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ABSTRACT

This report gives the results of the EURAMET.PR-K1.a-2009 Comparison of Spectral
Irradiance over the wavelength range 250 nm - 2500 nm. Seven laboratories took part,
including the pilot. In general the results are consistent, with a few exceptions as explained in
the report.

The EURAMET.PR-K1.a Key Comparison detailed in this report was carried out to establish
the degrees of equivalence for the participating European laboratories with respect to the
Key Comparison Reference Value (KCRV) of the CCPR-Kl.a Key Comparison. The
EURAMET.PR-K1.a Key Comparison was piloted by the National Physical Laboratory (NPL),
who also acted as pilot for the CCPR-K1.a Key Comparison; a further linkage to the KCRV of
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the CCPR-K1.a Key Comparison was provided through the participation of the Physikalisch-
Technische Bundesanstalt (PTB) in both comparisons. The other participants were: National
Institute of Metrology of Romania (INM-RO), Federal Office of Metrology (METAS), SP
Technical Research Institute of Sweden (SP), All Russian Institute for Optical and Physical
Measurements (VNIIOFI) and VSL Dutch Metrology Institute (VSL).

Measurements were made by each laboratory at 44 designated wavelengths, or a subset of
these wavelengths. The link laboratories made measurements at all 44 wavelengths. For the
purposes of analysis each wavelength has been treated independently, as for the CCPR
K1.a comparison.



NPL Report OP 12

© Queen’s Printer and Controller of HMSO, 2015

ISSN 1754-2944

National Physical Laboratory
Hampton Road, Teddington, Middlesex, TW11 OLW

Extracts from this report may be reproduced provided the source is acknowledged
and the extract is not taken out of context.

Approved on behalf of NPLML by Stephanie Bell, Science Area Leader



NPL Report OP 12

CONTENTS
L. INTRODUCGTION. . ..coioii ittt ettt ettt e st e et ae e sbe e e sbeeeeabeesbeeesabeeenbeeesteeesnbenesaeens 1
2. ORGANISATION ...ttt te e be e st e st e e be e s be e e beesbaeabbeeabeeebeesbeesbeesnnennns 2
2.1 PARTICIPANTS .ottt ettt et e et e et e e s abe e st e e e et ae e sabesesbeeesabeeeebeeesnbesenneens 2
2.2 FORM OF COMPARISON .....cviiiiiiicie ettt ettt s e ette e s bae e stte e snte e s etae e sbesennee s 2
3. ANALYSIS APPROACH. .. ..ottt ettt ettt sttt b e sttt be e sbe e sbe e saeesnne s 3
3.1 PURPOSE OF THE ANALYSIS. ...ttt ettt nvae e enee s 3
3.2 THE ANALYSIS MODEL USED FOR THE COMPARISON.......ccccooveiieiiiiie e 3
3.3 UNCERTAINTIES ASSOCIATED WITH THE COMPARISON .......ccooviiieirieiiectiecie e 6
4, STABILITY OF LINK LABORATORY SCALES ...ttt 8
4.1 STABILITY OF NPL SCALE......oo ittt ettt ettt st sbe e b aneas 8
4.2 STABILITY OF PTB SCALE ...ttt ettt ettt tae e saae e 10
4.3 TESTING THE STABILITY OF THE NPL AND PTB SCALES......ccccooveveeeeeeeeeee e, 11
43.1 NPL-PTB DIIALEIAL........cveiiviiiiiiiece ettt ebe e sbe et e sraeenbeebeebeeas 11
4.3.2 ADSOIULE ITTA0IANCE VAIUES. .......vvi ettt ettt sbe et e e sbbe e s bae e sabeeans 13
5. RESULTS OF ANALYSIS OF PARTICIPANT DATA ...cooo oottt 13
5.1 RESULTS FOR PTB, GERMANNY ....ooviiitiiiitii ettt ettt ettt s s etae st erae e 14
5.2 RESULTS FOR INM, ROMANIA ... ..ottt ettt ettt et b araas 20
5.3 RESULTS FOR METAS, SWITZERLAND ........coot ittt eneas 23
5.4 RESULTS FOR SP, SWEDEN.......ooiiiii ittt ettt et et erae e 28
5.5 RESULTS FOR VNIOFL, RUSSIA . ..o 33
5.6 RESULTS FOR VSL, THE NETHERLANDS .......ccviiiiiicee ettt 36
5.7 UNILATERAL DEGREES OF EQUIVALENCE .......ccooiiiiiececece ettt 40
B.  CONCLUSIONS ...ttt e ste e s be e st e s bt e st e st e e beesbaesbaesbeeetbeenbeereeas 44
APPENDIX A — MEASUREMENT DETAILS FOR EACH PARTICIPANT ....ccccoovviiiiee e, 45
A.l. MEASUREMENTS AT NPL (PILOT /FIRST LINK LABORATORY)...c.ccccoiviviiieienns 45
A1l  PRIMARY SCALE REALISATION......cooi ittt ettt 45
A.1.2 DESCRIPTION OF THE MEASUREMENT FACILITY ..cooiiiie et 47
A.1.3  MEASUREMENT PROCEDURE ......c..oooii ittt ettt ettt sttt 50
A.1.4  UNCERTAINTY BUDGET ...ttt ettt ettt etaa st s s etae et e naae s 51
A2. MEASUREMENTS AT PTB, GERMANY (SECOND LINK LABORATORY)............. 56
A.2.1  PRIMARY SCALE REALISATION ..ottt ettt ettt et 57
A.2.2 DESCRIPTION OF THE MEASUREMENT FACILITY ..cooiiioe et 57
A.23  MEASUREMENT PROCEDURE ......c..cooii ittt ettt ettt st 58
A.2.4  UNCERTAINTY BUDGET ...ttt ettt ettt ettt ettt s etae s ebaeenane s 59
A.25  COMPARISON LAMPS ... .ottt ettt te et s b e e rae e eae e ete e sreesaessneeanns 60
A.3. MEASUREMENTS AT INM-RO, ROMANIA. ..ottt 60
A.3.1  PRIMARY SCALE REALISATION......oooi ittt ettt sre e 60
A.3.2 DESCRIPTION OF THE MEASUREMENT FACILITY .ooooiiieeeeceeeee e 60
A.3.3 MEASUREMENT PROCEDURE ........c.oooot ittt ettt ettt 62
A.3.4  UNCERTAINTY BUDGET ...ttt ettt ettt etas s st ste s sbas e sbae e naae s 63
A.35  COMPARISON LAMPS ... .ottt ettt ettt sttt st e e raesrteeteesbe e sbeesaessneeanes 65
A4, MEASUREMENTS AT METAS ...ttt ettt s st et e v 65
A4l  PRIMARY SCALE REALISATION .....cooi ittt ettt ettt 65
A.4.2 DESCRIPTION OF THE MEASUREMENT FACILITY .ooooiiie et 66

A43  MEASUREMENT PROCEDURE .......cccootiiiiiieit ettt 67



NPL Report OP 12

Ad4d  UNCERTAINTY BUDGET ....coooiiiiiiiiiie s 68
A4S  COMPARISON LAMPS ... ..ot nre e nne s 70
A5, MEASUREMENTS AT SP ..o 71
AS51 PRIMARY SCALE REALISATION ....cccoiiiiiiiiiiiisint s 71
A52 DESCRIPTION OF THE MEASUREMENT FACILITY ..o 71
A53 MEASUREMENT PROCEDURE ........ccccoiiiiiiiii s 72
A5.4  UNCERTAINTY BUDGET ...ttt 73
A55  COMPARISON LAMPS ... ..ot nre e nne s 76
A.6.  MEASUREMENTS AT VNIOF ...t 76
A6.1  PRIMARY SCALE REALISATION ...ttt 76
A.6.2 DESCRIPTION OF THE MEASUREMENT FACILITY ..o 77
A.6.3 MEASUREMENT PROCEDURE ........cccoiiiiiiic e 78
A6.4  UNCERTAINTY BUDGET ...ttt 79
A.6.5  COMPARISON LAMPS ... .ottt 85
AT7.  MEASUREMENTS AT VSL ..t 85
A7.1  PRIMARY SCALE REALISATION.....ccciiiiiiiiiiire e 85
A7.2 DESCRIPTION OF THE MEASUREMENT FACILITY ...ccoiiiiiiiicci e 85
A7.3 MEASUREMENT PROCEDURE ........ccciiiiiiiiereee e 87
AT.4  UNCERTAINTY BUDGET ...ttt 87
AT.5  COMPARISON LAMPS ... ..ottt sre e ne s 91
AB.  REFERENCES ... 91
APPENDIX B - CHANGES MADE AT PRE-DRAFT ASTAGE ..o 93
APPENDIX C - SUMMARY OF RESULTS ..ot 95

APPENDIX D - RESULTS FROM CCPR K1.A KEY COMPARISON FOR NPL (2003
SCALE) AND PTBu....oiiiiietetst sttt b et nne s 106



NPL Report OP 12

1. INTRODUCTION

The Mutual Recognition Arrangement (MRA) was signed in 1999 with the objectives of establishing
the degree of equivalence of national measurement standards and providing for the mutual recognition
of calibration and measurement certificates issued by National Metrology Institutes (NMIs). Under the
MRA the equivalence of national measurement standards maintained by the NMIs is determined by a
set of Key Comparisons which are chosen and organised by the Consultative Committees of the
International Committee for Weights and Measures (CIPM), working closely with the Regional
Metrology Organisations (RMOs). The Consultative Committee for Photometry and Radiometry
(CCPR) identified several Key Comparisons at its meeting in March 1997. One of these was the
CCPR Key Comparison K1.a for spectral irradiance in the spectral region 250 nm to 2500 nm, which
was carried out between 2000 and 2005 and published in January 2006 [1].

The EURAMET.PR-K1.a Key Comparison detailed in this report was carried out to establish the
degrees of equivalence for the participating European laboratories with respect to the Key Comparison
Reference Value (KCRV) of the CCPR-Kl.a Key Comparison. The EURAMET.PR-K1l.a Key
Comparison was piloted by the National Physical Laboratory (NPL), who also acted as pilot for the
CCPR-K1.a Key Comparison; a further linkage to the KCRV of the CCPR-K1.a Key Comparison was
provided through the participation of the Physikalisch-Technische Bundesanstalt (PTB) in both
comparisons. The All Russian Institute for Optical and Physical Measurements (VNIIOFI) was also a
participant in both comparisons, but did not act as a link laboratory since a new scale had been realised
at this laboratory since the original (CCPR) comparison.

The Pre-Draft A report for the comparison was circulated for review by participants in July 2012 and
all responses to the small number of issues arising from the report were received by the coordinator by
the end of January 2013. The review by participants covered the following points, as laid out in the
CCPR guidelines for the preparation of comparison reports (Pre-Draft A stage):

* Review of uncertainty budgets

» Review of relative data

» Review and approval of method to be used for analysis of results and linkage to CCPR Kl.a

Key Comparison.

Each participant was also sent (in parallel with the Pre-Draft A report) a copy of their individual
reported values as received by the pilot, for verification and correction of any errors.

Following the circulation of the Pre-Draft A report and individual reported values, a small number of
corrections were made to the data and uncertainties, following identification of errors. In addition, one
laboratory decided to withdraw from the comparison, as a result of equipment failure, and another
participant withdrew results for one lamp, due to significant inconsistency with the results for their
other two lamps. These changes are detailed in the Appendix.

The Draft A report was circulated to participants in November 2013 and the final version was agreed
in February 2014. As a result of the comparison, Technical Research Institute of Sweden (SP)
identified an error their measurements: the wrong reference plane was used when setting the distance
for the intercomparison lamps. This problem was identified after the Draft A report had been issued
and therefore the results given in this report (including the DoE values for SP) have not been corrected
for this error, although it is mentioned in all relevant parts of the report.
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2.

2.1

ORGANISATION

PARTICIPANTS

Table 1. Participants’ details

Contact

Institute

Contact details

Short

person version
Teresa National Physical Laboratory +44 20 8943 6863
° Goodman | Hampton Road teresa.goodman@npl.co.uk
= and Middlesex and ' o NPL
William TWIL1O0LW william.servantes@npl.co.uk
Servantes | United Kingdom ' T
r Physikalisch-Technische
[ 5 Peter Bundesanstalt +49 531 592 4144
2 O | Sperfeld 4.11 Spectroradiometry Peter.Sperfeld@ptb.de PTB
S 2 |and Bundesallee 100 and
< E Sven Pape | D 38116 Braunschweig Sven.pape@ptb.de
- Germany
National Institute of Metrology
of Romania
Mihai Vitan Barzesti Street, Nr. 11 +402.1 334 20 60 .
o mihai.simionescu@inm.ro INM-RO
Simionescu | Sector IV metrologia_ro@yahoo.com
Bucharest - '
Romania
Federal Office of Metrology
Correspondence: Shipment: +41 31 32 33 340
Peter Lindenweg 50 Lindenweg 50 | eter plattner@metas.ch METAS
Blattner 3003 Bern- 3084 Wabern
" Wabern Switzerland
% Switzerland
= SP Technical Research Institute of
£ | stefan Sweden +46105165626
% |Kallberg Brinellgatan 4 Stefan.kallberg@sp.se SP
504 62 BORAS ' '
Sweden
All Russian Institute for Optical
Boris and Physical Measurements +7 495 437 29 88
Khlevnoy Ozernaya 46 Khlevnoy-m4@vniiofi.ru VNIIOF
119361 Moscow '
Russia
VSL Dutch Metrology Institute
Paul Thijsseweg 11 +31 15 2691500 VSL
Dekker 2629 JA Delft PDekker@vsl.nl
The Netherlands

An additional participant, the Laboratory for Photometry of the Directorate of Measures and Precious
Metals (DMDM), Serbia, had originally planned to take part but withdrew from the comparison due to
technical problems.

2.2

FORM OF COMPARISON

The form of the comparison, and the link to the CCPR comparison, are shown in Figure 1. Like the
CCPR comparison, the EURAMET comparison was organised as a star comparison, with each
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participant measuring a different set of three lamps and the pilot laboratory, NPL, measuring all the
lamps. Measurements were taken in the sequence Participant — Pilot — Participant.

CCPR B CCPR A

PTBccrr
IDTBEura

Figure 1. Star-arrangement of the comparison. The lines represent different lamps. The two link
laboratories, PTB and NPL are shown twice to exaggerate and emphasise that there may be drift in the
measurement scale of each laboratory since the CCPR comparison.

The pilot (NPL) and one participant (PTB) acted as link laboratories to the CCPR comparison. Four
lamps were measured to provide this linkage, two of which had also been used in the CCPR
comparison. Several years have passed since the CCPR comparison and in that time both laboratories
have moved into new buildings and upgraded their measurement facilities. As a result both NMls have
new uncertainty budgets. NPL has a systematic offset in spectral irradiance scales between the two
comparisons, the magnitude of which has been determined at each wavelength, within a known
uncertainty, by independent experiments. PTB’s scale has been validated to have been stable with
respect to their uncertainties (see also Section 4).

Measurements were made by each laboratory at 44 designated wavelengths, or a subset of these
wavelengths. The link laboratories made measurements at all 44 wavelengths. For the purposes of
analysis each wavelength has been treated independently, as for the CCPR K1.a comparison.

3. ANALYSIS APPROACH

3.1 PURPOSE OF THE ANALYSIS

The purpose of the analysis is to provide unilateral Degrees of Equivalence (DoEs) between each
participant in the EURAMET comparison and the defined Key Comparison Reference Value (KCRV)
of the CCPR comparison. These DoEs must be consistent with the measured values obtained during
the two comparisons. A linkage between the comparisons is provided by NPL, the pilot laboratory in
both comparisons, and PTB, a participant in both comparisons.

3.2 THE ANALYSIS MODEL USED FOR THE COMPARISON

For the purposes of analysis, the comparison can be considered as a series of bilateral comparisons
between the pilot (NPL) and the participant, with each wavelength being treated independently. The
results of each bilateral comparison are then linked to the KCRV (established during the CCPR
comparison) through the measurements of the two link laboratories, so that unilateral DoEs can be
determined.

The spectral irradiance assigned by NMI i to lamp j at wavelength A during measurement round r is
Xi,i,r(4). In the absence of lamp drift, the results from each measurement round can be averaged to give

Page 3 of 107
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Xij(4). These measured values differ from the ‘true’ spectral irradiance of this lamp at this wavelength,
Ej(4) due to:

. The systematic scale offset factor Si(1) for NMI i at wavelength A, which can also be
expressed as 1+Di(1) where Di(4) is the unilateral DoE for that NMI at that wavelength. The
value of Di(4) is nominally zero and (provided uncertainties have been fully evaluated) will be
smaller than the stated uncertainty of that NMI at that wavelength.

« Random effects that occur during the measurements by NMI i at wavelength A, particularly
lamp reproducibility but also including other random influences such as the stability of the
lamp current during measurement. These effects are described by the multiplicative factor
Ri(4), which has the value one at all wavelengths and an associated uncertainty Ugi(4), which
is the stated random uncertainty for NMI i as a function of wavelength.

Thus, written mathematically, the measurement equation for a single participant’s measurement of
lamp j (averaged over both measurement rounds) is:

X)) =E;(1)-500-R(A) 1)

The aim of the comparison is to determine the systematic factors Si(1), and hence Di(4), for each
participant NMI in a way that is consistent with the KCRV of the CCPR comparison.

The link to the CCPR comparison comes through the two link laboratories, NPL and PTB. As for the
participant NMls, the values measured by the link laboratories differ from the ‘true’ spectral irradiance
values due to systematic scale offset effects and random effects. For these laboratories, however, prior
information regarding the magnitude of the scale offset is available from the CCPR comparison
results. The CCPR comparison defined the unilateral DoE, Diccpr(4), of each link laboratory from the
systematic scale offset factor determined during the comparison, Siccer(A4):

Diccer(4) = Sicerr(4) - 1 2

A multiplicative factor, Ci(4), can be introduced to allow for any change in the scale of the link
laboratories* since the CCPR comparison, so that the systematic factor for the EURAMET
comparison, Sieu(4), can be related to the systematic factor for the CCPR comparison, through:

S:eu(A) = 5, coprlA) - C:(2) (3)

Note that Ci(4), and its associated uncertainty, has been determined experimentally by the two link
laboratories through their own measurements. Section 4 provides the values for Ci(4) and discusses
tests performed during this comparison to confirm the validity of these values and the associated
uncertainties.

Thus the measurement equation for each of the link laboratories is:
X ;) = E{{2) - 5; ceprld) - €:(4) - R,(D) 4)
The pilot laboratory, NPL, measured all of the lamps used in this comparison. Assuming that there is

no change in the spectral irradiance of each lamp during the course of the comparison” (beyond that
accounted for by random variations), we have the relationship:

* See Section 4 for further detail. In practice, it is known that NPL’s scale has changed, by a known amount and
with a corresponding known uncertainty at each measurement point. For PTB there is no scale change, confirmed
within the corresponding measurement uncertainty.

# If analysis of the results for any lamp indicates a change in spectral irradiance during the comparison, this can
be allowed for through an additional multiplicative factor. However this proved to be unnecessary (see Section 5).

Page 4 of 107
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A jLA)

E{l)=——_ = %)
¢ SilArRiA)  SNPL.CCPRLAN-CNPLLAVRNPLIA
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. Ep (A . o EnpLlA
5.-:_)'.:!: —— . S () Coyqpp{ ) - ———— 6
it e - NeLeeprlA) b Al T o (6)

This enables the scale offset factor for NMI i to be directly determined. The second link laboratory,
PTB, did not measure any of the other participants’ lamps. Thus it is not possible to establish a direct
relationship between PTB and the participants in the same way as for NPL. However the 4 lamps
measured by NPL and PTB allow a ‘link factor’, F(1), to be calculated, given by:

F(1) = :"E:\'FL':/'.."
=20 ()

where Xprg(2) represents the mean measurement of the 4 lamps by PTB and X wewLA) is the mean
measurement of the 4 lamps by NPL. This factor can be applied to Equation 6 to obtain the scale offset
factors for participant laboratory i, 5;(.2), that would have been obtained if PTB had measured all
lamps i.e.

. .. i (A .. .~ RPTE(A)
SHA)=F(3)——-§ (L) Cprgli) ——— 8
it ) XNPL; A PTECCPRVA) " LpTELA) RLA) 8

The weighted mean of these 2 scale factors is given by Equation 9 below; subtracting one from this
mean factor allows the unilateral DoE for participant i to be determined, using both link laboratories.

A =T maa Mwe A SupLeepr'A) - CyprbA) - Bypr WAT +
wprg (4} " F(4) * Spre.ccprA) - Cprgld) - Rprg (A)] 9)

where wnei (1) and wers(A) are the weights assigned to NPL and PTB respectively. The weights are
proportional to the inverse square of the uncertainty associated with the quality of the link provided by
each laboratory to the CCPR KCRYV and are subject to the constraint wne(4) + were(4) = 1. The
quality of the link depends on the random effects for the CCPR and EURAMET comparisons and the
scale stability factor Ci(4). Thus the uncertainty associated with the quality of the link provided by
NPL, une iink(4), is given by:

-

2 Fay 2 g 2 .--,-w 7 .
UppLlink ') = UnpLrccer A + UnpLreur A + Ugyp i) (10)

The value of the link factor, F(1), also provides a check on how well the results from this EURAMET
comparison agree with those from the CCPR comparison for the two link laboratories. If the two
comparisons are consistent with one another, then the value of F(1) should differ from the bilateral
DoE for NPL compared with PTB determined during the CCPR-K1.a comparison (after making due
allowance for the known change in NPL’s scale) by less than the combined random measurement
uncertainty for NPL and PTB. If this condition is satisfied, then this confirms that neither NPL’s nor
PTB’s scale has changed relative to the other since the CCPR comparison (except for the known
change in NPL’s scale), within the random uncertainties associated with each scale. This is discussed
further in Section 4.3.

Page 5 of 107
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3.3 UNCERTAINTIES ASSOCIATED WITH THE COMPARISON

The standard uncertainty associated with the unilateral DoE for each participant, u(Di(1)), is
determined from the uncertainties associated with each element in Equation 9 and can be expressed as
follows:

w2(D: () = F]
+ug () + wia (0 - ufipraccer(l) + wire (0 ubrrceon (D) + ud copr (2]
+[wiar (D) -k ypr(A) + wirg (1) - u prg (A)
apr A - ug ypp (A e WL - ug pre(dl

+wie (0 - udiprpey (2 + wire () - wbrgrey (1) + ud gy (2] (11)

The full derivation of this expression is not given here. It was determined following the approach
described in Appendix A of [2], making adjustments to account for the fact that NPL was the pilot
laboratory for both comparisons. Note that this has been simplified to ignore the correlation between
the KCRV and the systematic factors of NPL and PTB (a simplification that slightly changes the
weight for the term wuz-pz) and the correlation introduced by the use of the link factor F(Z) in
Equation 9; these simplifications lead to a slight over-estimation of the uncertainty associated with the
DoE values, but by an insignificant amount (<0.05 %).

The analysis also ignores correlations due to traceability (if applicable) between participants in this
comparison and participants in the CCPR comparison, and hence the uncertainty associated with the
DoE is slightly over-estimated for those cases (see Appendices for details of traceability routes for
individual participants). Unlike the CCPR comparison, this EURAMET comparison is effectively
analysed as a series of independent bilateral comparisons between individual participants and the link
laboratories. Additionally, the KCRYV is that of the CCPR comparison and is not calculated for the
EURAMET comparison participants. This means that correlations between EURAMET-only
participants are not important. Correlations caused by a participant obtaining traceability from one of
the link laboratories (or any other participant of the CCPR comparison) do have a small effect, but
only for the participant involved and not for others. The effect is small because it only involves stable
systematic effects, not random or transfer effects, and is further reduced by the fact that there are two
laboratories providing the link to the CCPR KCRV. In principle, participants obtaining traceability
from one of the link laboratories would be expected to obtain a value closer to the KCRV than
otherwise, and therefore the uncertainty associated with the DoE should be (marginally) reduced.
However, it is standard practice to treat scales as independent and to test them as independent scales,
which is the approach taken for this comparison.

There are four principle components to the uncertainty calculation, indicated by the square brackets in
Equation 11:

a) Uncertainties associated with non-link laboratory measurement results
e 1;(4) is the declared total relative standard uncertainty of the participant laboratory for a
single lamp i.e. it is the uncertainty associated with X;;{4) in Equation 9. This includes
uncertainties due to both correlated (systematic) and uncorrelated (random) effects for that
participant laboratory.

b) Key comparison effects
e 1 {4) is the relative standard uncertainty associated with the KCRV, as given in the CCPR-
K1.areport.
e wyp(A) and wgprg(A) are the weights assigned to the measurements made by the link
laboratories (NPL or PTB) determined as described previously (see Section 3.2).

Page 6 of 107



NPL Report OP 12

® UypLaccerld) and uprsrccprlA) are the relative standard uncertainties associated with
uncorrelated effects (random uncertainty) for the link laboratories (NPL or PTB) during the
CCPR-K1.a comparison, as given in the CCPR-K1.a report.

e UrcceriA) IS the relative transfer uncertainty from the CCPR-K1.a comparison, i.e. it is the
lamp instability factor determined during the CCPR-K1.a comparison, as given in the CCPR-
K1.a report.

Note that these four contributions together give the uncertainties associated with

[SN]:ILICC]JR{A}I.'!XN]JL‘:A}] and [F{_I} " SPTB.CCPR‘:A}-"!XN]:'L{A}] in Equatlon 9 They are tabulated
in Table 2 below.

¢) Linking quality
e ucypLid) and ucprglA) are the relative standard uncertainties associated with the factors
Cnri(4) and Cers(A) respectively in Equation 9, which allow for the change in the scales
maintained by the link laboratories (NPL or PTB) since the CCPR-K1l.a comparison, as
detailed in Section 4 and tabulated in Tables 11 and 17.

d) Bilateral comparison effects

® Uyprreuld) and uprgreyld) are the relative standard uncertainties associated with
uncorrelated effects (random uncertainty) of the link laboratories (NPL or PTB) during the
EURAMET comparison, as detailed in Sections 6 and 7, i.e. they are the uncertainties
associated with Rnei(4) and Rere(4) in Equation 9.

e urgylA)is relative transfer uncertainty associated with the EURAMET comparison, i.e. it is
the lamp instability factor determined during this comparison, as discussed in Section 5. This
is essentially also the uncertainty associated with Ri(1) in Equation 9, excluding those
components (such as lamp power supply stability) which are specific to each individual
laboratory and are included in the participant laboratory measurement uncertainty 1:; {4} or in
the random uncertainties of the link laboratories, txp reutA) and uprgr eulil.

