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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
(NMlIs). Under the MRA the equivalence of national measurement standards maintained by the NMIs
is determined by a set of key comparisons 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 of 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 to 2500 nm.

The National Physical Laboratory (NPL), the NMI of the United Kingdom, was asked to be the
Pilot Laboratory for the CCPR K1-a Key Comparison and had the responsibility of organising the Key
Comparison and of writing the Technical Protocol in discussion with a working group comprising
representatives of NPL, the National Institute of Standards and Technology, USA (NIST) and the
Physikalisch-Technische Bundesanstalt, Germany (PTB). The Pilot Laboratory was responsible for
purchasing and distributing the technical artefacts, for collating the measurement reports from all
participants and for analysing the results and preparing the Draft Reports.

This is the Final Report of the CCPR K1-a Key Comparison. It was approved by the CCPR on the
31" December 2005. The Draft A report submitted to participants on the 17" December 2004 was
accepted, with minor changes, by the participants on the 18" February 2005. Following discussion by
the CCPR WG-KC two additional appendices were added in Draft B-1: Appendix B clarifies the
analysis approach and Appendix C suggests an alternative analysis. Draft B-2 was the same as Draft
B-1, but had one paragraph removed as discussed at the CCPR WG-KC meeting on the 23" October
2005. This report describes the comparison organisation (Chapter 2), the measurement methodology
and uncertainties achieved at all the participants (Chapters 3 to 16), the method for analysis (Chapter
17) and the results of the comparison according to this method (Chapters 18 and 19, and Appendix A).

2 Organisation of the Key Comparison

2.1 Participants

Originally 14 NMIs (including the pilot) agreed to participate in the CCPR K1-a Key Comparison.
However, the Council for Scientific and Industrial Research, National Metrology Laboratory (CSIR-
NML) of South Africa withdrew from the comparison for technical reasons after the first pilot
measurements of their lamps, but before they had made any measurements. The remaining 13
participants are listed in Table 2-1.

2.2 Comparison artefacts

The comparison artefacts for the CCPR K1-a Key Comparison were tungsten lamps. NMIs were
required to use a minimum of three (with the option of up to four) tungsten halogen lamps designated
“Type I” and given the option to use in addition tungsten lamps, “Type II”. The Type I lamps were
mounted 1000 W FEL type lamps and were bought pre-selected, pre-aged and mounted from the
manufacturer, Gigahertz Optik GmBH. This lamp consists of a double-coiled tungsten filament,
supported at the top and bottom of the filament and operated in a bromine-filled quartz envelope.

Two NMIs also used the Type II lamps. These were manufactured by the Polaron group. These
lamps were pre-aged at NPL.

Both types of lamp were operated at a constant direct current. The voltage drop across the lamp
was monitored as an indicator of the stability of the lamp.
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Table 2-1 Participants of the CCPR Key Comparison Kl-a.

NMI NMI Name Country

Acronym

Pilot NMI

NPL National Physical Laboratory United Kingdom

Participant NMIs

BNM-INM Bu'reau N.atlonal de Métrologie - Institut National de France
Métrologie

CENAM Centro Nacional de Metrologia Mexico

CSIRO" Commpnwealth Scientific & Industrial Research Australia
Organisation

HUT' Helsinki University of Technology Finland

IFA-CSIC Instltu.to d? Flslca.Ap!lcada (Consejo Superior de Spain
Investigaciones Cientificas)

MSL-IRL Measurement Standard§ Laboratory of New Zealand New Zealand
- Industrial Research Limited

NIM National Institute of Metrology China

NIST National Institute of Standards and Technology United States of America

NMIJ* National Metrology Institute of Japan Japan

NRC National Research Council Canada

PTB Physikalisch-Technische Bundesanstalt Germany

VNIIOFI All-Russian Research Institute for Optical-Physical Russian Federation

Measurements

* The CSIRO National Measurement Laboratory (CSIRO in this comparison) was recently combined with the Australian
Government Analytical Laboratories and the National Standards Commission and placed within the Australian Government
Department of Industry, Tourism and Resources to form the National Measurement Institute of Australia, and will in future
be known internationally as NMIA

¥ Helsinki University of Technology (HUT in this comparison) and Centre for Metrology and Accreditation (MIKES) have
established a joint laboratory in January 2005. The laboratory name will in future be abbreviated as MIKES.

¥ At the start of this comparison the Electrotechnical Laboratory (ETL) was a participant of this comparison. The metrology
groups at ETL and NRLM merged in April 2001 to create a new institute: The National Metrology Institute of Japan.
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2.3 Comparison philosophy

Because of the fragile nature of lamps, the comparison was organised as a star comparison. Any
individual lamp was measured by the pilot and by one participant NMI only. Lamps were sent in
batches of three to each participant. The pilot was required to measure each lamp on at least two
occasions and the relevant participant was also asked to make measurements on two occasions. In
some cases a participant was only able to measure a lamp once.

The built in redundancy was designed so that it would be expected that at least one lamp for each
NMI would have a successful Pilot — NMI — Pilot or NMI — Pilot - NMI measurement sequence. In
other words, it was expected that at least one lamp for each participant would survive two successive
transportations without significant drift. In the more general case where all four measurements of a
lamp could be used and/or multiple lamps were transported without degradation, it was expected that
the uncertainties due to the comparison itself could be reduced by averaging multiple measurements.

