparison with the BIPM calibrations ............ccccocevererieiienenieninenceieienenenene 44

4.14. KRISS ettt ettt sttt ettt be sttt 45
4.14.1.  Experimental CONAItIONS........ccvevuieiieieniieriieriieieete ettt eee e seae e e sseenees 45
4.14.2.  KRISS uncertainty bud@et..........ccoeeierierieniieieeie ettt 45
i G TR O 5 (<o o) 1 I o7 o) RS 45
4.14.4. Comparison with the BIPM calibrations ............ccccocevererienieneneninenceieienene e 45

4.15. TEN Lttt ettt h e h et ettt et h e e he et et e te et e ke e bt eneene e e entennea 46
4.15.1.  Experimental CONAIIONS .......cccuiiriieriierieenieerieesieesteesireesreesireesaeesereesaneessaeensneens 46
4.15.2.  TEN uncertainty DUA@EL.......c.cccoueeeiiireriieeiie et eiee ettt see e e seaeeseveeseveenee s 46
4.15.3.  COrTeCtionN fACLOTS .....eeutieiiiiiiiite ettt ettt ettt seae e 47
4.15.4. Comparison with the BIPM calibrations ...........cccccueerrrerveerieenieenieeseeesveesveeneneen 47

4.16. PTB - Temperature Radiation laboratory (Berlin)..........cccecevierienieieniienieieeee 47
4.16.1.  Experimental CONAItIONS........ccvevuieiieieriiesiieieesie e see s ee st et eee e seaesseenseenees 47
4.16.2. PTB -T uncertainty bud@et.........ceeierieriieiieieeie ettt 48
i T TR O 5 (<o 1o) 1 I o7 o) RSP 48
4.16.4. Comparison with the BIPM calibrations ............ccccocevererieniinineninienceienienenenene 49

R T 0 )< 1 | (T 11 RSP 49

5.1.  Agreement Of the 1aDOTatories .....cccvvieriieeiieeiie et s sae e sbeeesae e 49

5.2.  Comparison with @ COMMON TEfETENCE........cceiriiiieriieeiieeiie ettt 50
5.2.1. Calculation of @ COMMON TETETENCE.......eeuiriiiiiriieriieiieicee et 50
5.2.2. Uncertainty associated with the reference ...........ccceeevvvvieecieiiieccie e 51
5.2.3. Choice of the CCPR reference value.........ccccoveerienieniiiiiiienienienececeeeee e 52

5.3.  Link with previous dir€Ct COMPATISONS ......cccveeerureeriieririeerieestieesieesreeesieesseesseessseessseenns 57

6. CONCIUSIONS ..c.uvieitieieeeieeeiiettei et e te et e st e seee s st e st esteeseeeseesseaseenseenseeasesnsesseesaeenseenseenseansanseenseens 58
T APPENDIX ..ottt sttt ettt ettt sttt b ettt be e 59

7.1.  Document sent to the participating 1aboratories...........ccecevveerieriereene e 59

7.2, LISt OF fIZUIES ..ooiieiieiieicee ettt ettt ettt e ae st e st e s st e sseenseenseensenseens 63

8 T 1 ] o) i -1 o) (SRR PRSP 64

T U1 T o) 163 (o) 1) 10 USRS PRSR 66

8. REFERENCES ... .ottt sttt h e et et et e et et e s bt ebeeneenee st eeenseee 67



1.1.

Introduction

Following the decisions of the 1994 meeting of the Consultative Committee for
Photometry and Radiometry (CCPR) the BIPM acted as pilot laboratory for an
international comparison of cryogenic radiometers carried out using silicon trap detectors
as transfer instruments ]. The circulation of the transfer detectors started in July 1996
and ended in February 1999.

The details of the comparison were drawn up by a working group consisting of
CSIRO, NIST, NPL, NRC and the BIPM.

This report describes the principles of the comparison, the preliminary
measurements at the BIPM and the results obtained with the participating laboratories.

Changes made to the three Progress Reports already distributed

This report is mainly based on the three BIPM 'Progress Reports' sent after each
round of the comparison. The Progress Reports were confidential and their circulation
was restricted to those laboratories that had already sent in their calibration results.

Please note that some changes have been made to the results already published in these
Progress Reports:
- some laboratories have performed a new series of calibrations,
- some laboratories have sent revised values after the publication of the results,
- the uncertainty of the comparison has been enlarged to take into account the
long-term drifts of the transfer detectors,
- the results of the third group have been corrected for this long-term drift (see
section 3.2).
In any case, both the old and the new values are presented, together with the reasons
leading to the changes.

Organization of the comparison

Method

Most of the cryogenic radiometers available today are transportable to some
extent, and some of them have already been compared directly by transporting complete
systems from one laboratory to another @ , 24]. This procedure is too time-consuming,
however, for a large-scale international comparison. The method of an indirect
comparison by means of transfer detectors [EI] was therefore chosen by the CCPR, even
though the uncertainty in indirect comparisons is necessarily larger (although not very
much larger). An indirect comparison does have the advantage that it also provides a
means of testing the capability of the participating laboratories to transfer the accuracy of
their primary reference.

Trap detectors which are known for their very stable responsivity [5] were chosen
as transfer instruments and the laser wavelengths listed in Table 1 were selected for the
comparison. Almost all participants used laser sources, but the use of a monochromator-
based system was also possible.
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476.243 nm  (Krypton line)

487.986 nm  (Argon line)

514.536 nm  (Argon line), recommended common wavelength
568.188 nm  (Krypton line)

632.817nm  (Helium-Neon line)

647.089 nm  (Krypton line)

Table 1 - Wavelengths selected for the comparison

Circulation of the detectors and time schedule

The trap detectors used in this study were constructed at the BIPM and their
characteristics (responsivity, influence parameters) were carefully measured before being
sent to the participating laboratories. As seventeen laboratories had agreed to take part in
the comparison, it was not possible to prepare a batch of three detectors for each
individual laboratory, so five batches and a number of additional reference detectors were
produced. The reference detectors are identical to those sent to the participants and
undergo the same measurements at all the wavelengths but are kept at the BIPM. Each
participating laboratory receives two transmission traps and one reflection trap [El E]], and
is asked to calibrate the detectors using at least three wavelengths out of the list.

The comparison is organized in a modified star configuration as shown in Figure 1.
Batches are calibrated at five laboratories before being returned to the BIPM where they
are checked for drift. This procedure is repeated for the successive groups of five
laboratories listed in Table 2. During the checks, all detectors are calibrated against the
reference detectors, which are in turn regularly calibrated against the BIPM cryogenic
radiometer.

The circulation of the transfer detectors followed the agreed time schedule. Only
one laboratory, the NIM (China), received them but did no calibration.

Group 1 Group 2 Group 3 Group 4
Jan - Mar Sept - Nov May - Jul

July 1996 Sept - Nov 96 97 May - Jul 97 97 Jan - Mar 98 98 Sept 98-Jan 99

Figure 1 - Time schedule for the comparison
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1.5.

GROUP 1 GROUP 2 GROUP 3 GROUP 4

HUT BNM-INM NRC PTB -Temperature radiation

Finland France Canada Germany
NIST PTB — Radiometry NMi-VSL IEN

USA Germany The Netherlands Italy
NPL IFA NIM DFM (*)

UK Spain China Denmark
CSIRO MSL ETL NIST (¥)

Australia New-Zealand Japan USA
SP DFM KRISS

Sweden Denmark Korea

Table 2 - List of participating laboratories (see list of acronyms). Laboratories marked with a (*)
have also participated in a previous round.

Calculation of the relative differences

We denote by R, the responsivity of a trap calibrated at laboratory A and by
Rgpipy the responsivity of the same trap, calibrated at the BIPM. The relative difference 4
in the calibrations originating from the participating laboratory and the BIPM is
calculated as

A= (RA - RBIPM) / Reipm (1)

As all the detectors have been calibrated against the BIPM reference, which is
assumed to be stable, measurements of R provided by the national laboratories can be
compared to one another via this common reference.

The BIPM reference

The use of BIPM detectors linked to the BIPM cryogenic radiometer to provide a
common reference does not imply Rppy is better or more accurate. It is, however,
assumed to be stable: it is necessary that the reference is maintained over the whole
period of the comparison with a stability compatible with the estimated uncertainties of
the values of R, being compared. The transfer detectors must also be sufficiently stable.

The stability of Rgpy is assured in the following way: one batch of transmission
traps and reflection traps forms a ‘reference group’. Each detector of the comparison is
calibrated against one trap of the reference group, which is always the same. This trap
itself is regularly calibrated against the BIPM cryogenic radiometer at each of the
wavelengths and compared with the other detectors of the reference group. This provides
a means of comparing the behaviour of the traps that have been sent to the participating
laboratories with those remaining at the BIPM, as well as providing a link to the absolute
reference.

Experimental conditions

For measurements at the BIPM the following parameters were used:
beam-diameter: 2 mm to 2.5 mm (1/¢* diameter)

optical power: 400 W (typical)

temperature: 20.5°C

Participants were not obliged to use the same values for these parameters but had to
communicate the values used to the BIPM, to allow calculation of correction factors. The
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use of parameters approaching those used at the BIPM should reduce the uncertainties of
the comparison.

Preliminary measurements

It is important to determine the influence of the experimental conditions on the
responsivity of the transfer detectors. This makes it possible to calculate correction
factors which can be applied when comparing calibrations made under different
experimental conditions, and so estimate the final uncertainty of the comparison.

Transfer detectors

Following a previous international comparison of spectral responsivity [El], the
BIPM possesses a batch of fifteen three-element reflection trap detectors. Additionally, a
batch of fourteen six-element transmission traps was constructed by the BIPM, following
an original NIST design. Both types of trap make use of windowless Hamamatsu S1337-
1010N photodiodes.

Spatial uniformity

The beam diameter can influence the calibration in two ways:
- the non-uniformity over the active surface of the detector can make the
responsivity depend on the portion of the surface actually used, i.e. the beam size;
this effect is discussed in the present section.
- at constant optical power, the irradiance is a function of the beam size, and non-
linearity effects related to the use of high irradiance levels are discussed in a
subsequent section.

The uniformity of the responsivity over the active surface of the detector was
determined by mounting the detectors on crossed stepping motors and scanning them
with a beam of about 0.5 mm diameter (see Figure 2 and Figure 3). The wavelength used
was A =514 nm.

These data make it possible to estimate changes in responsivity as a function of
spot size and alignment. To examine the effect of changing spot size, we simulated the
power distribution of an approximately Gaussian beam of variable diameter. Figure 4
shows that when the beam diameter is increased from 0.5 mm to 3 mm (1/e* diameter) the
response of the trap decreases by 7 parts in 10°. A similar method can be used to simulate
the influence of spatial alignment.

The beam sizes used by the participants ranged approximately from 1 mm to
2.5 mm. The effect on the responsivity was found to be small enough to be neglected
when results from the BIPM were compared with those from other laboratories. However,
the use of a smaller beam diameter can result in a response which depends strongly on
position and non-linearity.



Figure 2 - Three-dimensional view: uniformity of the responsivity of a
transmission trap at A = 514 nm, normalized to unity. The scanned area is
10 mm by 10 mm.

Only a few traps were scanned with a resolution of 0.5 mm but a// were scanned
at =514 nm with a 0.5 mm beam diameter (1/¢”) and at 1 mm intervals. Individual
uniformity maps allowed the detection of contamination or the presence of dust particles
on some of the detectors. These were disassembled, cleaned and checked again.

The beam diameter used at the BIPM is about 2 mm and it can be placed at the
centre of the trap to within 0.2 mm. From both simulation and experimental checks, the
standard uncertainty in the trap calibration arising from spatial non-uniformity was
estimated to be 0.2 parts in 10°.

' r‘_‘/\—\»— < N

Figure 3 - Uniformity of responsivity of a transmission trap at A = 514 nm.
The scanned area is 10 mm by 10 mm. Different lines correspond to steps of 1
part in 10°*.



10° x Relative change in responsivity

0.5 1 1.5 2 2.5 3

beam diameter/ mm

Figure 4 - Spatial uniformity effects at A = 514 nm: relative change in responsivity of
a reflection trap as a function of beam (1/¢”) diameter.

Temperature coefficient

The relative change of detector responsivity as a function of temperature was
determined by placing detectors in a temperature-controlled copper housing. The
temperature of the water circulating in the copper block was stabilized by means of a
commercial temperature-controlled water bath. The laser beam intensity was stable to
within 2 parts in 10° over one hour, and the temperature of the detectors was set to within
0.1°C at different steps in the range 18 °C to 25 °C.

water inlets
PVC

W

@ temperature sensor

@ copper block
| TRAP with water circulation

laser beam

IN
IN

Figure 5 —Temperature-controlled housing used to measure the temperature coefficient of the trap
detectors.

The temperature coefficient of the trap detectors was found to be small relative to
the temperature coefficient of the single photodiodes from which they are constructed.

As the reflectance of traps and single-element photodiodes differs considerably
(about 0.3% and 30% respectively), it was decided to measure the temperature
dependence of the reflectance. Single photodiodes, taken from the batches used to
construct the traps, were placed in the housing and inclined by 2°, so that the relative
variations of the reflected beam could be recorded.