Table 2. Uncertainties arising from CCPR-K1.a Key Comparison effects

KCRV AL Pl (I::mPR
Wavelength ey NPL PTB uncorrelated uncorrelated instabﬁity
/nm = weight weight CCPR-Kl.a CCPR-Kl.a
(k=1) factor
(k=1) (k=1) (k = 1)
250 0.43 % 0.271 0.729 0.77 % 0.58 % 0.40 %
260 0.36 % 0.276 0.724 0.77 % 0.57 % 0.24 %
270 0.34 % 0.273 0.727 0.78 % 0.57 % 0.16 %
280 0.32 % 0.291 0.709 0.78 % 0.56 % 0.27 %
290 0.30 % 0.294 0.706 0.78 % 0.56 % 0.25 %
300 0.26 % 0.308 0.692 0.78 % 0.56 % 0.26 %
310 0.24 % 0.242 0.758 0.78 % 0.47 % 0.30 %
320 0.23 % 0.232 0.768 0.82 % 0.47 % 0.27 %
330 0.22 % 0.233 0.767 0.86 % 0.47 % 0.24 %
340 0.22 % 0.238 0.762 0.82 % 0.47 % 0.23 %
350 0.21 % 0.225 0.775 0.78 % 0.47 % 0.22 %
360 0.21 % 0.189 0.811 0.16 % 0.40 % 0.20 %
370 0.21 % 0.179 0.821 0.22 % 0.40 % 0.19 %
380 0.21 % 0.176 0.824 0.21 % 0.40 % 0.18 %
390 0.21 % 0.175 0.825 0.22 % 0.40 % 0.17 %
400 0.19 % 0.178 0.822 0.18 % 0.40 % 0.18 %
450 0.15 % 0.351 0.649 0.17 % 0.35 % 0.22 %
500 0.15 % 0.371 0.629 0.17 % 0.33% 0.20 %
550 0.14 % 0.380 0.620 0.16 % 0.33 % 0.20 %
555 0.14 % 0.380 0.620 0.16 % 0.33 % 0.20 %
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KCRV PL . CI:aCnI;>R
Wavelength ST NPL PTB uncorrelated | uncorrelated instabﬁity

/nm k=1) weight weight CCPR-Kl.a | CCPR-K1l.a -
(k=1) (k=1) (k = 1)

600 0.14 % 0.385 0.615 0.11 % 0.33% 0.18 %
650 0.14 % 0.417 0.583 0.12 % 0.35% 0.16 %
700 0.14 % 0.423 0.577 0.14 % 0.35% 0.14 %
750 0.12 % 0.426 0.574 0.12 % 0.35% 0.13%
800 0.12 % 0.428 0.572 0.11 % 0.36 % 0.13%
850 0.12 % 0.536 0.464 0.10 % 0.28 % 0.18 %
900 0.10 % 0.543 0.457 0.12 % 0.28 % 0.14 %
950 0.12 % 0.569 0.431 0.13% 0.28 % 0.15%
1000 0.12 % 0.574 0.426 0.12 % 0.28 % 0.14 %
1100 0.15% 0.719 0.281 0.15% 0.43 % 0.11 %
1200 0.17 % 0.722 0.278 0.26 % 0.43 % 0.09 %
1300 0.17 % 0.740 0.260 0.20 % 0.43 % 0.09 %
1400 0.22 % 0.724 0.276 0.65 % 1.00 % 0.11 %
1500 0.23 % 0.953 0.047 0.22 % 1.00 % 0.10 %
1600 0.24 % 0.958 0.042 0.28 % 1.00 % 0.08 %
1700 0.26 % 0.820 0.180 0.39 % 1.00 % 0.05 %
1800 0.28 % 0.814 0.186 0.36 % 1.00 % 0.09 %
1900 0.29 % 0.814 0.186 0.41 % 1.02 % 0.15%
2000 0.27 % 0.794 0.206 0.49 % 1.02 % 0.16 %
2100 0.29 % 0.818 0.182 0.38 % 1.21 % 0.14 %
2200 0.30 % 0.833 0.167 0.39 % 1.22 % 0.07 %
2300 0.29 % 0.828 0.172 0.42 % 1.21 % 0.00 %
2400 0.36 % 0.807 0.193 0.51 % 1.19% 0.00 %
2500 0.39 % 0.841 0.159 0.41 % 1.21 % 0.30 %

4. STABILITY OF LINK LABORATORY SCALES

NPL and PTB provide the link to the CCPR comparison. Equations 6 and 8 give the link between the
scale factor determined for the participant laboratory during this EURAMET comparison and the scale
factor determined for NPL or PTB respectively during the CCPR comparison. The quality of the link
is dependent on the knowledge of Ci(1), the multiplicative ‘scale change term’ for each link laboratory
and thus the uncertainty associated with this term must be well known. Note that in the case of NPL,
where there is a known change in scale since the CCPR comparison that is allowed for by Cnpei(4), the
link to the CCPR comparison is through the NPL2oos Scale.

4.1 STABILITY OF NPL SCALE

NPL upgraded the SRIPS* facility between 2003 and 2010 (see Section A.1 for further details),
leading to a systematic change in the NPL spectral irradiance scale. The magnitude of this change was
determined using 10 reference lamps (3 Polaron type and 7 FEL type) which were measured in 2003,
or shortly afterwards, and again in 2010/2011. The results for the individual lamps, and for the mean
of all 10 lamps, are given in Figure 2. There is a spread of values around the mean, as shown by the
standard deviation of the differences between 2003 and 2010 values in Figure 3 for all lamps (red
curve), FEL lamps only (blue) and Polaron lamps only (green). Figure 3 also shows the ‘expected
standard deviation from the uncertainty budget’ (purple curve). This is determined by combining in
quadrature the three standard uncertainties associated with:

« random effects for the 2010 scale

« random effects for the 2003 scale

* Spectral radiance and irradiance primary scales facility — the facility used for realisation of the primary spectral
irradiance scale at NPL.
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« the ‘artefact stability factor’ introduced for the CCPR-K1.a comparison.

Systematic effects are ignored since they are, by definition, common for all lamps and are the origin
of the systematic offset shown by the mean curve in Figure 2.

Difference between 2010 values and 2003 values

2.5%
——FEL 225 ——FEL 333 ——FEL 396

2.0%

FEL 397 ——FEL 398 ------ PA 860
16% 0 e PA 861  ceneee PA 863 FEL 227

FEL 240 ==Average
1.0%
0.5%
0.0%
-0.5%
-1.0%
-1.5%
-2.0% é
2.5% - B3

250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength /nm
Figure 2. Difference between spectral irradiance values assigned by NPL in 2003 and 2010, and mean
difference for all lamps.

2.0% -
==Expected stdev from uncertainty budget
—Stdev (all lamps)

1.5% - ——Stdev (FEL lamps only)
——Stdev (Polaron lamps only)

1.0%

0.5%

Std dev of differences between 2003 and 2010 values
for different lamps

0.0%

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength / nm

Figure 3. Standard deviation (red) and expected standard deviation (blue) of the results for different
lamps in Figure 2.
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Figure 3 shows that in the UV and visible spectral regions there is good agreement between the
observed and expected standard deviations. In the IR the agreement between all lamps is reasonable,
but not quite as good as expected. However if the FEL lamps and the Polaron lamps are analysed
separately, the standard deviations of each type are seen to be in line with the expected standard
deviations. Detailed examination indicates that the increased standard deviation when all lamps are
included is due to a systematic difference between the two types of lamp as measured on SRIPS in
2003; this systematic difference is fully accounted for in the uncertainty budgets.

For the purposes of the EURAMET.PR-K1.a comparison, Cnei(4) is given by the mean (black) curve
in Figure 2 and its associated uncertainty UcneL(A) is given by the higher value (on a wavelength-by-
wavelength basis) of the two curves in Figure 3, divided by the square root of the number of lamps

used to obtain this curve. The values for Cnpi(4) and Ucnei(4) are tabulated in Table 11 (Section
A.l.1).

4.2 STABILITY OF PTB SCALE

PTB has several reference standard lamps that were measured in 2002, as part of the CCPR-K1l.a
comparison, and that have been remeasured on an annual basis since 2006. PTB have observed no
noticeable systematic drift from year to year. The differences between the measurements made in any
subsequent year and the 2002 data are random, with a standard deviation that is well within the
uncertainty associated with a single measurement (see Figure 4 for example).

Therefore the best estimate of Cprs(A) is Cere(A) = 1. The associated uncertainty in Cprs(A4), Ucprs(A)
is taken to be given by the uncertainty arising from random (uncorrelated) effects for any individual
measurement at PTB — see Table 17 in Section A.2.4.

[ BN-9101-240

year
: 2000
: 2006
12007
- 2008
—— 2009
— :2010

' - Ucme
——

deviation to 2002 / %

1 1 1 1 1
500 1000 1500 2000 2500
wavelength 2/ nm

Figure 4. Exemplary validation of independent spectral irradiance realizations compared to the 2002
measurements (CCPR K1.a): Repeated calibration of lamp BN-9101-240.
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4.3 TESTING THE STABILITY OF THE NPL AND PTB SCALES

During the EURAMET.PR-K1.a comparison, four lamps were measured by both PTB and NPL. Two

of these lamps were also measured by both NMls during the CCPR-K1.a comparison. There are two

valuable ways to analyse these data, both of which are discussed below (Sections 4.3.1 and 4.3.2):

1. Interms of a bilateral comparison between PTB and NPL, comparing the results with the bilateral
agreement between PTB and NPL from the CCPR-K1.a comparison.

2. In terms of the agreement between the absolute values assigned by NPL and PTB in the
EURAMET comparison and those assigned by these two laboratories to the same lamps in the
CCPR-K1.a comparison.

As well as testing the quality of the link of the EURAMET.PR-K1.a to the CCPR-K1.a comparison,
these tests also provide a means by which to confirm the reliability of the estimate of Cnp (1) and can
be used to provide the DoE for the NPLo scale by reference to the KCRV of the CCPR-K1l.a
comparison.

Note that although the CCPR guidelines for Pre-Draft A reports emphasise that no information must
be given that enables the absolute level of agreement between participant laboratories to be
determined, in the case of the link laboratories in regional comparisons this level of agreement was
already known (from the associated CCPR comparison). Since the stability of this agreement for the
link laboratories between the CCPR and regional comparison was critical in ensuring the quality of the
link to the CCPR comparison, it was decided that it was appropriate, and permissible, to give this
information in the Pre-Draft A report; this was therefore done.

43.1 NPL-PTB bilateral

Figure 5 shows the results of analysing the data from the four lamps as a bilateral between NPL and
PTB and comparing the results of this bilateral with the expected difference, as determined from the
CCPR-K1.a comparison. If XypreulA) and Xpreruli) are the means of the irradiance values

assigned by NPL and PTB respectively to the lamps in the EURAMET comparison, and Xyprcoprld)
and Xprzccerl-L) are the means of the irradiance values assigned by NPL and PTB respectively to the
lamps in the CCPR comparison, then Figure 5 presents:

e Green curve: Xypp euld)/ Xorezy () (Note this is the link factor F(1) defined in Equation 7.)

e Blue curve: [Xuprcoprld) - Capr () [Xpreccer(4) - Core(4)] (Note this is the bilateral
agreement between NPL and PTB from the CCPR comparison, corrected for the change in the
NPL scale since that comparison.)

e Black dotted curves: associated uncertainty i.e. the quadrature sum of the random uncertainties
for NPL and PTB and the CCPR comparison artefact stability factor (all at k=1).

If the change in the NPL scale, as described by Cne.(4), is the only cause of the change in the
difference between NPL and PTB in the EURAMET comparison and that in the CCPR comparison,
then the green and blue curves in Figure 5 should agree within the random uncertainties, i.e. the
difference between the two curves should be smaller than the limits indicted by the black dotted
curves. This difference is plotted in Figure 6 and confirms that (except at the shortest wavelengths
where it appears the uncertainties may have been underestimated) the agreement between the NPL and
PTB scales determined during the EURAMET comparison is as expected on the basis of the results of
the CCPR-K1.a comparison.

The fact that the bilateral DoE values for the two comparisons differ by less than the combined
random measurement uncertainty provides confirmation that the two comparisons are consistent with
one another. Thus NPL and PTB can be considered equivalent as comparison links; the best link to the
CCPR comparison is provided by using data from both link laboratories, as described in Section 3.2.
Furthermore, this analysis confirms that the values determined by NPL for the change in the NPL
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spectral irradiance scale between 2003 and 2010, Cne(A), are consistent with the expected results, and
are therefore reliable.

1.03
——— CCPR corrected for NPL scale change
EURAMET
------- Combined random uncertainties
1.02
1.01

NPL irradiance / PTB irradiance

099 LAl T

0.98

097 T T T T T T T T 1
250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength / nm

Figure 5. Bilateral agreement between NPL and PTB, as determined from EURAMET.PR-K1.a
comparison results (green curve) and from CCPR-K1.a comparison after allowing for the subsequent
change in the NPL scale (blue curve). Black dotted curve is combined random effects (k=1).

2.5%

——— Change in bilateral DoE

2.0%

------- Combined random uncertainties

1.5%

1.0%

0.5%

0.0%

-0.5%

-1.0%

-1.5%

Change in bilateral DoE between NPL and PTB

-2.0%

_2.5% T T T T T 1
250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength / nm

Figure 6. Change in bilateral agreement between NPL and PTB, after allowing for the known change in
the NPL scale. Black dotted curve is combined random effects (k=1).
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4.3.2 Absolute irradiance values

Two lamps, FEL 227 and FEL 240, were measured by both NPL and PTB during the course of both
the CCPR-K1.a and EURAMET.PR-K1.a comparisons. Figure 7 shows the ratios of the absolute
spectral irradiance values assigned by each laboratory to each of these lamps during each comparison,
allowing for the known shift in the NPL scale. The black dotted curve shows the quadrature sum of the
random uncertainties for NPL and PTB and the artefact stability factor determined during the CCPR
comparison (all standard uncertainties, i.e. k=1).

Figure 7 indicates that the absolute values assigned by each laboratory to FEL lamps 227 and 240 have
not changed significantly (by more than the combined random effects) between the two comparisons,
after allowing for the known change in the NPL scale. This is not an unexpected conclusion, based on
the fact that the level of agreement between NPL and PTB has not changed between the two
comparisons (see Section 4.3.1). However it also serves to exclude the (remote) possibility that the
scales maintained by NPL and PTB have drifted between the two comparisons by a similar, but
unsuspected, amount. In other words, Figure 7 confirms the stability of the NPL2gs and PTB spectral
irradiance scales and validates the quality of the link provided by these two NMIs to the KCRV of the
CCPR-K1.a comparison.
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g 0.985 —PTBFEL 240
g —— NPLFEL 227
©
g 0380 | ——PTB FEL 227
Lo

------- Combined random uncertainties
0.975 ‘ ‘ ‘ . ‘ ‘ : ‘ :
250 500 750 1000 1250 1500 1750 2000 2250 2500
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Figure 7. Ratio of spectral irradiance values assigned by NPL and PTB to FEL lamps 227 and 240 in both
comparisons, allowing for the known change in the NPL scale. Black dotted curve is combined random
effects (k=1).

5. RESULTS OF ANALYSIS OF PARTICIPANT DATA

The results of the measurements carried out by each participant NMI have been analysed in terms of:

1. The absolute results for each participant.
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2. The stability of the lamps for each participant before and after transportation to the pilot
laboratory (NPL).

The internal consistency of all the lamps measured at each participant’s laboratory.

4. The resultant unilateral degrees of equivalence.

Results for each participant are given in Sections 5.1 to 5.6. Absolute results for each lamp, as
measured by the participant and the pilot (NPL), are presented in both tabular and graphical form; the
NPL results are as measured against the 2010 scale. The stability of the lamps was evaluated by
calculating the ratios between the values assigned to each lamp by the relevant participant before
transport to NPL and the values assigned on their return to the participant laboratory. The internal
consistency of the lamps measured by each participant was determined by calculating the ratios
between the values assigned to each lamp by the relevant participant to the values assigned to the same
lamp by the pilot, and normalising these values to the mean participant-to-pilot ratio for all the lamps
measured by that participant i.e. by plotting:

2 — & (12)

where

24 = Sae; (13)

and Z; is the mean value of Z; ; for all the lamps measured by that participant.

Graphs showing the stability and internal consistency of the lamps are presented for each participant
(including the second link laboratory, PTB). Where combined uncertainties are shown, these are based
on the information provided by the participants and the uncertainty budget for the pilot (NPL), and
also include the (random / uncorrelated) artefact stability factor introduced during the CCPR-K1.a
comparison. The results show that in most cases the bilateral ratios (NPL-to-participant) for each
individual lamp agree well (i.e. to within the combined random uncertainties) with the mean ratio for
that participant. This suggests that there is no need to introduce an additional ‘artefact stability factor’
for this comparison; the factor determined for during the CCPR-K1.a comparison appears to apply for
this comparison also.

The resultant unilateral DoE values and associated uncertainties are presented in Section 5.7 and show
the degrees of equivalence between the spectral irradiance scales for each participant and the CCPR-
K1.a KCRV. DoE values and uncertainties are also given for the NPL o1 scale in this Section.

5.1 RESULTS FOR PTB, GERMANY

PTB, Germany, made measurements over the full wavelength range. Four lamps were measured, three
in the sequence NPL-PTB-NPL-PTB and the fourth in the sequence PTB-NPL-PTB. There is no
evidence of any significant drift in any of the lamps during the course of the comparison and the
consistency between lamps is good.

Table 3. Absolute results for PTB, Germany

LAMP FEL 196

Waver:fr:‘gth/ PTB Run 1 NPL PTB Run 2
250 1.297E-04 1.277E-04 1.288E-04
260 2.283E-04 2 244E-04 2.270E-04
270 3.838E-04 3.758E-04 3.804E-04
280 6.073E-04 5.948E-04 6.031E-04

Page 14 of 107



NPL Report OP 12

LAMP FEL 196

Wa"er:fT']"gth/ PTB Run 1 NPL PTB Run 2
290 9.216E-04 9.052E-04 9.180E-04
300 1.349E-03 1.332E-03 1.344E-03
310 1.917E-03 1.889E-03 1.910E-03
320 2.647E-03 2.606E-03 2.638E-03
330 3.569E-03 3.506E-03 3.553E-03
340 4.701E-03 4.631E-03 4.684E-03
350 6.063E-03 5.998E-03 6.053E-03
360 7.688E-03 7.572E-03 7.651E-03
370 9.581E-03 9.429E-03 9.555E-03
380 1.176E-02 1.157E-02 1.174E-02
390 1.422E-02 1.398E-02 1.422E-02
400 1.698E-02 1.671E-02 1.691E-02
450 3.490E-02 3.462E-02 3.479E-02
500 5.875E-02 5.843E-02 5.863E-02
550 8.580E-02 8.541E-02 8.547E-02
555 8.858E-02 8.820E-02 8.835E-02
600 1.130E-01 1.126E-01 1.128E-01
650 1.383E-01 1.376E-01 1.378E-01
700 1.592E-01 1.586E-01 1.592E-01
750 1.758E-01 1.751E-01 1.757E-01
800 1.873E-01 1.866E-01 1.873E-01
850 1.946E-01 1.937E-01 1.940E-01
900 1.975E-01 1.968E-01 1.975E-01
950 1.974E-01 1.968E-01 1.972E-01
1000 1.944E-01 1.941E-01 1.948E-01
1100 1.834E-01 1.827E-01 1.834E-01
1200 1.671E-01 1.673E-01 1.677E-01
1300 1.501E-01 1.504E-01 1.504E-01
1400 1.346E-01 1.342E-01 1.341E-01
1500 1.177E-01 1.175E-01 1.178E-01
1600 1.030E-01 1.031E-01 1.030E-01
1700 9.015E-02 9.010E-02 9.009E-02
1800 7.887E-02 7.881E-02 7.884E-02
1900 6.962E-02 6.916E-02 6.930E-02
2000 6.036E-02 6.017E-02 6.021E-02
2100 5.269E-02 5.276E-02 5.273E-02
2200 4.640E-02 4.629E-02 4.631E-02
2300 4.068E-02 4.064E-02 4.074E-02
2400 3.571E-02 3.597E-02 3.598E-02
2500 3.129E-02 3.158E-02 3.153E-02
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LAMP FEL 197

Wa"er:fr';‘gth/ NPL run 1 PTB Run 1 NPL run 2 PTB Run 2
250 1.251E-04 1.263E-04 1.251E-04 1.256E-04
260 2.199E-04 2.225E-04 2.198E-04 2.213E-04
270 3.678E-04 3.727E-04 3.664E-04 3.712E-04
280 5.798E-04 5.879E-04 5.779E-04 5.863E-04
290 8.861E-04 8.947E-04 8.855E-04 8.925E-04
300 1.300E-03 1.311E-03 1.298E-03 1.308E-03
310 1.850E-03 1.872E-03 1.850E-03 1.864E-03
320 2.543E-03 2.569E-03 2.538E-03 2.563E-03
330 3.424E-03 3.457E-03 3.419E-03 3.451E-03
340 4.517E-03 4.553E-03 4.502E-03 4.543E-03
350 5.845E-03 5.870E-03 5.822E-03 5.871E-03
360 7.383E-03 7.443E-03 7.376E-03 7.436E-03
370 9.196E-03 9.275E-03 9.186E-03 9.253E-03
380 1.127E-02 1.136E-02 1.126E-02 1.137E-02
390 1.363E-02 1.376E-02 1.363E-02 1.376E-02
400 1.630E-02 1.641E-02 1.627E-02 1.637E-02
450 3.371E-02 3.371E-02 3.371E-02 3.363E-02
500 5.683E-02 5.680E-02 5.681E-02 5.666E-02
550 8.296E-02 8.290E-02 8.296E-02 8.270E-02
555 8.563E-02 8.553E-02 8.562E-02 8.542E-02
600 1.095E-01 1.091E-01 1.094E-01 1.091E-01
650 1.336E-01 1.334E-01 1.336E-01 1.332E-01
700 1.540E-01 1.539E-01 1.541E-01 1.539E-01
750 1.700E-01 1.697E-01 1.700E-01 1.697E-01
800 1.811E-01 1.812E-01 1.814E-01 1.810E-01
850 1.884E-01 1.880E-01 1.879E-01 1.880E-01
900 1.913E-01 1.910E-01 1.913E-01 1.911E-01
950 1.913E-01 1.908E-01 1.913E-01 1.909E-01
1000 1.886E-01 1.880E-01 1.884E-01 1.882E-01
1100 1.777E-01 1.771E-01 1.776E-01 1.779E-01
1200 1.627E-01 1.618E-01 1.625E-01 1.621E-01
1300 1.462E-01 1.454E-01 1.460E-01 1.456E-01
1400 1.305E-01 1.302E-01 1.300E-01 1.299E-01
1500 1.142E-01 1.140E-01 1.142E-01 1.139E-01
1600 1.001E-01 9.971E-02 1.002E-01 9.974E-02
1700 8.768E-02 8.718E-02 8.757E-02 8.724E-02
1800 7.663E-02 7.628E-02 7.664E-02 7.639E-02
1900 6.725E-02 6.737E-02 6.719E-02 6.729E-02
2000 5.854E-02 5.836E-02 5.857E-02 5.836E-02
2100 5.135E-02 5.097E-02 5.124E-02 5.113E-02
2200 4.503E-02 4.474E-02 4.509E-02 4.470E-02
2300 3.957E-02 3.932E-02 3.942E-02 3.948E-02
2400 3.492E-02 3.434E-02 3.486E-02 3.411E-02
2500 3.075E-02 2.999E-02 3.065E-02 2.958E-02
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LAMP FEL 227

Wa"er:f:gth/ NPL run 1 PTB Run 1 NPL run 2 PTB Run 2
250 1.281E-04 1.297E-04 1.286E-04 1.285E-04
260 2.248E-04 2.294E-04 2.255E-04 2.274E-04
270 3.771E-04 3.849E-04 3.771E-04 3.837E-04
280 5.964E-04 6.089E-04 5.979E-04 6.062E-04
290 9.097E-04 9.239E-04 9.099E-04 9.216E-04
300 1.333E-03 1.354E-03 1.334E-03 1.351E-03
310 1.895E-03 1.926E-03 1.900E-03 1.920E-03
320 2.614E-03 2.657E-03 2.618E-03 2.650E-03
330 3.524E-03 3.586E-03 3.527E-03 3.572E-03
340 4.644E-03 4.721E-03 4.652E-03 4.706E-03
350 6.000E-03 6.088E-03 6.016E-03 6.085E-03
360 7.600E-03 7.721E-03 7.597E-03 7.697E-03
370 9.484E-03 9.623E-03 9.467E-03 9.619E-03
380 1.162E-02 1.180E-02 1.163E-02 1.180E-02
390 1.404E-02 1.428E-02 1.407E-02 1.427E-02
400 1.677E-02 1.704E-02 1.682E-02 1.698E-02
450 3.478E-02 3.501E-02 3.485E-02 3.494E-02
500 5.853E-02 5.887E-02 5.866E-02 5.879E-02
550 8.549E-02 8.597E-02 8.566E-02 8.582E-02
555 8.824E-02 8.868E-02 8.838E-02 8.859E-02
600 1.126E-01 1.132E-01 1.127E-01 1.129E-01
650 1.375E-01 1.384E-01 1.378E-01 1.379E-01
700 1.587E-01 1.594E-01 1.588E-01 1.592E-01
750 1.750E-01 1.759E-01 1.753E-01 1.760E-01
800 1.866E-01 1.877E-01 1.870E-01 1.880E-01
850 1.938E-01 1.950E-01 1.940E-01 1.947E-01
900 1.968E-01 1.979E-01 1.972E-01 1.977E-01
950 1.970E-01 1.978E-01 1.972E-01 1.980E-01
1000 1.940E-01 1.949E-01 1.942E-01 1.954E-01
1100 1.828E-01 1.838E-01 1.831E-01 1.843E-01
1200 1.674E-01 1.677E-01 1.676E-01 1.682E-01
1300 1.504E-01 1.508E-01 1.506E-01 1.510E-01
1400 1.340E-01 1.349E-01 1.342E-01 1.352E-01
1500 1.176E-01 1.183E-01 1.177E-01 1.182E-01
1600 1.030E-01 1.034E-01 1.033E-01 1.034E-01
1700 9.015E-02 9.048E-02 9.035E-02 9.050E-02
1800 7.889E-02 7.921E-02 7.868E-02 7.937E-02
1900 6.917E-02 6.980E-02 6.933E-02 7.001E-02
2000 6.033E-02 6.053E-02 6.037E-02 6.067E-02
2100 5.279E-02 5.306E-02 5.289E-02 5.315E-02
2200 4.632E-02 4.653E-02 4.634E-02 4.633E-02
2300 4.069E-02 4.088E-02 4.083E-02 4.079E-02
2400 3.590E-02 3.604E-02 3.602E-02 3.642E-02
2500 3.162E-02 3.181E-02 3.081E-02 3.206E-02
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LAMP FEL 240

Wa"er:fr']"gth/ NPL run 1 PTB Run 1 NPL run 2 PTB Run 2
250 1.696E-04 1.700E-04 1.702E-04 1.708E-04
260 2.936E-04 2.982E-04 2.956E-04 2.965E-04
270 4.878E-04 4.934E-04 4.885E-04 4.926E-04
280 7.454E-04 7.590E-04 7.490E-04 7.565E-04
290 1.157E-03 1.166E-03 1.161E-03 1.163E-03
300 1.684E-03 1.696E-03 1.690E-03 1.691E-03
310 2.388E-03 2.406E-03 2.395E-03 2.402E-03
320 3.261E-03 3.280E-03 3.266E-03 3.279E-03
330 4.355E-03 4.389E-03 4.363E-03 4.378E-03
340 5.705E-03 5.742E-03 5.729E-03 5.736E-03
350 7.335E-03 7.366E-03 7.356E-03 7.364E-03
360 9.240E-03 9.300E-03 9.287E-03 9.292E-03
370 1.147E-02 1.154E-02 1.149E-02 1.153E-02
380 1.396E-02 1.407E-02 1.402E-02 1.407E-02
390 1.683E-02 1.692E-02 1.685E-02 1.695E-02
400 2.000E-02 2.013E-02 2.005E-02 2.010E-02
450 4.064E-02 4.057E-02 4.073E-02 4.050E-02
500 6.742E-02 6.725E-02 6.751E-02 6.721E-02
550 9.726E-02 9.684E-02 9.735E-02 9.671E-02
555 1.002E-01 9.986E-02 1.005E-01 9.975E-02
600 1.268E-01 1.263E-01 1.270E-01 1.261E-01
650 1.534E-01 1.530E-01 1.537E-01 1.528E-01
700 1.757E-01 1.748E-01 1.759E-01 1.752E-01
750 1.925E-01 1.917E-01 1.928E-01 1.920E-01
800 2.041E-01 2.034E-01 2.043E-01 2.036E-01
850 2.109E-01 2.101E-01 2.113E-01 2.099E-01
900 2.133E-01 2.123E-01 2.136E-01 2.128E-01
950 2.125E-01 2.113E-01 2.127E-01 2.115E-01
1000 2.085E-01 2.073E-01 2.086E-01 2.075E-01
1100 1.952E-01 1.942E-01 1.955E-01 1.951E-01
1200 1.778E-01 1.765E-01 1.779E-01 1.770E-01
1300 1.591E-01 1.579E-01 1.591E-01 1.584E-01
1400 1.413E-01 1.404E-01 1.412E-01 1.406E-01
1500 1.235E-01 1.229E-01 1.235E-01 1.230E-01
1600 1.080E-01 1.071E-01 1.080E-01 1.073E-01
1700 9.434E-02 9.358E-02 9.419E-02 9.358E-02
1800 8.242E-02 8.164E-02 8.287E-02 8.180E-02
1900 7.212E-02 7.187E-02 7.179E-02 7.191E-02
2000 6.276E-02 6.233E-02 6.265E-02 6.262E-02
2100 5.489E-02 5.440E-02 5.483E-02 5.457E-02
2200 4.810E-02 4.762E-02 4.802E-02 4.772E-02
2300 4.223E-02 4.180E-02 4.220E-02 4.180E-02
2400 3.733E-02 3.664E-02 3.714E-02 3.711E-02
2500 3.224E-02 3.212E-02 3.227E-02 3.247E-02
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Figure 10. Difference between ratios of values assigned to each lamp by PTB, Germany to values assigned
to the same lamp by NPL and mean PTB-to-NPL ratio for all lamps measured by PTB (see Eq. 12 and 13).