24 Analysis philosophy

The fundamental outcomes of a key comparison are the Degrees of Equivalence (DoEs) between
the pairs of NMIs and between each NMI and the Key Comparison Reference Value (KCRV). In this
case these DoEs are to correspond to a measurement (at each wavelength) by each participating NMI
of a single typical lamp. The determination of the KCRYV for this comparison was made according to
the guidelines of the CCPR and is based on the weighted mean with “cut-off” of each NMI’s bilateral
comparison with a stable reference scale established by the pilot. The philosophy of this analysis has
been to provide such a KCRV and the corresponding DoEs in a way that ensures that each NMI is
treated equitably and that the results do not depend on the number of lamps measured by any NML.

The measurements at each wavelength were treated as an entirely independent comparison for the
purposes of the analysis.

The analysis was based on a model that assumes that each lamp has a stable spectral irradiance
and that the measurements of each NMI are systematically biased by a factor applied to all that NMI’s
measurements. The measurement by an NMI is an estimate, (hopefully) consistent with the declared
uncertainty associated with the NMI’s random effects, of the lamp irradiance multiplied by the
systematic bias factor. The aim of the analysis was to determine an estimate of the systematic factor
for each NMI. This was achieved by solving, by least squares adjustment, a set of linked equations that
relate the NMI measurements to the lamp irradiances and systematic factors under a constraint that
ensures that these systematic factors have a weighted geometric mean (with cut-off) of unity.

The unilateral DoE for an NMI is the difference from unity of the typical ratio of the measurement
according to that NMI’s scale and the spectral irradiance of a lamp. The best estimate of the value of
this unilateral DoE for any NMI is the difference between the estimated systematic factor for that NMI
and unity. The unilateral DoE uncertainty (which is quoted at a 95% level of confidence) can also be
evaluated from the model. Since the comparison consists of many separate artefacts, the KCRV is
itself unrelated to a physical artefact. The choice of KCRYV is mathematically arbitrary, but to meet the
metrological requirements of the CCPR KCWG, it is assigned here as the value unity, corresponding
to the weighted geometric mean (with cut-off) of these estimated systematic factors. Bilateral DoEs
are calculated from the unilateral DoEs.

The analysis is described in more detail in Chapter 17.
25 Measurement structure and timetable

The sequence of measurements is given in Table 2-2. For most NMIs there were two
measurements by the pilot (round 1 and round 2) and two measurements by the participant.
Additionally there was a pilot round 3 for some lamps. The reasons for these variations are discussed
in Section 2.7.
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Table 2-2 Sequence of comparison measurements. The results marked with a * were
ignored for analysis purposes as described in Section 2.7

Date Measurements at pilot Measurements at participants

Round 1 measurements of lamps for

_ * % * *

BNM INM » HUT*, NIST. , PTB*. Round 1 measurements by BNM-INM,

2000 Uncertainties were much higher than
HUT, NIST, PTB

subsequent measurements and results

ignored
March — June Round 1 measurements for CENAM,
2001 NIM, NMIJ* (and an NMI that pulled

June — December
2001

January — July
2002

August —
December 2002
January — May
2003

June — August
2003

out)

Round 1 measurements for CSIRO,
IFA-CSIC, MSL-IRL, NRC, VNIIOFI

Round 2 measurements for BNM-INM,
HUT, NIST, PTB

Round 2 measurements for CENAM,
NIM, NMI1J

Round 2 measurements for CSIRO,
IFA-CSIC, MSL-IRL, NRC, VNIIOFI

Round 3 measurements for BNM-INM,
HUT, PTB, NMIJ

Round 1 measurements by CENAM,
NIM*

Round 1 measurements by CSIRO,
IFA-CSIC, MSL-IRL, VNIIOFI,
NMIJ*

Round 2 measurements by BNM-INM,
HUT, PTB, NRC, NM1J

Round 2 measurements by MSL-IRL

September — Round 2 measurements by CSIRO,
November 2003 NIM*, IFA-CSIC, NIST
November 2003 Round 3 measurements for NIST Round 3 measurements by NMI1J
December —

February 2004 Round 3 measurements by NIM
March 2004 Round 3 measurements for NIM

2.6 Analysis and communication timetable

As the measurements of this comparison were nearing completion, the CCPR KCWG was drafting
new rules for the analysis and reporting of key comparisons. This comparison has tried to follow those
rules as the draft has been written. The steps undertaken are given in Table 2-3.
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Table 2-3 Analysis timetable

Date

Analysis activity

January — April
2004

1 May 2004

21 May 2004

14 June 2004

2 July 2004

5 July 2004

July 2004

2 August 2004

August —
September 2004

September —
October 2004

Preparation of measurement reports by each NMI, including a full description
of measurement technique and a full uncertainty budget as well as the final
results of each NMI. Preparation by the pilot of the pre-draft A report detailing
the measurement technique and uncertainty budgets of all participants.

Pilot sent pre-draft A report to all participants. All participants asked to
comment on each NMI’s uncertainties.