10* x Relative change in reflectance
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Figure 6 - Relative change in reflectance of a single photodiode as a function of
temperature, at A =476 nm.

Results (Figure 6) show large variations of the reflectance as a function of
temperature, explaining a major part of the responsivity changes. In contrast, trap
detectors having a very low residual reflectance (or transmittance), are much less
sensitive to these changes. Experiments made at 476 nm and 647 nm show that the trap
temperature coefficient is four to five times smaller than that of single elements. Our
results also showed that the temperature coefficients of photodiodes of the same type but
taken from different batches, are not identical. This explains the differences found
between reflection traps and transmission traps.

From earlier experiments [7, (8] it is known that the temperature coefficient varies
smoothly in the visible wavelength region. The temperature coefficients were measured at
476 nm and 647 nm, and interpolated for the other wavelengths. Results are summarized
in Table 3.

Wavelength / nm
Traps 476 | 488 | 514 | 568 | 633 | 647
Temperature coefficient: / (10” x °C™)
Transmission traps -1.5 -1.4 -1.3 -1.0 -0.6 -0.5
Reflection traps -2.6 -2.5 2.2 -1.7 -1.0 -0.9

Table 3 - Temperature coefficients of the transfer detectors as a function of wavelength

From Table 3, one can see that an uncertainty of 1°C in the detector temperature
can contribute significantly to the total uncertainty, especially in the blue region.
Moreover, large temperature differences in calibration temperatures lead to large
correction factors when comparing the results from different laboratories.

At the BIPM, the temperature of a trap is measured by means of a Pt25 sensor,
thermally linked to its mechanical support, with a standard uncertainty of 0.1°C.



Sensitivity to beam polarization

The responsivity of a good transfer detector should not depend on the polarization
state of the beam to be measured. In other words, the responsivity of a trap detector
aligned in a linearly polarized beam should not vary when rotated about the beam axis.

Both types of trap made at the BIPM are meant to fulfil the condition of
polarization independence [6, El, which are: proper geometrical construction of the
trap and similarity of all photodiodes mounted in a particular trap. However,
measurements and numerical simulation indicate that very small departures of the
photodiodes from their ideal orientation cause a trap to show a significant sensitivity to
the state of polarization of the beam. Each trap was therefore tested at A =476 nm, a
wavelength at which the effect is known to be large. The light source was an intensity-
stabilized laser producing a vertically polarized beam. The detectors were placed in the

beam and then rotated around the beam axis to simulate the effect of rotation of the plane
of polarization. The photoelectric signal was recorded as a function of the rotation angle
and normalized to the value obtained at an arbitrarily chosen origin, to detect relative
variations of responsivity (see Figure 7 and [11]). The relative variations ranged from a
few parts in 10° up to + 1 part in 10*.

As a consequence, to avoid changes due to misalignment, the detectors must
always be oriented the same way with respect to the direction of polarization throughout
calibration and comparisons. The alignment procedure is described in the documents sent
to the participants with the detectors (see Appendix).

In the worst case, an uncertainty of 2° in the orientation of the trap leads to a relative
standard uncertainty of 1 part in 10’ in the determination of the responsivity.

—_
N

—_
o

10° x Relative change in responsivity
N

-180 -135 -90 -45 0 45 90 135 180
Rotation angle / degree

Figure 7 - Relative change in responsivity as a function of the rotation angle about the
beam axis. The example shows the behaviour of two different transmission traps at
A=476 nm.

10



2.1.4. Linearity

Two different experimental arrangements were used to test the linearity [8,
of the detectors. One is based on an ac technique [[L3]], the other on classical DC
flux addition [[16].

2.14.a. AC technique

A weak modulated beam (about 20 uW) is superimposed on a dc beam whose
intensity can be varied from 0 mW to 1 mW. A synchronous amplifier detects the ac
signal, whose amplitude is proportional to the derivative of the curve:

Iph =1 (P, opt)

where I, is the photocurrent and P, the dc incident optical power (see Figure 8)

The actual non-linearity of the detector in the range 20 uW to 1 mW is then calculated by

numerical integration.

The results obtained show that:

- the non-linearities lie within the uncertainties of the measurements, 3 parts in 10°, for
optical powers below 500 pW and a beam diameter of about 2 mm (1/¢%), confirming
that the optical parameters chosen for the comparison do not significantly increase the
total uncertainties.

- the amplitude of the non-linearities depends strongly, at constant optical power, on
the beam diameter (i.e. on the irradiance level).

As a conclusion of the first experiment, it became evident that the beam diameter is
an important parameter. But, as at that time the BIPM had no beam analyzer, it was not
possible to carry out an accurate quantitative study of this effect, especially for small
beam diameters. The decision was taken, therefore, to purchase a beam analyzer and to
repeat the measurements using the dc technique, both to cross-check the data and to
confirm the first results.

2.1.4.b. Flux addition dc technique

The incoming beam is divided into two beams of similar power and of orthogonal
polarizations A and B by means of a half-wave plate and a polarizing beam splitter (see
Figure 9).

1
The non-linearity N is then defined as: N =—2"8——1 2)
Iy +1y

where /5 and [y are the photocurrents measured with beams A and B respectively, and /5
with both beams acting together. The non-linearity effect over a wider range is here also
obtained by numerical integration.

As shown on Figure 10 and Figure 11 the new data confirm the first results.
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Figure 10 - Non-linearity of a reflection trap as a function of optical power for three
different beam diameters (1/¢%) at A = 633 nm.
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Figure 11 - Non-linearity of a transmission trap as a function of optical power for three different
beam diameters (1/e* diameter) at A = 633 nm.

The dependence of the non-linearity on both the total flux absorbed and the irradiance
level can also be demonstrated by a simple experiment.
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2.1.4.c.

Case 1 = O O .

beams: A B A+B

Case 2 = O 0 8

Figure 12 - Two possible alignments of beams A and B on the
photodetector: superimposed (case 1) or side by side (case 2).

Figure 12 shows the positions of beams A and B on the sensitive surface of the detector:
- In case 1, they are superimposed: both the total flux and the irradiance level are
doubled.
- In case 2, the optical power is doubled at constant irradiance level.

With the following experimental conditions:

beam diameters: 0.5 mm (1/¢”)

optical power: both beams 0.5 mW at A = 633 nm,

the non-linearity as defined in expression (2) for a power step: 0.5 mW to 1 mW, was

N, =-23x10*and N,=-0.5%10" for cases 1 and 2 respectively.

This result confirms that, at optical powers around 0.5 mW, non-linearity effects are
largely dominated by the irradiance level.

Conclusion: for optical powers below 0.5 mW and beam diameters not smaller
than 1.1 mm, the standard uncertainty introduced by non-linearity effects was estimated
to be 3 parts in 10° when comparing results from different laboratories. However, as non-
linearity is in fact mainly related to the photocurrent density or to the total photocurrent, it
would have been probably more appropriate to recommend a maximum photocurrent
rather than a maximum optical power.

As non-linearity effects depend strongly on the beam diameter, and also probably
on the beam shape (if not approximately Gaussian), the calculation of correction factors
would be very difficult if detectors were used under conditions other than those
recommended.

All the participants have followed the recommendations. They have used either:

- a beam diameter not smaller than 2 mm with an optical power below 500 uW,

- or a smaller beam diameter with reduced optical power,

- or an additional linear transfer detector.

The results have therefore not been corrected for non-linearity effects (with only one
exception at one wavelength).

Induced polarization sensitivity

In a trap configuration, successive photodiodes absorb different fractions of the
total power. The non-linearity induced in each photodiode is therefore different.
Consequently, the photodiodes contained in a same trap can no longer be considered
similar, making the detector polarization sensitive. At high irradiance level, nonlinearities
cause traps to be sensitive to the polarization state of the beam, even in a trap of perfect
geometry containing perfectly matched photodiodes [13].
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2.1.5.

2.2.

2.2.1.

222

3.1.

3.1.1.

Other environmental effects

From earlier measurements it is known that the influence of air humidity on trap
detectors is small [ , so it is neglected here, but contamination by dust particles can
cause substantial changes in responsivity. The deposition of a dust particle cannot always
be avoided, even when these devices are handled carefully. Its presence can be detected
either by visual inspection or by using the following procedure: the trap is slightly
displaced with respect to its normal position by about 0.5 mm. The uniformity is such that
the photocurrent should not change by more than 1 part in 10* . A larger change indicates
a contamination. This can be removed by gently blowing dry air into the detector (this
must be done extremely carefully).

The BIPM experimental arrangement

Sources

Three laser sources are used: an argon laser, a krypton laser and a helium-neon
laser. The laser beam is spatially filtered and stabilized in intensity. The stability of the
intensity, estimated by the standard deviation of the signal from the trap detector, is 2
parts in 10° over several hours. A large-area photodiode with a central hole and a beam
analyzer are used to optimize the optical alignments and the beam geometry: diameter,
collimation, reduction of scattered light (the BIPM experimental procedures have been
described elsewhere ).

The cryogenic radiometer is positioned in the beam using pellicle beam splitters
and a high-resolution translation stage. The transfer detectors are aligned following the
procedure described in the Appendix.

The BIPM cryogenic radiometer

The BIPM cryogenic radiometer is a commercial Radiox, from Oxford
Instruments Ltd. The only significant modification made at the BIPM is to the window
assembly support, a change which improves the window transmittance measurement
procedure. The digital voltmeters and the standard resistor are regularly calibrated by the
BIPM Electricity section. Their calibration is traceable to BIPM primary references.

Uncertainty budget

Repeatability of the absolute measurements

Short term

The short-term repeatability of responsivity measurements is usually very
satisfactory (see Figure 13). In the course of a calibration series, the trap detector is
pushed into the beam during the electrical substitution cycles of the radiometer. The
responsivity of the trap is then calculated for each pair of measurements: photocurrent
from the trap and optical power measured by the Radiox in the same beam.
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Figure 13 - Stability of the optical measurements during a calibration series at 514 nm
(automated measurements performed during a single night).

Open circles: signal from the trap detector aligned in the beam.

Filled circles: optical power as measured by the cryogenic radiometer.

Relative variations are expressed in parts in 10*

3.1.2. Long term

The long-term repeatability can be estimated from Figure 14 (open circles)
which shows the relative variation of the successive calibrations of one reference trap at
A =647 nm over more than three years (successive results are not necessarily equally
spaced in time). These relative variations take into account all sources of instability over
this period: detector changes, electrical calibrations, Radiox modifications, experimental
conditions, etc.

The relative standard deviation is 7 parts in 10°, which is most satisfactory, so the
stability of the transfer detectors can be expected to be at least of the same order of
magnitude.

Clearly this value is larger than the short-term dispersion. Beginning in 1996, the
first reference detector denoted P2 (a reflection trap) has always been calibrated at the
same time as another reference trap denoted T1 (a transmission trap). The relative
difference AR of the measured responsivities was calculated as:

AR = (Rt1— Rpy) / Rpy  where Ry and Rp, are the responsivities of T1 and P2
respectively.

Variations of this ratio are plotted as filled circles on the graph. Their standard
deviation is 2 parts in 10°,
This much lower value can be explained in two ways:
¢ the responsivities of the two detectors vary the same way, following variations of
some common influence parameter.
» the larger dispersion is introduced by long-term variations in the behaviour of the
Radiox, a more probable explanation.
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In any case, the uncertainty budget has to account for the global effect. The estimated
type A uncertainty associated with the calibration of the transfer detectors is 7 parts in
10°. This value includes the short-term dispersion and the noise equivalent power of the
system.

As the trap to be calibrated and the absorbing cavity of the Radiox are not placed exactly
at the same distance from the source, a correction factor (typical value: 0.999 98) is
applied to the calibration results. An uncertainty is associated with this correction,
referred to as ‘distance and diameter effects’ [19].

2 2

10 x Relative change in responsivity of one trap
10* x Relative change in the ratio AR

Number of the measurement

Figure 14 - Open circles: repeatability of the calibrations of a reference trap at A = 647 nm. The
trap was calibrated with the BIPM cryogenic radiometer over more than three years.

Filled circles: ratio of the responsivities of two reference traps calibrated at the same time (relative
variations).

Transfer

It was not possible to calibrate each detector individually four times or more per
wavelength against the cryogenic radiometer. This was done only for two of the reference
traps, always the same pair. After calibration at each wavelength, the calibration is
transferred to all the other traps by relative comparison. The transfer is made using the
laser beam as it is prepared for the calibration (geometry, scattered light, power,
alignment). The additional uncertainty due to this internal transfer is small (2 parts in10°).

All these contributions are combined in the BIPM uncertainty budget, shown in
Table 4.

17



3.2.

3.2.1.

S . 10* x relative
ource of uncertainty .
standard uncertainty
Radiox
Electrical power measurements 0.1
Non-equivalence electrical / optical power 0.1
Cavity absorptance 0.1
'Window transmittance and scattered light 0.3
Trap detector calibration
Spatial non-uniformity 0.2
Temperature correction 0.1
Beam polarization orientation 0.1
Linearity 0.3
Electrical calibration 0.2
Distance and diameter effects 0.1
Repeatability 0.7
Internal transfer 0.2
Relative combined standard uncertainty 0.9

Table 4 - BIPM uncertainty budget for the calibration of the transfer detectors used in the
comparison of cryogenic radiometers.