52 RESULTS FOR INM, ROMANIA

INM, Romania, made measurements over a subset of the full range, at 50 nm intervals from 400 nm to
900 nm and 555 nm only. There is no evidence of any significant drift in any of the lamps during the
course of the comparison; the consistency between lamps is moderate (slightly outside uncertainties).

Table 4. Absolute results for INM, Romania

LAMP FEL 472

Wa"er:fn”gth / INM Run 1 NPL INM Run 2
400 2.490E-02 2.404E-02 2.470E-02
450 4.860E-02 4.736E-02 4.850E-02
500 8.180E-02 7.744E-02 8.170E-02
550 1.120E-01 1.097E-01 1.119E-01
555 1.152E-01 1.134E-01 1.151E-01
600 1.441E-01 1.413E-01 1.439E-01
650 1.724E-01 1.692E-01 1.722E-01
700 1.955E-01 1.916E-01 1.952E-01
750 2.127E-01 2.086E-01 2.124E-01
800 2.244E-01 2.194E-01 2.241E-01
850 2.307E-01 2.257E-01 2.304E-01
900 2.322E-01 2.274E-01 2.319E-01
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Wa"er:fn”gth / INM Run 1 NPL INM Run 2
400 2 520E-02 2.420E-02 2 540E-02
450 5.100E-02 4.791E-02 5.120E-02
500 7.990E-02 7.765E-02 8.020E-02
550 1.132E-01 1.099E-01 1.135E-01
555 1.164E-01 1.132E-01 1.166E-01
600 1.446E-01 1.411E-01 1.447E-01
650 1.728E-01 1.686E-01 1.729E-01
700 1.958E-01 1.908E-01 1.959E-01
750 2 128E-01 2.072E-01 2 129E-01
800 2 246E-01 2.182E-01 2 248E-01
850 2 309E-01 2 244E-01 2 312E-01
900 2.323E-01 2 253E-01 2 325E-01

LAMP FEL 474

Wa"er:‘;?gth 4 INM Run 1 NPL INM Run 2
400 2.440E-02 2.337E-02 2.460E-02
450 4.960E-02 4.621E-02 4.970E-02
500 7.800E-02 7.486E-02 7.830E-02
550 1.107E-01 1.061E-01 1.109E-01
555 1.139E-01 1.092E-01 1.142E-01
600 1.428E-01 1.363E-01 1.431E-01
650 1.716E-01 1.629E-01 1.719E-01
700 1.948E-01 1.845E-01 1.951E-01
750 2.121E-01 2.005E-01 2.126E-01
800 2.238E-01 2.111E-01 2.242E-01
850 2.302E-01 2.168E-01 2.307E-01
900 2.322E-01 2.185E-01 2.328E-01
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Figure 13. Difference between ratios of values assigned to each lamp by INM, Romania, to values assigned
to same lamp by NPL and mean INM-to-NPL ratio for all lamps measured by INM (see Eq. 12 and 13).

5.3 RESULTS FOR METAS, SWITZERLAND

METAS, Switzerland, made measurements over a subset of the full range, at 10 nm intervals between
250 nm and 400 nm, 50 nm intervals from 400 nm to 1000 nm, 555 nm and 1100 nm. Although the
agreement between the first and second round of measurements for one of the lamps is not as good as
expected (the difference between the two sets of results is considerably larger than the random
uncertainty associated with the measurements), the consistency between all three lamps is good; this
suggests that this lamp may have drifted during the course of the comparison but in such a way that
the drift was accounted for by averaging the two sets of measurements.

Table 5. Absolute results for METAS, Switzerland

LAMP FEL 388

Wa"er:fr?gth "1 METAS Run 1 NPL METAS Run 2
250 2.960E-04 3.019E-04 2.968E-04
260 4.991E-04 5.137E-04 4.943E-04
270 8.040E-04 8.313E-04 8.062E-04
280 1.249E-03 1.279E-03 1.245E-03
290 1.845E-03 1.889E-03 1.845E-03
300 2.640E-03 2.694E-03 2.633E-03
310 3.664E-03 3.729E-03 3.671E-03
320 4.971E-03 5.015E-03 4.950E-03
330 6.530E-03 6.590E-03 6.508E-03
340 8.421E-03 8.519E-03 8.383E-03
350 1.071E-02 1.078E-02 1.068E-02
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LAMP FEL 388

Wa"er:fn”gth "| METAS RUn 1 NPL METAS Run 2
360 1.331E-02 1.337E-02 1.328E-02
370 1.631E-02 1.637E-02 1.629E-02
380 1.970E-02 1.975E-02 1.963E-02
390 2.343E-02 2.349E-02 2.336E-02
400 2.748E-02 2.764E-02 2.745E-02
450 5.331E-02 5.370E-02 5.312E-02
500 8.504E-02 8.563E-02 8.456E-02
550 1.186E-01 1.195E-01 1.181E-01
555 1.220E-01 1.230E-01 1.215E-01
600 1.510E-01 1.519E-01 1.504E-01
650 1.790E-01 1.801E-01 1.782E-01
700 2.016E-01 2.024E-01 2.009E-01
750 2.179E-01 2.185E-01 2.172E-01
800 2.288E-01 2.288E-01 2.277E-01
850 2.342E-01 2.345E-01 2.331E-01
900 2.351E-01 2.347E-01 2.340E-01
950 2.321E-01 2.319E-01 2.308E-01
1000 2.266E-01 2.261E-01 2.253E-01
1100 2.106E-01 2.101E-01 2.094E-01

Wa"er:fr?gth "1 METAS Run 1 NPL METAS Run 2
250 2.626E-04 2.645E-04 2.601E-04
260 4.429E-04 4.516E-04 4.374E-04
270 7.189E-04 7.354E-04 7.157E-04
280 1.124E-03 1.137E-03 1.111E-03
290 1.666E-03 1.689E-03 1.653E-03
300 2.395E-03 2.417E-03 2.368E-03
310 3.331E-03 3.350E-03 3.296E-03
320 4.532E-03 4.528E-03 4.498E-03
330 5.975E-03 5.970E-03 5.919E-03
340 7.730E-03 7.731E-03 7.635E-03
350 9.862E-03 9.808E-03 9.764E-03
360 1.229E-02 1.223E-02 1.217E-02
370 1.511E-02 1.500E-02 1.498E-02
380 1.828E-02 1.814E-02 1.810E-02
390 2.178E-02 2.165E-02 2.158E-02
400 2 560E-02 2 546E-02 2.542E-02
450 5.016E-02 4.987E-02 4.968E-02
500 8.062E-02 8.020E-02 7.982E-02
550 1.132E-01 1.128E-01 1.123E-01
555 1.165E-01 1.160E-01 1.156E-01
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Wa"er:fn”gth "| METAS RUn 1 NPL METAS Run 2
600 1.448E-01 1.442E-01 1.437E-01
650 1.726E-01 1.717E-01 1.712E-01
700 1.950E-01 1.938E-01 1.936E-01
750 2.115E-01 2.101E-01 2.101E-01
800 2.227E-01 2.207E-01 2.210E-01
850 2.285E-01 2.263E-01 2.268E-01
900 2.299E-01 2.276E-01 2.282E-01
950 2.274E-01 2.255E-01 2.255E-01
1000 2.223E-01 2.204E-01 2.204E-01
1100 2.070E-01 2.054E-01 2.054E-01

LAMP FEL 390

Wa"er:‘;?gth "| METASRUn 1 NPL METAS Run 2
250 2.569E-04 2.604E-04 2.554E-04
260 4.307E-04 4.458E-04 4.320E-04
270 7.040E-04 7.264E-04 7.069E-04
280 1.099E-03 1.122E-03 1.098E-03
290 1.631E-03 1.668E-03 1.634E-03
300 2.346E-03 2.389E-03 2.340E-03
310 3.261E-03 3.310E-03 3.258E-03
320 4.437E-03 4.471E-03 4.454E-03
330 5.846E-03 5.897E-03 5.840E-03
340 7.565E-03 7.634E-03 7.547E-03
350 9.641E-03 9.682E-03 9.639E-03
360 1.201E-02 1.207E-02 1.201E-02
370 1.476E-02 1.477E-02 1.476E-02
380 1.786E-02 1.786E-02 1.783E-02
390 2.128E-02 2.131E-02 2.127E-02
400 2.500E-02 2.512E-02 2.504E-02
450 4.891E-02 4.906E-02 4.886E-02
500 7.861E-02 7.881E-02 7.842E-02
550 1.102E-01 1.108E-01 1.102E-01
555 1.135E-01 1.140E-01 1.134E-01
600 1.410E-01 1.415E-01 1.410E-01
650 1.681E-01 1.683E-01 1.679E-01
700 1.900E-01 1.901E-01 1.900E-01
750 2.060E-01 2.061E-01 2.062E-01
800 2.171E-01 2.167E-01 2.170E-01
850 2.230E-01 2.223E-01 2.229E-01
900 2.243E-01 2.234E-01 2.243E-01
950 2.221E-01 2.215E-01 2.219E-01
1000 2.173E-01 2.166E-01 2.171E-01
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LAMP FEL 390

Wa"er:fn”gth "| METAS RUn 1 NPL METAS Run 2
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Figure 14. Comparison between irradiance values measured by NPL and by METAS, Switzerland.
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5.4 RESULTS FOR SP, SWEDEN

SP, Sweden, made measurements over the full wavelength range of the comparison. There is no
evidence of any significant drift in any of the lamps during the course of the comparison and the
consistency between lamps is good.

As a result of the comparison, SP identified an error their measurements. The wrong reference plane
was used when setting the distance for the intercomparison lamps at SP: instead of using the front
plate of the lamp mount, as specified in the protocol, SP used the plane of the alignment jig containing
the crosshair. This meant that measurements were made at a distance that was 6 mm less than that
used at NPL, and resulted in irradiance values that were about 2.3 % higher than would be obtained
using the correct distance. This problem was identified after the Draft A report had been issued and
therefore the results given in this report (including the DoE values for SP) have not been corrected for
this error.

Table 6. Absolute results for SP, Sweden.

LAMP PTB-SL-135

Wa"er:‘;:‘gth / SPRun 1 NPL SP Run 2
250 1.374E-04 1.327E-04 1.373E-04
260 2 408E-04 2 316E-04 2 413E-04
270 4.018E-04 3.869E-04 4.020E-04
280 6.375E-04 6.093E-04 6.396E-04
290 9.668E-04 9.318E-04 9.663E-04
300 1.415E-03 1.365E-03 1.418E-03
310 2.007E-03 1.944E-03 2.011E-03
320 2.766E-03 2.661E-03 2.775E-03
330 3.716E-03 3.583E-03 3.720E-03
340 4.886E-03 4.718E-03 4.884E-03
350 6.287E-03 6.098E-03 6.289E-03
360 7.941E-03 7.700E-03 7.957E-03
370 9.875E-03 9.594E-03 9.895E-03
380 1.208E-02 1.177E-02 1.211E-02
390 1.459E-02 1.421E-02 1.462E-02
400 1.740E-02 1.697E-02 1.743E-02
450 3.579E-02 3.502E-02 3.585E-02
500 6.029E-02 5.883E-02 6.035E-02
550 8.795E-02 8.578E-02 8.817E-02
555 9.079E-02 8.851E-02 9.100E-02
600 1.156E-01 1.128E-01 1.159E-01
650 1.406E-01 1.376E-01 1.409E-01
700 1.613E-01 1.583E-01 1.616E-01
750 1.776E-01 1.745E-01 1.777E-01
800 1.900E-01 1.859E-01 1.900E-01
850 1.972E-01 1.928E-01 1.981E-01
900 2.002E-01 1.957E-01 2.007E-01
950 2.008E-01 1.955E-01 2.006E-01
1000 1.977E-01 1.924E-01 1.979E-01
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LAMP PTB-SL-135

Wa"er:fn”gth / SPRun 1 NPL SP Run 2
1100 1.865E-01 1.810E-01 1.861E-01
1200 1.717E-01 1.655E-01 1.708E-01
1300 1.533E-01 1.485E-01 1.524E-01
1400 1.360E-01 1.320E-01 1.352E-01
1500 1.191E-01 1.158E-01 1.186E-01
1600 1.043E-01 1.014E-01 1.039E-01
1700 9.113E-02 8.860E-02 9.106E-02
1800 7.957E-02 7.752E-02 7.949E-02
1900 6.929E-02 6.792E-02 6.899E-02
2000 6.060E-02 5.913E-02 6.058E-02
2100 5.300E-02 5.179E-02 5.309E-02
2200 4.645E-02 4.538E-02 4.656E-02
2300 4.090E-02 3.993E-02 4.089E-02
2400 3.604E-02 3.529E-02 3.603E-02
2500 3.179E-02 3.084E-02 3.190E-02

LAMP SP 96-5

Wa"er:‘;?gth 4 SPRun 1 NPL SP Run 2
250 2.257E-04 2. 163E-04 2 244E-04
260 3.898E-04 3.733E-04 3.871E-04
270 6.409E-04 6.132E-04 6.376E-04
280 1.002E-03 9.492E-04 1.000E-03
290 1.503E-03 1.443E-03 1.501E-03
300 2 172E-03 2.088E-03 2.172E-03
310 3.050E-03 2.942E-03 3.049E-03
320 4.154E-03 3.988E-03 4.150E-03
330 5.527E-03 5.299E-03 5.514E-03
340 7.189E-03 6.913E-03 7.168E-03
350 9.165E-03 8.851E-03 9.154E-03
360 1.147E-02 1.109E-02 1.146E-02
370 1.414E-02 1.364E-02 1.411E-02
380 1.716E-02 1.661E-02 1.712E-02
390 2.053E-02 1.988E-02 2.052E-02
400 2.432E-02 2 359E-02 2.427E-02
450 4.840E-02 4.729E-02 4.827E-02
500 7.946E-02 7.725E-02 7.925E-02
550 1.136E-01 1.102E-01 1.133E-01
555 1.170E-01 1.135E-01 1.167E-01
600 1.466E-01 1.423E-01 1.464E-01
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LAMP SP 96-5

Wa"er:fn”gth / SPRun 1 NPL SP Run 2
650 1.758E-01 1.709E-01 1.751E-01
700 1.986E-01 1.941E-01 1.983E-01
750 2 164E-01 2 115E-01 2.163E-01
800 2 285E-01 2.230E-01 2 290E-01
850 2 346E-01 2.293E-01 2 354E-01
900 2 369E-01 2 309E-01 2 371E-01
950 2 355E-01 2.294E-01 2 357E-01
1000 2 309E-01 2.243E-01 2 311E-01
1100 2 151E-01 2.090E-01 2 151E-01
1200 1.959E-01 1.895E-01 1.953E-01
1300 1.736E-01 1.689E-01 1.734E-01
1400 1.534E-01 1.495E-01 1.527E-01
1500 1.339E-01 1.305E-01 1.339E-01
1600 1.169E-01 1.139E-01 1.165E-01
1700 1.018E-01 9.916E-02 1.018E-01
1800 8.879E-02 8.672E-02 8.857E-02
1900 7.711E-02 7.567E-02 7.709E-02
2000 6.745E-02 6.574E-02 6.731E-02
2100 5.891E-02 5.752E-02 5.895E-02
2200 5.162E-02 5.016E-02 5.166E-02
2300 4.522E-02 4.429E-02 4.529E-02
2400 3.993E-02 3.894E-02 3.978E-02
2500 3.481E-02 3.486E-02 3.504E-02

Wa"er:‘;]”gth / SPRun 1 NPL SP Run 2
250 2 .648E-04 2 556E-04 2 652E-04
260 4.565E-04 4.388E-04 4.548E-04
270 7.443E-04 7.172E-04 7.486E-04
280 1.157E-03 1.103E-03 1.160E-03
290 1.726E-03 1.663E-03 1.732E-03
300 2 481E-03 2 391E-03 2 491E-03
310 3.462E-03 3.349E-03 3.475E-03
320 4.691E-03 4.519E-03 4.706E-03
330 6.211E-03 5.986E-03 6.239E-03
340 8.048E-03 7.779E-03 8.080E-03
350 1.022E-02 9.893E-03 1.027E-02
360 1.276E-02 1.238E-02 1.281E-02
370 1.567E-02 1.518E-02 1.572E-02
380 1.896E-02 1.843E-02 1.903E-02
390 2 264E-02 2 204E-02 2 273E-02
400 2.672E-02 2.602E-02 2.682E-02
450 5.255E-02 5.136E-02 5.270E-02
500 8.538E-02 8.331E-02 8.564E-02
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LAMP SP 96-5

Wa"er:fn”gth / SPRun 1 NPL SP Run 2
550 1.211E-01 1.179E-01 1.215E-01
555 1.246E-01 1.213E-01 1.250E-01
600 1.552E-01 1.513E-01 1.558E-01
650 1.846E-01 1.807E-01 1.855E-01
700 2.086E-01 2.044E-01 2.094E-01
750 2 260E-01 2 218E-01 2 271E-01
800 2 395E-01 2 331E-01 2 398E-01
850 2 450E-01 2.392E-01 2 443E-01
900 2. 468E-01 2 404E-01 2 460E-01
950 2 456E-01 2 380E-01 2 442E-01
1000 2 398E-01 2.322E-01 2 388E-01
1100 2.230E-01 2157E-01 2 217E-01
1200 2.024E-01 1.950E-01 2.011E-01
1300 1.788E-01 1.733E-01 1.777E-01
1400 1.574E-01 1.531E-01 1.564E-01
1500 1.374E-01 1.333E-01 1.369E-01
1600 1.197E-01 1.162E-01 1.190E-01
1700 1.041E-01 1.010E-01 1.035E-01
1800 9.064E-02 8.792E-02 9.013E-02
1900 7.873E-02 7.670E-02 7.841E-02
2000 6.865E-02 6.667E-02 6.827E-02
2100 5.987E-02 5.819E-02 5.969E-02
2200 5.237E-02 5.089E-02 5.217E-02
2300 4.611E-02 4.468E-02 4.589E-02
2400 4.045E-02 3.932E-02 4.034E-02
2500 3.538E-02 3.399E-02 3.537E-02

Page 31 of 107



NPL Report OP 12

1.06

1.05

1.03

SP irradiance / NPL irradiance
S

1.01

——PTB-SL-135

SP 96-5

~—SP 96-7

Mean

250 500 750

1
1000 1250 1500 1750 2000 2250 2500
Wavelength / nm

Figure 17. Comparison between irradiance values measured by NPL and by SP, Sweden.
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Figure 18. Agreement between first and second round measurements for SP, Sweden.
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Figure 19. Difference between ratios of values assigned to each lamp by SP, Sweden, to values assigned to
the same lamp by NPL and mean SP-to-NPL ratio for all lamps measured by SP (see Eq. 12 and 13).

5.5 RESULTS FOR VNIIOFI, RUSSIA

VNIIOFI, Russia, made measurements over the full wavelength range of the comparison. However
due to an error in the lamp current and distance used in the first round of measurements, only results
from the second round are considered. The consistency between two of the lamps was good, but
results for the third lamp were removed from the comparison due to a lack of internal consistency in
the results (identified during the Pre-Draft A stage — see Appendix B).

Table 7. Absolute results for VNIIOFI, Russia.

LAMP SL-218 LAMP SL-219

Wa"/er:fn”gth NPL VNIIOFI Run 2 Wa"/er:fn”gth NPL VNIIOFI Run 2
250 1.620E-04 1.613E-04 250 1.615E-04 1.619E-04
260 2.832E-04 2.821E-04 260 2.817E-04 2 .822E-04
270 4.685E-04 4.704E-04 270 4.673E-04 4.695E-04
280 7.066E-04 7.214E-04 280 6.793E-04 6.988E-04
290 1.119E-03 1.117E-03 290 1.116E-03 1.114E-03
300 1.631E-03 1.630E-03 300 1.633E-03 1.628E-03
310 2 318E-03 2 323E-03 310 2 326E-03 2 333E-03
320 3.156E-03 3.160E-03 320 3.159E-03 3.163E-03
330 4.222E-03 4.242E-03 330 4.235E-03 4.249E-03
340 5.542E-03 5.573E-03 340 5.560E-03 5.581E-03
350 7.128E-03 7.154E-03 350 7.166E-03 7.185E-03
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LAMP SL-218 LAMP SL-219

Wa"/eriifgth NPL VNIIOFI Run 2 Wa"/er!‘;?gth NPL VNIIOFI Run 2
360 8.981E-03 9.039E-03 360 9.027E-03 9.085E-03
370 1.115E-02 1.122E-02 370 1.122E-02 1.127E-02
380 1.363E-02 1.374E-02 380 1.370E-02 1.381E-02
390 1.644E-02 1.657E-02 390 1.651E-02 1.669E-02
400 1.953E-02 1.964E-02 400 1.965E-02 1.977E-02
450 3.976E-02 3.965E-02 450 4.017E-02 4.004E-02
500 6.611E-02 6.595E-02 500 6.677E-02 6.671E-02
550 9.550E-02 9.535E-02 550 9.654E-02 9.648E-02
555 9.849E-02 9.840E-02 555 9.960E-02 9.956E-02
600 1.247E-01 1.246E-01 600 1.262E-01 1.262E-01
650 1511E-01 1.510E-01 650 1.531E-01 1.531E-01
700 1.731E-01 1.733E-01 700 1.754E-01 1.755E-01
750 1.898E-01 1.899E-01 750 1.926E-01 1.928E-01
800 2.013E-01 2.017E-01 800 2.044E-01 2.047E-01
850 2.082E-01 2.082E-01 850 2 112E-01 2 114E-01
900 2 107E-01 2 110E-01 900 2 140E-01 2 143E-01
950 2 100E-01 2 102E-01 950 2 134E-01 2 134E-01
1000 2.061E-01 2.064E-01 1000 2.094E-01 2.098E-01
1100 1.933E-01 1.939E-01 1100 1.965E-01 1.971E-01
1200 1.760E-01 1.768E-01 1200 1.790E-01 1.797E-01
1300 1.575E-01 1.582E-01 1300 1.602E-01 1.610E-01
1400 1.400E-01 1.398E-01 1400 1.423E-01 1.424E-01
1500 1.224E-01 1.229E-01 1500 1.245E-01 1.251E-01
1600 1.071E-01 1.075E-01 1600 1.089E-01 1.095E-01
1700 9.346E-02 9.373E-02 1700 9.504E-02 9.530E-02
1800 8.163E-02 8.180E-02 1800 8.363E-02 8.336E-02
1900 7.150E-02 7.140E-02 1900 7.255E-02 7.273E-02
2000 6.230E-02 6.190E-02 2000 6.321E-02 6.279E-02
2100 5.445E-02 5.410E-02 2100 5.536E-02 5.537E-02
2200 4.785E-02 4.760E-02 2200 4.858E-02 4.839E-02
2300 4.182E-02 4.203E-02 2300 4.273E-02 4.267E-02
2400 3.697E-02 3.699E-02 2400 3.760E-02 3.752E-02
2500 3.226E-02 3.225E-02 2500 3.280E-02 3.302E-02
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Figure 20. Comparison between irradiance values measured by NPL and by VNIIOFI, Russia.
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Figure 21. Difference between ratios of values assigned to each lamp by VNIIOFI to values assigned to the

same lamp by NPL and mean VNIIOFI-to-NPL ratio for two of the lamps measured by VNIIOFI (results

for a third lamp have been excluded due to poor internal consistency between this lamp and the other two,
identified at the Pre-Draft A stage of the comparison).
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5.6 RESULTS FOR VSL, THE NETHERLANDS

VSL, The Netherlands, made measurements over a subset of the full range, at 10 nm intervals between
250 nm and 400 nm, 50 nm intervals from 400 nm to 1000 nm, 100 nm intervals from 1000 nm to
2000 nm, and 555 nm. There is no evidence of any significant drift in any of the lamps during the
course of the comparison and the consistency between lamps is good.

Table 8. Absolute results for VSL, The Netherlands

LAMP FEL 266

Wa"er:fr']"gth/ VSL Run 1 NPL VSL Run 2
250 1.149E-04 1.159E-04 1.144E-04
260 2.043E-04 2.032E-04 2.027E-04
270 3.426E-04 3.400E-04 3.391E-04
280 5.434E-04 5.405E-04 5.396E-04
290 8.271E-04 8.263E-04 8.221E-04
300 1.215E-03 1.218E-03 1.209E-03
310 1.728E-03 1.731E-03 1.716E-03
320 2.394E-03 2.393E-03 2.381E-03
330 3.242E-03 3.227E-03 3.226E-03
340 4.274E-03 4.269E-03 4.252E-03
350 5.523E-03 5.520E-03 5.513E-03
360 6.984E-03 7.024E-03 6.943E-03
370 8.728E-03 8.764E-03 8.681E-03
380 1.072E-02 1.076E-02 1.061E-02
390 1.297E-02 1.302E-02 1.292E-02
400 1.543E-02 1.558E-02 1.551E-02
450 3.223E-02 3.253E-02 3.240E-02
500 5.482E-02 5.502E-02 5.468E-02
550 8.033E-02 8.069E-02 8.032E-02
555 8.291E-02 8.337E-02 8.293E-02
600 1.0596E-01 1.067E-01 1.063E-01
650 1.2991E-01 1.306E-01 1.305E-01
700 1.5012E-01 1.510E-01 1.504E-01
750 1.6612E-01 1.669E-01 1.662E-01
800 1.7765E-01 1.782E-01 1.778E-01
850 1.8453E-01 1.852E-01 1.851E-01
900 1.8697E-01 1.884E-01 1.889E-01
950 1.8691E-01 1.884E-01 1.886E-01
1000 1.8436E-01 1.857E-01 1.863E-01
1100 1.762E-01 1.753E-01 1.743E-01
1200 1.602E-01 1.603E-01 1.606E-01
1300 1.433E-01 1.440E-01 1.442E-01
1400 1.270E-01 1.283E-01 1.285E-01
1500 1.128E-01 1.125E-01 1.121E-01
1600 9.830E-02 9.865E-02 9.890E-02
1700 8.600E-02 8.629E-02 8.550E-02
1800 7.520E-02 7.569E-02 7.440E-02
1900 6.610E-02 6.610E-02 6.590E-02
2000 5.670E-02 5.759E-02 5.780E-02
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LAMP FEL 310

Wa"er:fr?gth/ VSL Run 1 NPL VSL Run 2
250 1.495E-04 1.503E-04 1.486E-04
260 2.607E-04 2.629E-04 2.613E-04
270 4.370E-04 4.362E-04 4.342E-04
280 6.876E-04 6.894E-04 6.845E-04
290 1.037E-03 1.046E-03 1.034E-03
300 1.511E-03 1.530E-03 1.511E-03
310 2.134E-03 2.161E-03 2.130E-03
320 2.938E-03 2.966E-03 2.935E-03
330 3.961E-03 3.981E-03 3.952E-03
340 5.190E-03 5.238E-03 5.182E-03
350 6.676E-03 6.750E-03 6.687E-03
360 8.391E-03 8.537E-03 8.379E-03
370 1.044E-02 1.059E-02 1.043E-02
380 1.279E-02 1.294E-02 1.272E-02
390 1.539E-02 1.562E-02 1.540E-02
400 1.824E-02 1.862E-02 1.843E-02
450 3.748E-02 3.815E-02 3.784E-02
500 6.300E-02 6.370E-02 6.295E-02
550 9.119E-02 9.229E-02 9.139E-02
555 9.396E-02 9.521E-02 9.429E-02
600 1.191E-01 1.209E-01 1.199E-01
650 1.448E-01 1.468E-01 1.459E-01
700 1.662E-01 1.685E-01 1.670E-01
750 1.828E-01 1.851E-01 1.834E-01
800 1.945E-01 1.967E-01 1.954E-01
850 2.007E-01 2.038E-01 2.019E-01
900 2.026E-01 2.062E-01 2.051E-01
950 2.017E-01 2.056E-01 2.036E-01
1000 1.980E-01 2.020E-01 2.008E-01
1100 1.872E-01 1.896E-01 1.873E-01
1200 1.710E-01 1.728E-01 1.716E-01
1300 1.526E-01 1.548E-01 1.533E-01
1400 1.343E-01 1.375E-01 1.340E-01
1500 1.194E-01 1.204E-01 1.188E-01
1600 1.040E-01 1.053E-01 1.037E-01
1700 9.030E-02 9.178E-02 9.130E-02
1800 7.890E-02 8.014E-02 7.850E-02
1900 6.920E-02 7.014E-02 6.780E-02
2000 6.000E-02 6.102E-02 6.040E-02
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LAMP FEL 312

Wa"er:fT']"gth/ VSL Run 1 NPL VSL Run 2
250 1.580E-04 1.565E-04 1.547E-04
260 2.752E-04 2.737E-04 2.722E-04
270 4.596E-04 4.543E-04 4.523E-04
280 7.200E-04 7.161E-04 7.125E-04
290 1.087E-03 1.085E-03 1.075E-03
300 1.583E-03 1.585E-03 1.570E-03
310 2.231E-03 2.236E-03 2.208E-03
320 3.070E-03 3.069E-03 3.042E-03
330 4.128E-03 4.104E-03 4.089E-03
340 5.407E-03 5.396E-03 5.354E-03
350 6.940E-03 6.956E-03 6.901E-03
360 8.725E-03 8.773E-03 8.635E-03
370 1.084E-02 1.088E-02 1.074E-02
380 1.324E-02 1.326E-02 1.315E-02
390 1.593E-02 1.596E-02 1.582E-02
400 1.886E-02 1.902E-02 1.887E-02
450 3.857E-02 3.885E-02 3.863E-02
500 6.458E-02 6.465E-02 6.418E-02
550 9.332E-02 9.353E-02 9.305E-02
555 9.616E-02 9.650E-02 9.594E-02
600 1.217E-01 1.223E-01 1.218E-01
650 1.479E-01 1.483E-01 1.481E-01
700 1.695E-01 1.701E-01 1.694E-01
750 1.861E-01 1.867E-01 1.857E-01
800 1.977E-01 1.981E-01 1.974E-01
850 2.041E-01 2.048E-01 2.039E-01
900 2.060E-01 2.076E-01 2.071E-01
950 2.049E-01 2.068E-01 2.056E-01
1000 2.009E-01 2.031E-01 2.025E-01
1100 1.890E-01 1.905E-01 1.889E-01
1200 1.722E-01 1.736E-01 1.723E-01
1300 1.538E-01 1.554E-01 1.550E-01
1400 1.356E-01 1.377E-01 1.365E-01
1500 1.198E-01 1.207E-01 1.204E-01
1600 1.055E-01 1.056E-01 1.055E-01
1700 9.150E-02 9.212E-02 9.160E-02
1800 7.990E-02 8.051E-02 7.920E-02
1900 7.000E-02 7.040E-02 6.980E-02
2000 5.980E-02 6.122E-02 6.070E-02
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Figure 22. Comparison between irradiance values measured by NPL and by VVSL, The Netherlands.
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Figure 23. Agreement between first and second round measurements for VSL, The Netherlands.
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Figure 24. Difference between ratios of values assigned to each lamp by VSL, The Netherlands to values
assigned to the same lamp by NPL and mean VSL-to-NPL ratio for all lamps measured by VSL (see Eq.
12 and 13).