Pilot sent each NMI information on the relative stability of each lamp as
measured by the participant and as measured by the pilot. Discussions begun
with individual NMIs about which measurements of which lamps to include in
the analysis.

Pilot sent each NMI an Excel sheet summarising the irradiance values and
uncertainties supplied by the participant to the pilot to check any copying errors
by the pilot.

Participants began sending in comments about their and other NMIs’
uncertainties. Participants began sending in comments about the accuracy of
their data as summarised by the pilot.

Pilot asked all NMIs to separate the correlated and uncorrelated effects in their
uncertainties.

Pilot sent each NMI relative stability of each lamp data in order to show up any
significant difference between lamps. NMIs continued to send in comments
about their and others’ uncertainties and their data.

Comments on uncertainties were received from all NMIs. Changes to the
measurement report, uncertainties and comments about the pilot’s summary of
the data came in from participants.

Pilot sent ‘Comments on Pre-draft A’ report to all participants. Participants
asked to reply to those comments.

Pilot had one-to-one discussions with most NMIs to ensure that the uncertainty
separation requirements are well-understood and consistent. Pilot ensured all
NMIs were satisfied with the final Excel spreadsheet prepared by the pilot for
that NML.

Pilot sent ‘Replies to Pre-draft A comments’ to all participants. All data was
considered final from this point.

Pilot developed analysis technique for the Key Comparison and reviewed all
individual measurement chapters to make them consistent. Pilot agreed changes
to measurement chapters with the participants.

Pilot reviewed, tested and checked analysis technique.
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)

5" November 2004  Pilot sent participants description of analysis technique and “blind information’
on results. Participants encouraged to discuss this.

7™ December 2004  Analysis comments received from all participants.

8" December 2004  NPL submitted replies to comments to all participants and proposed a slight
modification to the analysis technique.

15" December Deadline for final responses from participants.
2004

17" December NPL submitted Draft A report to all participants.
2004

18" February 2005  Deadline for comments on Draft A.

15 March 2005 NPL submitted Appendix with Bilateral degrees of equivalence to all
participants.

30 March 2005 NPL submitted Draft B report to CCPR Key Comparison Working Group.

2.7 Problems and their solutions

During the course of this comparison a number of problems occurred, these are discussed, along
with the chosen solution, here.

2.7.1 Variations between protocol drafts — wrong operating currents

The original protocol for the comparison was circulated on 24™ February 1999. A second version
was circulated on 16™ August 2000 to correct largely typographical errors. The most important
differences between the protocols were that the first protocol specified 8.3 A for the current for the
Type I lamps which was corrected in the second protocol to 8.1 A. The second difference was that the
first protocol specified that the 500 mm distance to the lamp should be to the filament and the second
protocol specified that the distance should be to the front plate of the lamp. However, both protocols
made clear that the operating parameters of the lamps would be supplied with the lamps, so that any
changes caused in transport (e.g. operating voltage due to filament movements) could be identified.

NMIs were also asked, in both protocols, to confirm that that the lamp was operating at the correct
voltage and to contact the pilot immediately if a problem were found. In addition, NMIs were asked to
supply their data, including the operational voltage of the lamp within six weeks of the measurements.
In hindsight it would have been useful to have a clear box on the acknowledgement form which
required the participants to state the operating voltage of the lamps as a confirmation of their
performance, rather than a simple “Y/N’ option.

Unfortunately, at least three NMIs reported not receiving the second version of the protocol and
these three operated the lamp at the wrong current because of that. NIM also reported not receiving the
current and voltage sheet in either of the two main rounds. CENAM also aligned the lamp according to
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the original protocol and therefore at the wrong distance. The other two NMIs aligned the lamp
correctly.

These problems were notified to all participants and appropriate solutions (as detailed below)
agreed. The solutions varied according to the available time before completion of the comparison
following notification to the pilot.

2.7.1.1 NMLJ

When NMIJ collected the lamps for their second round, they noticed the sheet with the current and
voltage and realised that the first round measurements were made at the wrong current because of the
missing protocol. Because this was discovered relatively early, it was possible to introduce a third
round at both NMIs within the normal comparison timescale and the first measurements by each NMI
were ignored. This was formally notified to the CCPR in June 2003.

2.7.1.2 NIM

NIM operated the lamps at the wrong current in both rounds, as in addition to not receiving the
second protocol they also reported that they did not receive the normal operating conditions sheet. The
problem was not realised until after the comparison was complete when NIM submitted their
measurement reports for both rounds. To solve this problem, NIM remeasured the lamps at the correct
current and then returned the lamps to NPL. NPL measured these lamps for a third time in March 2004
to confirm that the transport to NIM and the operation at a high current had not adversely affected the
lamps.

2.7.1.3 CENAM

CENAM had measured the lamps on only one occasion and for these measurements had strictly
followed the original protocol, both in terms of the wrong current and the wrong distance.
Unfortunately this was not realised until after the completion of the comparison and the publication of
pre-draft A, partially because they had answered “yes” to the question of whether the voltage agreed
with that specified. There was a misunderstanding in what this meant. By the time the problem was
realised, it was too late to perform any additional experimentation. CENAM developed a model to
correct the data both for current and for distance. The corrected results are presented here, but because
of the uncertainty on the correction, CENAM’s results will not be used for the calculation of the
KCRV. (See Chapter 17.)