Stability of the detectors

Previous experiments have shown that this type of trap detector is stable with
time, over several months, providing it is used under controlled conditions (no dust
contamination, no UV exposure nor intense irradiation). At the least, changes with time
or with wavelength are likely to happen gradually and smoothly. The long-term stability
of the whole group is however difficult to guarantee. In contrast, the short-term
repeatability of the measurements with the cryogenic radiometer is not as good as that
obtained with a group of detectors, but it can guarantee a stable long-term absolute
reference.

Principle of the tests:

During the comparison, the transfer detectors are compared with the reference
group of detectors so that corrections for possible changes during transport could be
applied. The reference group itself is regularly calibrated against the BIPM cryogenic
radiometer. If the changes in the calibration are not significantly larger than the
uncertainty of the calibration (namely 1 part in 10*), then the reference group is assumed
to be stable, and no further correction is applied to the transfer detectors. If the changes
are significant, one has to assume that the whole set has changed, and corrections
corresponding to the new calibrations have to be applied.

Experimental result

After their return, the detectors are compared again with the reference group (the group
remaining at the BIPM). The change of each individual detector relative to this reference
group is plotted as a function of wavelength for each of the four rounds.

a) Round 1 (see Figure 15): the changes were generally smaller than 1 part in 10* (5 parts
in 10’ typical), showing high stability among the whole population.

b)_Round 2 (see Figure 16): the changes rarely exceeded 5 parts in 10°, confirming the

high stability seen during the first round. Two exceptions must be mentioned,
however. Trap T13 was contaminated by a dust particle, so that after its return

18



from the DFM its responsivity had decreased by more than 15 parts in 10%.
Fortunately, when the trap was irradiated with a laser beam, the particle was
clearly visible on the first photodiode and was removed simply by gently blowing
dry air on to it. The trap then recovered the responsivity it had had before
shipment, to within a few parts in 10°. This problem does not affect the final
results because the DFM finally decided for other reasons to redo its
measurements.

The other case of contamination concerned one of the reference traps kept

at the BIPM, but here the particle could not be removed from the photodiode
surface. The trap had to be discarded and replaced by a spare one.
This demonstrates that the contamination of the detectors is one of the major
concerns in the calibration transfer. Detectors have to be kept in their protection
bags when not used, but contamination is still possible during the calibration
periods. Dust-free laboratories are, of course, a great advantage if available.

¢) Round 3 (see Figure 17): most of the changes were not larger than 5 parts in 10°, which

is consistent with the behaviour already seen during the first two rounds.

But unexpectedly large decreases have also occurred. The responsivity of the
traps T4 and P4 has decreased by 2 x 10* or more. They were sent to the NIM
(China), where, according to the laboratory, they have not been used. No
contamination by dust particles could be detected on visual inspection. The
changes perhaps result from severe transport conditions; they do not depend
significantly on the wavelength. In contrast, the changes in P7 sent to the KRISS
are strongly wavelength dependent: a few parts in 10° at 647 nm, and up to
4 parts in 10* at 476 nm. No explanation was found for this effect, but when
changes are that large, the estimated uncertainty associated with the comparison
has to be increased. None of these three traps was used in the fourth round of the
comparison.

d) Round 4 (see Figure 18): the relative changes of the transfer detectors when compared

10* x Relative change in trap responsivity

with the reference group are very small, within + 5 parts in 10”. This indicates
that the repeatability of the comparisons is satisfactory, even if this does not
prove the stability of the whole set.

3

777777777777777777777777777777777777777777 -0—-476nm | _ _ _ _ _ _ _ _
—0-488 nm
—8—-514 nm
—{1+568 nm
—3-633 nm

””””””””””””””””””””””” —®-647nm [~ """ "

O

TT T2 T3 T4 T5 Te T7 T8 T9 T10 T11 T12 T13 T14 P3 P4 P6 P7 P10 P11 P12 P14 P16
Trap

Figure 15 - Round 1. Stability of the transfer detectors when compared with the reference group:
relative change in responsivity at each wavelength, as measured after return to the BIPM.
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Figure 16 - Round 2. Stability of the transfer detectors compared with the reference group:
relative change in responsivity at each wavelength, as measured after return to the BIPM.
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Figure 17 - Round 3. Stability of the transfer detectors compared with the reference group:
relative change in responsivity at each wavelength, as measured after return to the BIPM.
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Figure 18 - Round 4. Stability of the transfer detectors compared with the reference group:
relative change in responsivity at each wavelength, as measured after return to the BIPM

¢) Calibrations of the reference group against the BIPM cryogenic radiometer:

For the first two rounds, the overall stability was confirmed by the repeatability of the
absolute calibrations. The relative changes ranged from + 0.3x10* to —1x10™. The
dispersion of the changes is consistent with the estimation of the repeatability of the
absolute measurements (about 0.7x10™*) with no visible wavelength dependency (see
Figure 19). The reference group was therefore assumed to be stable.

After the third round (i.e. two years after the beginning of the comparison), larger
changes were observed, especially at short wavelengths. But, as they were within the
expanded uncertainties with a coverage factor k=2, it was decided not to apply more
corrections and to wait and see if the drift could be confirmed after the fourth round.

Indeed, the calibrations done after the fourth round confirmed a significant
decrease of the responsivity at short wavelengths. Moreover, a careful recalculation
showed that the decrease at 476 nm had been partly underestimated after the third round.

As a consequence, the results of the fourth round take into account the latest
absolute calibrations, and a correction factor has been applied to the results of the third
round. This additional correction factor applied to the results of the third round is shown
in Table 5.

Wavelength / nm
476 | 488 | 514 | 568 | 633 | 647

Correction for long-term changes
1.00023 | 1.00017 | 1.00009 | 1.00011 | 1.00005 | 1.00001

Table 5 - Correction factor for long-term changes, applied to the results of the third round.
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Figure 19 - Relative change in responsivity of the reference group of trap
detectors, as measured by the BIPM cryogenic radiometer over the three years

of the comparison.

3.2.2. Uncertainty associated with the comparison

When comparing calibrations from different laboratories, the uncertainty stated
by the laboratory has to be combined with the uncertainty associated with parameters that
can contribute to the variability of the results: long term-stability of the transfer detectors,

temperature corrections (if used), non-linearity, non-uniformity, polarization effects.

The major contribution is that from the long-term stability of the transfer
detectors. During the first two rounds, we have relied on the stability of the detectors.
Experimental results show that the only reliable common reference over more than three
years is the cryogenic radiometer itself. The uncertainty associated with the BIPM
absolute calibrations (used to check the common reference) have therefore to be included
when comparing results over the whole period.

The possible contributions are summarized in Table 6, their total being 1x10™,

Source of uncertainty

10* x relative standard

uncertainty
Long-term stability of the transfer detectors 0.9
Temperature correction 0.2
Polarization effects 0.1
Non-linearity 0.3
Non-uniformity 0.2

Table 6 - Uncertainties associated with the transfer detectors when comparing

results from different laboratories.
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4.1.

4.1.1.

Results from the national laboratories

CSIRO

Experimental conditions

* Cryogenic radiometer type: Radiox, from Oxford Instruments Ltd.
* Sources: Ar/Kr mixed gas laser, Ar laser, He-Ne laser.

* Nominal power: 300 uW to 400 pW

* Beam diameter: 2 mm to 4 mm

« Temperature: 23 °C £ 1 °C

CSIRO uncertainty budget

In the CSIRO report, uncertainties have been reported for a 95% confidence level
(at the 2 o level). In order to keep a common presentation throughout the present
document, we have calculated the corresponding standard uncertainties by dividing these
values by 2, assuming a sufficiently large number of degrees of freedom (see Table 7).

Source of uncertainty 10* x standard uncertainty
Brewster window transmission 0.25
Cavity absorption 0.05
Repeatability 0.5
Non-equivalence <0.25
Electrical power 0.05
Scatter and diffraction 0.05
Total 0.6

Table 7 - CSIRO. Relative standard uncertainty in absolute power measurement with

the cryogenic radiometer.

Source of uncertainty 10* x standard uncertainty
Trap alignment 0.5
Amplifier resistance 0.25
Detector size <0.5
Total 0.75

Table 8 - CSIRO. Relative standard uncertainty in trap detector optical
power measurements for traps P14, T11 and T12.

The relative combined expanded uncertainty (2 glevel) quoted by the CSIRO
is 1.9 x 10™.

Correction factors

a) Temperature

The calibration temperatures at the BIPM and at the CSIRO differ by 2.5 °C. The
following correction factors (applied to the CSIRO results) have been calculated using the
temperature coefficients shown in Table 3.
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Wavelength / nm

476 488 | 514 | 568 | 633 647
Trap Temperature correction factor
T11 1.000038 | 1.000036 | 1.000032 | 1.000024 | 1.000015 | 1.000013
T12 1.000038 | 1.000036 | 1.000032 | 1.000024 | 1.000015 | 1.000013
P14 1.000065 | 1.000062 | 1.000056 | 1.000042 | 1.000010 | 1.000023

Table 9 - Correction factors used to correct the CSIRO results for the 2.5 °C temperature
difference between the BIPM and the CSIRO.

b) Other factors
No other correction has been applied to the CSIRO results.

4.1.4. CSIRO: comparison with the BIPM calibrations
After temperature correction, the relative difference A in the calibrations is
calculated for each trap, according to expression (1) in paragraph 1.3: see Table 10.
Wavelength / nm
476 | 488 | 514 | 568 | 633 | 647
Trap 10* x relative difference in trap calibration
T11 1.2 2.3 1.6 1.6 1.7 1.4
T12 0.9 2.4 2.5 2.2 1.5 1.6
P14 0.1 2.2 2.0 2.5 1.1 1.0
average 0.7 2.3 2.0 2.1 1.4 1.3
Table 10 - Relative difference in trap calibration (Rcsiro - Reipm) / Reipm -
The combined relative standard uncertainty of the comparison uc is calculated as:
UC2 = uCSIR02+ uTRANSFER2
where
ucsiro 18 the CSIRO (20) relative uncertainty divided by 2: 0.95 part in 10*
utransrer the uncertainty associated with the transfer (see Table 6) : 1 part in 10*
The calculated relative standard uncertainty is uc = 1.4 x 10
4.2. HUT
4.2.1. Experimental conditions
¢ Cryogenic radiometer type: HUT construction
¢ Sources: Argon-lon and He-Ne lasers
¢ Nominal power: 106 uW to 174 pyW
e Beam (1/¢%) diameter: 2.5 mm with Argon-Ion laser and 3.5 mm with He-Ne laser
approximately
e Temperature: 24 °C = 1 °C and relative humidity of air 35% * 5%
4.2.2. HUT uncertainty budget

The HUT uncertainty budget is given in Table 11.
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Source of uncertainty 10° x stapdard
uncertainty
Repeatability of the results 1.0
Window transmittance 1.0
Distance effect 1.2
Uncertainty of the DVMs 0.4
Cavity absorptance 1.0
Spatial response of trap 1.2
Relative combined standard uncertainty for calibration 2.5

Table 11 - HUT. Relative combined standard uncertainty for trap calibrations

4.2.3. Correction factors

a) Temperature

The calibration temperatures at the BIPM and at the HUT differ by 3.5 °C.

The following correction factors have been calculated using the temperature coefficients
shown in Table 3.

Wavelength / nm
488 514 633
Trap Temperature correction factor
P4 1.000087 1.000078 1.000036
T5 1.000050 1.000045 1.000020
T6 1.000050 1.000045 1.000020

Table 12 - Correction factors used to correct the HUT results for the
3.5 °C temperature difference between the BIPM and the HUT.

b) Other factors:
No other correction has been applied to the HUT results.

4.2.4. HUT: comparison with the BIPM calibrations

After temperature correction, the relative difference in the calibrations 4 is

calculated for each trap, according to expression (1) in paragraph 1.3 :see Table 13.

Wavelength / nm
476 | 488 | 514 | 568 | 633 | 647
Trap 10* x relative difference in trap calibration
P4 2.2 0.9 2.2
T5 2.0 2.2 0.5
T6 2.6 2.1 0.4
average 2.3 1.7 -0.4

Table 13 - Relative difference in trap calibration (Ryyr - Rpipm ) / Rpipm-

The combined relative standard uncertainty of the comparison % is calculated as:

2_ 2 2 )
U™ = Unur + Utransrer~ , Where:

Uyyr is the HUT standard uncertainty: 2.5 parts in 10*

Utransrer the uncertainty associated with the transfer (see Table 6) : 1 part in 10*
The calculated relative standard uncertainty is u,= 2.7 x 10™ .
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4.3.

4.3.1.

4.3.2.

4.3.3.

4.3.4.

SP

Experimental conditions

* Cryogenic radiometer type: LaseRad from Cambridge Research Institute
* Sources: He-Ne laser and Argon-Ion laser

* Nominal power: not communicated

* Beam diameter: about 2 mm

« Temperature: 23 °C to 24 °C (recorded for each trap at each wavelength).

SP uncertainty budget

The relative combined expanded uncertainty associated with the cryogenic
radiometer is 2 x 10 for a coverage factor k = 2. However, when repeating the five series
of measurements at the SP, large unexplained differences were found (up to * 0.1%). As
the source of these instabilities was not found in the course of trap calibrations, the SP
estimated the associated relative uncertainty to be 1 x 10~.