5.7 UNILATERAL DEGREES OF EQUIVALENCE

The unilateral DoE values for the participants, i.e. the DoE for the participants to the CCPR KCRYV,
are given in Table 9 and Figure 25; the associated uncertainties are given in Table 10. In the case of
NPL, the scale considered is that realised in 2010 (see Section 4.1). No DoE values are given in Table
9 or Figure 25 for PTB, since these were determined in the CCPR K1.a Key Comparison.

The DoE values and associated uncertainties for each individual participant are also given in Appendix
C, in tabular and graphical form. For completeness, Appendix D (Table 44) gives the DoE values and
uncertainties for PTB and NPL (2003 scale) as given in the report of the CCPR K1.a Key Comparison.

As a result of the comparison SP identified an error their measurements, due to incorrect distance-
setting for the comparison lamps, leading to values that were approximately 2.3 % higher than would
have been be obtained using the correct distance. This problem was identified after the Draft A report
had been issued and therefore the results given for SP in Table 9 and Figure 25 have not been
corrected for this error.
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Wa‘;er:‘;"gth NPL2010 INM-RO METAS VNIIOFI | VSL
250 -0.76 % 228% | 2.95% | -1.00% | -1.42 %
260 0.74 % 375% | 3.22% | -0.73% | -0.93%
270 1.02 % 3.83% | 3.00% | -0.64% | -0.86 %
280 176 % 384% | 323% | 056% | -1.85%
290 -0.90 % 294% | 2.98% | -0.80% | -1.40 %
300 0.75 % 258% | 316% | -0.72% | -1.50 %
310 -0.80 % 221% | 269% | -045% | -1.66 %
320 1.03% 166% | 300% | -070% | -1.57 %
330 1.16 % 195% | 277% | -057% | -1.26 %
340 1.02 % 201% | 263% | -034% | -1.49 %
350 0.78 % 118% | 258% | -024% | -1.35%
360 -0.96 % 129% | 230% | -005% | 2.18%
370 -1.05 % 113% | 223% | -0.16% | -2.00 %
380 -1.08 % 115% | 1.88% | 0.07% | -1.99 %
390 1.20 % 134% | 1.73% | 0.17% | -2.03%
400 093% | 3.21% | -1.21% | 1.89% | 0.02% | -1.92 %
450 050% | 5.01% | -0.88% | 1.81% | -0.34% | -1.36 %
500 0.39% | 394% | -0.83% | 2.23% | -0.03% | -1.08 %
550 0.18% | 2.98% | -0.74% | 2.64% | 024% | -0.82%
555 024% | 2.74% | -071% | 2.60% | 0.16% | -0.95 %
600 027% | 2.84% | -064% | 251% | 0.12% | -0.97 %
650 032% | 2.93% | -062% | 2.14% | -0.03% | -0.83 %
700 040% | 3.02% | -053% | 1.74% | 0.02% | -1.06 %
750 033% | 317% | -035% | 1.75% | -0.02% | -0.98 %
800 051% | 324% | -038% | 1.99% | -0.17% | -0.99 %
850 027% | 352% | -0.09% | 2.15% | -0.06 % | -0.88 %
900 032% | 353% | -0.01% | 2.17% | -0.08% | -0.95 %
950 -0.15 % 0.02% | 260% | 0.02% | -0.99 %
1000 0.22 % 0.00% | 2.73% | 0.02% | -0.93%
1100 0.24 % 0.03% | 2.71% | 021% | -0.93%
1200 -0.36 % 3.02% | 0.05% | -0.89 %
1300 -0.35 % 249% | 017% | -1.02 %
1400 0.39 % 291% | 0.38% | -0.96 %
1500 -0.10 % 261% | 0.24% | -0.64 %
1600 0.10 % 271% | 049% | -0.41%
1700 0.07 % 282% | 027% | -0.70 %
1800 0.34 % 2.89% | 0.11% | -1.06 %
1900 0.37 % 241% | 027% | -0.71%
2000 0.04 % 259% | -0.59% | -1.13 %
2100 0.06 % 2.60% | -0.51%

2200 0.27 % 244% | -0.77 %
2300 0.05 % 257% | 0.03%
2400 0.99 % 3.42% | 0.40 %
2500 0.32 % 284% | 0.17 %
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Figure 25. Unilateral DoE i.e. DoE for participants to the CCPR KCRV. Note results for NPL are for the
2010 scale and show the DoE for this scale to the CCPR KCRV.
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Wa‘;er:‘;qngth NPLooo INM-RO METAS  SP  VNIOFI  VSL
250 2.85 % 6.52% | 420% | 2.91% | 3.81%
260 2.56 % 424% | 371% | 242% | 3.15%
270 2.51 % 418% | 337% | 219% | 3.33%
280 2.50 % 407% | 319% | 219% | 2.99%
290 2.47 % 411% | 2.95% | 210% | 2.92%
300 2.38 % 401% | 278% | 2.04% | 2.78%
310 2.31% 3.89% | 2.61% | 1.94% | 2.70%
320 2.32 % 3.79% | 253% | 1.89% | 2.63%
330 2.29 % 377% | 2.46% | 1.84% | 2.56 %
340 2.26 % 3.76% | 240% | 1.80% | 2.51%
350 2.30 % 3.76% | 2.35% | 1.77% | 2.19%
360 212 % 319% | 222% | 159% | 2.06%
370 212 % 318% | 219% | 155% | 2.10 %
380 217 % 318% | 2.18% | 154% | 2.62%
390 213 % 3.09% | 2.15% | 1.50% | 2.00 %
400 211% | 270% | 3.09% | 2.15% | 1.49% | 2.00 %
450 140% | 225% | 2.85% | 1.97% | 1.29% | 1.71%
500 131% | 222% | 2.74% | 1.92% | 1.21% | 1.65%
550 129% | 222% | 2.74% | 1.88% | 1.17% | 1.70 %
555 129% | 222% | 270% | 1.88% | 1.17% | 1.53 %
600 126% | 220% | 2.64% | 1.84% | 1.13% | 1.40%
650 126% | 221% | 257% | 1.85% | 1.12% | 1.38%
700 123% | 2.19% | 256% | 1.82% | 1.08% | 1.19 %
750 121% | 218% | 247% | 1.79% | 1.05% | 1.26 %
800 121% | 2.18% | 240% | 1.90% | 1.03% | 1.26 %
850 0.91 % 235% | 2.21% | 0.92% | 1.25%
900 0.84 % 2.33% | 2.28% | 0.85% | 1.04%
950 0.85 % 234% | 234% | 0.87% | 1.04%
1000 0.82 % 233% | 236% | 0.85% | 1.17 %
1100 0.90 % 235% | 2.28% | 0.88% | 2.54 %
1200 0.95 % 230% | 093% | 2.22%
1300 0.90 % 230% | 0.90% | 3.05%
1400 211 % 281% | 1.79% | 3.92%
1500 0.94 % 243% | 0.96% | 3.25%
1600 0.98 % 252% | 1.02% | 2.56 %
1700 1.60 % 282% | 1.41% | 3.10%
1800 1.63 % 297% | 1.46% | 3.22%
1900 1.73% 316% | 1.60% | 3.83%
2000 1.86 % 337% | 1.75% | 4.47%
2100 1.96 % 3.76 % | 1.84%

2200 1.84 % 415% | 1.84%
2300 1.89 % 4.60% | 2.00 %
2400 2.07 % 519% | 2.29%
2500 3.20 % 6.15% | 3.13%
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6. CONCLUSIONS

Measurements by the two link laboratories (NPL and PTB) confirmed the stability of the NPL2os and
PTB spectral irradiance scales since the time of the CCPR-K1.a Key Comparison and validated the
quality of the link provided by these two NMlIs to the KCRV of the CCPR-K1.a comparison.

The spectral irradiances measured by NPL (2010 scale), METAS, VNIIOFI and VSL in this
comparison agreed with the KCRV determined during the CCPR-K1.a Key Comparison within the
combined expanded uncertainties (k = 2) at all wavelengths.

In the case of INM-RO, systematic differences were observed between the laboratory spectral
irradiance scale and the CCPR Kl.a KCRV, which were larger than the combined expanded
uncertainties (k=2) at all wavelengths. This indicates that uncertainties have been underestimated by
INM-RO.

In the case of SP, systematic differences were observed between the laboratory spectral irradiance
scale and the CCPR K1.a KCRV, which were larger than the combined expanded uncertainties (k=2)
at 300 nm — 360 nm, 500 nm — 650 nm, 800 nm, and 950 nm — 1600 nm. Subsequent to the issuing of
the Draft A report of the comparison, SP identified an error their measurements, due to incorrect
distance-setting for the comparison lamps, leading to values that were approximately 2.3 % higher
than would have been be obtained using the correct distance. Allowing for this error would mean that
the spectral irradiances measured by SP agreed with the KCRV determined during the CCPR-K1.a
Key Comparison within the combined expanded uncertainties (k = 2) at all wavelengths.
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APPENDIX A - MEASUREMENT DETAILS FOR EACH PARTICIPANT

Al. MEASUREMENTS AT NPL (PILOT / FIRST LINK LABORATORY)

The facility and measurement technique described below is similar to that described in the CCPR K1-a
report [1] for NPL. The facility has, however, been updated and upgraded since the CCPR-K1l.a
comparison; in particular, certain key components have been replaced including the monochromator,
integrating sphere and UV detector. There has also been some change to the measurement procedure.
As a result of these improvements, a new scale has been realised at NPL, referred to as the NPLz2o1o
spectral irradiance scale. It has been accredited by the United Kingdom Accreditation Service
(UKAS). It is linked to scale used in the CCPR-K1.a comparison, the NPL2go3 irradiance scale, by a
series of lamps which were measured in 2003, or shortly afterwards, and again in 2010/2011, as
described in Section 4.2,

The NPL Spectral Radiance and Irradiance Primary Scales (SRIPS) facility was used not only to
establish the NPL spectral irradiance scale, but also for all NPL’s measurements of lamps, as pilot, for
this comparison. All measurements were made directly against the NPL primary ultra-high
temperature blackbody; no intermediate transfer standards were used.

A1l PRIMARY SCALE REALISATION

The NPLags spectral irradiance scale was used for the CCPR-K1.a Key Comparison and is therefore
the scale that must be used by NPL to provide the link between the EURAMET.PR-K1.a and CCPR-
K1.a comparisons. Details of the facility and technique used to realise the NPL 2003 Spectral irradiance
scale can be found in the CCPR K1-a Key Comparison final report, so are not detailed here.

Due to the improvements made to the NPL measurement facility and procedures between the two
comparisons, it is not possible to realise the NPL.gos scale directly. However the magnitude of the
systematic change in the NPL spectral irradiance scale that resulted from these upgrades has been
determined using a series of reference lamps (3 Polaron type and 7 FEL type) which were measured
using both facilities. The differences between the NPL2oz and NPL2o1o Spectral irradiance scales are
plotted in Figure 26 and tabulated in Table 11, together with the associated standard uncertainties (see
also Section 4.2).
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Figure 26. Difference between NPL2o10 and NPL2oos spectral irradiance scales. Error bars show
uncertainty associated with this difference (k=1).

Table 11. Difference between NPL2o10 and NPL2oos spectral irradiance scales

Wavelength / nm | Change in scale Uncertainty
250 0.13% 043 %
260 0.53 % 043 %
270 1.07% 0.35%
280 0.21 % 043 %
290 0.61 % 0.35%
300 0.26 % 0.29 %
310 0.06 % 0.30 %
320 -0.33 % 0.30 %
330 -0.58 % 0.31%
340 -0.59 % 0.30 %
350 -0.64 % 0.30 %
360 -0.70 % 0.15%
370 -0.77 % 0.16 %
380 -0.87 % 0.16 %
390 -0.81 % 0.16 %
400 -0.67 % 0.16 %
450 -0.31 % 0.12%
500 -0.06 % 0.11 %
550 0.03 % 0.11 %
555 0.05 % 0.11 %
600 -0.07 % 0.10 %
650 -0.19 % 0.09 %
700 -0.28 % 0.09 %
750 -0.45 % 0.09 %
800 -0.58 % 0.09 %
850 -0.57 % 0.09 %
900 -0.65 % 0.09 %
950 -0.48 % 0.09 %
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Wavelength / nm | Change in scale Uncertainty
1000 -0.56 % 0.09 %
1100 -0.64 % 0.12 %
1200 -0.72 % 0.13 %
1300 -0.79 % 0.15 %
1400 -0.31 % 0.26 %
1500 -0.69 % 0.16 %
1600 -0.66 % 0.17 %
1700 -0.67 % 0.18 %
1800 -0.63 % 0.18 %
1900 -0.40 % 0.18 %
2000 -0.60 % 0.20 %
2100 -0.56 % 0.24 %
2200 -0.65 % 0.23 %
2300 -0.78 % 0.27 %
2400 -0.44 % 0.32 %
2500 -1.27% 0.61 %

The traceability chain for the NPLagos and NPL2oio Spectral irradiance scales is the same and is
illustrated in Figure 27. In each case the scale was derived by comparison with a high temperature
blackbody source, with traceability to SI being obtained through determination of the temperature of
the blackbody via filter radiometry. The filter radiometers were calibrated by comparison with two
trap detectors against a tuneable laser-illuminated integrating sphere source. Measurements were made
at approximately 0.1 nm intervals across the full transmittance range of the filter used on the
radiometer. The trap detectors, in turn, were calibrated against the cryogenic radiometer using a
stabilised laser system as the source. The calibrated aperture on the trap detector was used to convert
spectral power responsivity to spectral irradiance responsivity. A more detailed description of this
process can be found in the literature [3].

Cryogenic
Radiometer
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Tunabl Trap
Iaser Detector
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Figure 27. Traceability chain for the primary spectral irradiance scale at NPL

A.1.2 DESCRIPTION OF THE MEASUREMENT FACILITY
The layout of the NPL SRIPS facility is shown in Figures 28 and 29. The primary source (used both

for the realisation of the NPL spectral irradiance scales and as a stable reference source for the
comparison) was a BB3500 blackbody source purchased from VNIIOFI, typically operated at a
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temperature around 3050 K. The thermodynamic temperature of the blackbody was determined using
a group of filter radiometers built at NPL and calibrated traceably to the primary cryogenic radiometer
at NPL. A Bentham DTM300 double grating monochromator was used to select the wavelengths and
measurements were made using a range of gratings and photodetectors to cover the full spectral range
of the comparison. The monochromator and detectors were mounted on a large translation stage that
could be moved in front of each source in turn. The entire facility was computer controlled.

A.1.4.1 Blackbody source

The primary source was a BB3500 blackbody purchased by NPL from VNIOFI in early 1999. This
source is similar in design to the BB3200pg used at a number of other laboratories, which has been
extensively investigated [4]. It consists of a cavity made from pyrolytic graphite rings that are directly
heated by an electrical current of around 650 A. Measurements at NPL [5] showed the uniformity of
the cavity to be < £+ 0.05 % and, under active optical stabilisation from the front, a short-term stability
of <+ 0.005 % and long-term stability of + 0.2 % (in radiance) at 800 nm were achieved.

Investigations have shown [6] that this blackbody suffers from the same ultraviolet absorption around
380 nm as has been observed with the BB3200pg [7]. For this reason, the blackbody temperature was
kept relatively low, around 3050 K, and corrections were made for absorption for wavelengths from
250 nm to 430 nm.

The radiance of the blackbody was determined from Planck’s law, based on a measure of its
thermodynamic temperature via filter radiometers, and the geometry was defined by a water-cooled,
brass, diamond-turned, aperture in front of the blackbody and the aperture on the integrating sphere at
the front of the monochromator.

Shntter
Alignment |
Tel N Lamp Position

Optical Rail

IAh’gﬂment Laser I I I

Figure 28. NPL SRIPS source bench
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Figure 29. NPL SRIPS detector bench

A.1.4.2 Monochromator

The monochromator used was a Bentham DTM300 monochromator, arranged in a subtractive-mode
double Czerny-Turner configuration. The monochromator was used with three grating pairs, and four
different bandwidths, as listed in Table 12. Light entered the monochromator through a Spectralon
integrating sphere, with an 8 mm diameter precision aperture, at the entrance port of the
monochromator. Order sorting filters were placed between this sphere and the monochromator. The
order sorting filter blocking, monochromator wavelength accuracy and stray light have all been
thoroughly investigated [8] and are included in the uncertainty budget. These uncertainties vary with
wavelength.

Table 12. SRIPS monochromator gratings

Gratin Lines per Blaze Wavelength Measurement
g mm wavelength range bandwidth
uv 2400 250 nm 250 nm — 400 nm 2.5 nm
Visible 1200 500 nm 401 nm — 900 nm 5.0 nm
850 nm — 1600 nm 10 nm
IR 600 1000 nm 1500 nm — 2500 nm 20 nm

A.1.4.3 Detectors

A range of photodetectors, optimised for each spectral region, were used:

250 nm to 400 nm - photomultiplier tube (PMT) detector, operating in photon counting mode
400 nm to 1000 nm - Si photodiode

950 nm to 1600 nm - InGaAs detector

1600 nm to 2500 nm - InSh photoconductor with an integral cold filter, to minimise sensitivity
to longer wavelengths, used in a phase sensitive detection mode.

Page 49 of 107




NPL Report OP 12

Both the PMT and InSh detectors were temperature stabilised to minimise drift. The PMT was
temperature stabilised to 19 ° C by means of a fan attached to the detector housing. The InSb detector
was cooled by a liquid nitrogen filled housing.

The signal from the Si, InGaAs and InSb detectors was amplified using transimpedance current to
voltage converters manufactured by Vinculum Ltd. The InSb detector was further amplified using a
phase sensitive detection system, with the phase locked to the frequency of an optical chopper placed
in front of the integrating sphere. The PMT was connected to an Electron Tubes Ltd. amplifier
discriminator and counter timer.

A.1.4.4 Filter radiometers

The blackbody temperature was measured with an 800 nm filter radiometer used in conjunction with a
geometric system to allow it to measure spectral radiance, in a similar manner to that described
previously [1]. The filter radiometer comprised a diamond-turned brass aperture, a wedged
interference filter with a 10 nm bandwidth and a silicon photodiode, and was housed in a water-cooled
jacket. A Vinculum transimpedance amplifier was connected to the silicon photodiode and held in the
same water jacket.

A 300 mm focal length lens was used at a distance of 600 mm to image light from the blackbody
aperture so as to overfill the filter radiometer aperture. This aperture, and a thin-film aperture on the
lens, defined the geometry of the measurement. The filter radiometer was used in the same /55
geometry in which it had been calibrated. The lens transmittance was calculated using the Fresnel
equations, which had previously [9] been shown to agree within 0.05 % of the measured value at this
wavelength. A correction was also applied for differences in “size-0f-source” based on measurements
using similar techniques to those described previously [1].

Additional filter radiometers operating in “irradiance mode” (without a lens) were used to monitor any
drift in the primary filter radiometer.

A.1.4.5 Laboratory

Measurements were made in a laboratory maintained at 22 °C + 2 °C. The humidity of the laboratory
was not controlled.

A.1.3 MEASUREMENT PROCEDURE

Measurements were made at the wavelengths given in Table 13. Due to the length of time needed to
measure a lamp over the full wavelength range, from 250 nm to 2500 nm, the measurement was split
into two parts, the first from 250 nm to 1600 nm and the second from 1500 nm to 2500 nm. These
measurements were typically conducted on adjacent days, with the lamps and blackbody turned off in
between but with no re-alignment of the lamps. All lamps were measured in all spectral regions on at
least two occasions and were realigned between each set of measurements in a new position on the
SRIPS facility. Results were averaged over all measurements; where the wavelength ranges covered
by the different grating and detector combinations overlapped, these results were also averaged.

Table 13. Measurement wavelengths

Detector Grating Start wavelength | Stop wavelength Step size and extra
wavelengths
PMT uv 250 nm 400 nm 10 nm
Si Visible 450 nm 900 nm 50 nm + 555 nm
Si IR 850 nm 1000 nm 50 nm
InGaAs IR 950 nm 1600 nm 100 nm + 950 nm
InSb IR 1500 nm 2500 nm 100 nm
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For the UV grating, Visible grating and IR grating regions, measurements were made in the following
sequence:

1) Measurement of the temperature of the blackbody using filter radiometer.

2) Measurement of the blackbody using SRIPS over the required wavelength range, using the
appropriate detector and grating combinations.

3) Measurement of the temperature of the blackbody with the filter radiometer. If the blackbody
temperature had changed significantly, steps 1-3 were repeated and the previous results
discarded.

4) Measurement of the lamps using SRIPS over the same wavelength range, sequentially with each
lamp being turned on after the previous was turned off.

5) Measurement of the temperature of the blackbody with a filter radiometer.
6) Measurement of the blackbody using SRIPS over the same wavelength range.
7) Measurement of the temperature of the blackbody with the filter radiometer.

8)  Measurement of the temperature of the blackbody with the filter radiometer. If the blackbody
temperature had changed significantly, steps 6-7 were repeated and the previous results
discarded.

A.1.4 UNCERTAINTY BUDGET

When the lamp irradiance is measured by using SRIPS, the measurement equation at any one
wavelength is given by:

; I'Tl amp ::;'__-:I g . qupq ::./'_.-:I _
Blampie) = ——=— Les{AT) o——— (12)
I.E.l".l'lt:' i .["TEE :._z"-;'_. T)I A EE T RER]]JE :..;-:. ) ) J
where:
; g .
Wavelength of measurement — Geometric factor
e
Elamp(4:) Lamp irradiance Lge(i,T) Blackbody radiance
r TR . R (#4:)  System responsivity (should
Namp A Lamp signal SRIPS /4. Y p y (
Bepipsi i) cancel)

Ver (4, T) Blackbody signal

Each element in the measurement equation has associated uncertainties. Table 14 shows the sources of
these uncertainties, grouped into six categories related to different parts of Equation 12. These are
discussed in more detail in Sections 6.4.1 to 6.4.6.

Figure 30 shows the typical standard uncertainty for a single measurement of a FEL lamp on the

SRIPS facility, divided into those associated with random effect and those associated with systematic
effects.
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Table 14. Sources of uncertainty

Term in Equation 12

Sources of uncertainty (experimental influences)

Monochromator wavelength accuracy
Monochromator wavelength repeatability

Appropriateness of assumption that monochromator bandpass is
‘negligible’ or uncertainty associated with correction.

Measurement of aperture diameters
Measurement of aperture separation

Knowledge of blackbody temperature

Knowledge of blackbody emissivity

Knowledge of blackbody absorption

Blackbody uniformity

Blackbody stability between temperature measurement and use

Lamp alignment accuracy
Lamp positioning accuracy
Lamp current absolute setting

M3
L
a8
'

1
-
)

Blackbody stability

Signal noise in light reading

Signal noise in dark reading

Dark reading offset (additive)

Linearity of system

Stability of system for time of measurements
Humidity changes in the laboratory

rll..\l " rll.‘ 3
R

Lamp stability (multiplicative)

Signal noise in light reading (multiplicative)
Signal noise in dark reading (multiplicative)
Dark reading offset (additive)

Linearity of system

Stability of system for time of measurements
Humidity changes in the laboratory
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Figure 30. Typical random and systematic uncertainties (k=1) for a single measurement on a FEL lamp
using SRIPS.

A.1.4.1 Uncertainties due to wavelength and bandwidth

The measurement wavelength is set by the monochromator, which uses three different gratings to
cover the full spectral range of interest (250 nm to 2500 nm). The wavelength error has three
components:

(1) An absolute error, caused, for example, by slight misalignments of the gratings or by an offset in
the angular drive. This can be corrected by scanning a monochromatic source, such as a laser or
the emission line from a low pressure mercury lamp, and subtracting the difference from the
expected wavelength, but there will be a residual uncertainty associated with this correction.

(2) A wavelength dependent error that changes from one end of the grating to the other, but is
constant with time. The wavelength-offset correction determined as described above applies at a
single wavelength, and may not be the correct error term for another wavelength.

(3) A random effect that occurs when the measurement is taken at the same nominal wavelength, due
to the fact that the monochromator may go to a slightly different wavelength each time.

The effect on the measured spectral irradiance of a wavelength error depends on the first derivative
with respect to wavelength of the ratio of the lamp measurement to the blackbody measurement. If
both sources are changing in the same way (similar first derivatives), then a wavelength error will
affect each source equally and the net result will be reduced. If however, the sources are changing
differently (particularly if one is increasing with wavelength while the other decreases) then a small
wavelength error will have a larger effect on the calculated irradiance. For the calibration of a tungsten
lamp against a blackbody at a similar operating temperature, this overall effect is small.

A related effect is bandwidth error. The measurements are made not at a single wavelength but over a
narrow wavelength range. The effect of this depends on the second derivative of the signal ratios. This
means that where the signal is changing linearly within the bandwidth and where the two signals have
similar second derivatives, the effect is very small. This is the case for calibrating a tungsten lamp
against a blackbody.
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A.1.4.2 Uncertainties due to geometric factor

The geometric factor describes the energy transfer between two coaxial, parallel, circular apertures. It
is therefore defined by the blackbody aperture, the integrating sphere aperture and the distance
between them. The associated uncertainty in the measured spectral irradiance values is constant for all
wavelengths.

The two apertures have been calibrated at NPL with known uncertainty. The distance between the
apertures was measured using a calibrated measuring stick. The full distance uncertainty includes three
uncertainty components — the uncertainty associated with the measurement of the recess distance
between the front of the sphere and the sphere aperture (using a depth micrometer), the uncertainty
associated with the calibration of the length of the measuring stick, and the repeatability of
measurements using the measuring stick. The first two come from the associated calibration
certificates, the latter from experimental experience, with different people setting and measuring the
distance.

A.1.4.3 Uncertainties due to blackbody temperature

Uncertainties associated with the blackbody temperature are described in detail in the CCPR-K1l.a
report. However where appropriate they have been recalculated for the new SRIPS facility and the
revised uncertainty is shown in Table 15. The associated uncertainty in the measured spectral
irradiance values varies with wavelength, since the change in the Planck distribution resulting from a
given change in blackbody temperature also varies with wavelength.