The description of this correction is given in Chapter 5.
2.7.2 Damage to lamps

During the comparison, a number of lamps exhibited instabilities or suffered damage: at the
participant, in transit and at the pilot. The affected lamps are discussed in the appropriate NMI
descriptions below. The following summarises the principal problems that occurred during
transportation or at the participant:

= Operation without removing the alignment jig. Some lamps were damaged because
they were operated before the alignment jig was removed. This is a mistake that is
surprisingly easy to make unless the operational procedure in the NMI includes a clear
step to check that the jig has been removed before the lamp is turned on.

= Damage to the lamp during transportation. Some lamps were destroyed during
transportation and arrived clouded at the participant NMI. Other lamps were damaged
more subtly and it was only the poor reproducibility of the measurements that showed
that the change had occurred.

Lamps that were damaged at the participant or in transportation were not replaced. It was because
such damage was anticipated that the comparison was designed with the built in redundancy.
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FEL 244, belonging to NIST, was damaged at the pilot when the lamp was operated in reverse
electrical polarity. NPL re-aged the lamp in the correct polarity for 25 hours, during which a filter
radiometer was used to monitor the re-aging process. During the first 12 hours, the lamp changed by
0.5 % at 800 nm and following that there was a 0.05 % change in the remaining time. FEL 244 was
returned to NIST in May 2002, and NPL announced the mistake at the CCPR working group meeting
held at that time. In addition NPL wrote formally to NIST offering a new lamp. NIST did not ask for
any additional lamp or lamp measurements and remeasured FEL 244, along with the other lamps, in
November 2003.

2.7.3 NPL’s year 2000 measurements

NPL started the measurements for the comparison in early 2000 and sent lamps during 2000 to
BNM-INM, HUT, NIST and PTB. The progress was slowed by a number of major failures of the
equipment at NPL, including two fires. While the system was redesigned for improved safety, other
experimental improvements were made. These meant that the measurement reproducibility was
improved by approximately a factor of two. Because of this, it was decided in the best interests of the
participants whose lamps had already been measured, that these year 2000 round measurements were
ignored and an additional round added at the end. This meant that the sequence would not be Pilot —
Participant — Pilot — Participant, but would change to Participant — Pilot — Participant — Pilot.
Otherwise there would be no difference. The pilot had not received any results from any of these
participants at the time this decision was made. All the participants affected by this agreed to this
change and the year 2000 results are not included in this analysis or report.
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3 Measurements at the pilot laboratory

3.1 Establishing a Comparison Scale

It is important to understand the fundamental difference between a scale used to compare
participants: “a comparison reference scale” and the pilot’s own primary scale in any comparison. The
requirements of the comparison scale are that it should be stable throughout the entire period of the
comparison.

The pilot’s primary scale is the scale that the pilot wishes to compare in the comparison. This may
be the same or a different scale.

The comparison scale for this comparison was held on reference lamps that were calibrated during
each year of the key comparison. NPL started to disseminate a new primary scale in May 2003 and it
is this scale that NPL has submitted for comparison with participants. The measurements prior to May
2003 for this comparison were made on the same facility as the new NPL primary scale and therefore
in this particular comparison, the comparison scale and the pilot’s primary scale are almost identical.

However, one important difference arises between the requirements of realising a primary scale on
a small number of lamps and the requirements of calibrating lamps almost continuously over a four-
year period. This means that the uncertainty in the comparison lamps is somewhat higher than the
uncertainty in NPL’s primary scale.

NPL’s primary scale realisation is discussed in Chapter 13. This section discusses the comparison
scale.

3.2 Stability of comparison scale

The comparison scale was maintained on a set of FELs regularly calibrated during the comparison.
Originally four reference lamps were used, but one of these lamps showed a change from year to year
that was far greater than the other three and therefore only the three “stable” reference lamps are
considered here. The measurements made during 2001 and 2003 have been compared with the
measurements made during 2002. The results are shown in Figure 3-1 along with the calculated
uncertainty for the comparison between the 2001 and 2002 rounds, taking into account the
uncorrelated and the yearly correlated uncertainties only.

The change from round 1 to round 2 (year 2001 to year 2002), although within the uncertainties, is
clearly systematic. The 2001 results at NPL have all been “corrected” by the change seen here. This
has two advantages. The first is that it removes systematic differences between different rounds of the
comparison, for example between NMIs whose lamps were measured in 2001 and 2002 and NMIs
whose lamps were measured in 2002 and 2003. Secondly it ensures that the comparison reference
scale is the same as the scale that NPL supplies to its customers — the reference standards of which
were calibrated in late 2002 and early 2003.

The change from 2002 to 2003 is less significant and based on a smaller number of reference lamp
measurements in 2003. Therefore no correction has been made to NPL’s 2003 data.
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Figure 3-1 Stability of scale maintained on reference lamps
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The uncertainty described in Chapter 13 is the uncertainty on NPL’s primary scale. The
requirements of the key comparison have not allowed that uncertainty to be realised continuously for
all the measurements.