The SP laboratory concludes that further analysis of its measurement set-up is
necessary.

Correction factors

a) Temperature
The following correction factors were calculated using the temperature
coefficients shown in Table 3.

Wavelength / nm
476 | 488 | 514 | 633
Trap Temperature correction factor
T13 1.000050 | 1.000046 | 1.000041 | 1.000016
T14 1.000051 | 1.000039 | 1.000046 | 1.000016
P11 1.000094 | 1.000074 | 1.000071 | 1.000025

Table 14 - Correction factors used to correct the SP results for the
temperature differences between BIPM and SP.

b) Wavelength

Near 476 nm, the SP used the argon laser line (vacuum wavelength 476.619 nm)
whereas the BIPM and the other laboratories used the krypton line (vacuum wavelength
476.373 nm). As the difference is very small (about 0.25 nm), a linear extrapolation of
the trap sensitivity was used, based on the calibration results at 476 nm and 488 nm. The
SP results at 476.619 nm were therefore multiplied by the factor C, =0.99946.

SP: comparison with the BIPM calibrations

After temperature and wavelength corrections, the relative difference in the
calibrations A4 is calculated for each trap, according to expression (1) in paragraph 1.3, see
Table 15.

The combined relative standard uncertainty of the comparison u, is calculated as:

Uc” = usp + Urtransrer” , Where:

usp 1s the SP expanded relative uncertainty (k= 2) divided by 2: 5 parts in 10*
utransrer 18 the uncertainty associated with the transfer (see Table 6) : 1 part in 10*
The calculated relative standard uncertainty is uc = 5.1 x 10™
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Wavelength / nm
476 | 488 | 514 | 568 | 633 | 647
Trap 10* x relative difference in trap calibration
T13 0.0 4.9 -54 0.1
T14 -4.0 -1.9 -1.7 -4.9
P11 1.7 2.7 4.1 1.1
average -0.8 -1.4 -1.0 -1.3

Table 15 - Relative difference in trap calibration (Rsp - Rgipm) / Rpipm -

In spite of a large dispersion of the individual results, the average values are very close to
the results obtained by the other laboratories.

4.4. NIST

4.4.1. Experimental conditions

* Cryogenic radiometer type: vertical system, developed by the NIST on the
basis of an Oxford Instruments-NPL design.
* Source: He-Ne laser and Ar laser.
e Nominal power:
0.28 mW with the Ar laser, and 0.58 mW with the He-Ne laser
* Beam diameter: 2 mm with Ar laser and 1.7 mm with He-Ne laser
» Temperature: stated for each wavelength (21.2 °C to 22.8 °C)

4.4.2. NIST uncertainty budget

10* x relative standard uncertainty
Source of uncertainty wavelength
Type B 514 nm and
488 nm 633 nm
Window transmittance 0.9 2.6
Scattered optical power 1.3 1.3
Cavity absorptance 0.2 0.2
Temperature gradients 0.4 0.4
Heater power 0.3 0.3
Standard resistor 0.03 0.03
Amplifier gain 1.0 1.0
Voltage measurements 0.3 0.3
Combined 2.0 2.6

Table 16 - NIST uncertainty budget.

10* x combined uncertainty
Wavelength
Trap 633 nm 488 nm 514 nm
T3 3.4 4.4 3.1
T13 3.4 4.4 3.0
P11 53 4.4 3.0

Table 17 - NIST. Relative combined (type A and type B)
standard uncertainty in trap detector calibration.
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4.4.3. Correction factors

4.4.4.

a) Temperature:
The following temperature correction factors have been calculated using the
temperature coefficients shown in Table 3.

Temperature correction factor
wavelength
Trap 488 514 633
T3 1.000030 | 1.000027 | 1.000010
T13 1.000030 | 1.000027 | 1.000010
P11 1.000052 | 1.000047 | 1.000018

Table 18 - Correction factors used to correct the NIST results
for the temperature difference between the BIPM and the NIST

b) Non-linearity:

At 633 nm the beam diameter used was 1.7 mm with an optical power of
0.58 mW. These parameters correspond to the beginning of the non-linear region of the
transfer detectors (see section 2.1.4). After their return to the BIPM, a specific
measurement of their non-linearity was made, using exactly these parameters.
The measured non-linearity was -0.3x10™, and the NIST calibrations results have been
corrected for this effect. The effects of non-linearity on the transmission trap and on the
reflection trap are very similar. This cannot explain the lack of consistency (about 6 parts
in 10%, see Table 19) of the results obtained from both types at this wavelength.

NIST: comparison with the BIPM calibrations

The results given here are different from those shown in the Progress Report

(Part I), transmitted to the participating laboratories in June 1997. At that time, as
technical problems were experienced with its argon laser, the NIST calibrated the transfer
detectors only at the He-Ne red line. The average relative difference between the BIPM
calibration and the calibration reported by the NIST in March 1997 was found to be:

(+3.0 x 10™*) at 633 nm. (see Figure 22)
The NIST decided to participate in the fourth round and was asked to calibrate three other
traps. The results presented here are part of this fourth round (September 1998 to
February 1999).

After corrections, including long-term drifts, the relative difference of the
calibration A4 is calculated for each trap, according to expression (1) in paragraph, see
Table 19.

Wavelength / nm
476 | 488 | 514 | 568 | 633 | 647
Trap 10* x relative difference in trap calibration
T3 7.0 6.1 4.8
T13 7.9 6.1 52
P11 7.1 59 -1.4
average 7.3 5.9 2.9

Table 19 - Relative difference in trap calibration (Rxist — Reipm) / Reipm -

The results at A = 633 nm confirm the order of magnitude of the difference between the
NIST and the BIPM seen during the first round.
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4.5.

4.5.1.

4.5.2.

4.5.3.

4.5.4.

The combined relative standard uncertainty of the comparison uc is calculated as:
ucz = uNIST2+ uTRANSFERZ , where

unist 1S the NIST relative uncertainty given for each detector

urransrer 18 the uncertainty associated with the transfer (see Table 6) : 1 part in 10*

The relative combined standard uncertainty is given in Table 20.

10* x combined uncertainty
wavelength
Trap 488 514 633
T3 4.5 3.2 3.5
T13 4.5 3.2 3.5
P11 4.5 3.3 5.4

Table 20 - NIST. Relative combined standard uncertainty of
the comparison.

NPL

Experimental conditions

Cryogenic radiometer type: Mechanically cooled Cryogenic Radiometer, from Oxford
Instruments Ltd.

Source: Ar laser and Kr laser

Nominal power: 400 uW to 500 uW

Beam diameter: 3 mm to 4 mm

Temperature: not specified

NPL uncertainty budget

The NPL relative standard uncertainties associated with the trap calibrations are shown in
Table 21.

Wavelength / nm
476 | 488 | 514 | 568 | 633 | 647
Trap 10* x standard uncertainty of trap calibration
T9 0.5 0.4 0.4 0.7
T10 0.5 0.4 0.3 0.6
P7 0.6 0.3 0.4 0.4

Table 21 - NPL relative standard uncertainties associated with the trap calibrations.

For more details see also [5, 4, 3].

Correction factors

No correction was applied to the NPL results.

NPL: comparison with the BIPM calibrations

The relative difference of the calibration A calculated for each trap according to
expression (1) in paragraph 1.3, is shown in Table 22.
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4.6.

4.6.1.

4.6.2.

Wavelength / nm
476 | 488 | 514 | 568 | 633 | 647
Trap Relative difference in trap calibration / 10™
T9 0.1 2.1 2.2 2.0
T10 -0.4 1.5 1.5 1.3
P7 -0.6 0.5 1.9 0.9
average -0.3 1.3 1.9 1.4

Table 22 - Relative difference in trap calibration (Rxpr — Rpipm) / Reipm -

The combined relative standard uncertainty of the comparison u, is calculated as:

2 _ 2 2
U” = UnpL T UTRANSFER

where unp. is the NPL relative uncertainty given for each detector.

utransrer 18 the uncertainty associated with the transfer,
with no temperature correction (see Table 6) :

1 part in 10*

The calculated relative standard uncertainty is given in Table 23.

Wavelength / nm
476 | 514 | 568 | 647
Trap 10* x standard uncertainty of the comparison
T9 1.1 1.1 1.0 1.2
T10 1.1 1.1 1.1 1.2
P7 1.2 1.0 1.1 1.1

Table 23 - Relative combined standard uncertainty of the comparison (NPL).

BNM-INM

Experimental conditions

¢ Cryogenic radiometer type: LaseRad from the Cambridge Research Institute
¢ Sources: He-Ne laser and argon laser

¢ Nominal power: 150 uyW

+  Beam diameter (1/¢*): 1 mm

e Temperature: about 24 °C

BNM-INM uncertainty budget

In this study, the BNM divided the Type B uncertainties into three groups: those
related to the measurement of the transfer detector photocurrent, those related to the
experimental arrangement and those related to the cryogenic radiometer itself. In the first
group, the major contribution to the uncertainty is from the calibration of the current-
voltage converter used to measure the photocurrent. In the second group, the major
contribution is associated with the corrections due to the difference in diameter between
the detectors and the cavity of the radiometer (referred to as the diaphragm effect). In the
third group, the uncertainty associated with the cryogenic radiometer takes into account
the cavity absorptance [Eﬁ,, the window transmittance, the non-equivalence of electrical
heating and optical heating, and the electrical calibration of the system.
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Source of uncertainty 10* X ug
Current/voltage converter calibration 0.5
Diaphragm effect 0.1 t00.2
Cryogenic radiometer 0.5
Total 0.74

Table 24 - BNM-INM: Type B uncertainties ug of the calibration.

The Type A uncertainties were calculated for each detector from the relative standard
deviation of the series of measurements over the whole period of calibration.

Wavelength / nm
Transfer detector 488 | 514 | 633
104 X Up
T4 1.3 1.0 0.7
T6 1.3 1.1 0.5
P4 2.0 1.4 0.7

Table 25 - BNM-INM: Type A uncertainties u, of the calibration.

Wavelength / nm
Transfer detector 488 | > } 4 | 633
107 x Uc
T4 1.5 1.2 1.0
T6 1.5 1.3 0.9
P4 2.1 1.6 1.0

Table 26 — BNM-INM: Relative combined standard uncertainty uc for the calibration of
the transfer detectors.

4.6.3. Correction factors

a) Temperature

The calibration temperatures at the BIPM and at the BNM-INM differ by 3.5 °C.
The following correction factors have been calculated using the temperature coefficients
given in section 2.1.2.

Wavelength / nm
Transfer 488 514 633
detector Temperature correction factor
P4 1.000087 1.000078 1.000036
T4 1.000050 1.000045 1.000020
T6 1.000050 1.000045 1.000020

Table 27 - Correction factors used to correct the BNM-INM results for the 3.5 °C
temperature difference between the BIPM and the BNM-INM.

b) Linearity

With the relatively small laser beam diameter used (1 mm), the BNM reduced the
optical power of the calibration to 150 uW, as recommended in the documents sent
together with the transfer detectors, in order to avoid non-linearity effects (see section
2.1.4). Therefore, no correction has been applied to the BNM results.
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4.6.4. Comparison with the BIPM calibrations

4.7.

The results given here are different from those shown in the Progress Report

(Part II), transmitted to the participating laboratories in April 1998. The average relative
differences between the BIPM calibrations and the calibrations reported by the BNM-
INM in January 1998 were found to be:

(-0.8 x 10™) at 488 nm,

(1.3 x 10*) at 514 nm

(—1.8 x 10™*) at 633 nm. (see Figure 22)
The BIPM Progress Report showed that the calibrations were in agreement within the
uncertainties of the comparison, but significantly different from those obtained in a
previous direct BNM / BIPM comparison in 1994 (see section 5.3 ). At that time, the
difference was found to be + 1.9 parts in 10* at A = 647 nm.
The BNM-INM therefore decided to check its data reduction of the measurements related
to the transfer detectors, and found that the value of the gain of its current/voltage
converter was not correct: the value used was not the latest gain calibration result but an
older value.

The corrected calibration results, taking into account the real gain value, have
been communicated to the BIPM in October 1998. They are shown in Table 28.

Wavelength / nm
Transfer 476 | 488 | 514 | 568 | 633 | 647
detector 10* x Relative difference in trap calibration
T4 1.8 1.7 1.4
T6 2.2 1.4 —0.8
P4 1.2 0.2 1.2
average 1.8 1.1 0.6

Table 28 - Relative difference in trap calibration: (Rgnm — Rpipm ) / Rpipwm-

The combined relative standard uncertainty of the comparison . is calculated using:
uC2 = uBNM2+ uTRANSFERZ
where wupny is the BNM-INM relative uncertainty given for each detector.

urransrer 18 the uncertainty associated with the transfer, that is 1 X 10* (see Table 6).
In graphs, the uncertainty associated with the average difference is calculated as the
quadratic mean of the uncertainties associated with each individual detector.

Wavelength / nm
Transfer 488 | 514 | 633
detector 10% X uc
T4 1.8 1.6 1.4
T6 1.8 1.6 1.3
P4 2.3 1.9 1.4

Table 29 - Relative combined standard uncertainty of the comparison (BNM-INM).