Table 15. Uncertainties associated with measurement of blackbody temperature

Uncertainty contribution Value Uncertainty in temperature
/K
FR signal 1.41421E-05 V 0.004
Geometric factor 0.049 % 0.249
Amplifier gain 0.010 % 0.050
FR temperature correction 0.062 % 0.312
Absolute lens transmittance 0.040 % 0.202
Size of source effect 0.060 % 0.302
BB uniformity 0.010 % 0.050
BB emissivity 0.020 % 0.101
BB stability 0.050 % 0.252
FR absolute responsivity 0.062 % 0.312
FR relative responsivity 0.081
Combined standard uncertainty 0.689

A.1.4.4 Uncertainties due to lamp

There are two main sources of uncertainty associated with the lamp being measured: current and
alignment. The uncertainty associated with the current is determined by two components: the stability
of the current supplied to the lamp and the accuracy of the current setting. The SRIPS system uses a
computer controlled power supply, PID loop and calibrated standard resistors to control and stabilise
the lamp current. The uncertainty in the lamp current was determined from the PID control sensitivity
and the resistor calibration certificates. The associated uncertainty in the measured spectral irradiance
values varies with wavelength.

The uncertainties associated with alignment of the lamp are due to the setting of the lamp distance at

0.5 m and the alignment of the lamp to the optical axis. The associated uncertainty in the measured
spectral irradiance values is independent of wavelength. The distance uncertainty includes
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uncertainties associated with the length of the measuring stick, the measurement of the sphere aperture
depth, the telescope alignment and the optical rail alignment. The uncertainty associated with
alignment of the lamp relative to the optical axis was determined by evaluating the difference between
the repeatability of the lamp without realignment and the repeatability when the lamp was re-aligned
between each measurement. The difference of these repeatabilities gave the uncertainty due to
alignment only.

A.1.4.5 Uncertainties due to system responsivity and measurement of blackbody irradiance

The uncertainty associated with measurement of the blackbody spectral irradiance comes in part from
the stability of the blackbody temperature, which has already been mentioned (Section 6.4.3), and
random effects. These random effects (that also affect the system stability) can change on different
timescales:

e At very short timescales (up to a couple of seconds) the measured signal changes due to
random noise from electrical and optical shot noise, etc. This is seen by looking at the
standard deviation of multiple measurements made on a very short timescale.

o At medium timescales (5 — 20 minutes) the signal changes due to the blackbody and system
stability. This can be seen in the repeatability of multiple repeat measurements of the
blackbody.

e Over longer timescales (3 — 6 hours) the system can drift due to changes such as room
humidity, or changes in the monochromator throughput. The blackbody is measured at the
beginning and end of each measurement run in order to monitor this drift.

In addition to these random effects, there can also be a systematic effect where the system responsivity
is different for the two sources. This can be due to linearity or stray light within the monochromator,
for example. For the measurement of a tungsten lamp against a blackbody, where both sources have
very similar spectral profiles, such effects are generally insignificant. However analysis of the results
from the comparison suggest that around the water absorption lines (~1400 nm in particular) the
SRIPS system does behave differently for the lamp and blackbody, possibly due to differences in
humidity as a result of different heating effects for the two sources.

All these effects have been evaluated and allowed for in the uncertainty budget. The associated
uncertainty in the measured spectral irradiance values varies with wavelength.

A.1.4.6 Uncertainties due to measurement of lamp irradiance

The random system effects described above (A.1.4.5) as being associated with measurement of the
blackbody spectral irradiance are also important for measurement the lamp irradiance and are therefore
included twice in the uncertainty budget. The only term that differs significantly between the two
types of source (lamp and blackbody) is the very-short-timescale effect (the SEOM of the
measurements). This is because the sources have very different irradiance levels in the UV, meaning
that the signal-to-noise is very different in this region. This uncertainty is therefore calculated
separately for each measurement.

A.1.4.7 Uncertainty budget summary

Typical uncertainties for measurement of the spectral irradiance of a FEL lamp using SRIPS are given
in Table 16 below. The uncertainties associated with correlated effects were the same for all lamps
measured at NPL during the course of the comparison. The uncertainties associated with uncorrelated
effects were determined separately for each lamp, since these were dependent on the performance of
each individual lamp (see Section 6.4.6).
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Table 16. Uncertainties associated with measurement of lamp spectral irradiance at NPL

Uncertainty Uncertainty Combined

Wavelength associated with associated with standard Expanc!ed
/nm correlated uncorrelated uncertainty uncertainty
: - (k=2)
(systematic) effects (random) effects (k=1)
250 0.41 % 0.70 % 0.82 % 1.64%
260 0.32% 0.74 % 0.81 % 1.62%
270 0.31% 0.78 % 0.84 % 1.68 %
280 0.30 % 0.74 % 0.80 % 1.61%
290 0.36 % 0.67 % 0.77 % 154 %
300 0.35% 0.64 % 0.73 % 147 %
310 0.35% 0.64 % 0.74 % 147 %
320 0.37 % 0.66 % 0.76 % 1.53 %
330 0.37 % 0.67 % 0.77 % 1.54 %
340 0.38 % 0.65 % 0.75 % 151 %
350 0.45 % 0.61 % 0.76 % 153 %
360 0.39 % 0.63 % 0.75 % 1.49 %
370 0.40 % 0.63 % 0.75 % 151 %
380 0.42 % 0.65 % 0.78 % 1.56 %
390 0.42 % 0.63 % 0.76 % 153 %
400 0.42 % 0.61 % 0.75 % 1.50 %
450 0.31% 0.34 % 0.46 % 0.92 %
500 0.30 % 0.31% 0.43 % 0.86 %
550 0.31% 0.28 % 0.42 % 0.84 %
555 0.31% 0.28 % 0.42 % 0.84 %
600 0.32% 0.26 % 0.41 % 0.83 %
650 0.33% 0.24 % 0.41 % 0.82 %
700 0.34 % 0.23 % 0.41 % 0.81 %
750 0.34 % 0.22 % 0.40 % 0.81 %
800 0.35% 0.21 % 0.40 % 0.80 %
850 0.13 % 0.20 % 0.24 % 0.47 %
900 0.14 % 0.19 % 0.23 % 0.47 %
950 0.12 % 0.18 % 0.22 % 0.43%
1000 0.12% 0.17 % 0.21 % 0.43%
1100 0.16 % 0.16 % 0.23 % 0.45%
1200 0.16 % 0.15% 0.22 % 0.45%
1300 0.18 % 0.15% 0.23 % 0.46 %
1400 0.52 % 0.14 % 0.54 % 1.07%
1500 0.15 % 0.14 % 0.20 % 0.41 %
1600 0.14 % 0.13% 0.19 % 0.39 %
1700 0.36 % 0.19 % 0.40 % 0.81 %
1800 0.36 % 0.19 % 0.41 % 0.82 %
1900 0.37 % 0.19 % 0.42 % 0.84 %
2000 0.42 % 0.19 % 0.46 % 0.92 %
2100 0.48 % 0.18 % 0.51 % 1.02 %
2200 0.44 % 0.18 % 0.48 % 0.95 %
2300 0.45 % 0.18 % 0.49 % 0.97 %
2400 0.48 % 0.18 % 0.51 % 1.02 %
2500 0.86 % 0.18 % 0.88 % 1.76 %

A.2. MEASUREMENTS AT PTB, GERMANY (SECOND LINK LABORATORY)

The PTB measurements have been described in detail for the CCPR-K1.a intercomparison in [1].
Since then the primary scale realisation has not been modified. Nevertheless the measurement facility
for the lamp calibration was completely rebuilt in 2006 in a new building. Extensive measurements of
a group of standard lamps (including the CCPR-K1.a lamps) and several scale realisations with the
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PTB blackbody were used to validate the new facility. Since the 2000 scale realization for the CCPR-
K1.a intercomparison the spectral irradiance scale of the PTB has not been changed or modified.

A.2.1 PRIMARY SCALE REALISATION

The spectral irradiance scale at the PTB in Braunschweig is realized, maintained and disseminated
[10] using a high temperature blackbody radiator of type BB3200pg [11]. The various radiometric
parameters of this black body have been characterized in detail and it has been found very suitable for
use as a primary standard of spectral irradiance [4, 12, 13]. The main parameter of a black body, the
temperature, has to be determined very accurately. At the PTB in Braunschweig, broadband-filter
detectors are well established for the detector-based determination of the so-called radiometric
temperature [12]. Improvements of this procedure and comparisons with other methods have been
carried out [13, 14].

The spectral irradiance at the reference plane of the spectroradiometer was calculated according to

Planck’s law using the geometric parameters and the measured radiometric temperatures of the
blackbody.

A.2.2 DESCRIPTION OF THE MEASUREMENT FACILITY
A.2.2.1 Facility for spectral irradiance realisation

The PTB spectroradiometer for spectral irradiance calibrations (see Figure 31) consists of an
integrating sphere as entrance optics, an Acton-Research Spectra-Pro™-500 double monochromator
system with triple grating turrets and three detectors to cover the spectral range from 250 nm to
2500 nm [15]. The entrance port of the integrating sphere is formed by a precise aperture which
defines the reference plane for spectral irradiance measurements. The detectors at the exit ports of the
monochromators are a photomultiplier tube for the spectral range from 250 nm to 670 nm, a Si-
Photodiode (680 nm to 1100 nm) and an extended InGaAs-detector (1200 nm to 2500 nm). A built-in
monitor lamp is used to monitor the stability of the spectroradiometer system during extended
measurement campaigns. The system is placed on a translation stage to allow the quasi-simultaneous
measurement of a group of lamps with respect to the blackbody radiation.

High-temperature
bla.ckbody Secondary Transfer Lamp
(primary standard) | — standard standard  under test
3| = =
Entrance optics: Wall with shutters ‘
Integrating sphere
1 ( ) Spectroradiometer
I 2[| 33 |
' Translation stage
Monitor ‘
lamp 1 Broadband filterradiometers

2 Alignment laser
3 Monitor detectors

Figure 31. Set-up of the spectroradiometer facility at PTB.
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A.2.2.2 Laboratory

The measurement facility is located in the Albert-Einstein building at the PTB Braunschweig. The

building has been finished in 2003 and contains air-conditioned labs with a constant relative humidity
of 50% + 5% at 22 °C + 0.5 °C.

A.23 MEASUREMENT PROCEDURE

The measurement procedure is documented in the PTB quality-management system in document QM-
AA-4.11-02 (spectral irradiance calibrations).

The blackbody, working standards, or lamps under test, were measured in nearly identical optical
configurations of the system in different successive measurement cycles covering each the entire
wavelength range for the comparison (250 nm — 2500 nm). The stability of the system was assured
using the monitor lamp during each measurement cycle such that the photo-signal caused by the
blackbody source, the standard lamp, or the test lamp was directly compared to the photo-signal
caused by the monitor lamp at each wavelength position by opening two different entrance ports of the

integrating sphere. The stability of the monitor lamp is known to be better than 110 h? in the UV
spectral region.

During each measurement campaign at the PTB where the spectral irradiance scale is realised, the
standard lamps have been measured repeatedly in alternation with blackbody measurements and
measurements of the PTB working standards. The disseminated spectral irradiance scale was averaged
over multiple blackbody calibrations using the photo-signal ratio to the monitor lamp. The results were
compared to earlier scale realisations using selected standard lamps. This internal comparison has been
used to validate the new measurement facility in comparison with the spectral irradiance scale
realisation in 2002 used for the CCPR-K1.a comparison (Figure 32).

BN-2101-240
] year
—  :z00D
— 006
i . 2007

;2008
— :z008
— :zD

Memc
—

denviation to 2002 7%

1
sa0 1000 1500 2000 2500
wavelength £ fron

Figure 32. Exemplary validation of independent spectral irradiance realisations compared to the 2002
measurements (CCPR-K1.a): Repeated calibration of lamp BN-9101-240.
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A.2.4 UNCERTAINTY BUDGET

A detailed uncertainty analysis is given in [1].

Table 17. Uncertainties associated with measurement of lamp spectral irradiance at PTB

Uncertainty

Uncertainty

NPL Report OP 12

Combined

Wavelength associated with associated with standard Expanqed
. uncertainty
/nm correlated uncorrelated uncertainty k =2)
(systemtic) effects (random) effects (k=1)
250 0.30 % 0.52 % 0.60 % 1.20 %
260 0.29 % 0.50 % 0.58 % 1.16 %
270 0.29 % 0.50 % 0.58 % 1.16 %
280 0.29 % 0.50 % 0.58 % 1.16 %
290 0.29 % 0.50 % 0.58 % 1.16 %
300 0.29 % 0.49 % 0.57 % 1.14 %
310 0.24 % 0.41 % 0.48 % 0.95 %
320 0.24 % 0.41 % 0.48 % 0.95 %
330 0.24 % 0.41 % 0.48 % 0.95 %
340 0.24 % 0.41 % 0.48 % 0.95 %
350 0.24 % 0.41 % 0.48 % 0.95 %
360 0.21% 0.35% 0.41 % 0.82 %
370 0.21% 0.34 % 0.40 % 0.80 %
380 0.21% 0.35% 0.41 % 0.82 %
390 0.21% 0.34 % 0.40 % 0.80 %
400 0.21% 0.34 % 0.40 % 0.80 %
450 0.17% 0.30 % 0.35% 0.69 %
500 0.17% 0.29 % 0.34 % 0.68 %
550 0.17% 0.29 % 0.34 % 0.68 %
555 0.17% 0.29 % 0.34 % 0.68 %
600 0.17% 0.29 % 0.34 % 0.68 %
650 0.11% 0.34 % 0.36 % 0.71 %
700 0.11% 0.34 % 0.36 % 0.71 %
750 0.11% 0.34 % 0.36 % 0.71 %
800 0.11% 0.34 % 0.36 % 0.71 %
850 0.08 % 0.27 % 0.28 % 0.56 %
900 0.08 % 0.27 % 0.28 % 0.56 %
950 0.08 % 0.27 % 0.28 % 0.56 %
1000 0.08 % 0.27 % 0.28 % 0.56 %
1100 0.08 % 0.42 % 0.43 % 0.86 %
1200 0.08 % 0.42 % 0.43 % 0.86 %
1300 0.08 % 0.42 % 0.43 % 0.86 %
1400 0.07 % 0.99 % 0.99 % 1.99%
1500 0.07 % 0.99 % 0.99 % 1.99%
1600 0.07 % 0.99 % 0.99 % 1.99%
1700 0.07 % 1.00 % 1.00 % 2.00 %
1800 0.07 % 1.00 % 1.00 % 2.00 %
1900 0.07 % 1.02% 1.02% 2.04 %
2000 0.07 % 1.03% 1.03% 2.06 %
2100 0.06 % 1.24 % 1.24 % 2.48 %
2200 0.06 % 1.22% 1.22% 2.44 %
2300 0.06 % 1.23% 1.23% 2.46 %
2400 0.06 % 1.20% 1.20% 2.40 %
2500 0.19 % 2.20 % 2.21 % 4.42 %
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A.25 COMPARISON LAMPS

The following lamps were used for the intercomparison:
BN-9101-227, BN-9101-240 (lamps used during the CCPR K1.a intercomparison)
PTB-SL-196, PTB-SL-197 (PTB working standards).

All four lamps are 1000 W FEL-type quartz-halogen lamps. The lamps were measured at a distance of
500 mm with respect to the front plate of their mount using alignment jigs supplied with the lamps.
The lamps were all operated at 8.1 A constant DC current. The polarity was marked at the lamp’s
mount. The lamps showed no significant voltage changes during their operations. Measurements were
made in the sequence PTB-NPL-PTB-NPL. The lamps were hand-carried between the NMls.

BN-9101-227 lamp burning
voltage time
PTB Jan 2009 104.544 V 7:06 h
NPL Jun 2010 104.561V 5:04 h
PTB Jul 2010 104.614 V 2:21h
NPL Jan 2011 104.536 V 4:28 h
BN-9101-240 lamp burning
voltage time
PTB Feb 2009 111,061V 7:08 h
NPL Jun 2010 111,110V 5:00 h
PTB Jul 2010 111,138V 2:21h
NPL Jan 2011 111.099V 4:22 h
PTB-SL-196 lamp burning
voltage time
PTB Jan 2009 101.761 V 7:04 h
NPL Jun 2010 101.744 V 5:15h
PTB Aug 2010 101.755V 2:21h
PTB-SL-197 lamp burning
voltage time
PTB Jan 2009 102.041 V 7:05h
NPL Jun 2010 102.155 VvV 5:12h
PTB Aug 2010 102.080 V 2:20 h
NPL Jan 2011 102.047 V 4:22 h

A3.

MEASUREMENTS AT INM-RO, ROMANIA
A3.1 PRIMARY SCALE REALISATION

The INM spectral irradiance reference standards are traceable to the Metrology Research Institute of
the Helsinki University of Technology (Calibration certificate T-R 527 / 2008).

A.3.2 DESCRIPTION OF THE MEASUREMENT FACILITY
A.3.2.1 Facility for spectral irradiance measurements
The INM measurement set up is shown in Figure 33. The flux generated by the lamp under test was

integrated by a sphere with a diameter of 80 mm, coated with a thick layer of BaSO,. The sphere had
an input aperture of 30 mm. The sphere wall was imaged on the input slit of the monochromator with
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an achromatic lens. A black painted trap was used to block the flux emitted backwards or reflected by
the surrounding walls. For the lamp alignment procedure, the trap was removed from the optical path.
An 8 Ebert monochromator was used at fixed wavelengths. The monochromator bandwidth was set at
3.0 nm +/- 0.2 nm and its wavelength scale was calibrated against low pressure, spectral Hg and He
lamps with an estimated combined uncertainty: u = 0.5 nm. The flux collected at the exit slit of the
monochromator was converted to an electrical signal by a photometric system consisting of a
photomultiplier, a transimpedance amplifier and a digital multimeter set on the 100 mV dc range.
According to previous characterisations, the photometric system provides for an estimated combined
measurement uncertainty: u =0.10 %.

Ebert monochromator

Current to voltage converter

Order filter Focusinglens Integrating sphere

Multimeter
| ] = z’_\/Measurement

|
] lu 1™ 3

El iaperture
Internal bafle

Photomultiplier
Si Trap £
J—
w7 ) &
Inputiexit slits ~ Fixed shades 2
—
Mobile shade —=m =

Operator's eye
w
<tH—— =
d Trap

Lamp-aperture - .
distance adjusment X, Y, Z positioning device
telescope ‘ '

Axial alignement laser

k

Figure 33. INM Spectral irradiance measurement setup

The lamps were supplied with highly stabilised dc current, according to the scheme given in Figure 34.
The standard resistor and the DVMs were calibrated by the dc calibration laboratory of INM,
according to its corresponding CMCs and accreditation scope (see www.kcdb.org/appendixC and
www.dkd.eu ).

STANDARD RESISTOR LAMP UNDER TEST
1
J
STABILISED
CURRENT SUPPLY DYM 1 |_ DVM 2

Figure 34. Lamp supply and control at INM

A laser diode was used for individual lamp alignment to the integrating sphere axis. A system
providing four degrees of freedom was used. The alignment device provided with each lamp was used
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in order to align the lamp filament to the integrating sphere entrance aperture. The EURAMET.PR-
K1.a protocol recommendations were closely followed. Briefly:

e First, the irradiance axis was adjusted with a small pointer laser as to be horizontal and to
intercept the centre of the integrating sphere (Figure 33). (The pointer remained fixed
throughout the measurements of the comparison.)

o Next, the viewing axis was adjusted as to be normal to and to intercept the irradiance
measurement axis at a distance of 500 mm from the input aperture centre. A small viewing
telescope was used for this purpose.

e Finally, each of the measured lamps (including the reference standard) were mounted on the
X, Y, Z positioning device and the small adjustment devices provided with the lamps were
used in order to perform final adjustment of their filaments to the irradiance axis.

All in all, considering the physical dimensions of the filaments and their spatial stability when
supplied, this system was assumed to ensure a lamp filament (axis) — sphere aperture distance of
500.0 mm, with a combined estimated uncertainty: u =0.5 mm (0.1 %).

A.3.2.2 Laboratory

The measurements were performed on an optical table, mounted in an isolated room. The
environmental parameters (temperature and humidity) were controlled throughout the measurements.
T =(24+/-1) °C

Rh = (30+/-5) %

A.3.3 MEASUREMENT PROCEDURE

The INM laboratory used a substitution technique. For each lamp, the measurement sequence was as
follows:
Comparison lamp - Standard lamp - Comparison lamp

As reported in the lamp burning sheets, for each of the circulated lamps, this sequence was repeated
three times. For every comparison lamp the following procedure was followed:
(i) Measurements for all wavelengths were performed.
(ii) The lamp was then replaced with the reference standard lamp and the measurements on the
standard lamp were performed at all wavelengths.
(iii) The reference standard was replaced again with the comparison lamp and the measurements
were performed at all wavelengths.

Note 1: In order to allow for the dark signal correction, for a given lamp (standard or unknown), the
irradiance measurements at a given wavelength were performed in a time symmetrical sequence: lamp
signal — dark signal — lamp signal.

Note 2: The dark signal was recorded with a small baffle inserted in the optical path so as that only the
directly emitted flux was blocked from reaching the sphere aperture while most of the stray light
reflected by the surrounding walls was taken into consideration (Figure 33).

Note 3: For every lamp, the measurements were performed after the warm up time.

For a given wavelength, the mean measurement reading was computed using Equation 13:

VDY) -2,

(13)

where:

Page 62 of 107



NPL Report OP 12

Y,,(A4) is the mean first reading;

Y., (4) is the mean second reading;

Y, (4) is the mean dark signal reading;

Averaging was performed by setting the DVM on the slow integrating mode and averaging 5
consecutive readings resulting in ~10 s averaging for each reading.

A.3.4 UNCERTAINTY BUDGET
A.3.4.1 Origin of uncertainty budget

The uncertainty components mainly originate in the calibration of the standard lamp used and in the
calibration technique. The spectral irradiance of the lamp under test, Ex(4), was estimated according to
Equation 14:

Y,(4)*Cy *Cy %Gy +Cy #Cy +Cq #C; +Cy
Ye(2)*Cp #C; #Cy #Cy #Cs #Cg #Cy +Cy

E,(4)=Ec(4)*C; * C (14)

where:

E: (A) is the spectral irradiance of the standard lamp, at wavelength, A, as specified in its

calibration certificate. Its associated uncertainty is given in the standard lamp calibration
certificate and is considered as a B type component.

Y, (A) is the mean reading for the comparison lamp, at wavelength A

Ye (4) is the mean reading for the standard lamp at the wavelength A
Cs is the correction factor for lamp drift in the reference lamp (see below), with an

associated standard uncertainty.
C), CS =1.0000 are correction factors for the current in each lamp filament.

C,=CJ =1.0000 are correction factors for the wavelength setting when the standard
lamp/lamp under test are measured; u ~ 0.50 % (type B, normal distribution).

CJ} =C; =1.0000 are correction factors for the measurement distance in the case of the
standard lamp/lamp under test; u ~ 0.20 % (type B, normal distribution).

C,=C,; =1.0000 are correction factors for standard lamp/lamp under test alignment; u ~
0.10 % (type B, normal distribution)

CJS =CS =1.0000are correction factors for ambient temperature during standard lamp/lamp
under test measurements; u ~ 0.20 % (type B, normal distribution)

CJ =C¢ =1.0000 are correction factors for stray light when the standard lamp/unknown lamp
are under test measurements; u = 0.10 % (type B, normal distribution).

CY=C! =1.0000 are correction factors for the photometric linearity when the standard
lamp/unknown lamp are measured; u = 0.10 % (type B, normal distribution).

C8x = C8E are correction factors for the photometric system drift during standard
lamp/unknown lamp measurements; u = 0.10 % (type B, normal distribution).

ng is the repeatability correction factor; u = 0.20 % at 400 nm and 0.15 % for other
wavelengths (type A, normal distribution).
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The value of the drift correction factor, COE, was determined as follows. The reference lamps were

calibrated by the Metrology Research Institute of the Helsinki University of Technology in May 2008
and were not burned until their use in this comparison. Hence, for the first calibration at INM, the

correction was C; =1.0000. For subsequent operations the drift of the reference lamps values was
computed with the formula:

Ce = (100+t*%5)/ 100. (15)
It was assumed that
% — _0,05%/h. (16)
Hence, for the second calibration at INM, a drift correction factor was applied with a residual

estimated uncertainty of 0.17 % (type B, rectangular distribution) i.e. standard uncertainty u = 0.10 %.
The estimated relative uncertainty of C*, C; was determined as follows:

m
Since E =E; (L] a7)
I R
where:
Ir is the specified current flown in the lamp filament;
Er is the generated irradiance for the specified current;
E is the irradiance generated for a current I, close to the specified current Ir.

Then: & =m- E (18)
ol |
or: ﬁ =m- ﬂ (29)
E |
The m exponent may be experimentally estimated as a function of wavelength:
m(A) = w (20)
Al(1)-Y(A)

where AY is the change in reading corresponding to the incremental increase in current Al. The
experimentally estimated values of m() as a wavelength function range from ~6.5 at 400 nm to ~3.5
at 1000 nm. The irradiance relative uncertainty ug generated by the relative uncertainty of the current
in the lamp filament u, , is:

Uz =m(4)-u, (21)

Thus, for a relative absolute uncertainty of the filament current of 0.0125 %, the relative irradiance
uncertainty will range from ~0.08 % (at 400 nm) to 0.04 % (at 1000 nm).

A.3.4.2 Uncertainty budget summary

According to Equation 14, for each measurement wavelength, the irradiance uncertainties of the
reference standard Eg(A4) (as given in the calibration certificate from HUT and ranging from 0.8 % at
400 nm to 0.6 % at all other wavelengths) are correlated (systematic) components to all measurements.
All other components listed in Section 9.4.1 are uncorrelated (random) components. Their combined
contribution is ~ 0.9 % for all comparison wavelengths.
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Table 18. Uncertainties associated with measurement of lamp spectral irradiance at INM-RO / %

Uncertainty Uncertainty Combined Expanded
Wavelength associated with associated with standard panc
. uncertainty
/nm correlated uncorrelated uncertainty k=2)
(systematic) effects (random) effects (k=1) 0
400 0.8 0.9 1.2 2.4
450 0.6 0.9 1.1 2.2
500 0.6 0.9 11 2.2
550 0.6 0.9 11 2.2
555 0.6 0.9 11 2.2
600 0.6 0.9 11 2.2
650 0.6 0.9 11 2.2
700 0.6 0.9 1.1 2.2
750 0.6 0.9 1.1 2.2
800 0.6 0.9 11 2.2
850 0.6 0.9 11 2.2
900 0.6 0.9 11 2.2

A35 COMPARISON LAMPS

Three FEL lamps of BN 9101 type, produced by Gigahertz were used in the comparison. The serial
numbers were: BN 9101- 472, BN 9101- 473 and BN 9101- 473, respectively.

Alignment and operation were performed according to the comparison protocol and Section 9.2.1 of
this report.

The lamps were supplied with stabilised dc current as shown in Figure 34. The shunt resistor value is
traceable to the national standard of Romania and was calibrated by the INM dc calibrations
laboratory, according to its published CMC (please see www.kcdb/appendix C). A multimeter
calibrated by the same laboratory was used. This way, the current was controlled at 8.100 A to
+0.002 A.

All lamps performed very well as specified in the burning record sheets.

Nothing unexpected happened during the INM calibration.

A4, MEASUREMENTS AT METAS
A4.1 PRIMARY SCALE REALISATION

Since 1994 the spectral irradiance scale of METAS has been traceable to the NPL irradiance scale
through regular calibration (typically every 3 to 4 years) of a set of 3 lamps. The scale is maintained
on a set of FEL 1000W lamps. The last transfer to the NPL scale was realized in October 2007. In
addition, METAS uses a 15 channel filter radiometer to monitor the stability of the spectral irradiance
scale between 400 nm and 900 nm. The filter radiometer is traceable via the spectral responsivity scale
to the METAS cryogenic radiometer.

The traceability of the primary quantities (i.e. spectral irradiance) and secondary quantities (i.e.
current, voltage, wavelength) is illustrated in Figure 35:
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Figure 35. Traceability at METAS.