3.3.1 2001 uncertainties

Two major improvements were made between 2001 and 2002. The first is that the blackbody was
operated at a lower temperature following our identification of an absorption problem in the near UV
spectral region associated with the blackbody. The 2001 results therefore have a higher uncertainty in
the wavelengths of blackbody absorption. The second improvement was in the long wavelength region
where the InSb detector is used. The InSb detector shows some drift over the course of a few hours. In
late 2001 this was solved by changing the measurement technique to perform “interleaved scans”
where the blackbody and lamp were compared at each wavelength. This was not done in 2001, and
therefore, for wavelengths above 1600 nm, the system repeatability uncertainty was higher in the 2001
measurements.

There is also an uncertainty caused by the 2001 to 2002 correction. This has been calculated as the
standard error on the mean change from 2001 to 2002 for the three reference lamps.

3.3.2 2002 uncertainties

The 2002 uncertainties were very similar to NPL’s primary scale uncertainties. There were slight
increases because the filter radiometers could not be “freshly calibrated” throughout such a long time
period.

3.3.3 2003 uncertainties

Early 2003 uncertainties were as for 2002.

June to August 2003 was an exceptionally hot summer in London. The laboratory air-conditioning
was not designed to deal with such outside temperatures. Unfortunately due to time pressures, the
measurements had to continue despite the air-conditioning failure. This means that the measurements
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made in June to August 2003 have higher uncertainties because of, for example, the temperature
sensitivity of the detectors and the change in room temperature between the blackbody and lamp
measurements.

3.3.4 Uncertainties

The uncertainties that were uncorrelated for wavelength for one lamp (mostly the Type A
uncertainty due to system stability) were reduced through modelling the lamp spectra, as discussed in
Section 13.6.3. The uncertainties have been grouped according to the correlations. This grouping is
shown in Table 3-1 for 2001 to 2002 and in Table 3-2 for 2002 to 2003. From this it is clear that the
blackbody absorption uncertainty is correlated between 2002 and 2003, because the blackbody was
operated at the same temperature in those years, but not in 2001, when the temperature was higher.
Also the temperature measurement in 2001 and 2002 used the same filter radiometer, but a different
filter radiometer was used in 2003, hence the correlation in 2001 to 2002, but not in 2002 to 2003.

Table 3-1 Uncertainty components for 2001 and 2002, grouped according to
correlation

Uncorrelated between Correlated for lamps  Correlated for lamps ~ Correlated between

all lamp in 2001 in 2002 2001 and 2002

measurements

Measurement Blackbody absorption = Blackbody absorption  Blackbody radiance

repeatability (reduced

by model)

Lamp alignment 2001 correction Linearity

Lamp current Wavelength accuracy
and bandwidth
UVFW modelling

Table 3-2 Uncertainty components for 2002 and 2003, grouped according to
correlation

Uncorrelated between Correlated for lamps Correlated for lamps Correlated between

all lamp in 2002 in 2003 2002 and 2003

measurements

Measurement Blackbody radiance Blackbody radiance Blackbody absorption

repeatability (reduced (temperature) (temperature)

by model)

Lamp alignment Linearity

Lamp current Wavelength accuracy
and bandwidth
UVFW modelling
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The wavelength-by-wavelength uncertainty in each year is given in Table 3-3. This table separates the uncertainties according to whether the effects that
cause them are correlated. The uncorrelated components have been calculated individually for each lamp, but typical values are given here.

Table 3-3 Uncertainty of comparison measurements by pilot. Uncorrelated components have been calculated individually for each lamp.
This table gives typical values.