PTB - Radiometry laboratory (Braunschweig)

As two different laboratories from the PTB are involved in this comparison, to avoid
confusion the PTB - Radiometry laboratory (Braunschweig) will be denoted in graphs
as PTB-R.
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4.7.1.

Experimental conditions

¢ Cryogenic radiometer type: LaseRad from the Cambridge Research Institute
¢ Sources: He-Ne laser and argon laser
e Temperature: 20.6 °C to 20.8 °C, specified for each calibration.

The transfer detectors used in the comparison are known to be non-linear if used at a
high level of irradiance. For a given optical power, irradiance increases when the beam
diameter decreases, making the beam diameter a critical parameter (see section 2.1.4).
The PTB experimental arrangement is optimized for laser beam diameters of the order of
0.9 mm (1/¢%). To avoid non-linearity effects in the transfer detectors, the PTB calibration
chain was organized as follows:

a) The PTB primary standard is the LaseRad II cryogenic radiometer.

b) A set of three PTB trap detectors made from Hamamatsu 1227 photodiodes (known
for their good linearity) was calibrated at each of the three wavelengths selected for
the comparison.

¢) Each BIPM transfer detector was then calibrated by direct comparison with the
PTB set, at each wavelength, using the same beam size but at a radiant power as
low as 64 uW.

The parameters used during step (c) are summarized in Table 30.

Waveleneth 10* x Standard |Beam diameter| Radiant Temperature
Laser / nm g uncertainty (1/e%) power /p oC
/ pm / WW
Po6 Ar' 488 1.9 860 65 20.7
Ar'| 5145 2.7 840 65 20.7
HeNe 632.8 1.0 860 64 20.6
T7 Ar' 488 1.9 860 65 20.7
Ar' 514.5 2.7 840 65 20.6
HeNe 632.8 1.0 860 64 20.6
T8 Ar' 488 1.9 860 65 20.8
Ar' 514.5 1.5 840 65 20.6
HeNe 632.8 2.7 860 64 20.6

Table 30 — Parameters for the calibration of the transfer detectors at the PTB.

4.7.2. PTB uncertainty budget

4.7.3.

The relative standard uncertainty of the calibration is 1 X 10 to 2.7 x 10™ as shown in
Table 30. For more details, see also 24].

Correction factors

The results were corrected for the small temperature difference between the BIPM and
the PTB (0.1 °C to 0.3 °C). This correction is almost negligible (a few parts in 10°).

4.7.4. Comparison with the BIPM calibrations

The results given here are different from those shown in the BIPM Progress
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4.8.

4.8.1.

Report (Part II), transmitted to the participating laboratories in April 1998. The average
relative differences between the BIPM calibrations and the calibrations reported by the
PTB in February 1998 were found to be:

(8.1 x 10*) at 488 nm,

(5.7 x 10 at 514 nm

(2.5 x 10™*) at 633 nm. (see Figure 22)

The difference found at A = 633 nm was practically the same as that found in 1995 by
direct comparison at the PTB [@], that is 2.3 x10™*. However, the BIPM report pointed
out that further investigation was probably necessary to explain the increase of the
deviation at 514 nm and 488 nm.

Indeed, the PTB sent a revised final version of the calibrations in December 1998, which
explains that in the previous version the window transmittance as measured at 633 nm
was also used for the other wavelengths. After completion of the window transmittance
measurements at 488 nm and 514 nm, the corresponding detector calibrations and
uncertainties have been revised. The relative difference in the calibrations, based on this
final report, is shown in Table 31.

Wavelength / nm
Transfer 476 | 488 | 514 | 568 | 633 | 647
detector 10* x Relative difference in trap calibration
T7 2.9 3.2 23
T8 33 3.0 23
P6 3.5 2.5 2.8
average 3.2 2.9 2.5

Table 31 - Relative difference in trap calibration: (Rprg.r — Reipm ) / Rpipm-

The combined relative standard uncertainty of the comparison uc is calculated using:

2 2 2
Uc ™ = Uprg + UTRANSFER
where wuprg 1is the PTB relative uncertainty given for each detector.
utranseer 18 the uncertainty associated with the transfer, that is 1 X 10"

Wavelength / nm
Transfer 488 | 514 | 633
detector 10* x Uc
T7 2.1 2.9 1.4
T8 2.1 2.9 1.4
P6 2.1 2.9 1.4

Table 32 - Relative combined standard uncertainty of the comparison (PTB-R).

IFA

Experimental conditions

¢ Cryogenic radiometer type: LaseRad from the Cambridge Research Institute
e Sources: He-Ne laser, Kr laser and Ar laser

¢ Nominal power: 400 uW

+  Beam diameter (1/¢*): 2 mm

e Temperature: about 20.5 °C £ 1 °C.
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4.8.2.

4.8.3.

4.8.4.

4.9.

4.9.1.

IFA uncertainty budget
. 10* x Standard
Source of uncertainty .
uncertainty

Photocurrent meter resolution 0.58
Photocurrent measurement noise 0.50
Pico-ammeter calibration factor 0.042
Cryogenic radiometer accuracy 1.3
Cryogenic radiometer linearity 1.0
Cryogenic radiometer measurement noise 0.6
Window throughput 0.45

Table 33 - IFA uncertainty budget for the calibration of the transfer detectors.

The estimated relative combined standard uncertainty of the calibration is 2 x 10™
(4 x 10™ for a coverage factor k = 2).

Correction factors

No correction was applied to the IFA results.

Comparison with the BIPM calibrations

Wavelength / nm
Transfer 476 | 488 | 514 | 568 | 633 | 647
detector 10* x Relative difference in trap calibration
T9 4.5 1.9 0.8 3.4 33
T10 2.1 2.9 2.4 5.7 0.5
P7 34 1.2 0.0 -4.7 2.2
average 34 0.0 —0.5 -4.6 2.0

Table 34 - Relative difference in trap calibration: (Rigp — Repm ) / Reipm-

The combined relative standard uncertainty of the comparison uc is calculated using:
2 2 2
Uc" = UrFA t UTRANSFER
where wups is the IFA relative uncertainty: 2 x 10

utransrer 18 the uncertainty associated with the transfer: 1 X 10 (see Table 6).
Therefore wuc=2.2% 10,

The dispersion of the results is rather large, up to 8 x 10™* between 633 nm and 476 nm,

but it is consistent with the stated uncertainties.

MSL

Experimental conditions

¢ Cryogenic radiometer type: Radiox, from Oxford Instruments Ltd.
¢ Sources: He-Ne laser and argon laser

¢ Nominal power: 50 uW to 150 uW

e Temperature: 20 °C
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4.9.2.

Wavelength 1/e* beam diameter Radiant intensity
/ nm / mm / uW
488 2.2 123 to 143
514 2.2 126 to 200
633 1.5 52

Table 35 - Beam diameter and optical power used by the MSL.

MSL uncertainty budget

The MSL uncertainty budget is given in Table 36. A detailed study of calibration

procedures at the MSL and uncertainty calculations was also published elsewhere [.

Wavelength / nm
Source of uncertainty 488 | 514 | 633
10* x standard uncertainty

Radiox power measurement 0.29 0.50 0.96
Window transmittance 0.26 0.54 0.1
Cavity absorptance 0.05 0.05 0.05
Heating non-equivalence 0.1 0.1 0.1
Standard resistor 0.06 0.06 0.06
Digital voltmeter 0.1 0.1 0.1
Current/voltage converter 0.14 0.14 0.14
Transfer detector: P14 | T12 | T11 | P14 | T12 | T11 | P14 | T12 | T11
Beam geometry 0.25 | 0.20 | 0.20 | 0.25 | 0.20 | 0.20 | 0.28 | 0.20 | 0.20
Trap signal 0.21 | 0.12 | 0.10 | 0.12 | 0.16 | 0.11 ] 0.08 | 0.07 | 0.10
Quadrature sum of above 0.6 0.5 0.5 0.8 0.8 0.8 1.0 | 1.0 | 1.0

Table 36 - MSL: uncertainty budget for the calibration of the transfer detectors.

4.9.3. Correction factors

The results were corrected for the small temperature difference between the BIPM and

the MSL (0.5 °C).

Transfer detector

Wavelength / nm

488 |

514 | 633

Temperature correction factor

T11 0.999993 | 0.999994 | 0.999997
T12 0.999993 | 0.999994 | 0.999997
P14 0.999988 | 0.999989 | 0.999997

Table 37 - Correction factors used to correct the MSL results for the 0.5 °C
temperature difference between the BIPM and the MSL.

4.9.4. Comparison with the BIPM calibrations

The results given here are slightly different from those shown in the BIPM
Progress Report (Part II), transmitted to the participating laboratories in April 1998. The
average relative differences between the BIPM calibrations and the preliminary
calibration values reported by the MSL were found to be:

(0.6 x 10™*) at 488 nm, (0.9 x 10™*) at 514 nm , (0.0 x 10™*) at 633 nm.

(see Figure 22)
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After checking its data analysis, the MSL sent revised values in a final calibration report.
The relative differences between the BIPM calibrations and the MSL calibrations are

shown in Table 38.
Wavelength / nm

Transfer 476 | 488 | 514 | 568 | 633 | 647
detector 10* x Relative difference in trap calibration

T11 0.9 1.2 1.1

T12 0.5 0.0 0.9

P14 -0.1 —0.2 —0.2
average 0.4 0.3 0.6

Table 38 - Relative difference in trap calibration: (Rys. — Rgipm ) / Rpipwm-

The combined relative standard uncertainty of the comparison uc is calculated using:
uc’ = UpsL '+ UTRANSFER

where wupsp is the MSL relative uncertainty given for each detector.
utransrer 1S the uncertainty associated with the transfer, that is 1x10™.

Wavelength / nm
488 | 514 | 633
Transfer detector 10* x Standard uncertainty
T11 1.1 1.3 1.4
T12 1.1 1.3 1.4
P14 1.2 1.3 1.4

Table 39 - Relative combined standard uncertainty of the comparison (MSL).

4.10. DFM

The results given here are different from those shown in the BIPM Progress
Report (Part II), transmitted to the participating laboratories in April 1998.
The average relative differences between the BIPM calibrations and the
calibrations reported by the DFM in February 1998 were found to be:
(+23.6 x 10™*) at 476 nm
(+22.1 x 10™) at 488 nm
(+9.2%x10% at514nm
(+20.7 x 10™) at 568 nm
(+11.9 x 10%) at 633 nm
(+14.6 x 10™) at 647 nm (see Figure 22)

The differences in calibration obtained were much larger than one would reasonably
expect in such a comparison. The DFM decided to check and modify its experimental
arrangement and participated in the fourth round of the comparison.

The results presented here for a new batch of transfer detectors are part of this fourth
round (September 1998 to February 1999).

4.10.1. Experimental conditions

¢ Cryogenic radiometer type: Radiox, from Oxford Instruments Ltd.
*  Sources: He-Ne laser, Ar / Kr mixed gas laser

¢ Nominal power: 200 pW to 400 pW

¢ Beam diameter: 2 mm to 3 mm
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e Temperature: 23 °C

The DFM reports that several changes have been made to its experimental arrangement
since the previous round. They are all related to the preparation of the optical beam:
modification of the intensity stabilization system, installation of an additional polarizer.
This allowed a much better control of the shape and of the polarization state of the beam.

4.10.2. DFM uncertainty budget

The estimated relative combined standard uncertainty is 2.3 x 10,
(No detailed budget).

4.10.3. Correction factor

Wavelength / nm
Transfer 476 | 488 | 514 | 568 | 633 | 647
detector Temperature correction factor
T9 1.000038 | 1.000036 | 1.000032 | 1.000024 | 1.000015 | 1.000013
T10 1.000038 | 1.000036 | 1.000032 | 1.000024 | 1.000015 | 1.000013
P18 1.000065 | 1.000062 | 1.000056 | 1.000042 | 1.000026 | 1.000023

Table 40 - Correction factors used to correct the DFM results for the 2.5 °C temperature
difference between the BIPM and the DFM.

4.10.4. Comparison with the BIPM calibrations

After corrections, including long-term drifts, the relative difference in the
calibrations A is calculated for each trap, as shown in Table 41.

Wavelength / nm
Transfer 476 | 488 | 514 | 568 | 633 | 647
detector 10* x Relative difference in trap calibration
T9 -2.5 -0.4 0.2 24 -1.2 -1.1
T10 -1.0 0.6 -0.7 -2.5 -0.6 0.2
P18 2.4 3.0 -0.4 -0.1 -0.8 0.4
average -2.0 1.1 -0.3 -1.7 -0.8 -0.2

Table 41 - Relative difference in trap calibration: (Rpryv — Ripm ) / Rpipw-

The combined relative standard uncertainty of the comparison uc is calculated using:

UC® = Upen + UTRANSFER

where wuppy  is the DFM relative uncertainty: 2.3 X 107,

utransrer 1S the uncertainty associated with the transfer, that is 1 x 10"

Therefore uc=2.5 x 10™.
This much better agreement confirms again that the quality of the beam preparation is
crucial in high-accuracy cryogenic radiometry.