A.4.2 DESCRIPTION OF THE MEASUREMENT FACILITY
A.4.2.1 Facility for spectral irradiance realisation

The setup of the spectroradiometer is schematically shown in Figure 36. The measuring system
consists of four main components of the input optics, wavelength selection, detection and evaluation
and control electronics. The radiation of the reference lamp and the test lamp passes through an
entrance aperture defined in a predefined reference distance from the lamp into an integrating sphere
with internal diffuser screen. The radiation of a monitor lamp is coupled into the sphere at 90° to the
measurement-beam path. Two computer controlled shutters allow the selection of measuring radiation.
The reason for this arrangement is due to the mechanical properties of the grating drive of the
monochromator. As a result of unavoidable small fluctuations in the grating positioning, the spectral
transmittance of the monochromator changes randomly slightly between a test series to the next,
leading to variations in measurement results. Using a monitor lamp, this error is reduced if the monitor
lamp is sufficiently stable. Furthermore, the influence of temporal fluctuations in the photomultiplier
gain is reduced, as is the measurement of test and monitor lamp at a wavelength within a short time.
As the first step of the transfer is made only every 30h of monitor burning time, the ageing of the
reference lamps is minimised.
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Figure 36. Set up of the spectroradiometer: PL: test lamp, RL: reference lamp, ML: monitor lamp, UK:
integrating sphere: ES1 ES2: electronical shutter, ssv: stabilized power supply, MC: double
monochromator, PM: photomultiplier / silicon diode, MD: monitor detector (integral signal), PSV:

A.4.2.2 Laboratory

picoammeter, PC: computer control.

The laboratory is composed of two rooms: The lamp room and the device room (see Figure 37). Both
rooms are equipped with temperature monitors. The room temperature is maintained in the range
(22 £ 1) °C, the relative humidity between 30 % and 45 %.

Device roorm

Lamp room

Optical tabls Integrating Eeference 'testlamp
sphere
TN
Dbl b e R O BRI
monochromatror
® Fhotometric-
bench

monitor
lamp

Figure 37. Laboratory arrangement

A.43 MEASUREMENT PROCEDURE

The input optics of the monochromator is composed of an integrating sphere with two entrance port:
One for the reference and test lamps and a second with a fixed installed monitor lamp. The calibration
is done in two steps: First the monitor lamp is compared at each wavelength to a reference lamp. In the
second step the reference lamp is replaced by the test lamp. To make the transfer to the monitor lamp,
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usually a set of three reference lamp is used. This transfer is made typically every 30 h burning time of
the monitor lamp. Each reference or test lamp is measured at least three times. At each wavelength the
number of measurement is repeated until the standard deviation of the mean is smaller than 0.1 % but
at maximum 30 times.

The alignment of the lamp is made by different laser and telescopes according to the internal
calibration procedure 116.21K01 which is in full agreement with the technical protocol of this
comparison (see Figure 38).

Figure 38. Lamp alignment system.

An absolute encoded magnetic ruler with a reading uncertainty of 0.1 mm is used for the distance
measurement (see Figure 39).

Figure 39. Absolute encoded magnetic ruler

A.4.4 UNCERTAINTY BUDGET
A.4.4.1 Origin of uncertainty budget

All contributions were determined by prior knowledge, except the stability of the lamps and the drift
of the measurement scale. As indicated above, the last calibration of the reference lamps to the NPL
scale was carried out in October 2007. The scale was then directly transferred to a set of 6 working
lamps. For regular measurement the scale is maintained on the monitor lamp (see description of the
system), calibrated through the working lamps. For this comparison, however, the transfer lamps were
reused. The overall burning time of the transfer lamps since their calibration at NPL was about 8h and
a “worst case” drift of 1 % (found by filter radiometer measurements) has been taken into account in
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the uncertainty budget.

The wavelength dependent contribution is mainly composed of the uncertainty of the reference lamps,
correlated to all measurements. It also includes a contribution for the uncertainty in lamp current,
which is based on the following assumption: an uncertainty (k=1) in the current of 0.002 % will
produce a change of distribution temperature of about 0.05 K, which leads to an change of spectral
irradiance of 0.03 % at 250 nm to 0.006 % at 1100 nm. For the budget a wavelength independent
average was taken (0.01 %), knowing that this contribution makes a negligible contribution to the
overall uncertainty, which is dominated by the uncertainty associated with the reference lamps.

3.5%

3.0% ®

2.5%

2.0% g8
1.5%
1.0% PR o o

0.5%

std unc of reference lamps

0.0% T T T T T
250 400 550 700 850 1000

wavelength / nm

Figure 40. Standard uncertainty of reference lamps.

The combined uncertainty is by far dominated by the uncertainty of the reference lamps. The other
contributions are therefore simplified to wavelength independent contributions. Table 19 shows the
wavelength independent uncertainty contributions of the calibration of a spectral irradiance lamp.

Table 19. Wavelength independent uncertainty contributions.

Wavelength independent quantities

Quantity Value Typ sensitivity u cont.
Overall distance* 1.00E-3 rel B 1/sqrt(3) 5.77E-4
I:rifps Lamp positioning* 2.00E-3 rel B 1/sqrt(3) 1.15E-3
Lamp current* 1.00E-4 rel B 1 1.00E-4
Drift* 1.00E-2 rel B 1/sqrt(3) 5.77E-3
Stability 1.00E-4 rel A 5.77E-5
monitor Lamp current 1.00E-4 rel B 1 5.77E-5
Stability 1.00E-3 rel A 1 1.00E-3
Drift 2.00E-3 rel B 1/sqrt(3) 1.15E-3
Test lamp | Stability 2.00E-3 rel A 1 2.00E-3
Wavelength 5.77E-4 rel B 1 5.77E-4
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Positioning 2.00E-3 rel B 1/sqrt(3) 1.15E-3
Distance 1.00E-3 rel B 1/sqrt(3) 5.77E-4
Lamp current 1.00E-4 rel B 1 1.00E-4
Total
(k=1) 6.58E-3

*) correlated quantity to all lamps

A.4.4.2 Uncertainty budget summary

Table 20. Uncertainties associated with measurement of lamp spectral irradiance at METAS

Uncertainty Uncertainty Combined Expanded
Wavelength associated with associated with standard .
: uncertainty
/nm correlated uncorrelated uncertainty k=2)
(systematic) effects (random) effects (k=1)
250 3.06 % 0.46 % 3.09 % 6.19 %
260 1.89 % 0.39 % 1.94 % 3.87%
270 1.89 % 0.33% 1.92% 3.85%
280 1.80 % 0.39 % 1.84 % 3.69 %
290 1.85% 0.32 % 1.87% 3.75%
300 1.80 % 0.31% 1.83% 3.65%
310 1.75% 0.30 % 1.78 % 3.56 %
320 171 % 0.29 % 1.73% 3.46 %
330 171 % 0.32 % 1.73% 3.47%
340 171 % 0.30 % 1.73% 3.46 %
350 171 % 0.30 % 1.73% 3.46 %
360 143 % 0.32 % 1.46 % 2.93 %
370 143 % 0.30 % 1.46 % 2.92%
380 143 % 0.31% 1.46 % 2.92 %
390 1.38% 0.30 % 142 % 2.83 %
400 1.38% 0.32 % 142 % 2.84%
450 1.29% 0.29 % 1.33% 2.65 %
500 1.25% 0.29 % 1.28% 2.56 %
550 1.25% 0.29 % 1.28% 2.56 %
555 1.23% 0.29 % 1.26 % 2.52%
600 121 % 0.29 % 1.24 % 2.48 %
650 1.16 % 0.29 % 1.20% 2.40 %
700 1.16 % 0.29 % 1.20 % 240 %
750 1.12 % 0.29 % 1.16 % 2.31%
800 1.08 % 0.29 % 1.12% 2.23%
850 1.08 % 0.29 % 1.12% 2.23%
900 1.08 % 0.29 % 1.12% 2.23%
950 1.08 % 0.29 % 1.12% 2.23%
1000 1.08 % 0.29 % 1.12% 2.23%
1100 1.08 % 0.30 % 1.12% 2.23%

A.45 COMPARISON LAMPS

The following lamps were used during the comparison (all FEL Type I):

Lamp 1: BN-9101-388
Lamp 2: BN-9101-389
Lamp 3: BN-9101-390

A constant current of 8.1 A was used and the lamps were positioned 500 mm to front plate.
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The stabilities of all lamps were as expected. As an example Figure 41 shows the lamp voltage of BN-
9101-388 during the second round.

voltage(V)
123
1229
1228 I \
1227 — —
1226
900 1400 1900 2400 2900 3400 3900
Brennzeit (sec)

Figure 41. Typical lamp voltage stability.

A5, MEASUREMENTS AT SP
A51 PRIMARY SCALE REALISATION

SP’s spectral irradiance scale is maintained using two different groups of lamps. Two FEL-lamps
calibrated at HUT (Finland) are used in the wavelength range 400 nm to 900 nm. In the range outside
this (250 nm to 400 nm and 900 nm to 2500 nm) a group of currently 3 lamps originally calibrated at
NIST during 1995-1999 is used. All these lamps are burnt less than 1 h/year, as they are only used for
calibration of working standards and occasionally for making stability checks. Also, the original
calibration values from NIST have been slightly corrected for the change in the NIST scale that took
place around the year 2000 (based on article published 1 October 2002, Applied Optics Vol. 41, No.
28).

A.5.2 DESCRIPTION OF THE MEASUREMENT FACILITY
A5.2.1 Facility for spectral irradiance realisation

Spectral irradiance calibrations at SP are done by direct comparisons to working standards, by using a
double prism monochromator (Zeiss MM12) with different detectors and prisms for different
wavelength ranges. The wavelength and bandwidth is computer controlled using step motors. The
lamp radiation is collected either by an integrating sphere or by a white diffuser. For this comparison,
two working standards were first calibrated against the whole group of primary standards and then
used throughout the comparison.

The lamps are run by a HP 6675A 0-120V/18A DC power supply, and the current is measured using a
precision resistor in series with the lamp. At currents around 8 A, the current can be set to about
+2 mA. One stray light shield is used between the lamp and the input optics.

250 nm — 800 nm: A quartz prism is used with the monochromator (total coverage 200 nm — 1000
nm) and a 4 inch integrating sphere is used for the input. A PMT is used as the detector. The Typical
bandwidth is 5 nm - 10 nm. The distance is set to 50.0 cm from each lamp’s reference plane to the
sphere opening using a calibrated ruler.

800 nm — 2500 nm: A glass prism is used (covering 360 nm — 2500 nm) in the monochromator and a
barium sulphate reflectance plaque is used for the input. The radiation is chopped at about 15 Hz and
detected with a cooled PbS-detector. The typical bandwidth is 50 nm - 80 nm. The distance is set to
50.0 cm from each lamp’s reference plane to the diffuser plane using a calibrated ruler.
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A5.2.2 Laboratory

Normally temperature is controlled to 23 °C +1 °C. However, due to cooling problems the temperature
currently is (and has been for the last year) 25 °C.

A53 MEASUREMENT PROCEDURE

For each of the previously described wavelength ranges, measurements were performed according to
the scheme: Working standards — Measurement objects — Workings standard. Each measurement
contained all relevant wavelengths in the whole range, starting from the lowest wavelength.
Depending on the signal level, 5 to 10 repeated detector readings were taken for each wavelength.

For this comparison, the above measurement scheme was repeated twice. Each full series was linearly
corrected for drift based on the working standard measurements before and after the measurement
objects (comparison lamps).

The lamps were aligned using the alignment jig, with distance being measured from the plane
containing the crosshair, as shown in Figure 42. Following the comparison, SP realised that this choice
of reference plane for the distance measurement did not comply with the comparison protocol, which
specified that distance should be measured from the front plate of the lamp mount. This meant that
measurements were made at a distance that was 6 mm less than that specified, and resulted in
irradiance values that were about 2.3 % higher than would be obtained using the correct distance. This
problem was identified after the Draft A report had been issued and therefore the results given in this
report (including the DoE values for SP) were not corrected for this error.

Reference plane
mistakenly used by SP

( 6,0 mm difference)

R

Measurement distance

50,0 cm from ref. plane

Reference plane according
to PR-K1A and PTB

Figure 42. Reference plane used for distance measurement used at SP.
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A.5.4 UNCERTAINTY BUDGET
A.5.4.1 Origin of uncertainty budget

Tests have been done to determine short-term repeatability and drift nonlinearity. Also, the influence
of a change in current has been determined for all wavelengths of interest. In most cases bandwidth
and wavelength effects and stray light effects will be quite small as used lamps are quite similar. There
are, however, some small differences between the modified FEL-lamps (NIST) and the type | FEL-
lamps used (including fixtures) as well as small variations in currents and output powers, which is
believed to give some non-negligible uncertainty components.

For the reference lamps used to maintain the irradiance scale, possible drift has been estimated based
on the approximate run time (from NIST). This is supported by the total measured variation between
lamps in each group and when comparing the NIST and HUT lamps in the overlapping range. In
general, all measured differences are quite small compared to the stated uncertainties so the overall
stability is believed to be very good.

The original discreet calibration values from NIST have in the IR region been interpolated over certain
ranges using a 3rd degree polynomial and the Planck function. The deviations between the discreet
values and the fitted curve have been taken as a measure of the possible maximum error in the new
fitted values. Also, for 2500 nm, which is outside the NIST range, an extrapolation has been made
with a quite large estimated uncertainty.

Note that the uncertainty budget has been somewhat simplified by not taking into account any small
individual variations for the different lamps used. Also, many of the generally small uncertainty
components (repeatability, alignment, stray light etc.) may not be totally independent of each other,
which may result in a slight over-estimation of the final measurement uncertainty. However, as the
largest part of this uncertainty is from the scale realisation itself, these small effects have not been
further analysed.

All uncertainties below are expressed as a percentage of the measured irradiance. The uncertainty
contributions can be summarised as follows (see also Table 32):

e Long-term drift (reference lamps): Type B. This component is estimated based on NIST data and
a total burn time of 20 h for all reference lamps.

e Calibration uncertainty (reference lamps): Type B. Taken from calibration certificates.

e Interpolation and extrapolation (NIST reference lamps): Type B. In the range 900 nm to
2400 nm this component is taken as the typical max deviation of the fitted curve to the calibration
values. At 2500 nm an extra safety factor of £ 2 % is estimated.

o Repeatability (all lamps): Type B. This uncertainty component has been determined as the typical
standard deviation for the used lamps but is not individually determined for each lamp. None of
the lamps used show any indication of instability, which is why this method should be sufficiently
accurate.

e Non-linearity drift (all lamps): Type B. The combined drift of the standard lamps and the
measurement facility during a normal measurement sequence is usually within 1 % - 1.5 %. This
is linearly corrected for based on the time of measurement. This component estimates the
remaining uncertainty associated with non-linearity of the drift.

e Alignment (all lamps): Type B. Based on small changes in alignment corresponding to the
possible maximum error. This component is in the order of the general short-term repeatability
and is estimated to be a maximum of + 0.2 %.

e Lamp distance (all lamps): Type B. This is estimated to be within £0.8 mm.

e Lamp current (all lamps): Type B. The estimated maximum error in current is 3 mA. This
corresponds to changes in irradiance within about £0.5 % at 250 nm and £0.15 % at 2500 nm
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e Bandwidth and wavelength effect (all lamps): Type B. Estimated by varying the bandwidth for
measurements around 1000 nm, where this effect should have the largest contribution due to
slightly different lamp characteristics.

e  Stray light (all lamps): Type B. The different lamp design and lamp fixtures give raise to a small
uncertainty. With a diffuser at the input, the set-up is slightly more sensitive to stray light.

Table 21. Individual standard uncertainty components for each wavelength (k=1) / %

IZ\%\;E/ Ltg:]rg Calibra- Interpol-| Repeat- Drift Align- Distance| Current Band- | Stray
. tion ation | ability ment width light

nm drift
250 0.75 0.91 0.00 0.80 0.29 0.12 0.18 0.55 0.30 0.12
260 0.64 0.87 0.00 0.70 0.17 0.12 0.18 0.53 0.30 0.12
270 0.55 0.84 0.00 0.60 0.17 0.12 0.18 0.52 0.20 0.12
280 0.49 0.80 0.00 0.50 0.17 0.12 0.18 0.49 0.20 0.12
290 0.48 0.76 0.00 0.40 0.17 0.12 0.18 0.46 0.10 0.12
300 0.47 0.73 0.00 0.30 0.17 0.12 0.18 0.44 0.10 0.12
310 0.46 0.69 0.00 0.20 0.17 0.12 0.18 0.42 0.10 0.12
320 0.45 0.65 0.00 0.20 0.17 0.12 0.18 0.40 0.10 0.12
330 0.44 0.62 0.00 0.20 0.17 0.12 0.18 0.39 0.10 0.12
340 0.43 0.58 0.00 0.20 0.17 0.12 0.18 0.38 0.10 0.12
350 0.42 0.55 0.00 0.20 0.17 0.12 0.18 0.37 0.10 0.12
360 0.41 0.55 0.00 0.20 0.17 0.12 0.18 0.35 0.10 0.12
370 0.41 0.54 0.00 0.20 0.17 0.12 0.18 0.34 0.10 0.12
380 0.40 0.53 0.00 0.20 0.17 0.12 0.18 0.33 0.10 0.12
390 0.39 0.53 0.00 0.20 0.17 0.12 0.18 0.32 0.10 0.12
400 0.39 0.52 0.00 0.20 0.17 0.12 0.18 0.31 0.10 0.12
450 0.36 0.50 0.00 0.20 0.17 0.12 0.18 0.27 0.10 0.12
500 0.34 0.50 0.00 0.20 0.17 0.12 0.18 0.24 0.10 0.12
550 0.32 0.50 0.00 0.20 0.17 0.12 0.18 0.21 0.10 0.12
555 0.31 0.50 0.00 0.20 0.17 0.12 0.18 0.21 0.10 0.12
600 0.30 0.50 0.00 0.20 0.17 0.12 0.18 0.19 0.10 0.12
650 0.28 0.50 0.00 0.20 0.17 0.12 0.18 0.18 0.10 0.12
700 0.27 0.50 0.00 0.20 0.17 0.12 0.18 0.17 0.10 0.12
750 0.26 0.50 0.00 0.20 0.17 0.12 0.18 0.16 0.10 0.12
800 0.25 0.50 0.00 0.30 0.17 0.12 0.18 0.15 0.10 0.12
850 0.24 0.50 0.00 0.40 0.29 0.12 0.18 0.15 0.20 0.23
900 0.23 0.50 0.00 0.40 0.29 0.12 0.18 0.15 0.30 0.23
950 0.22 0.54 0.17 0.40 0.29 0.12 0.18 0.15 0.30 0.23
1000 0.21 0.54 0.23 0.40 0.29 0.12 0.18 0.15 0.30 0.23
1100 0.20 0.54 0.23 0.40 0.29 0.12 0.18 0.15 0.20 0.23
1200 0.19 0.55 0.23 0.40 0.29 0.12 0.18 0.15 0.20 0.23
1300 0.18 0.57 0.23 0.40 0.29 0.12 0.18 0.15 0.20 0.23
1400 0.17 0.61 0.23 0.40 0.29 0.12 0.18 0.15 0.20 0.23
1500 0.17 0.66 0.23 0.40 0.29 0.12 0.18 0.15 0.20 0.23
1600 0.16 0.71 0.29 0.40 0.29 0.12 0.18 0.15 0.20 0.23
1700 0.15 0.82 0.29 0.40 0.29 0.12 0.18 0.15 0.20 0.23
1800 0.15 0.94 0.29 0.40 0.29 0.12 0.18 0.15 0.20 0.23
1900 0.14 1.05 0.29 0.40 0.29 0.12 0.18 0.15 0.20 0.23
2000 0.14 1.17 0.29 0.40 0.29 0.12 0.18 0.15 0.20 0.23
2100 0.13 1.43 0.29 0.40 0.29 0.12 0.18 0.15 0.20 0.23
2200 0.13 1.69 0.29 0.40 0.29 0.12 0.18 0.15 0.20 0.23
2300 0.13 1.96 0.29 0.40 0.29 0.12 0.18 0.15 0.20 0.23
2400 0.12 2.22 0.29 0.50 0.29 0.12 0.18 0.15 0.20 0.23
2500 0.12 2.45 0.29 0.80 0.29 0.12 0.18 0.15 0.20 0.23
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A.5.4.2 Uncertainty budget summary

Table 22. Uncertainties associated with measurement of lamp spectral irradiance at SP / %

Uncertainty Uncertainty Combined Expanded
Wavelength associated with associated with standard pand
. uncertainty
/nm correlated uncorrelated uncertainty k =2)
(systematic) effects (random) effects (k=1)
250 1.54 0.99 1.83 3.66
260 1.39 0.87 1.64 3.28
270 1.26 0.76 1.47 2.94
280 1.16 0.68 1.34 2.68
290 1.07 0.58 1.21 2.43
300 1.00 0.51 1.12 2.24
310 0.94 0.45 1.04 2.08
320 0.91 0.44 1.01 2.02
330 0.88 0.44 0.98 1.96
340 0.84 0.44 0.95 1.90
350 0.81 0.43 0.92 1.84
360 0.80 0.43 0.91 1.82
370 0.79 0.42 0.90 1.80
380 0.79 0.42 0.89 1.78
390 0.78 0.42 0.88 1.77
400 0.77 0.42 0.88 1.75
450 0.74 0.41 0.84 1.68
500 0.72 0.40 0.83 1.65
550 0.71 0.39 0.81 1.63
555 0.71 0.39 0.81 1.62
600 0.70 0.39 0.80 1.61
650 0.69 0.39 0.80 1.59
700 0.69 0.39 0.79 1.58
750 0.68 0.39 0.78 1.57
800 0.71 0.45 0.84 1.68
850 0.84 0.63 1.04 2.09
900 0.86 0.66 1.09 2.18
950 0.90 0.66 1.12 2.24
1000 0.91 0.66 1.13 2.26
1100 0.88 0.63 1.08 2.16
1200 0.89 0.63 1.08 2.17
1300 0.89 0.63 1.09 2.18
1400 0.92 0.63 1.11 2.23
1500 0.95 0.63 1.14 2.28
1600 1.00 0.63 1.18 2.36
1700 1.08 0.63 1.25 2.50
1800 1.17 0.63 1.33 2.66
1900 1.26 0.63 1.41 2.82
2000 1.36 0.63 1.50 3.00
2100 1.59 0.63 1.71 3.42
2200 1.83 0.63 1.94 3.87
2300 2.08 0.63 2.17 4.34
2400 2.35 0.69 2.45 4.89
2500 2.64 0.93 2.80 5.60

Page 75 of 107



NPL Report OP 12

3,0

= Common uncertainty (working standards)
= Uncorrelated uncertainties

25 Combined uncertainty /

) /
15

Standard uncertainty (%)

—

_——

S

\

0,5 \ 4

0,0

T T
0 500 1000 1500 2000 2500

Wavelength (nm)

]
3000

Figure 43. Uncertainties for measurements at SP.
A55 COMPARISON LAMPS

Three FEL type | lamps were used for the comparison, measured at 50.0 cm in front of the removable
cross-hair.

Lamp ID Current (A) Voltage round 1 (V) Voltage round 2 (V)
PTB-SL-135 8.100 102.70 102.76

SP 96-5 8.100 117.30 117.35

SP 96-7 8.100 119.80 119.76

Based on the stable voltages and the measured irradiances in round 1 and 2 respectively, no significant
changes for any of the lamps used by SP during the comparison can be detected.

A6. MEASUREMENTS AT VNIIOFI

A6.1 PRIMARY SCALE REALISATION

The spectral irradiance scale was realised using a high-temperature blackbody of the BB3500M type.
The effective emissivity of the BB3500M was estimated to be approximately 0.9995, with standard
uncertainty of 0.1 9% in the spectral range from 250 nm to 350 nm and 0.05 % in the range from
360 nm to 2500 nm.

The temperature of the B3500M was approximately 3020 K. A radiation thermometer of the TSP type
was used to measure the BB3500M temperature. The thermometer was calibrated against high-
temperature fixed points (HTFP) Co-C, Re-C and WC-C. Temperatures of the HTFPs were measured
against a copper point blackbody. The calibration of the TSP thermometer was checked against the
WC-C fixed-point blackbody just before calibration of a standard lamp used for the comparison. The
standard uncertainty the temperature measurement was 0.7 K.

In front of the BB3500M blackbody there was a precision aperture with diameter of approximately
8 mm. The temperature of the aperture holder was stabilised at 20 °C using a liquid thermostat.
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A FEL lamp was used as the standard lamp to calibrate the comparison lamps. The standard lamp was
calibrated against the BB3500M blackbody just after the second round measurements.

A.6.2 DESCRIPTION OF THE MEASUREMENT FACILITY
A.6.2.1 Facility for spectral irradiance realisation
The facility used is shown schematically in Figure 44. The facility consists of the following elements:

The BB3500M blackbody

Precision aperture

LEL lamps

Alignment lasers (for the lamp alignment)
TSP radiation thermometer

Integrating sphere

Monochromator

Set of detectors

Focusing mirror

10. Flat mirrors

11. Alignment laser (for the blackbody alignment)
12. Set of light shields

13. Shutters

©CoNoO~WNE

The blackbody, lamps and alignment lasers (4) were installed on an optical table and covered with a
light tight box with holes in front of the sources equipped with the shutters (13). A spectral comparator
consisted of the integrating sphere (6), monochromator (7), focusing optics (9, 10) and set of detectors
(8) was assembled on a translation stage. The radiation thermometer (5) and the alignment laser (11)
were installed on the same translation stage. The optical plate of the translation stage was covered with
a light tight box with holes in front of the sphere and thermometer.

The integrating sphere was made of PTFE and had an internal diameter of 40 mm, a circular entrance
aperture with diameter of 11 mm and an exit slit with the dimensions of 4 mm x 15 mm.

The monochromator used for the standard lamp calibration and for the second round measurements
was an additive-mode double grating monochromator of the DTMc300 type (manufactured by
Bentham Instruments Limited) with a focal length of 300 mm. Gratings with 1200 g/mm were used in
the spectral range from 250 nm to 1100 nm and gratings with 600 g/mm were used in the spectral
range from 1100 nm to 2500 nm.

The wavelength accuracy and wavelength repeatability of the monochromator are 0.2 nm and 0.05 nm
respectively. The dispersion is 1.35 nm/mm for 1200 g/mm. The slit width used was 3 mm for both
entrance and exit. In the range from 1700 nm to 2500 nm the monochromator was used in single
mode. Therefore, the bandwidth was:

e 4 nm for the range from 250 nm to 1100 nm

e 8 nm for the range from 1100 nm to 1700 nm

e 16 nm for the range from 1700 nm to 2500 nm

Note that the monochromator and the translation stage were replaced between the first and the second
rounds of measurements. For the first round an old double grating monochromator of the HRD1 type
(JOBIN YVON) was used that had been intensively used for more than 20 years. Because of the lower
efficiency (due to degraded mirrors reflections) the signal level with this monochromator was lower,
especially in the UV range; therefore, the first round measurements were noisier. However due to an
error in the lamp current and distance used in the first round of measurements, only results from the
second round are considered.
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Figure. 44 Spectral Irradiance facility of VNIIOFI

The detectors used were:
e  PMT for the range from 250 nm to 550 nm
¢ Si photodiode for the range from 550 nm to 1000 nm
e InGaAr photodiode for the range from 1000 nm to 1700 nm
e  PbS photoresistor for the range from 1700 nm to 2500 nm

Distance between the lamp and the sphere (as well as between the blackbody aperture and the sphere)
was measured using an extension rod type micrometer (manufacturer is Mitutoyo). The micrometer
was accurate to 10um. However, the distance uncertainty was much higher than this, due to instability
of the lamp, aperture and sphere stands.

Specially designed high-stability DC power supplies were used. The lamp current was measured using
a standard resistor and a precision voltmeter. The combined standard uncertainty of the current
measurement and current stability was estimated as 1 mA.

A.6.2.2 Laboratory
The laboratory temperature was maintained at a level of 22 °C within £ 2 °C.
A.6.3 MEASUREMENT PROCEDURE

The measurements (both the standard lamp against the blackbody and the comparison lamps against
the standard lamp) were done wavelength-by-wavelength, i.e. the sources were compared at each
wavelength. The measurement procedure was as follows:

o  Wavelength set

e  Stage moved to Source 1 position

e  Shutter of the Source 1 opened

o Detector signal read 25 to 50 times (depend on wavelength) and average value and its standard

deviation saved
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e  Shutter closed, dark signal read 25 to 50 times and average value and its standard deviation
saved

Stage moved to the Source 2 position

Shutter of the Source 2 opened

Detector signal read 25 to 50 times and average value and its standard deviation saved.

Shutter closed, dark signal read 25 to 50 times and average value and its standard deviation
saved

e Ratio Source 1/ Source 2 calculated and saved

After this, the measurements were repeated so that two to four ratios were measured for each
wavelength with necessary stage movements. Following that, the new wavelength was set and the
measurement cycle repeated.