T = Uncorr Uncorrel Uncorre Correlated Correlated  Correlated Correlated Correlated  Correlated Overall Overall Overall
03 2 elated ated lated year 1 but  year 2 but year 1 to year 2 but year 3but  year2to standard standard standard
= ¢ 2001 2002 2003 not with not with year 2 not to year 3  notto year year 3 uncertainty  uncertainty  uncertainty
year 2 year 1 2 2001 2002 2003
250 2.37% 0.46% 1.25% 0.32% 0.00% 2.06% 0.48% 0.45% 2.00% 3.15% 2.11% 2.40%
260  1.73%  0.36% 0.93% 0.32% 0.00% 2.05% 0.46% 0.43% 2.00% 2.70% 2.08% 2.25%
270 1.28%  0.28% 0.71% 0.31% 0.00% 2.05% 0.44% 0.41% 2.00% 2.44% 2.07% 2.16%
280  0.97% 0.24% 0.56% 0.29% 0.00% 1.56% 0.43% 0.40% 1.50% 1.86% 1.58% 1.65%
290  0.77%  0.20% 0.46% 0.27% 0.00% 1.08% 0.41% 0.38% 1.00% 1.35% 1.10% 1.17%
300  0.64% 0.18% 0.40% 0.33% 0.15% 0.45% 0.40% 0.37% 0.25% 0.85% 0.50% 0.60%
310 0.55% 0.17% 0.36% 0.38% 0.20% 0.43% 0.39% 0.36% 0.28% 0.80% 0.51% 0.58%
320 0.50% 0.16% 0.32% 0.43% 0.25% 0.37% 0.37% 0.35% 0.25% 0.76% 0.48% 0.54%
330 0.46% 0.15% 0.30% 0.47% 0.28% 0.36% 0.36% 0.34% 0.28% 0.75% 0.48% 0.53%
340 041% 0.15% 0.28% 0.53% 0.33% 0.35% 0.35% 0.33% 0.33% 0.76% 0.50% 0.54%
350 0.41% 0.14% 0.26% 0.58% 0.36% 0.34% 0.34% 0.32% 0.36% 0.78% 0.52% 0.55%
360  0.38% 0.13% 0.25% 0.67% 0.43% 0.33% 0.33% 0.31% 0.43% 0.84% 0.56% 0.58%
370 0.36% 0.13% 0.23% 0.72% 0.46% 0.32% 0.32% 0.30% 0.46% 0.86% 0.58% 0.60%
380 0.34% 0.13% 0.22% 0.81% 0.52% 0.31% 0.31% 0.29% 0.52% 0.93% 0.62% 0.64%
3900 032% 0.13% 0.22% 0.78% 0.50% 0.31% 0.31% 0.29% 0.50% 0.90% 0.60% 0.62%
400 0.30% 0.12% 0.21% 0.72% 0.46% 0.30% 0.30% 0.28% 0.46% 0.84% 0.56% 0.58%
450  0.27% 0.12% 0.21% 0.31% 0.10% 0.27% 0.27% 0.25% 0.10% 0.49% 0.31% 0.34%
500  0.23% 0.11% 0.19% 0.31% 0.00% 0.24% 0.24% 0.22% 0.01% 0.46% 0.26% 0.29%
550  0.20% 0.10% 0.16% 0.33% 0.00% 0.22% 0.22% 0.20% 0.00% 0.45% 0.24% 0.26%
555 0.20% 0.10% 0.15% 0.33% 0.00% 0.22% 0.22% 0.20% 0.00% 0.45% 0.24% 0.25%
600  0.19% 0.09% 0.14% 0.33% 0.00% 0.20% 0.20% 0.19% 0.00% 0.43% 0.22% 0.23%
650 0.17%  0.09% 0.14% 0.32% 0.00% 0.18% 0.18% 0.17% 0.00% 0.41% 0.20% 0.22%
700  0.21% 0.09% 0.13% 0.31% 0.00% 0.17% 0.17% 0.16% 0.00% 0.41% 0.19% 0.21%
750  0.19% 0.08% 0.13% 0.30% 0.00% 0.16% 0.16% 0.15% 0.01% 0.39% 0.18% 0.20%
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g = Uncorr  Uncorrel Uncorre  Correlated  Correlated  Correlated  Correlated Correlated ~ Correlated  Overall Overall Overall
0»3 2 elated ated lated year 1 but  year 2 but year 1 to year 2 but year 3but  year2to standard standard standard
= ¢ 2001 2002 2003 not with not with year 2 not to year 3  notto year  year 3 uncertainty  uncertainty  uncertainty
year 2 year 1 2 2001 2002 2003
800  0.17% 0.08% 0.12% 0.29% 0.00% 0.15% 0.15% 0.14% 0.00% 0.37% 0.17% 0.19%
850  0.15% 0.07% 0.12% 0.28% 0.00% 0.14% 0.14% 0.13% 0.00% 0.35% 0.16% 0.18%
900 0.13% 0.07% 0.12% 0.26% 0.00% 0.13% 0.13% 0.12% 0.00% 0.32% 0.15% 0.17%
950  0.13% 0.07% 0.13% 0.25% 0.00% 0.13% 0.13% 0.12% 0.01% 0.31% 0.14% 0.17%
1000 0.13% 0.07% 0.13% 0.25% 0.00% 0.12% 0.12% 0.11% 0.01% 0.30% 0.14% 0.17%
1050 0.14% 0.07% 0.14% 0.25% 0.00% 0.12% 0.12% 0.11% 0.01% 0.31% 0.14% 0.18%
1100 0.16% 0.07% 0.16% 0.25% 0.00% 0.11% 0.11% 0.10% 0.01% 0.32% 0.13% 0.19%
1150 0.17% 0.08% 0.17% 0.27% 0.00% 0.11% 0.11% 0.10% 0.01% 0.34% 0.13% 0.20%
1200 0.19% 0.09% 0.18% 0.28% 0.00% 0.10% 0.10% 0.09% 0.02% 0.36% 0.14% 0.20%
1250 0.20% 0.10% 0.18% 0.30% 0.00% 0.10% 0.10% 0.09% 0.00% 0.38% 0.14% 0.20%
1300 0.22%  0.10% 0.18% 0.32% 0.00% 0.09% 0.09% 0.09% 0.00% 0.40% 0.14% 0.20%
1350 0.23% 0.11% 0.18% 0.33% 0.00% 0.10% 0.09% 0.09% 0.03% 0.42% 0.15% 0.20%
1400 0.23% 0.12% 0.18% 0.33% 0.00% 0.09% 0.09% 0.08% 0.01% 0.41% 0.15% 0.20%
1450 0.22% 0.12% 0.18% 0.32% 0.00% 0.09% 0.09% 0.08% 0.00% 0.39% 0.15% 0.20%
1500 0.21% 0.11% 0.17% 0.30% 0.00% 0.08% 0.08% 0.08% 0.01% 0.38% 0.14% 0.19%
1550 0.20% 0.11% 0.16% 0.28% 0.00% 0.08% 0.08% 0.08% 0.00% 0.35% 0.13% 0.18%
1600 0.19% 0.10% 0.16% 0.26% 0.00% 0.08% 0.08% 0.07% 0.01% 0.33% 0.13% 0.17%
1650 0.21% 0.11% 0.17% 0.24% 0.00% 0.09% 0.08% 0.07% 0.04% 0.33% 0.14% 0.19%
1700 0.31% 0.12% 0.19% 0.23% 0.00% 0.08% 0.07% 0.07% 0.01% 0.39% 0.14% 0.20%
1800 0.78%  0.14% 0.23% 0.21% 0.00% 0.08% 0.07% 0.07% 0.02% 0.81% 0.16% 0.24%
1900 1.39% 0.16% 0.27% 0.23% 0.00% 0.07% 0.07% 0.06% 0.02% 1.41% 0.17% 0.27%
2000 1.81% 0.18% 0.31% 0.29% 0.00% 0.08% 0.07% 0.06% 0.05% 1.84% 0.20% 0.32%
2100 2.09% 0.18% 0.29% 0.38% 0.00% 0.07% 0.06% 0.06% 0.02% 2.13% 0.19% 0.30%
2200 2.68% 0.19% 0.28% 0.45% 0.00% 0.06% 0.06% 0.06% 0.00% 2.72% 0.20% 0.29%
2300 3.00% 0.21% 0.38% 0.45% 0.00% 0.06% 0.06% 0.06% 0.01% 3.03% 0.22% 0.38%
2400 4.34% 0.32% 0.39% 0.76% 0.00% 0.09% 0.06% 0.05% 0.07% 4.41% 0.34% 0.40%
2500 5.84% 0.26% 0.24% 1.46% 0.00% 0.08% 0.06% 0.05% 0.05% 6.02% 0.27% 0.26%
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4 Measurements at BNM-INM