4.11. NRC

The NRC has developed a monochromator-based spectral calibration facility for
transfer standard radiometers, using a cryogenic radiometer. This choice [@ was
made for practical reasons: although the accuracy is not as good as that of laser-based
systems, the spectral coverage is much better, the measurement can be fully automated,
and overall costs are greatly reduced.

The detector to be calibrated and the cryogenic radiometer are placed in a
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4.11.1.

4.11.2.

windowed hermetically sealed enclosure. As the calibration is done under vacuum, it is
not possible to calibrate the BIPM transfer detectors directly against the cryogenic
radiometer. Instead, they were calibrated in two steps using six NRC transfer radiometers,
which were themselves calibrated using the cryogenic radiometer facility.

Experimental conditions

Calibration of NRC transfer radiometers:

¢ Cryogenic radiometer type: Cambridge Research and Instrumentation, optimized for
monochromator-based sources.

¢ Source: single monochromator in conjunction with a tungsten-halogen lamp, f/8
beam.

Calibration of the BIPM traps using the NRC transfer radiometers:

e Source: single monochromator, bandpass of 5 nm FWHM, f/14 beam, focused inside
the trap, 1 cm beyond the aperture.

e Spot size: rectangular-shaped at the focus, 1.5 mm by 3.0 mm approximately.
Limiting apertures of 6.0 mm diameter were used with the BIPM traps, a size which
matches the diameter of the apertures used on the NRC transfer radiometers.

¢ Nominal power: 1uW to 3 uW in all cases.

* Polarization: the degree of polarization varies from a maximum of about 12% at 476
nm to a minimum of 2% at 568 nm; the principal polarization direction is vertical
with the traps oriented as shown in the BIPM measurement protocol.

e Temperature: 23.2 °C to 23.3 °C

NRC uncertainty budget
Source of uncertainty 10* x Standard uncertainty
Type A Type B

Cryorad cavity absorptance 1
Cryorad electrical power measurement 1
Cryorad non-equivalence effects 1
Transfer radiometer photocurrent measurement 1
Wavelength errors 1.5
Bandwidth effects 1
Repeatability 2.5

Combined uncertainty 2.5 2.7

Table 42 - Uncertainty budget for the calibration of NRC radiometers using the cryogenic
radiometer facility.

10* x Standard uncertainty
Type A Type B

Source of uncertainty

Repeatability: 1

noise, alignment, etc.

Geometrical and electrical effects:
amplifier signal, alignment technique, vignetting, polarization, 1.5
wavelength errors, stray light, bandwidth errors, etc.

Table 43 - Uncertainty budget for the calibration of BIPM traps using NRC transfer radiometers
and auxiliary apparatus.
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10* x combined standard
uncertainty
Type A Type B
Calibration of one BIPM trap using one NRC radiometer 2.7 3.1
Calibration of one BIPM trap using six NRC radiometers 1.1 3.1
Combined relative standard uncertainty for the calibration 33
of one BIPM trap using six NRC radiometers ’

4.11.3.

Table 44 - Combined relative standard uncertainty for the calibration of one BIPM trap using six
NRC radiometers.

Correction

factors

a) Temperature correction:

The results were corrected for the temperature difference between the BIPM
(20.5°C) and the NRC (23.2 °C to 23.3 °C), using the temperature coefficients given in
section 2.1.2.

Wavelength / nm
476 | 488 | 514 | 568 | 633 647
Trap Temperature correction factor
T7 1.000041 | 1.000039 | 1.000035 | 1.000026 | 1.000016 | 1.000016
T8 1.000041 | 1.000039 | 1.000035 | 1.000026 | 1.000016 | 1.000016
P6 1.000070 | 1.000067 | 1.000060 | 1.000046 | 1.000028 | 1.000024

Table 45 - Correction factors used to correct the NRC results for the temperature difference
between the BIPM and the NRC.

b) Wavelength correction:

The BIPM measurement protocol states that the calibration of the transfer
detectors should be done at some specific laser line wavelengths. The laser wavelengths
in air to be used were given with only one decimal digit: this was perhaps somewhat
misleading, because the two laboratories using monochromator-based facilities have used
the rounded wavelength values shown in column 2 of Table 46.

In order to compare more accurately their results with those from laboratories
using laser sources, the results were corrected for the small wavelength difference found
when the wavelength is given with more decimal digits ]. The correction factors were
calculated by two means: either by simple linear extrapolation, or using a theoretical
model of the trap detectors. Results were identical within a few parts in 10°.

Laser wavelength Monochromator Correction factor
/nm wavelength / nm
476.243 476.2 1.00009
487.986 488 0.99997
514.536 514.5 1.00007
568.188 568.2 0.99998
632.817 632.8 1.00003
647.089 647.1 0.99998

Table 46 - Wavelength correction

The corrections are very small, in any case much smaller than the uncertainties of the
calibrations.
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¢) Polarization correction:
The trap detectors constructed at the BIPM exhibit a residual sensitivity to the
polarization state of the beam (see section 2.1.3). For that reason, they have to be

calibrated and used always oriented the same way with respect to the direction of

polarization. The following procedure was used to determine the change in responsivity
when the source is unpolarized:
- the responsivity R, of the detector is measured when aligned as usual, in a

linearly polarized laser beam;

- it is then rotated by 90° about the beam axis, and the responsivity Ry, is
obtained;
- the average value R,,, of the two responsivities is a close approximation of the
responsivity in an unpolarized beam. The correction factor to be applied is

therefore equal to Ry / Ry .
This factor has to be determined for each detector. Experimental values are given in Table

47.
Wavelength / nm
476 | 488 | 514 | 568 | 633 | 647
Trap Polarization correction factor
P6 1.00004 | 1.00004 1.00004 1.00004 1.00004 | 1.00004
T7 & T8 | 1.000015 | 1.000015 | 1.000015 | 1.000015 | 1.000015 |1.000015

Table 47 - Polarization correction factor to be applied to the responsivity values obtained

with an unpolarized source instead of the linearly polarized beam.

The corrections are small but not negligible, especially for P6.

As the degree of polarization of the beam at the output of the NRC monochromator
ranges from 2% to 12%, the correction corresponding to a perfectly unpolarized beam
was applied. The error introduced by this approximation is negligible when compared
with the other sources of uncertainty.

4.11.4. Comparison with the BIPM calibrations

After corrections, including long-term drifts (see Table 5), the relative difference
in the calibrations 4 is calculated for each trap as shown in Table 48.

Wavelength / nm
Transfer 476 | 488 | 514 | 568 | 633 647
detector 10* x Relative difference in trap calibration
T7 1.7 4.9 5.7 53 5.0 4.7
T8 1.6 5.0 5.5 5.7 5.1 4.6
P6 0.9 3.9 4.8 4.6 4.3 3.8
average 1.4 4.6 53 5.2 4.8 4.4

Table 48 - Relative difference in trap calibrations (Rnrc —Rpipm) / Rpipum -

The combined relative standard uncertainty of the comparison uc is calculated using:
2 2 2
Uc” = UNRC T UTRANSFER
where ungrc is the NRC relative uncertainty,
utransrer 1S the uncertainty associated with the transfer: 1 x 10 (see Table 6).
4
uc=34x10".

The calculation gives:
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4.12.

4.12.1.

4.12.2.

NMi-VSL

The NMi-VSL is also a laboratory using a monochromator-based facility for the
calibration of transfer detectors under vacuum. As the BIPM transfer detectors should not
be calibrated under vacuum, the measurements have been performed in two steps. First,
NMi transfer standards (vacuum reflection traps) have been calibrated against the
cryogenic radiometer, using a monochromator in conjunction with a QTH lamp as a
source. In a second step, the BIPM transfer detectors have been calibrated against the
NM i standards.

The NMi detectors are designed to accept an f/8 optical beam at the entrance
aperture. During the second step, however, the BIPM detectors showed vignetting
problems using this set-up, because they had to be placed in the diverging part of the
optical beam. This was checked by performing the transfer also with lasers. To reduce the
vignetting effects, the monochromator optical beam was reduced to about £/20. With this
reduction, the differences between the laser and monochromator calibrations decreased to
below one part in 10°.

Experimental conditions

Primary reference:

¢ Cryogenic radiometer type: Cambridge Research and Instrumentation, optimized for
monochromator-based sources.

¢ NMI transfer detectors calibrated under vacuum.

Details on calibration procedures are given in [@]l.

Calibration transfer from NMi detectors to BIPM detectors:

A 6 mm diameter aperture was placed in front of the BIPM detectors. The aperture
diameter matches that of the NMi transfer detectors.

¢ Monochromator bandwidth : 5 nm

e f-number: /20 approximately
e Spot size 4.5 mm

e Optical power 2.5 uW to 9 uW

e Temperature: 21.5°C+0.5°C

* Relative humidity 45% *+10%

NMI-VSL uncertainty budget

4 N

Source of uncertainty Ti/ge 2 Standard uncer;z;}r;:}yB
Typical repeatability 0.5
NMi transfer standards VT1 and VT3 2.0
Current measurements 0.7
Stray light and vignetting 1.0
Sum in quadrature 0.5 2.3
Combined standard uncertainty 2.4

Table 49 - NMI-VSL uncertainty budget for the calibration of the BIPM transfer detectors.
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a) Temperature correction:

4.12.3. Correction factors

The results were corrected for the temperature difference between the BIPM
(20.5 °C) and the NMi-VSL (21.5 °C), using the temperature coefficients given in 2.1.2.

Wavelength / nm
476 488 | 514 | 568 | 633 | 647
Trap Temperature correction factor
T3 1.000015 | 1.000014 | 1.000013 [ 1.000010 | 1.000006 | 1.000005
T13 1.000015 | 1.000014 | 1.000013 | 1.000010 | 1.000006 | 1.000005
P11 1.000026 | 1.000025 | 1.000022 | 1.000017 | 1.000010 | 1.000009

Table 50 - Correction factors used to correct the NMi-VSL results for the temperature difference
between the BIPM and the NMi-VSL.

b) Wavelength correction:

The same wavelength correction as for the NRC results have been applied. (see Table 46)

¢) Polarization correction:

As for the NRC, the results have been corrected for the effects of the unpolarized
source on the responsivity of the BIPM detectors (see 2.1.3). The experimental values are
very similar to those shown in Table 47 concerning the detectors sent to the NRC.

Wavelength / nm
476 488 | 514 | 568 | 633 | 647
Trap Polarization correction factor
P11 1.00005 1.00005 1.00005 1.00005 1.00005 [ 1.00005
T3 & T13 | 1.000015 | 1.000015 | 1.000015 | 1.000015 | 1.000015 | 1.000015

Table 51 - Polarization correction factor to be applied to the responsivity values obtained
with an unpolarized source instead of the linearly polarized beam.

4.12.4. Comparison with the BIPM calibrations

After corrections, including long-term drifts (see Table 5), the relative difference
in the calibrations 4 is calculated for each trap as shown in Table 52.

Wavelength / nm
Transfer 476 | 488 | 514 | 568 | 633 | 647
detector 10* x Relative difference in trap calibration
T3 2.4 -1.2 -1.6 0.0 -0.1 -0.1
T13 -2.0 -1.1 -1.3 -1.0 -2.1 -0.7
P11 -1.8 0.0 -0.6 0.3 -0.6 0.2
average -2.1 -0.8 -1.1 -0.2 -0.9 -0.2

Table 52 - Relative difference in trap calibrations (Rxmi —Rpipm) / Reipum -

The combined relative standard uncertainty of the comparison uc is calculated using:

2 _ 2
Uc” = unmi T UTRANSFER

where wuny; 1S the NMi-VSL relative uncertainty,
utransrer 1S the uncertainty associated with the transfer, that is 1 x 10"
The calculation gives: uc=2.6 X 107,
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4.13. ETL

4.13.1. Experimental conditions

¢ Cryogenic radiometer type: Radiox, from Oxford Instruments Ltd.
e Sources: He-Ne laser, Kr laser and Ar laser
¢  Nominal power: 400 pW
+  Beam diameter (1/¢%): 2.2 mm
e Temperature: about 20.5 °C .
The cryogenic radiometer and the detectors to be calibrated are placed on a linear
translation stage, and moved successively into the laser beam. The calibration cycle is as
follows:
— an electrical-optical substitution cycle is performed with the Radiox to determine
the optical power of the laser source;
— the transfer detectors are successively pushed into the beam, and their
photocurrent are measured;
— asubstitution cycle with the Radiox is repeated.
This cycle is repeated twenty-one to fifty times. The Brewster-angled window is isolated
from the cryostat and its transmittance measured using a silicon photodiode.

4.13.2. ETL uncertainty budget

The relative standard uncertainty associated with the calibration is wugp = 4.7 X 10™.

4
Source of uncertainty 107 Stapdard
uncertainty
Radiox
Non-equivalence electrical/optical power 0.1
Cavity absorptance 0.2
Linearity 0.6
Electrical power 0.2
Brewster Window transmittance 4.5
Scatter and diffraction 0.8
Trap detector calibration
Trap alignment 0.6
Temperature correction 0.5
Amplifier resistance 0.2
Repeatability 0.6
Total 4.7

Table 53 - ETL uncertainty budget for the calibration of the BIPM transfer detectors.

4.13.3. Correction factors

No temperature correction correction was applied to the ETL results.