The standard deviations of the measured signals were used later for estimation of Type A
uncertainties. The associated uncertainty component is identified below as “Repeatability”.
The spectral range was divided into several blocks of wavelength:
e 250 nmto 300 nm
310 nm to 400 nm
450 nm to 650 nm
600 nm to 1000 nm
950 nm to 1700 nm
1600 nm to 2500 nm

After the first and the second blocks the PMT voltage was changed. After the third block the PMT was
changed to the Si photodiode. After the fourth block the Si photodiode was changed to the InGaAs
photodiode. After the fifth block the InGaAs detector was changed to the PbS detector.

Before each block the lamp current was checked. When the blackbody was used, its temperature was
measured before and after each black and its stability was evaluated.

Four independent measurements were done for each comparison lamp as well as for the standard lamp.
Each independent measurement was done with independent realignment of the lamps. The standard
deviation of the mean calculated from these independent measurements was used for estimation of the
uncertainty component identified below as “Reproducibility”.

The First Round measurements were performed using an incorrect value for the lamp current: 8.0 A
instead 8.1 A. Therefore, the results of the First Round measurements were not reported and were not
included in the comparison. In addition, the analysis of the internal consistency of the lamps
(presented at the Pre-Draft A stage) revealed a significant inconsistency between one lamp and the
other two and as a result it was decided to request withdrawal of one lamp; more details are given in
the Appendix. The comparison results for VNIIOFI are therefore based on measurements of just two
lamps, each measured once at NPL and once at VNIIOFI.

A.6.4 UNCERTAINTY BUDGET
A.6.4.1 Origin of uncertainty budget

The following sources of uncertainty were considered:

e  Air refractive index (n): It was assumed that the uncertainty associated with n was 0.00003. The
blackbody spectral irradiance uncertainty associated with n was calculated using the Planck law.

e Blackbody emissivity uncertainty: This was estimated as 0.001 for the spectral range from
250 nm to 350 nm and 0.0005 for the spectral range from 360 nm to 2500 nm. The estimation
was based on modelling using the STEEP3 software. The spectral irradiance relative uncertainty
is spectrally independent and equals to 0.1 % and 0.05 % respectively.
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e Blackbody temperature measurement uncertainty: This was estimated as 0.7 K. The blackbody
spectral irradiance uncertainty associated with T was calculated using the Planck law.

e Blackbody non-uniformity: This was estimated on the basis of preliminary blackbody mapping.
It corresponds to a temperature non-uniformity standard uncertainty of approximately 0.3 K. The
associated blackbody spectral irradiance uncertainty was calculated using the Planck law.

e Blackbody instability: This was measured directly during the standard lamp calibration. The
typical temperature instability standard uncertainty was approximately 0.12 K. The blackbody
associated spectral irradiance uncertainty was calculated using the Planck law.

o Blackbody aperture area: This was measured with standard uncertainty of approximately
0.08 um that corresponds to a spectral irradiance relative uncertainty of 0.02 %.

o Lamp (or blackbody aperture) to sphere distance measurement uncertainty: This was estimated
as 0.07 mm. The main reason for this uncertainty was mechanical instability of the stands.

e Lamp current measurement and stability: This was estimated as 1 mA. The associated spectral
irradiance uncertainties were evaluated comparing the measurements the FEL lamps at 8.1 A and
8.0 A current.

e Uncertainty associated with wavelength: There are two sources of uncertainty associated with
wavelength: accuracy of wavelength setting (2 nm) and bandwidth. These components were
estimated independently and then combined. The value of the spectral irradiance uncertainty
component at a specific wavelength depends on the rate of change of the ratio between the
compared sources at this wavelength. Because the spectra of the compared sources are quite
similar (two lamps of the same type and regime, or a lamp and the blackbody with nearly the
same distribution temperature) the ratios were small, and, therefore, the spectral irradiance
uncertainties were small as well.

o  Type A uncertainty associated with noise of the signal: This uncertainty component is identified
as “Repeatability”. See also the section 13.3. The uncertainty was calculated as

2 2 2 2 2
y — max \/GL1+O-L2+Ud1+Gd2.\/O-ratio
repeat !
n-m m

where ;4 is the standard deviation of the lamp position 1 readings, &;- is the standard deviation
of the lamp position 2 (or blackbody) readings, <, is the standard deviation of the dark readings
in lamp position 1, - - is the standard deviation of the dark readings in lamp position 2 (or
blackbody), n is the number of readings, m is the number of measurement cycles at the specific
wavelength, @,...: is the standard deviation of the Lampl/Lamp2 ratios (number of ratios equals
to number of cycles). This uncertainty was similar for all comparison lamps. Therefore, the
average values for all lamps were used.

e Type A uncertainty associated with lamp reproducibility: The uncertainty Ureproauc i associated
with reproducibility of lamp spectral irradiance values measured in independent measurements.
This uncertainty component was calculated as:

1 & _
ureproduc = \/m ’ ;(E (ﬂ) - E)

where k is the number of the independent measurements. Four independent measurements were
peformed for both the standard lamp and the comparison lamps. The “Reproducibility”
uncertainty was similar for all comparison lamps. Therefore, the same values were used for all
lamps, averaged and spectrally smoothed.

e Type A combined uncertainty: The Type A combined uncertainty was calculated as:

2
U repeat 2

U, = \/ k + Ureproduc
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Table 23. Uncertainties associated with the blackbody (scale uncertainty budget), k=1/%

Air
refractive Temperature |Blackbody | Blackbod Blackbody- .
Alnm | indexn |Emissivity measpurement uniformit))/l stabilityy Ap;r;gre to-spherc)e/ Co(nk15>|1r;ed
(An = (AT =0.7K) (0.3K) (0.12 K) distance -
0.00003)
250 0.05 0.1 0.44 0.19 0.08 0.02 0.03 0.50
260 0.05 0.1 0.43 0.18 0.07 0.02 0.03 0.48
270 0.05 0.1 0.41 0.18 0.07 0.02 0.03 0.47
280 0.05 0.1 0.39 0.17 0.07 0.02 0.03 0.45
290 0.04 0.1 0.38 0.17 0.07 0.02 0.03 0.44
300 0.04 0.1 0.37 0.16 0.06 0.02 0.03 0.42
310 0.04 0.1 0.36 0.15 0.06 0.02 0.03 0.41
320 0.04 0.1 0.35 0.15 0.06 0.02 0.03 0.40
330 0.04 0.1 0.34 0.15 0.06 0.02 0.03 0.39
340 0.04 0.1 0.33 0.14 0.06 0.02 0.03 0.38
350 0.04 0.1 0.32 0.14 0.05 0.02 0.03 0.37
360 0.03 0.05 0.31 0.13 0.05 0.02 0.03 0.35
370 0.03 0.05 0.30 0.13 0.05 0.02 0.03 0.34
380 0.03 0.05 0.29 0.13 0.05 0.02 0.03 0.33
390 0.03 0.05 0.28 0.12 0.05 0.02 0.03 0.32
400 0.03 0.05 0.28 0.12 0.05 0.02 0.03 0.31
450 0.03 0.05 0.25 0.11 0.04 0.02 0.03 0.28
500 0.02 0.05 0.22 0.10 0.04 0.02 0.03 0.25
550 0.02 0.05 0.20 0.09 0.03 0.02 0.03 0.23
555 0.02 0.05 0.20 0.09 0.03 0.02 0.03 0.23
600 0.02 0.05 0.18 0.08 0.03 0.02 0.03 0.21
650 0.02 0.05 0.17 0.07 0.03 0.02 0.03 0.20
700 0.02 0.05 0.16 0.07 0.03 0.02 0.03 0.19
750 0.01 0.05 0.15 0.06 0.03 0.02 0.03 0.17
800 0.01 0.05 0.14 0.06 0.02 0.02 0.03 0.17
850 0.01 0.05 0.13 0.06 0.02 0.02 0.03 0.16
900 0.01 0.05 0.12 0.05 0.02 0.02 0.03 0.15
950 0.01 0.05 0.12 0.05 0.02 0.02 0.03 0.14
1000 0.01 0.05 0.11 0.05 0.02 0.02 0.03 0.14
1100 0.01 0.05 0.10 0.04 0.02 0.02 0.03 0.13
1200 0.01 0.05 0.09 0.04 0.02 0.02 0.03 0.12
1300 0.01 0.05 0.09 0.04 0.01 0.02 0.03 0.11
1400 0.01 0.05 0.08 0.04 0.01 0.02 0.03 0.11
1500 0 0.05 0.08 0.03 0.01 0.02 0.03 0.10
1600 0 0.05 0.07 0.03 0.01 0.02 0.03 0.10
1700 0 0.05 0.07 0.03 0.01 0.02 0.03 0.10
1800 0 0.05 0.07 0.03 0.01 0.02 0.03 0.10
1900 0 0.05 0.06 0.03 0.01 0.02 0.03 0.09
2000 0 0.05 0.06 0.03 0.01 0.02 0.03 0.09
2100 0 0.05 0.06 0.03 0.01 0.02 0.03 0.09
2200 0 0.05 0.06 0.02 0.01 0.02 0.03 0.09
2300 0 0.05 0.05 0.02 0.01 0.02 0.03 0.09
2400 0 0.05 0.05 0.02 0.01 0.02 0.03 0.09
2500 0 0.05 0.05 0.02 0.01 0.02 0.03 0.08
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Table 24. Uncertainties associated with the standard lamp, k=1/ %

Alom | seale | Distance | NP NN (CRE | ity | cibity | combined | (ez)
250 0.50 0.03 0.14 0.11 1.13 0.52 0.77 0.94
260 0.48 0.03 0.14 0.11 0.80 0.37 0.54 0.75
270 0.47 0.03 0.13 0.09 0.57 0.30 0.41 0.64
280 0.45 0.03 0.13 0.08 0.43 0.28 0.35 0.59
290 0.44 0.03 0.12 0.08 0.30 0.25 0.29 0.54
300 0.42 0.03 0.12 0.06 0.27 0.23 0.27 0.52
310 041 0.03 0.11 0.05 0.25 0.20 0.24 0.49
320 0.40 0.03 0.11 0.05 0.24 0.20 0.23 0.48
330 0.39 0.03 0.11 0.05 0.23 0.19 0.22 0.46
340 0.38 0.03 0.10 0.05 0.20 0.18 0.21 0.44
350 0.37 0.03 0.10 0.05 0.16 0.17 0.19 0.43
360 0.35 0.03 0.10 0.05 0.14 0.16 0.17 0.40
370 0.34 0.03 0.09 0.05 0.12 0.15 0.16 0.39
380 0.33 0.03 0.09 0.05 0.11 0.14 0.15 0.38
390 0.32 0.03 0.08 0.05 0.10 0.14 0.15 0.37
400 0.31 0.03 0.08 0.05 0.10 0.14 0.15 0.36
450 0.28 0.03 0.07 0.05 0.07 0.14 0.14 0.33
500 0.25 0.03 0.06 0.05 0.05 0.14 0.14 0.30
550 0.23 0.03 0.05 0.05 0.04 0.13 0.13 0.28
555 0.23 0.03 0.05 0.05 0.03 0.13 0.13 0.28
600 0.21 0.03 0.05 0.05 0.03 0.13 0.13 0.26
650 0.20 0.03 0.04 0.05 0.03 0.12 0.12 0.24
700 0.19 0.03 0.04 0.05 0.03 0.12 0.12 0.23
750 0.17 0.03 0.04 0.05 0.03 0.10 0.10 0.21
800 0.17 0.03 0.03 0.05 0.03 0.10 0.10 0.20
850 0.16 0.03 0.03 0.05 0.03 0.10 0.10 0.20
900 0.15 0.03 0.03 0.05 0.03 0.10 0.10 0.19
950 0.14 0.03 0.03 0.05 0.07 0.10 0.11 0.19
1000 0.14 0.03 0.02 0.06 0.07 0.10 0.11 0.19
1100 0.13 0.03 0.02 0.06 0.07 0.10 0.11 0.18
1200 0.12 0.03 0.02 0.06 0.07 0.10 0.11 0.18
1300 0.11 0.03 0.02 0.06 0.07 0.10 0.11 0.17
1400 0.11 0.03 0.01 0.06 0.07 0.10 0.11 0.17
1500 0.10 0.03 0.01 0.06 0.07 0.10 0.11 0.16
1600 0.10 0.03 0.01 0.06 0.07 0.10 0.11 0.16
1700 0.10 0.03 0.01 0.07 0.15 0.12 0.14 0.19
1800 0.10 0.03 0.01 0.07 0.20 0.14 0.17 0.21
1900 0.09 0.03 0.01 0.07 0.20 0.17 0.20 0.23
2000 0.09 0.03 0.01 0.07 0.20 0.19 0.21 0.25
2100 0.09 0.03 0.01 0.07 0.27 0.22 0.26 0.28
2200 0.09 0.03 0.01 0.07 0.27 0.25 0.28 0.31
2300 0.09 0.03 0.01 0.07 0.33 0.30 0.34 0.36
2400 0.09 0.03 0.01 0.07 0.40 0.38 0.43 0.44
2500 0.08 0.03 0.01 0.07 0.50 0.47 0.53 0.54
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Table 25 Uncertainties for the comparison lamps, k=1 /%

Distance | Distance Current | Current Type A
Std. std. comp. | Wave- Type A
std. comp. Repeat- | Reprod- Com-
lamp lamp (1 | lamp length i~ i com- g
Alnm lamp lamp mA) (1 mA) ability | ucibility | ", bined
(k=1)

Corre- |Uncorre-|Uncorre-| Corre- | Corre- | Corre-

lated | lated | lated | lated | lated | lated Uncorrelated

250 0.94 0.03 0.03 0.14 0.14 0.08 0.40 0.31 0.37 1.03

260 0.75 0.03 0.03 0.14 0.14 0.08 0.30 0.26 0.30 0.84

270 0.64 0.03 0.03 0.13 0.13 0.08 0.25 0.24 0.27 0.73

280 0.59 0.03 0.03 0.13 0.13 0.08 0.22 0.23 0.25 0.68

290 0.54 0.03 0.03 0.12 0.12 0.08 0.20 0.22 0.24 0.63

300 0.52 0.03 0.03 0.12 0.12 0.08 0.19 0.22 0.24 0.60

310 0.49 0.03 0.03 0.11 0.11 0.07 0.18 0.21 0.23 0.57

320 0.48 0.03 0.03 0.11 0.11 0.07 0.17 0.21 0.23 0.56

330 0.46 0.03 0.03 0.11 0.11 0.07 0.16 0.20 0.22 0.54

340 0.44 0.03 0.03 0.10 0.10 0.07 0.15 0.20 0.21 0.52

350 0.43 0.03 0.03 0.10 0.10 0.07 0.15 0.19 0.20 0.50

360 0.40 0.03 0.03 0.10 0.10 0.07 0.15 0.19 0.20 0.48

370 0.39 0.03 0.03 0.09 0.09 0.07 0.14 0.18 0.19 0.46

380 0.38 0.03 0.03 0.09 0.09 0.05 0.14 0.18 0.19 0.45

390 0.37 0.03 0.03 0.08 0.08 0.05 0.14 0.17 0.18 0.43

400 0.36 0.03 0.03 0.08 0.08 0.05 0.13 0.17 0.18 0.42

450 0.33 0.03 0.03 0.07 0.07 0.05 0.13 0.16 0.17 0.39

500 0.30 0.03 0.03 0.06 0.06 0.05 0.13 0.16 0.17 0.36

550 0.28 0.03 0.03 0.05 0.05 0.05 0.12 0.16 0.17 0.34

555 0.28 0.03 0.03 0.05 0.05 0.05 0.12 0.16 0.17 0.34

600 0.26 0.03 0.03 0.05 0.05 0.05 0.12 0.16 0.17 0.33

650 0.24 0.03 0.03 0.04 0.04 0.05 0.12 0.16 0.17 0.31

700 0.23 0.03 0.03 0.04 0.04 0.04 0.10 0.16 0.17 0.30

750 0.21 0.03 0.03 0.04 0.04 0.04 0.09 0.16 0.17 0.28

800 0.20 0.03 0.03 0.03 0.03 0.04 0.09 0.16 0.17 0.27

850 0.20 0.03 0.03 0.03 0.03 0.04 0.08 0.16 0.16 0.27

900 0.19 0.03 0.03 0.03 0.03 0.04 0.08 0.16 0.16 0.26

950 0.19 0.03 0.03 0.03 0.03 0.04 0.08 0.16 0.16 0.26

1000 0.19 0.03 0.03 0.02 0.02 0.04 0.08 0.16 0.16 0.26

1100 0.18 0.03 0.03 0.02 0.02 0.04 0.08 0.16 0.16 0.25

1200 0.18 0.03 0.03 0.02 0.02 0.04 0.08 0.16 0.16 0.25

1300 0.17 0.03 0.03 0.02 0.02 0.04 0.08 0.16 0.16 0.25

1400 0.17 0.03 0.03 0.01 0.01 0.04 0.09 0.16 0.17 0.24

1500 0.16 0.03 0.03 0.01 0.01 0.04 0.09 0.16 0.17 0.24

1600 0.16 0.03 0.03 0.01 0.01 0.04 0.10 0.17 0.18 0.25

1700 0.19 0.03 0.03 0.01 0.01 0.04 0.16 0.18 0.20 0.28

1800 0.21 0.03 0.03 0.01 0.01 0.04 0.20 0.20 0.22 0.31

1900 0.23 0.03 0.03 0.01 0.01 0.04 0.30 0.23 0.27 0.36

2000 0.25 0.03 0.03 0.01 0.01 0.04 0.40 0.27 0.34 0.42

2100 0.28 0.03 0.03 0.01 0.01 0.04 0.46 0.31 0.39 0.48

2200 0.31 0.03 0.03 0.01 0.01 0.04 0.52 0.36 0.44 0.54

2300 0.36 0.03 0.03 0.01 0.01 0.04 0.63 0.43 0.53 0.65

2400 0.44 0.03 0.03 0.01 0.01 0.04 0.72 0.50 0.62 0.76

2500 0.54 0.03 0.03 0.01 0.01 0.04 0.86 0.58 0.72 0.91
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A.6.4.2 Uncertainty budget summary

Table 26. Uncertainties associated with measurement of lamp spectral irradiance at VNIIOFI / %

Uncertainty Uncertainty Combined

Wavelength associated with associated with standard Expanqed
. uncertainty
/nm correlated uncorrelated uncertainty k=2)
(systematic) effects (random) effects (k=1)
250 0.96 0.37 1.03 2.06
260 0.78 0.30 0.84 1.67
270 0.67 0.27 0.73 1.46
280 0.63 0.26 0.68 1.36
290 0.58 0.25 0.63 1.25
300 0.55 0.24 0.60 1.20
310 0.52 0.23 0.57 1.13
320 0.51 0.23 0.56 1.11
330 0.49 0.22 0.54 1.08
340 0.47 0.22 0.52 1.04
350 0.46 0.21 0.50 1.00
360 0.43 0.21 0.48 0.96
370 0.41 0.20 0.46 0.92
380 0.40 0.20 0.45 0.89
390 0.39 0.19 0.43 0.86
400 0.38 0.19 0.42 0.85
450 0.35 0.18 0.39 0.78
500 0.32 0.18 0.36 0.73
550 0.29 0.18 0.34 0.68
555 0.29 0.18 0.34 0.68
600 0.28 0.18 0.33 0.65
650 0.25 0.18 0.31 0.62
700 0.24 0.17 0.30 0.60
750 0.22 0.17 0.28 0.57
800 0.21 0.17 0.27 0.55
850 0.21 0.17 0.27 0.54
900 0.20 0.17 0.26 0.53
950 0.20 0.17 0.26 0.52
1000 0.19 0.17 0.26 0.52
1100 0.19 0.17 0.25 0.51
1200 0.18 0.17 0.25 0.50
1300 0.18 0.17 0.25 0.49
1400 0.17 0.17 0.24 0.49
1500 0.17 0.17 0.24 0.48
1600 0.17 0.18 0.25 0.49
1700 0.19 0.20 0.28 0.56
1800 0.22 0.23 0.31 0.63
1900 0.24 0.28 0.36 0.73
2000 0.25 0.34 0.42 0.84
2100 0.29 0.39 0.48 0.97
2200 0.31 0.45 0.54 1.09
2300 0.36 0.53 0.65 1.29
2400 0.45 0.62 0.76 1.52
2500 0.55 0.72 0.91 1.81
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A.6.5 COMPARISON LAMPS

The following lamps were used during the comparison (all FEL Type I):

Lamp 1: SL-217
Lamp 2: SL-218
Lamp 3: SL-219

A constant current of 8.1 A was used and the lamps were positioned 500 mm to front plate.

The voltage stabilities of all lamps were as expected.

A.7. MEASUREMENTS AT VSL
A7.1 PRIMARY SCALE REALISATION

The spectral irradiance scale of VSL is traceable to NIST. The most recent calibration dates from
October 2004, certificate number: 312601-340. The irradiance scale is transferred to working standard
lamps using the spectral irradiance facility (SIRF), the irradiance response of which is determined
using the calibrated lamps from NIST. The uncertainty associated with the NIST standard lamps is
given in Table 27.

Table 27. Uncertainties associated with NIST spectral irradiance standard lamps

Wavelength ‘ Expanded uncertainty Wavelength Expanded uncertainty
/nm | % /nm | %
250 1.57 450 0.86
260 1.57 500 0.86
270 1.57 555 0.72
280 1.57 600 0.72
290 1.57 654.6 0.63
300 1.57 700 0.63
310 1.57 800 0.63
320 1.57 900 0.50
330 1.57 1050 0.50
340 1.57 1150 0.50
350 1.1 1200 0.50
360 1.1 1300 0.50
370 1.1 1540 0.50
380 1.1 1600 0.37
390 1.1 1700 0.37
400 1.1 2000 0.35

A.7.2 DESCRIPTION OF THE MEASUREMENT FACILITY
A.7.2.1 Facility for spectral irradiance realisation

Lamps are measured in the VSL SIRF using the equipment and procedures described in [16]. This
facility consists of a McPherson double monochromator in subtractive mode with an integrating
sphere mounted to the entrance port and a detector stage located at the exit port — see Figure 45. The
monochromator specifications are listed in Table 28 and the detector specifications are given in Table
29.
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Table 28. Monochromator specification

Light tight facility box

Rotation Platform

N

Monitor detector (Si)

AN
Integrating Sphere\ 6
/

Aperture —»

mono-
chromator

monochromator

1

I

Order filter & shutter

Light tight detector box

[]Si
L1 1nGaAs
L Ipmr

—
x

T

Bafﬂe\

l Alignment laser

I‘L""““-- Lamp in side of lamp booth

Figure 45. Spectral irradiance facility (SIRF) at VVSL.

Monochromator arrangement Double
Manufacturer McPherson
Type Grating

Slit width 2.5nm
Focal length 0.45m

f - number 8

Table 29. Detector specifications

Detector type PMT (Round 1) | PMT (Round 2) | Si INnGaAs
Manufacturer Hamamatsu Hamamatsu Hamamatsu Hamamatsu
Model H9305-04 R6358 S1337-1010-BQ G6122-3
Spectral range 250-400 nm 250-400 nm 400-1000 nm 1000-2500 nm
Operating temperature | 23 °C 23 °C 23°C -15°C

A.7.2.2 Laboratory

The room temperature and humidity were monitored and controlled. The room temperature was (23.0
* 0.5) °C and the relative humidity (45 % 10) %.
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A7.3 MEASUREMENT PROCEDURE

The measurements were conducted according to the instructions given in the document “PROTOCOL-
EURAMET.PR-K1A”.

The lamps were placed in a black metal u-shaped enclosure. The enclosure was open at the rear and a
black metal plate was placed behind the lamp at an angle of 45° to reflect the light upwards. A baffle
was placed between the lamp and the input aperture of the SIRF, about 200 mm from the lamp and
with an aperture diameter of 75 mm. The reference plane of the lamps was placed at a distance of
500.0 mm from the input aperture of the SIRF using an inside micrometer. The area of the input
aperture was 31.84 mm?,

Measurements of the spectral irradiance were performed in three wavelength ranges: 250 nm -
400 nm, 400 nm -1000 nm and 1000 nm - 2000 nm. For each range the measurements were carried out
according to the following procedure:

e Wavelength calibration of the SIRF.

o Determination of spectral irradiance response of SIRF using two reference lamps calibrated by

NIST.

o Measurement of the irradiance of the transfer lamps: BN-9101-266, BN-9101-310, BN-
9101-312.

o Measurement of the irradiance of the check lamps: BN-9101-356, BN-9101-382, BN-
9101-383.

All lamps were aligned and measured at least 2 times per spectral range.

A.7.4 UNCERTAINTY BUDGET
A.7.4.1 Origin of uncertainty budget

A description of the uncertainty components is given below. Tables 30 to 34 give an overview of all

uncertainties as function of wavelength. Uncertainty types and correlations are also listed in these

tables; ‘N’ indicates uncorrelated, ‘R’ indicates correlated within the round and ‘C’ indicates entirely
correlated.

e Calibration uncertainty of reference lamp: This is the uncertainty associated with irradiance
scale from the reference lamps calibrated by NIST.

e Distance of transfer lamp: This is the uncertainty associated with the alignment of a transfer
lamp. The distance between the lamp and the SIRF aperture is measured with a calibrated inside
micrometer. The uncertainty in the distance of 500 mm is estimated to be 0.1 mm.

e Distance of reference lamp: This is the uncertainty associated with the alignment of a reference
lamp. The distance between the lamp and the SIRF aperture is measured with a calibrated inside
micrometer. The uncertainty in the distance of 500 mm is estimated to be 0.1 mm.

e  Current through transfer lamp: This is the uncertainty associated with the current through the
transfer lamp as measured with a zero flux and a digital multimeter.

e Current through reference lamp: This is the uncertainty associated with the current through the
reference lamp as measured with a zero flux and a digital multimeter.

e Long-term stability of reference lamp: This is the uncertainty associated with the long-term
stability of the reference lamps. It is an estimate of the drift of the lamp irradiance for a burning
period of 25 hours.

e  Spline of reference spectral irradiance: This is the uncertainty associated with the determination
of a reference irradiance of the NIST lamps using a cubic spline function. The cubic spline
function is used to interpolate the spectral irradiance scale for wavelengths at which no direct
measurements results were available on the reference lamps. The spectral irradiance response of
the SIRF was determined based on the interpolated reference spectral irradiance.
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Wavelength of SIRF (reference lamp): This is the uncertainty associated with the wavelength
setting of the SIRF monochromator in the measurements of the reference lamps. The wavelength
of the SIRF monochromator is calibrated against Hg, He and Cs spectral lines. The uncertainty
associated with the wavelength is determined from a least squared fit of repeated spectral line
measurements.

Wavelength of SIRF (transfer lamp): This is the uncertainty associated with the wavelength
setting of the SIRF monochromator in the measurements of the transfer lamps. The wavelength of
the SIRF monochromator is calibrated against Hg, He and Cs spectral lines. The uncertainty
associated with the wavelength is determined from a least squared fit of repeated measurements.
Repeatability of reference lamp measurement: The uncertainty associated with the repeatability
is determined from successive lamp measurements without re-alignment of the reference lamps.
Repeatability of transfer lamp: The uncertainty associated with the repeatability is determined
from successive lamp measurements without re-alignment of the transfer lamps.