4.1 Primary scale realisation

ITS90-copper fixed point Pyrometric lamp 1900 K at 650 nm

Radiance comparator

5 (650 nm)

(950 nm)

Radiance comparator CZD &9
%

Variable temperature blackbody Variable temperature blackbody

1700 K 1900 K
Radiance comparator CJ &9 Radiance comparator
(950 nm-2500 nm) E@ G:I (300 nm-1050 nm)
Tungsten ribbon lamps at 2500 K N
Radiance transfer standard

Route for relative
- - values of spectral

Radiance to Irradiance > irradiance

comparison

g

Irradiance transfer lamps -
(CCPR K1-a lamps)

T

300 nm-2500 nm

J

Route for absolute

Filter radiometers
500 nm and 575 nm

T

.

values of spectral
irradiance
500 nm and 575 nm

Cryogenic radiometer

J

Figure 4-1 Traceability chain for the spectral irradiance calibration at BNM-INM

The measurement is performed in two completely separate operations. First we measure the
relative spectral irradiance with our radiance scale as a reference, through a specific optical device.
Secondly, we measure the irradiance value at two wavelengths with a radiometer calibrated against
our detector responsivity reference. Then we calculate the irradiance over the whole spectral range.

4.1.1 Radiance reference

The radiance references used in the radiance to irradiance comparison are tungsten ribbon lamps
operating at 2500 K. The primary standard of radiance is a variable temperature blackbody whose
temperature is measured by comparison to a fixed-point blackbody (ITS90 temperature of copper
point). Radiance measurement in the whole spectral range is performed with an infrared radiance
comparator and a [UV-visible] radiance comparator. In the [UV-visible] range the blackbody
temperature measurement (1900 K) is done by using an intermediate pyrometric lamp calibrated
against our fixed-point blackbody. The radiance temperature of the pyrometric lamp is 1900 K at
650 nm.

23" January 2006 Page 24 of 396 BNM-INM



CCPR K1-a Key Comparison of Spectral Irradiance (250 to 2500 nm) FINAL REPORT

4.1.2 Responsivity reference

The filter radiometers are calibrated against a silicon trap detector on our spectral responsivity
bench.

The trap detector is calibrated with laser beams (488 nm to 633 nm) by comparison to a cryogenic
radiometer.

4.2 Description of measurement facility

The spectrometer used is a grating spectrometer, 320 mm focal length, from the French
manufacturers Jobin Yvon and is equipped with two gratings: one for the UV and visible range (1200
grooves/mm) and another for the IR range (300 grooves/mm).

The spectral radiance to irradiance comparison facility comprises an integrating sphere, a
monochromator and a detector that measures the photocurrents due to the radiant flux coming from
two optical devices. One is proportional to the radiance of a source considered as a reference radiance
standard and a second one is proportional to the irradiance of the source to be measured. The two
optical devices are designed so that the ratios between the two fluxes (radiance and irradiance
respectively) do not depend on wavelength. These optical devices are an assembly of two spherical
mirrors. They are similar in radiance and irradiance operation but they are placed in optically
conjugate positions. In order to avoid a transmittance difference between the two sets of mirrors we
make two measurements by exchanging the place of mirrors. This is shown in Figure 4-2.