4.13.4. Comparison with the BIPM calibrations

After correction for long-term drifts (see Table 5), the relative difference in the
calibrations 4 is calculated for each trap as shown in Table 54.
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Wavelength / nm
Transfer 476 | 488 | 514 | 568 | 633 | 647
detector 10* x Relative difference in trap calibration
T11 12.5 13.0 15.8 18.3 18.1
T12 13.8 14.0 16.2 18.1 17.3
P14 18.9 12.3 17.8 15.7 15.7
average 15.1 13.1 16.6 17.3 17.0

Table 54 - Relative difference in trap calibrations (Rgrp, —Rpipm) / Reipm

The combined relative standard uncertainty of the comparison uc is calculated using:

UC® = UpTi + UTRANSFER
where wugrp is the ETL relative uncertainty, that is 4.7 X 10"

utransrer 1S the uncertainty associated with the transfer, that is 1 x 10"
The calculation gives: uc= 4.9 x 10*.

The uncertainty stated by the laboratory is large, but the relative difference in trap

calibrations (up to 19 parts in 10*) is also larger than what one would reasonably expect
in such a comparison.

4.14. KRISS

4.14.1. Experimental conditions

¢ Cryogenic radiometer type: Radiox, from Oxford Instruments Ltd.
e Sources: He-Ne laser, Kr laser and Ar laser

¢ Nominal power: 300 uW to 310 pW

e Beam diameter (1/¢%): 2.5 mm

e Temperature: about 21.5 °C £0.5 °C

4.14.2. KRISS uncertainty budget

The relative standard uncertainty associated with the calibrations is ugggs =2 X 10
(no detailed uncertainty budget).

4.14.3. Correction factors

The results were corrected for the temperature difference between the BIPM
(20.5 °C) and the KRISS (21.5 °C), using the temperature coefficients given in 2.1.2.

Wavelength / nm
476 | 488 | 514 | 568 | 633 | 647
Trap Temperature correction factor
T9 1.000015 | 1.000014 | 1.000013 | 1.000010 | 1.000006 | 1.000005
T10 1.000015 [ 1.000014 | 1.000013 | 1.000010 | 1.000006 | 1.000005
P7 1.000026 | 1.000025 | 1.000022 | 1.000017 | 1.000010 | 1.000009

Table 55 - Correction factors used to correct the KRISS results for the temperature

difference between the BIPM and the KRISS.

4.14.4. Comparison with the BIPM calibrations

After corrections, including long-term drifts (see Table 5), the relative difference in
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4.15.

4.15.1.

4.15.2.

the calibrations A is calculated for each trap as shown in Table 56.

Wavelength / nm
Transfer 476 | 488 | 514 | 568 | 633 | 647
detector 10* x Relative difference in trap calibration
T9 3.1 -2.9 -3.4 33 -2.5 23
T10 2.2 -3.8 4.8 2.5 -3.0 2.5
P7 0.4 -6.7 -7.1 1.0 -3.8 0.7
average 1.9 -4.4 -5.1 23 -3.1 1.8

Table 56 - Relative difference in trap calibrations (Rgriss —Rpipm) / Reipm

The combined relative standard uncertainty of the comparison uc is calculated using:
UC2 = uKR1852+ uTRANSFER2
where ugriss is the KRISS relative uncertainty, that is 2 X 10

utransrer 18 the uncertainty associated with the transfer, that is 1 x 10* for T9
and T10. Owing to the larger change in responsivity of P7 (see section 3.2.1) #transrer
was estimated to be 1.8 x 10™
The calculation gives: uc= 2.4 x 10™* for T9 and T10
and  uc= 2.7x10™ for P7

IEN

Experimental conditions

¢ Cryogenic radiometer type: Radiox, from Oxford Instruments Ltd.

¢ Sources: He-Ne laser and Ar laser

¢ Nominal power: 230 pW with the He-Ne laser and 390 uW with the Ar laser
«  Beam diameter (1/¢%): 2.5 mm

e Temperature: about 20.5 °C = 0.5°C

IEN uncertainty budget

The IEN experienced some technical difficulties during the calibration
procedures, both with the cryogenic radiometer itself and with the cleaning of the
Brewster-angled window. These problems are reflected in the uncertainty budget, leading
to a combined standard uncertainty significantly larger than the uncertainty usually
achievable with such facilities.

Cryogenic radiometer 10* x Standard uncertainty
Source of uncertainty Type A Type B

Electrical power measurement 0.9
Heating non-equivalence 0.3
Brewster window transmittance 4.0
Cavity absorption 0.1
Diffuse light 2.0
Repeatability 1.0

Sum in quadrature 1.0 4.6
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Trap detector 10* x Standard uncertainty
Source of uncertainty Type A Type B

Current measurement 1.5
Distance effect 1.2
Diaphragm effect 1.6
Positioning of the detector 4.0
Repeatability 1.0

Sum in quadrature 1.0 4.7

Table 57 — IEN uncertainty budget for the calibration of the BIPM transfer detectors.
Relative combined standard uncertainty: 1, = 6.7 x 10™

4.15.3. Correction factors
No temperature correction was applied to the IEN results.

4.15.4. Comparison with the BIPM calibrations

After corrections, including long-term drifts (see Table 5), the relative difference in the
calibrations A 1is calculated for each trap as shown in Table 58.

Wavelength / nm
Transfer 476 | 488 | 514 | 568 | 633 | 647
detector 10* x Relative difference in trap calibration
T11 -15.3 -14.7 -0.5
T12 -22.2 -12.8 -0.8
P14 -15.2 -5.6 +3.3
average -17.6 -11.0 +0.7

Table 58 - Relative difference in trap calibrations (Rigny —Rpipm) / Rpipm

The combined relative standard uncertainty of the comparison uc is calculated using:

2_ 2 2
Uc™ = UEN T UTRANSFER
where wupy is the IEN relative uncertainty, that is 6.7 X 10, and

utraNsrer 1S the uncertainty associated with the transfer, that is 1 x 10
The calculation gives: uc= 6.8 X 10

The very large differences seen at A = 488 nm and 514 nm are probably a
consequence of the technical problems mentioned in paragraph 4.15.2. After discussion
with the IEN staff, it seems that at least part of the problem is related to the preparation of
the laser beam; the whole experimental facility will be checked and improved in the near
future.

4.16. PTB - Temperature Radiation laboratory (Berlin)

As two different laboratories from the PTB are involved in this comparison, to avoid
confusion the Temperature Radiation laboratory (Berlin) will be denoted in graphs as
PTB-T.

4.16.1. Experimental conditions

¢ Cryogenic radiometer type: vertical system, manufactured by Oxford
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4.16.2.

4.16.3.

Instruments Ltd.; its design follows closely the first NPL cryogenic radiometer .

e Sources: Kr laser, Ar laser.

¢ Nominal power: 400 uW.

¢ Beam diameter: 3.2 mm

Temperature: 21.0 °C

The Radiation Thermometry Cryogenic Radiometer (RTCR) and the experimental
arrangement are described elsewhere in detail [8].

PTB -T uncertainty budget

S . 10* x relative standard
ource of uncertainty )
uncertainty

Measurement of the electrical power 0.3
Non-equivalence of electrical and optical power 0.5

Cavity absorptance 0.3
Transmittance of Brewster window 0.3
Scattered light 0.3
Repeatability 0.2
Combined 0.8

Table 59 - Contribution to the relative uncertainty of laser power calibration by
electrical substitution with the cryogenic radiometer (RTCR).

. 10* x relative standard
Source of uncertainty .
uncertainty

Photocurrent measurement 0.2
Laser power calibration 0.8
Linearity correction 0.1
Non-uniformity 0.2
Repeatability 0.2
Combined 0.9

Table 60 - PTB - Radiation Thermometry laboratory: uncertainty budget for
the calibration of the BIPM transfer detectors.

The PTB-T report included the contribution of the long-term stability of the transfer
detectors in Table 60. As this contribution is already included elsewhere, it has been
removed from the table.

Correction factors

The results were corrected for the small temperature difference between the
BIPM and the PTB-T (0.5 °C). This correction is almost negligible.

Wavelength / nm
476 | 488 | 514 | 568 | 633 | 647
Trap Temperature correction factor
T7 1.000008 | 1.000007 | 1.000006 | 1.000005 | 1.000003 | 1.000003
T8 1.000008 | 1.000007 | 1.000006 [ 1.000005 | 1.000003 | 1.000003
P6 1.000013 | 1.000012 | 1.000011 | 1.000008 | 1.000003 | 1.000005

Table 61 - Correction factors used to correct the PTB-T results for the temperature difference

between the BIPM and the PTB-T laboratory.
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4.16.4. Comparison with the BIPM calibrations

5.1.

After corrections, the relative difference in the calibrations A is calculated for each
trap as shown in Table 62.

Wavelength / nm
Transfer 476 488 | 514 | 568 | 633 | 647
detector 10* x Relative difference in trap calibration
T7 -0.6 -0.7 -0.3 -0.3 0.0
T8 -0.2 -0.5 -0.2 0.1 0.2
P6 -1.4 -1.5 -0.2 -0.6 -0.2
average -0.7 -0.9 -0.2 -0.3 0.0

Table 62 - Relative difference in trap calibrations (Rprg.r —Rpipm) / Reipm

The combined relative standard uncertainty of the comparison uc is calculated using:
UC2 = UPTB-T2+ uTRANSFER2

where wuprp.r is the PTB-T relative uncertainty, that is 0.9 X 10 ,and
utransrer 1S the uncertainty associated with the transfer, that is 1 x 10

The calculation gives: uc= 1.3 X 10*.

Overall results

Agreement of the laboratories

As all the results from the national laboratories have been compared with the
BIPM calibrations, the latter being used as a common reference (see Table 65), it is
possible to calculate the difference between the results of any two participants and check
if they agree within the uncertainties of the comparison. Furthermore, at each wavelength
it is possible to find the maximum number of participants that agree within these
uncertainties. The results of these calculations, using either the standard uncertainty or the
expanded uncertainties (k=2 and k = 3), are shown in Figure 20.

At A = 514 nm, the common wavelength used by all participants, 71% of the
laboratories agree within one standard uncertainty, 94% within two standard uncertainties
and 100% within three standard uncertainties. Over the whole spectral range, all the
calibration results agree within the expanded uncertainties (k = 3), demonstrating a
satisfactory measure of the agreement of the radiometric references in the visible
wavelength region, as well as the ability of the participating laboratories to transfer the
values obtained using their primary standards.

Taking all the results, the dispersion calculated as the standard deviation of the
relative differences is about 5%x10™, but this falls to about 2.5%10™ if the ETL and IEN
results are excluded.
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5.2.

5.2.1.
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Figure 20 - Percentage of laboratories in agreement within the expanded uncertainties.

Comparison with a common reference

Calculation of a common reference

From all the measured differences, any common reference may be taken to
display the results. Among many possibilities, are the simple mean of the differences, the
median or a weighted mean.

The use of the simple mean tends to shift the reference towards the points which
are significantly separated from the rest of the group.

The median is not sensitive to this effect, and it is a reasonably good candidate
for the calculation of a common reference. A separate median has been calculated for
each wavelength to be used as a zero baseline.

In the weighted mean, the weight w; associated with each result x; can be

calculated from the uncertainty ¢; so that:

_ n
W, = ——'——  andthe weighted mean x_= > w,x,
ToE

Here too, a separate weighted mean has been calculated for each wavelength, using the x;
(relative difference) and u; (uncertainty combining the standard uncertainty from each
laboratory and the uncertainty associated with the transfer) summarized in Table 65.

Figure 21 shows the difference from the weighted mean (x; — xp) as a function of
wavelength for each participant. Numerical results are given in Table 66.

The results obtained by using either the median or the weighted mean as

reference are very similar, showing that if the number of participants is large enough and
if no major problem had occurred in the measurements, various statistical methods
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5.2.2.

should lead to similar results. The difference between the median and the weighted mean
does not exceed 5 parts in 10° over the whole wavelength range (see Table 63).

Wavelength / nm
Reference 476 | 488 | 514 | 568 | 633 | 647
10* x Reference value
Weighted mean 0.1 0.6 0.7 1.0 0.5 0.9
Arithmetic mean 0.1 0.9 0.9 2.5 1.3 2.8
Median -0.1 1.1 0.3 0.9 0.6 1.4

Table 63 — Weighted mean, arithmetic mean and median of the relative differences from the
BIPM value in the calibration of the transfer detectors, as calculated from the relative differences
and their associated uncertainties summarized in Table 65.

As explained in the introduction, the publication of the successive BIPM Progress
Reports provided a good occasion for the participating laboratories to check their
calibration procedures and in some cases to send corrected values or to take the decision
to participate in a subsequent round. Figure 22 shows the relative differences before
revision or new calibration. To make graphs more easily comparable, the common
reference is the same as that used in Figure 21.

Uncertainty associated with the reference

The uncertainty associated with the weighted mean is u, =

The uncertainty associated with the median is based on a quantity named the 'median of
the absolute deviation' (MAD):

MAD=median{|xi —n~1} ,fori=1..n

where m is the median of the population.

1.9

Jn-1

MAD.