Table 30. VSL Spectral irradiance scale uncertainty 250 nm - 310 nm (k=1) / %

Type Corre- Source of uncertainty Wavelength /nm

lation 250 | 260 | 270 | 280 | 290 | 300 | 310

B R Wavelength reference lamp 0.67 | 052 | 048 | 042 | 0.38 | 0.35 | 0.32
A N Stability of reference lamp 0.65 | 0.38 | 0.62 | 0.37 | 0.35 | 0.27 | 0.28
B N Distance of reference lamp 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04
B C Calibration uncertainty of reference 079 | 079 | 0.9 | 0.79 | 0.79 | 0.79 | 0.79
B R Long-term stability of working standard | 0.65 | 0.63 | 0.61 | 0.59 | 0.57 | 0.55 | 0.53
B R Spline of reference spectral irradiance | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
B R Wavelength lamp under calibration 0.47 | 0.36 | 0.33 | 0.29 | 0.27 | 0.25 | 0.23
A N Stability of lamp under calbration 065 | 0.38 | 0.62 | 0.37 | 0.35 | 0.27 | 0.28
B N Distance of lamp under calibration 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04
B N Lamp current reference 0.04 | 0.03 | 0.03 | 0.03 | 0.03 | 0.03 | 0.08
B N Lamp current of lamp under calibration | 0.04 | 0.03 | 0.03 | 0.03 | 0.03 | 0.03 | 0.03
Total type A 092 | 054 | 0.88 | 0.52 | 0.50 | 0.39 | 0.39

Total type B 1.31 1.19 1.15 1.11 1.08 1.05 1.03

Total (A+B) 1.60 1.31 1.45 1.22 1.19 1.12 1.10

Correlated within the round 1.04 | 090 | 0.84 | 0.78 | 0.73 | 0.70 | 0.66

Uncorrelated 0.93 | 054 | 0.88 | 0.53 | 0.50 | 0.39 | 0.40

Entirely correlated 079 | 079 | 0.9 | 0.79 | 0.79 | 0.79 | 0.79

Table 31. VSL Spectral irradiance scale uncertainty 320 nm - 390 nm (k=1) / %

Type Corre- Source of uncertainty Wavelength /nm

lation 320 | 330 | 340 | 350 | 360 | 370 | 380 | 390

B R Wavelength reference lamp 0.30 | 0.28 | 0.25 | 0.23 | 0.22 | 0.20 | 0.19 | 0.17

A N Stability of reference lamp 0.25 | 0.24 | 0.22 | 0.19 | 0.18 | 0.25 | 0.62 | 0.18

B N Distance of reference lamp 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04

B C Calibration uncertainty of reference | 0.79 | 0.79 | 0.79 | 0.55 | 0.55 | 0.55 | 0.55 | 0.55

B R |Longterm stability of working 051 | 0.49 | 0.48 | 0.47 | 0.46 | 0.46 | 0.45 | 0.45

B R | Spline of reference spectral 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

B R Wavelength lamp under calibration | 0.21 | 0.19 | 0.18 | 0.16 | 0.15 | 0.14 | 0.13 | 0.12

A N Stability of lamp under calbration 0.25 |1 024 | 022 | 0.19 | 0.18 | 0.25 | 0.62 | 0.18

B N Distance of lamp under calibration 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04

B N Lamp current reference 0.03 | 0.03 | 0.03 | 0.03 | 0.02 | 0.02 | 0.02 | 0.02

B N | Lamp current of lamp under 003 | 0.03 | 0.03 | 0.03 | 0.02 | 0.02 | 0.02 | 0.02
calibration

Total type A 0.36 | 0.33 | 0.31 | 0.26 | 0.25 | 0.36 | 0.87 | 0.26

Total type B 1.01 | 099 | 097 | 0.78 | 0.77 | 0.76 | 0.75 | 0.75

Total (A+B) 1.07 | 1.04 | 1.02 | 0.82 | 0.81 | 0.84 | 1.15 | 0.79

Correlated within the round 0.63 | 0.60 | 0.57 | 0.55 | 0.53 | 0.52 | 0.51 | 0.50

Uncorrelated 0.36 | 0.34 | 0.32 | 0.27 | 0.26 | 0.36 | 0.87 | 0.27

Entirely correlated 0.79 | 0.79 | 0.79 | 0.55 | 0.55 | 0.55 | 0.55 | 0.55
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Type Corre- Source of uncertainty Wavelength /nm
lation 400 | 450 | 500 | 550 | 555 | 600 | 650
B R Wavelength reference lamp 0.16 | 0.12 | 0.08 | 0.06 | 0.06 | 0.04 | 0.03
A N Stability of reference lamp 0.26 | 0.20 | 0.17 | 0.16 | 0.16 | 0.17 | 0.17
B N Distance of reference lamp 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04
B C Calibration uncertainty of reference 055 | 043 | 043 | 0.36 | 0.36 | 0.36 | 0.32
B R Long-term stability of working standard | 0.45 | 047 | 049 | 047 | 0.46 | 0.38 | 0.26
B R Spline of reference spectral irradiance 0.00 | 0.00 | 0.00 | 0.33 | 0.00 | 0.00 | 0.27
B R Wavelength lamp under calibration 0.16 | 0.12 | 0.08 | 0.06 | 0.06 | 0.04 | 0.03
A N Stability of lamp under calbration 0.26 | 0.20 | 0.17 | 0.16 | 0.16 | 0.17 | 0.17
B N Distance of lamp under calibration 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04
B N Lamp current reference 0.02 | 0.02 | 002 | 001 | 0.01 | 0.01 | 0.01
B N Lamp current of lamp under calibration | 0.02 | 0.02 | 0.02 | 0.01 | 0.01 | 0.01 | 0.01
Total type A 0.25 | 0.18 | 0.08 | 0.09 | 0.09 | 0.07 | 0.09
Total type B 0.75 | 0.66 | 0.67 | 0.69 | 0.60 | 0.53 | 0.50
[Total (A+B) 0.79 | 068 | 0.67 | 0.70 | 0.60 | 0.53 | 0.51
Correlated within the round 051 | 050 | 0.51 | 0.58 | 0.47 | 0.38 | 0.38
Uncorrelated 0.26 | 0.19 | 0.10 | 0.11 | 0.11 | 0.09 | 0.11
Entirely correlated 055 | 043 | 043 | 0.36 | 0.36 | 0.36 | 0.32
Table 33. VSL Spectral irradiance scale uncertainty 700 nm - 1000 nm (k=1) / %
Type Corre- Source of uncertainty Wavelength /nm
lation 700 | 750 | 800 | 850 | 900 | 950 | 1000
B R Wavelength reference lamp 0.02 | 0.01 | 0.004 |0.0001| 0.003 | 0.005 | 0.004
A N Stability of reference lamp 0.19 | 0.23 | 0.24 | 0.27 | 0.28 | 0.29 | 0.29
B N Distance of reference lamp 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04
B C Calibration uncertainty of reference 0.31 | 0.32 | 0.31 | 0.28 | 0.25 | 0.24 | 0.24
B R Long-term stability of working standard | 0.18 | 0.15 | 0.14 | 0.16 | 0.18 | 0.20 | 0.21
B R Spline of reference spectral irradiance | 0.00 | 0.24 | 0.00 | 0.21 | 0.00 | 0.00 | 0.18
B R Wavelength lamp under calibration 0.02 | 0.01 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00
A N Stability of lamp under calbration 0.19 | 0.23 | 0.24 | 0.27 | 0.28 | 0.29 | 0.29
B N Distance of lamp under calibration 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04
B N Lamp current reference 001 | 001 | 001 | 001 | 001 | 0.01 | 0.01
B N Lamp current of lamp under calibration | 0.01 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01
Total type A 0.12 | 0.13 | 0.28 | 0.31 | 0.26 | 0.23 | 0.30
Total type B 037 | 043 | 035 | 0.39 | 0.31 | 0.31 | 0.37
Total (A+B) 039 | 045 | 045 | 050 | 040 | 0.39 | 0.48
Correlated within the round 0.18 | 0.28 | 0.14 | 0.26 | 0.18 | 0.20 | 0.27
Uncorrelated 0.13 | 0.14 | 0.29 | 031 | 0.26 | 0.24 | 0.30
Entirely correlated 031 | 0.32 | 0.31 | 0.28 | 0.25 | 0.24 | 0.24
Table 34. VSL Spectral irradiance scale uncertainty 1100 nm - 2000 nm (k=1) / %
Type Corre- Source of uncertainty Wavelength /nm
lation 1100{1200|1300{1400|1500|1600|1700{1800|1900/2000
B R Wavelength reference lamp 0.01/0.01/0.01/0.01/0.01/0.01/{0.01{0.01/0.01]|0.01
A N Stability of reference lamp 0.820.69(1.02]1.221.08]/0.83[0.98|1.02[1.25|1.48
B N Distance of reference lamp 0.04{0.040.04|0.04|0.04|0.04{0.04|0.04|0.04 |0.04
B C Calibration uncertainty of reference| 0.25 | 0.25|0.25|0.28 | 0.28 | 0.19|0.19|0.19|0.18 | 0.17
B R |Long-term stability of working 0.21|0.20|0.18|0.15 | 0.12 | 0.10 | 0.09 | 0.08 | 0.08 | 0.08
standard
B R | Spline of reference spectral 0.16 |0.15|0.13|0.12|0.11{0.10 | 0.10 | 0.09 [ 0.09 | 0.10
irradiance
B R Wavelength lamp under calibration| 0.01 { 0.01 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01 |0.01 {0.01 | 0.01
A N Stability of lamp under calbration |[0.82|0.69[1.021.22|1.08|0.83]0.98|1.02|1.25]1.48
B N Distance of lamp under calibration | 0.04 { 0.04 | 0.04 | 0.04 | 0.04 | 0.04 [ 0.04 | 0.04|0.04 | 0.04
B N Lamp current reference 0.01/0.01/0.01/0.01/0.01]/0.01{0.01{0.01{0.01]0.01
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Lamp current of lamp under

B N U 0.01{0.01{0.01{0.01{0.01{0.01{0.01{0.01{0.01|0.01
calibration
Total type A 1.16/0.98(1.44(1.73|153|1.18|1.39|1.45|1.77 | 2.09
Total type B 0.370.36[0.34|0.34 | 0.33]0.24(0.23|0.24 | 0.23 | 0.22
Total (A+B) 122|11.04(1.48(1.76|157|1.20|1.41|1.47(1.78|2.10
Correlated within the round 0.2710.25|0.22(0.19/0.160.14 {0.13|0.13|0.13 | 0.13
Uncorrelated 1.16{0.98(1.44|1.73|1.53|1.18|1.39|1.45|1.77 | 2.09
Entirely correlated 0.25]0.25|0.25/0.28]0.28]0.19(0.19|0.19|0.18|0.17

A.7.4.2 Uncertainty budget summary

Table 35. Uncertainties associated with measurement of lamp spectral irradiance at VSL

Uncertainty

Uncertainty

Combined

Wavelength associated with associated with standard Expand_ed
: uncertainty
/nm correlated uncorrelated uncertainty k =2)
(systematic) effects (random) effects (k=1)
250 131 % 0.93 % 1.60 % 3.20 %
260 1.19% 0.54 % 131% 2.62 %
270 1.15% 0.88 % 145% 2.90 %
280 111 % 0.53 % 1.22% 2.45 %
290 1.07 % 0.50 % 1.19% 2.37%
300 1.05 % 0.39 % 1.12% 2.24 %
310 1.02 % 0.40 % 1.10% 2.20 %
320 1.01 % 0.36 % 1.07% 2.14 %
330 0.99 % 0.34 % 1.04 % 2.09 %
340 0.97 % 0.32 % 1.02% 2.04 %
350 0.78 % 0.27 % 0.82 % 1.65 %
360 0.77 % 0.26 % 0.81 % 1.62 %
370 0.76 % 0.36 % 0.84 % 1.68 %
380 0.75 % 0.87 % 1.15% 2.30 %
390 0.74 % 0.27 % 0.79 % 1.58 %
400 0.75 % 0.26 % 0.79 % 1.58 %
450 0.66 % 0.19 % 0.68 % 1.37%
500 0.66 % 0.10 % 0.67 % 1.34 %
550 0.69 % 0.11 % 0.70 % 1.39%
555 0.59 % 0.11 % 0.60 % 121 %
600 0.52 % 0.09 % 0.53 % 1.06 %
650 0.50 % 0.11 % 0.51 % 1.02 %
700 0.37 % 0.13% 0.39 % 0.78 %
750 0.43 % 0.14 % 0.45 % 0.90 %
800 0.35% 0.29 % 0.45 % 0.90 %
850 0.39 % 0.31 % 0.50 % 1.00 %
900 0.31% 0.26 % 0.40 % 0.81 %
950 0.31% 0.24 % 0.39 % 0.78 %
1000 0.37 % 0.30 % 0.48 % 0.95 %
1100 0.37 % 1.16 % 1.22% 2.44 %
1200 0.35% 0.98 % 1.04 % 2.08 %
1300 0.33 % 144 % 1.48 % 2.96 %
1400 0.34 % 1.73% 1.76 % 3.52 %
1500 0.32% 1.53% 157 % 3.13%
1600 0.23 % 1.18% 1.20 % 240 %
1700 0.23 % 1.39% 141 % 2.82%
1800 0.23 % 145% 147 % 2.93%
1900 0.22 % 177 % 1.78 % 3.57%
2000 0.22 % 2.09 % 2.10% 421 %
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A75 COMPARISON LAMPS

The following lamps were submitted to NPL by VSL: BN 9101 266, BN 9101 310, BN-9101 312.
All lamps submitted by VSL were of the following type: FEL, Sylvania, 1000 W, T6 120 V
Measurements were made in the sequence: VSL — NPL — VSL.

The lamps were operated at 8.100 A at both laboratories; the lamp voltage measured is shown in Table
36 and the lamp history is shown in Table 37.

Table 36. Transfer lamps submitted by VSL

Potential first VSL Potential second VSL
Lamp
measurement /V measurement /V
BN-9101-266 100.046 99.913
BN-9101-310 107.017 107.103
BN-9101-312 111.751 111.728

Table 37. History of lamps submitted by VSL

Transport | Transport Hand carried or Vehicle (car/ bus/
Lamp Date . .

from to freight? train/ aeroplane)

12-1-2011 VSL NPL Hand carried Car & Train

BN-9101-266 5-4-2011 NPL VSL Hand carried Car & Train

12-1-2011 VSL NPL Hand carried Car & Train

BN-9101-310 5-4-2011 NPL VSL Hand carried Car & Train

12-1-2011 VSL NPL Hand carried Car & Train

BN-9101-312 5-4-2011 NPL VSL Hand carried Car & Train
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APPENDIX B - CHANGES MADE AT PRE-DRAFT A STAGE

DMDM, Serbia, withdrew from the comparison due to a technical problem with the
spectroradiometer.

INM-RO, Romania, submitted a slightly revised uncertainty budget, to take account of the ageing of
the reference lamps during the course of the comparison. The additional standard uncertainty for the
correction applied for ageing was 0.1 %, resulting in an increase in the combined standard uncertainty
for the comparison measurements from 1.0 % to 1.1 % for wavelengths of 450 nm and above (the
standard uncertainty at 400 nm, of 1.2 %, was unaffected).

VNIIOFI, Russia, requested the removal of one lamp from the comparison following review of the
Pre-Draft A analysis of the internal consistency of all the lamps measured at each participant’s
laboratory. This analysis revealed a significant inconsistency between one lamp and the other two, as
shown in Figure 46. It had been noted by VNIIOFI during the measurements that a white deposit had
appeared on the inside of the envelope of one of the lamps (see Figure 47), but it was not known
whether this had affected the spectral irradiance and it was decided to submit the data for all 3 lamps
at that stage. The analysis of the internal consistency of all the lamps revealed that the lamp had
definitely drifted and it was therefore requested that it be removed. Since VNIIOFI had used the
incorrect current for the lamps in the first round, and thus submitted results only for the second round,
the subsequent withdrawal of one lamp means that the comparison results for VNIIOFI are based on
measurements of just two lamps, each measured once at NPL and once at VNIIOFI.

1.5%

—Llamp 1
Lamp 2
Lamp 3 o
L A NPL & VNIIOFI combined uncerts k=1 $
1.0% B e M NPL & VNIIOFI random uncerts k=1

0.5%

0.0%

-0.5%

1.0% 4

Difference between ratio for individual lamps and mean ratio

-1.5%

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength / nm

Figure 46. Difference between ratios of values assigned to each lamp by VNIIOFI to values assigned to the
same lamp by NPL and mean VNIIOFI-to-NPL ratio for all lamps measured by VNIIOFI (i.e. before
removal of one lamp from the comparison).
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Figure 47. Photograph of lamps measured by VNIIOFI; note white deposit at base of lamp SL 217.

VSL, The Netherlands, made a small change to the initially-submitted data at 1600 nm for two of the
lamps, due to rounding errors. The changes were of the order of 0.1 % and therefore insignificant in

terms of the results of the comparison.
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APPENDIX C - SUMMARY OF RESULTS

Results for the individual participants are summarised in the Tables and Figures below, which show
the unilateral DoE to the CCPR KCRYV for the participants and the associated uncertainties. In the case
of NPL, the scale considered is that realised in 2010 (see Section 4.1).

Table 38. Unilateral DoE and associated uncertainties for NPL2o1o scale

Uncertainty

B35 Hre CEE associated with DoE

KCRV

Wavelength / nm

(k=1)
250 -0.76 % 1.43 %
260 -0.74 % 1.28 %
270 -1.02 % 1.25%
280 -1.76 % 1.25%
290 -0.90 % 1.23%
300 -0.75 % 1.19%
310 -0.80 % 1.16 %
320 -1.03 % 1.16 %
330 -1.16 % 1.14 %
340 -1.02 % 1.13 %
350 -0.78 % 1.15%
360 -0.96 % 1.06 %
370 -1.05 % 1.06 %
380 -1.08 % 1.09 %
390 -1.20 % 1.06 %
400 -0.93 % 1.06 %
450 -0.50 % 0.70 %
500 -0.39 % 0.65 %
550 -0.18 % 0.65 %
555 -0.24 % 0.65 %
600 -0.27 % 0.63 %
650 -0.32 % 0.63 %
700 -0.40 % 0.62 %
750 -0.33 % 0.61 %
800 -0.51 % 0.60 %
850 -0.27 % 0.46 %
900 -0.32 % 0.42 %
950 -0.15 % 0.42 %
1000 -0.22 % 0.41 %
1100 -0.24 % 0.45 %
1200 -0.36 % 0.48 %
1300 -0.35% 0.45 %
1400 0.39 % 1.06 %
1500 -0.10 % 0.47 %
1600 0.10 % 0.49 %
1700 0.07 % 0.80 %
1800 0.34 % 0.81 %
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Uncertainty

DoE to the CCPR associated with DoE

Wavelength / nm

KCRV (k=1)
1900 0.37 % 0.86 %
2000 0.04 % 0.93 %
2100 0.06 % 0.98 %
2200 -0.27 % 0.92 %
2300 0.05 % 0.95 %
2400 0.99 % 1.04 %
2500 0.32% 1.60 %

2.0%

1.0%

ol Tty AN AN
2ol IR}

-3.0%
Wavelength / nm

Figure 48. Unilateral DoE to CCPR KCRYV and associated uncertainties (k=1) for NPL2o10 Scale.
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Table 39. Unilateral DoE and associated uncertainties for INM-RO

Unilateral DoE
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Wavelength / nm

DoE to the CCPR

Uncertainty
associated with DoE
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KCRV (k=1)
400 321% 1.35%
450 5.01% 113%
500 3.94% 111%
550 2.98 % 111%
555 2.74 % 111%
600 2.84% 110 %
650 2.93 % 110 %
700 3.02% 110 %
750 317 % 1.09 %
800 3.24% 1.09 %
850 352 % 1.07 %
900 3.53% 1.05 %
/ 1
|_—1
250 5[;[) 75‘0 1[;00 12I50 15I00 17I50 20‘00 22‘50 25‘00

Wavelength / nm

Figure 49. Unilateral DoE to CCPR KCRYV and associated uncertainties (k=1) for INM-RO.
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Table 40. Unilateral DoE and associated uncertainties for METAS

Uncertainty

DoE to the CCPR

Wavelength / nm associated with DoE
KCRV (k=1)
250 -2.28 % 3.26 %
260 -3.75 % 2.12%
270 -3.83 % 2.09 %
280 -3.84 % 2.03%
290 -2.94 % 2.06 %
300 -2.58 % 2.00 %
310 -2.21% 1.94 %
320 -1.66 % 1.89 %
330 -1.95% 1.89 %
340 -2.01% 1.88 %
350 -1.18 % 1.88 %
360 -1.29% 1.59 %
370 -1.13% 1.59 %
380 -1.15% 1.59 %
390 -1.34 % 1.54 %
400 -1.21% 1.55%
450 -0.88 % 1.42 %
500 -0.83% 1.37%
550 -0.74 % 1.37%
555 -0.71 % 1.35%
600 -0.64 % 1.32%
650 -0.62 % 1.28 %
700 -0.53 % 1.28 %
750 -0.35 % 1.24%
800 -0.38 % 1.20 %
850 -0.09 % 1.18 %
900 -0.01 % 1.16 %
950 -0.02 % 1.17 %
1000 0.00 % 1.17 %
1100 -0.03 % 1.17 %
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Figure 50. Unilateral DoE to CCPR KCRYV and associated uncertainties (k=1) for METAS.
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Table 41. Unilateral DoE and associated uncertainties for SP

Uncertainty

DoE to the CCPR associated with DoE

Wavelength / nm

KCRV (k=1)
250 2.95 % 2.10%
260 3.22% 1.86 %
270 3.00 % 1.68 %
280 3.23% 1.59 %
290 2.98 % 1.48 %
300 3.16 % 1.39 %
310 2.69 % 1.30 %
320 3.00 % 1.27 %
330 2.77 % 1.23 %
340 2.63 % 1.20 %
350 2.58 % 117 %
360 2.30 % 111 %
370 2.23% 110 %
380 1.88 % 1.09 %
390 1.73 % 1.07 %
400 1.89 % 1.07 %
450 1.81 % 0.99 %
500 2.23% 0.96 %
550 2.64 % 0.94 %
555 2.60 % 0.94 %
600 251 % 0.92 %
650 214 % 0.93 %
700 1.74 % 0.91 %
750 1.75 % 0.90 %
800 1.99 % 0.95 %
850 2.15 % 111%
900 217 % 1.14 %
950 2.60 % 117 %
1000 2.73% 1.18 %
1100 2.71 % 114 %
1200 3.02% 1.15 %
1300 2.49 % 1.15 %
1400 2.91% 1.40 %
1500 2.61 % 1.21%
1600 2.71 % 1.26 %
1700 2.82 % 1.41 %
1800 2.89 % 1.48 %
1900 2.41 % 1.58 %
2000 2.59 % 1.68 %
2100 2.60 % 1.88 %
2200 2.44 % 2.08 %
2300 2.57 % 230 %
2400 3.42% 2.59 %
2500 2.84 % 3.08 %
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Figure 51. Unilateral DoE to CCPR KCRYV and associated uncertainties (k=1) for SP.
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Table 42. Unilateral DoE and associated uncertainties for VNIIOFI

Uncertainty

B35 i CIEE associated with DoE

KCRV

Wavelength / nm

(k=1)
250 -1.00 % 1.46 %
260 -0.73 % 1.21 %
270 -0.64 % 1.10 %
280 0.56 % 1.10 %
290 -0.80 % 1.05 %
300 -0.72 % 1.02 %
310 -0.45 % 0.97 %
320 -0.70 % 0.95 %
330 -0.57 % 0.92 %
340 -0.34 % 0.90 %
350 -0.24 % 0.88 %
360 -0.05 % 0.80 %
370 -0.16 % 0.78 %
380 0.07 % 0.77 %
390 0.17 % 0.75 %
400 0.02 % 0.75%
450 -0.34 % 0.65 %
500 -0.03 % 0.60 %
550 0.24 % 0.59 %
555 0.16 % 0.58 %
600 0.12 % 0.56 %
650 -0.03 % 0.56 %
700 0.02 % 0.54 %
750 -0.02 % 0.52 %
800 -0.17 % 0.52 %
850 -0.06 % 0.46 %
900 -0.08 % 0.43 %
950 0.02 % 0.43%
1000 0.02 % 0.42 %
1100 0.21% 0.44 %
1200 0.05 % 0.47 %
1300 0.17 % 0.45%
1400 0.38 % 0.89 %
1500 0.24 % 0.48 %
1600 0.49 % 0.51 %
1700 0.27 % 0.71 %
1800 0.11 % 0.73 %
1900 0.27 % 0.80 %
2000 -0.59 % 0.87 %
2100 -0.51 % 0.92 %
2200 -0.77 % 0.92 %
2300 0.03 % 1.00 %
2400 0.40 % 1.14 %
2500 0.17 % 157 %
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Figure 52. Unilateral DoE to CCPR KCRYV and associated uncertainties (k=1) for VNIIOFI.
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Table 43. Unilateral DoE and associated uncertainties for VSL

Uncertainty

B35 i CIEE associated with DoE

KCRV

Wavelength / nm

(k=1)
250 -1.42 % 1.90 %
260 -0.93 % 1.57 %
270 -0.86 % 1.67 %
280 -1.85% 1.49 %
290 -1.40 % 1.46 %
300 -1.50 % 1.39 %
310 -1.66 % 1.35%
320 -1.57 % 1.32 %
330 -1.26 % 1.28 %
340 -1.49 % 1.26 %
350 -1.35% 1.10 %
360 -2.18 % 1.03 %
370 -2.00 % 1.05 %
380 -1.99 % 1.31 %
390 -2.03 % 1.00 %
400 -1.92 % 1.00 %
450 -1.36 % 0.85 %
500 -1.08 % 0.83 %
550 -0.82 % 0.85 %
555 -0.95% 0.77 %
600 -0.97 % 0.70 %
650 -0.83 % 0.69 %
700 -1.06 % 0.60 %
750 -0.98 % 0.63 %
800 -0.99 % 0.63 %
850 -0.88 % 0.62 %
900 -0.95 % 0.52 %
950 -0.99 % 0.52 %
1000 -0.93 % 0.58 %
1100 -0.93 % 1.27 %
1200 -0.89 % 1.11%
1300 -1.02 % 1.53 %
1400 -0.96 % 1.96 %
1500 -0.64 % 1.62 %
1600 -0.41 % 1.28 %
1700 -0.70 % 1.55 %
1800 -1.06 % 1.61 %
1900 -0.71 % 1.92 %
2000 -1.13% 224 %
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Figure 53. Unilateral DoE to CCPR KCRYV and associated uncertainties (k=1) for VSL.
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APPENDIX D - RESULTS FROM CCPR K1.A KEY COMPARISON FOR NPL (2003
SCALE) AND PTB

Table 44 and Figure 54 below gives the DoE values and associated uncertainties for NPL (2003 scale)
and PTB as given in the report of the CCPR Kl.a Key Comparison. These are included for
completeness; they were not determined as a result of this comparison.

Table 44. Unilateral DoE and associated uncertainties for NPL (2003 scale) and PTB as determined from
the CCPR K1.a Key Comparison.

Uncertainty Uncertainty

PTB DoE to the

Wavelength NPL 2003 DOE to

/nm the CCPR KCRV assggl'zat(i‘il";’ i CCPR KCRV assggl'zaigl";’ i1
250 0.50% 2.47% -0.64% 0.84%
260 20.12% 2.23% 20.02% 0.71%
270 -0.98% 2.10% 20.02% 0.66%
280 -0.65% 1.61% 20.76% 0.69%
290 -0.81% 1.11% 20.15% 0.68%
300 20.42% 0.63% 20.15% 0.67%
310 -0.28% 0.60% 0.00% 0.62%
320 0.03% 0.54% 20.22% 0.59%
330 0.14% 0.51% 20.28% 0.57%
340 0.22% 0.50% 20.27% 0.56%
350 0.29% 0.50% 20.14% 0.56%
360 0.27% 0.51% 20.16% 0.49%
370 0.29% 0.52% 20.15% 0.48%
380 0.27% 0.55% 20.08% 0.47%
390 0.17% 0.53% 20.15% 0.47%
400 0.16% 0.51% 2011% 0.47%
450 20.18% 0.37% 20.38% 0.44%
500 -0.30% 0.33% 20.35% 0.42%
550 20.25% 0.31% 20.20% 0.41%
555 20.29% 0.30% 20.27% 0.40%
600 20.31% 0.29% 20.26% 0.40%
650 20.16% 0.27% 20.31% 0.42%
700 20.11% 0.25% 20.37% 0.41%
750 0.13% 0.23% 20.30% 0.41%
800 0.16% 0.22% 20.44% 0.41%
850 0.36% 0.25% 20.31% 0.37%
900 0.43% 0.21% 20.40% 0.34%
950 0.37% 0.22% 20.24% 0.35%
1000 0.45% 0.21% 20.35% 0.35%
1100 0.53% 0.21% 20.44% 0.48%
1200 0.31% 0.22% 20.42% 0.48%
1300 0.51% 0.24% 20.74% 0.48%
1400 0.65% 0.26% 0.57% 1.10%
1500 0.63% 0.25% 20.74% 1.09%
1600 0.78% 0.25% 20.51% 1.09%
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Uncertainty Uncertainty

PTB DoE to the

Wavelength NPL 2003 DOE to

0.0%

associated with associated with

/ nm the CCPR KCRV DOE (k=1) CCPR KCRV DOE (k=1)
1700 0.84% 0.29% -0.58% 1.09%
1800 1.00% 0.44% -0.02% 1.10%
1900 0.77% 0.63% 0.70% 1.15%
2000 0.81% 0.73% -0.64% 1.13%
2100 0.72% 0.79% -0.56% 1.34%
2200 0.57% 0.89% -1.50% 1.32%
2300 1.01% 1.17% -1.04% 1.33%
2400 1.56% 1.48% -0.13% 1.32%
2500 1.65% 1.83% -0.09% 1.38%
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Figure 54. Unilateral DoE to CCPR KCRYV and associated uncertainties (k=1) for NPL (2003 scale) and
PTB, as given in report of CCPR K1.a Key Comparison.
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