The uncertainty associated with the sample median [If:l'l] is then u(m) O

Wavelength / nm
Reference 476 | 488 | 514 | 568 | 633 | 647
10* x uncertainty associated with the reference
Weighted mean 0.5 0.5 0.4 0.5 0.5 0.5
Arithmetic mean 0.6 1.8 1.2 1.8 1.3 1.7
Median 1.1 1.0 0.7 0.8 0.8 0.9

Table 64 - Uncertainty associated with three possible common references.

The uncertainty u, associated with the weighted mean is the smallest one,
approximately 0.5x10™. It is not based on the dispersion of the results, but solely on the
uncertainties stated by the participants (which are in the present case combined with the
uncertainty of the comparison). The agreement of the results within the combined
uncertainties is an indication that these uncertainties are reasonably consistent with the
actual dispersion.

In contrast, the standard deviation of the mean u,, associated with the arithmetic
mean, and u(m) (uncertainty associated with the median) are based solely on the
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5.2.3.

dispersion of the results, all of the calibrations being treated equally.
u(im)is about 1x10* and u, is approximately 1.5x10™. The value of u, is given

simply for information, as the arithmetic mean has not been used to calculate a common
reference.

Choice of the CCPR reference value

For reasons explained in section 5.2.1, the arithmetic mean was discarded. The
use of the median leads to robust estimations [31], which is particularly useful in the
presence of outliers or when uncertainties stated by individual participants are not
consistent with the results. In the absence of such problems in the present comparison, the
classical weighted mean (as defined in section 5.2.1) was chosen by the CCPR during its
1999 meeting as reference value.

The uncertainty uy associated with this reference is 5 parts in 10°, almost constant
over the whole wavelength range (see Table 64).

The uncertainty uc associated with each individual difference from the reference
value was calculated according to:

— 2

2
U=\ u; —ug

where u; is the uncertainty combining the standard uncertainty from each laboratory and
the uncertainty associated with the transfer (see section 5.2.1), the minus sign in the
formula resulting from the correlation between the uncertainties u; and ug.

The differences from the reference value and the associated uncertainties are those listed
in Table 66, plotted in Figure 21.
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Laboratory 476 nm 488 nm 514 nm 568 nm 633 nm 647 nm
100x A |10 xuc | 10°x A | 10 xuc| 10°x A |10 x uc | 10°x A | 10 xuc| 10°x A |10 x uc | 10 x A | 10* % uc

PTB-T —0.7 1.3 ~0.9 1.3 ~0.2 1.3 ~0.3 1.3 0.0 1.3
BNM-INM +1.8 2.0 +1.1 1.7 +0.6 1.4

CSIRO +0.7 1.4 +2.3 1.4 +2.0 1.4 +2.1 1.4 +1.4 1.4 +1.3 1.4
DFM -2.0 2.5 +1.1 2.5 ~-0.3 2.5 ~1.7 2.5 ~0.8 2.5 0.2 2.5
ETL +15.1 4.9 +13.1 4.9 +16.6 4.9 +17.3 4.9 +17.0 4.9
HUT +2.3 2.7 +1.7 2.7 —04 2.7

IEN ~17.6 6.8 ~11.0 6.8 0.7 6.8

IFA +3.3 2.2 0.0 2.2 ~0.6 2.2 —4.6 2.2 +2.0 2.2
MSL +0.4 1.2 +0.3 1.3 +0.6 1.4

KRISS +1.9 2.4 —44 24 ~5.1 2.4 +2.3 24 ~3.1 2.4 +1.8 24
NIST +73 4.5 +5.9 3.2 +2.9 4.2

NMi-VSL —2.1 2.6 ~-0.8 2.6 —1.1 2.6 ~02 2.6 ~0.9 2.6 ~0.2 2.6
NPL ~-0.3 1.1 +1.3 1.1 +1.9 1.1 +1.4 1.2
NRC +1.4 3.4 +4.6 3.4 +53 3.4 +52 3.4 +4.8 3.4 +4.4 3.4
PTB-R +3.2 2.1 +2.9 2.9 +2.5 1.4

SP -0.8 5.1 14 5.1 ~1.0 5.1 ~13 5.1

BIPM 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0

Table 65 - Relative difference A= (R ap - Rgpm)/ Reipm 10 the calibration of the transfer detectors (average value obtained from three transfer detectors per

laboratory) calculated at each wavelength. The uncertainty %, combines the relative standard uncertainties from each laboratory and the uncertainty associated with

the transfer. Values are expressed in parts in 10%. The acronyms PTB-R and PTB-T stand for PTB-Radiometry laboratory, and PTB-Temperature Radiation

laboratory respectively.
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Laboratory 476 nm 488 nm 514 nm 568 nm 633 nm 647 nm
10" % Aper | 10" x ue [ 100 % Apee| 10* % uc [ 10° % Agee| 100 % ue 108X Apee| 10 x ue |10 % Apee| 10* % ue | 100 Agee| 101 % ue
PTB-T - 0.8 1.2 - 1.5 1.3 - 09 1.3 - 1.3 1.2 - 09 1.2
BNM-INM +1.1 1.9 +0.5 1.6 +0.1 1.3
CSIRO +0.7 1.3 +1.7 1.3 +1.3 1.3 +1.1 1.3 +0.9 1.3 +04 1.3
DFM - 2.0 2.5 +0.4 2.5 - 1.0 2.5 - 2.7 2.5 - 13 2.5 - 1.1 2.5
ETL + 14.4 4.9 +12.5 4.9 +15.6 4.9 +16.8 4.9 +16.1 4.9
HUT +1.6 2.6 +1.1 2.7 - 09 2.6
IEN —18.2 6.8 - 11.7 6.8 +0.2 6.8
IFA +3.3 2.2 - 0.7 2.2 - 1.6 2.2 - 5.1 2.2 +1.0 2.2
MSL - 0.2 1.0 - 03 1.2 +0.1 1.3
KRISS +1.8 2.3 - 51 2.3 - 58 2.3 +1.3 2.3 - 3.6 2.3 +0.9 2.3
NIST +6.7 4.5 +5.2 3.2 +2.4 4.1
NMi-VSL - 2.1 2.5 - 14 2.6 - 1.8 2.6 - 1.2 2.5 - 14 2.6 - 12 2.5
NPL - 04 1.0 +0.7 1.0 +0.9 0.9 +0.5 1.0
NRC +1.4 34 +4.0 3.4 +4.7 34 +4.2 34 +4.3 34 +34 34
PTB -R +2.6 2.1 +2.2 2.8 +2.0 1.3
SP - 0.9 5.1 - 2.0 5.1 - 1.7 5.1 - 1.8 5.1
BIPM - 0.1 0.9 - 0.6 0.9 - 0.7 0.9 - 1.0 0.9 - 0.5 0.9 - 0.9 0.9

Table 66 - Difference Ager from the CCPR Reference value (weighted mean of the relative differences) in the calibration of the transfer detectors calculated at each wavelength. The
uncertainty %, combines the relative standard uncertainties from each laboratory, the uncertainty associated with the transfer and the uncertainty associated with the reference value.
Values are expressed in parts in 10*. The acronyms PTB-R and PTB-T stand for PTB-Radiometry laboratory, and PTB-Temperature Radiation laboratory respectively.

The uncertainty associated with the reference value is 5 parts in 10°.
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5.3.

Link with previous direct comparisons

In the experiments reported here, the uncertainties associated with the
experimental conditions, or with the transfer, are of the same order of magnitude as the
uncertainties associated with the radiometers (or even larger). It is therefore difficult to
estimate the specific contribution made by the cryogenic radiometers, but it is interesting
to link the present results to previous direct comparisons. The effects of a possible
contribution of the radiometers can be estimated the following way:

By definition, the measured responsivity is R = IPHJ

OPT
where Ipyor 1s the photocurrent and Popr the optical power measured by the radiometer.
If Popr is larger than the actual optical power, the measured responsivity will be smaller
than expected, and vice-versa.

Denoting by Rs and Ry respectively, the calibration results of a single trap from
laboratories A and B, the inequality Rx > Rp can be interpreted as meaning that if the
radiometers A and B were placed on the same translation stage to measure the optical
power of the same constant source, the optical power measured by radiometer B would be
larger than that measured by radiometer A. This observation makes it possible to plot
some of the present results on the same graph as results from previous direct
comparisons.
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Figure 23 - Comparison of the BIPM cryogenic radiometer with other laboratories: previous
measurements and results from this comparison. Results marked with a (*) are direct comparisons.
The zero line represents the BIPM used as a common reference. The uncertainty bars represent the
relative combined standard uncertainties. The acronym PTB-R stands for PTB Radiometry
laboratory (Braunschweig).

The results of direct previous comparisons of cryogenic radiometers are presented by
calculating the relative difference as:
_ Baem = Flaoa

direct —
PBIPM
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where Pgppy and P are the optical powers of a same constant source as measured by
the cryogenic radiometers from BIPM and laboratory A respectively.
This expression is equivalent to the expression:

A= (R - Rgipm) / Reipm used for the present results.

The relative differences determined from direct and indirect comparisons are shown on
Figure 23.

Conclusions

The overall agreement of the calibrations within the expanded uncertainties
confirms the excellent agreement of cryogenic radiometers of various types and origins:
horizontal and cooled by liquid helium, horizontal and mechanically cooled, vertical but
of different shapes, laser-based or monochromator-based arrangements.

Most of the results lie within % 3 parts in 10* (the standard uncertainty associated
with the transfer being 1 part in 10%), and previous direct or indirect comparisons are
confirmed.

This demonstrates both close agreement of the radiometric references in the
visible wavelength region, and the ability of participating laboratories to transfer the
values obtained using their primary standards.

Transfer detectors allow highly accurate comparisons, if used under carefully
controlled experimental conditions: preliminary experiments and results from the national
laboratories show the importance of parameters such as beam diameter (i.e. irradiance
level), beam polarization and protection against dust contamination. More generally, the
quality of the beam preparation has shown to be crucial in high-accuracy cryogenic
radiometry.

Thanks to their good stability, uniformity and low temperature coefficient, the
trap detectors constructed with S1337 photodiodes are confirmed as appropriate transfer
detectors, except when high irradiance levels are required. Trap detectors assembled with
S1227 photodiodes can be a good alternative in such a case.

This comparison also allowed several laboratories to improve their experimental
arrangement or to eliminate previously undetected errors.

The pilot laboratory wishes to thank all the participants for their cooperation which
allowed the comparison to be completed on time.

58



7.1.

APPENDIX

Document sent to the participating laboratories

The following document was sent to the participating laboratories together with the
detectors to be calibrated.

Experimental parameters
All measurements at the BIPM were made with the following parameters:

beam-diameter: 2 mm to 2.5 mm (1/¢” diameter)
radiant intensity: 400 UW (typical)
temperature: 20.5°C

Participants are not obliged to use identical parameters but must communicate the values used to
the BIPM to allow for the calculation of correction factors. The use of parameters as close as
possible to these would reduce the uncertainties of the comparison.

If the beam diameter is smaller than 2 mm (1/¢?), then the radiant intensity should be decreased, so
as to avoid non-linearity effects in the detector responsivity.

All the detectors were calibrated at the BIPM at all the wavelengths proposed for the comparison,
namely:

476.2 nm (Kr line) - 488.0 nm (Ar line) - 514.5 nm (Ar line) - 568.2 nm (Kr line)- 632.8 nm (He-
Ne line) - 647.1 nm (Kr line).

Participants should calibrate the detectors at least at three wavelengths on this list. The argon line
at 514.5 nm is the proposed common wavelength and should be used if possible.
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Alignment procedures

‘ output aperture

input aperture

rear connector

Figure 1. Alignment procedure for transmission traps.
A: input aperture alignment device (brass)
B: output aperture alignment device (semi transparent)

Alignment procedure for transmission traps
(see Fig. 1)
a) remove completely the two rotatable dust caps
b) insert the alignment device A (made of brass, with a flat side) in the input aperture
c) translate the trap along the x and y axis to align the central hole in the beam
d) insert the semi-transparent alignment device B in the output hole
e) rotate the trap about the x and y axis so that the output beam hits the center of B
f) repeat steps 'c' to 'e' until the input beam and the output beam are centred in the input
and output hole respectively.
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Alignment procedure for the reflection trap.
(see Fig. 2)
a) remove the whole plastic dust cap
b) insert the alignment device C in the input hole
c) translate the trap along the x and y axis to align the central hole in the beam
d) rotate the trap about the x and y axis so that the weak residual reflected beam is
collinear with the input beam.
e) repeat steps 'b' to 'd' to check both the position and the orientation.

Figure 2. Alignment procedure for the reflection trap. C: alignment device (brass)

Orientation with respect to the direction of polarisation of the input beam.

Trap detectors show a residual sensitivity to the state of polarisation of the beam. An
orientation with respect to the direction of polarisation has been chosen arbitrarily, and the traps
have to be calibrated and used always oriented the same way.

Transmission traps:

The line joining the center of the input face and the center of the input hole has to be parallel to the
direction of vibration of the electrical vector (see Fig. 3-a).

Reflection trap:

The direction of vibration has to be parallel to the flat part on the right hand side of the mechanical
mounting (reference side), as shown on Fig.3-b.
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Figure 3-a. Orientation of the transmission traps with respect
to the direction of polarization of the beam.

E .
A ‘ reference side
A

.

\
Figure 3-b. Orientation of the reflection traps with respect
to the direction of polarization of the beam.
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