Integrating sphere Radiance beam G =5
entrance port S2

Surface KE

{
7
=)

7

— O 1
3

Irradiance beam G = 1/5

Figure 4-2 Radiance and Irradiance comparison set-up

For the absolute irradiance measurements, the calibrated broadband filter radiometer is placed at
50 cm from the reference plane of the lamp. The experimental set-up is shown in Figure 4-3.
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Figure 4-3 Experimental set-up for filter radiometer measurement

4.3 Laboratory conditions
Temperature controlled: 23 °C £ 2 °C. Humidity: 35 % to 60 %.
4.4 Laboratory standards
2 radiance transfer lamps: The ribbon temperatures are 2500 and 2550 K
A calibrated filter radiometer with two filters: 500 nm and 575 nm
4.5 Measurement procedure and analysis

First we measure the relative spectral irradiance using the radiance/irradiance comparison facility
(Figure 4-2). We can compute the irradiance of the source by using the measured photocurrents and
the calibrated standard radiance. As the dimensions of the aperture areas and the distance between
them cannot be known with the expected accuracy we only compute the relative values of irradiance.

4.5.1 Details of radiance to irradiance computation

For each wavelength we measure the fluxes (photocurrents) with the first mirror configuration:

-Radiance beam flux FL1(A)
-Irradiance beam flux FE2(A)

The radiance and irradiance mirror assemblies are inverted and a measurement is performed with the
second mirror configuration:

-Radiance beam FL2(A)
-Irradiance beam FE2(A)
We write:

L(A) Radiance of ‘radiance standard source’
E(A) Irradiance of unknown source

T1(A) Reflectance of first assembly mirrors
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T2(A) Reflectance of second assembly mirrors
S(A) Responsivity of the whole detector device

KL Geometrical extension for radiance measurement

KE  Irradiance diaphragm surface
We have:

First mirror configuration Second mirror configuration
FLI(A) = L(A)XTI(A)xKLxS(A)  FL2(A1)=L(A)xT2(A)xKLxS(1)
FE2(A)=E(A)xT2(A)xKExS(A1) FEI(A1)=EA)xTI(A)xKExS(A)

RI(2) = FLI(A)/ FE2(A) = (L(2)/ E(2))x(T\(A)/T2(A))x (KL/KE)
R2(A) = FL2(A)/ FEW(2) = (L(A)/ E(A))x(T2(2)/ T\(2)) x( KL/ KE)
We calculate: (RI(A)x R2(A))"* = (L(A)/ E(A))x(KL/KE)

The response ratio is independent of the mirrors reflectivity:

_ L(A) )
EA)= (R1(1)x R2(1))x(KL/KE) &1

As the ratio (KL/ KE ) cannot be evaluated with the required uncertainty, it is considered as an

unknown, but it does not vary with wavelength. So we can calculate the relative irradiance value from
Equation (4-1).

E,, =EQ)[E(%) (4-2)

4.5.2 Absolute irradiance: broadband measurement

Following the relative measurement we measure the irradiance value at two wavelengths with a
filter radiometer. The photocurrent i supplied by the radiometer is calculated as:

i=E(4)- [ S,-Se(A)-E,, -dA (4-3)
AL

Where,
Se(1): Spectral responsivity of the radiometer.

AA:  Spectral range with non-zero responsivity.

Ay Arbitrary wavelength close to the centre of the spectral responsivity of the radiometer.
E(A)=E(4)x EMO (A), with
E,, (1):Relative spectral irradiance, equals 1 at 4 = 4.

Since every term of the integral is the result of a calibration, we numerically calculate the value of
the integral. The irradiance E(4,) is determined from this value and from the measured photocurrent.

We have two filters centred at 500 nm and 575 nm. Their half height widths are 60 nm and 35 nm
respectively.The final irradiance E(A) is calculated as the average of the two calibrations obtained
with radiometer at 500 nm and 575 nm.
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4.6 Uncertainty determination

4.6.1 Primary Scale uncertainty

4.6.1.1 Radiance primary scale

FINAL REPORT

Radiance transfer lamps were calibrated in 2000 and the calibration was confirmed in 2003. Table
4-1 shows the uncertainty breakdown of radiance transfer lamps. In the uncertainty table (Table 4-3)

this is “Scale: relative values”.

Table 4-1 Uncertainty values for primary radiance scale

Description of uncertainty

paramoter and its value 300 325 500 850 1050 1050 1550 2200 2500
;/&)]?ﬁ);%n:ﬁrature 039K  052% 048% 031% 0.18% 0.15% - . . .
X;f;éé%rrﬁramre 014K - - ; ; ; 0.07% 0.05% 0.04% 0.03%
Photocurrent 150% 0.60% 0.18% 0.09% 0.09% 037% 0.13% 034% 0.34%
Blocking 0 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
%‘(‘)‘_"f})e;(;gglm 02nm  034% 029% 0.12% 0.04% 0.03% - ; ; ;
Xg%glse&‘)gg;l 0.025nm - . - . . 0.01% 0.00% 0.00% 0.00%
Size of source effect  0.30% - - - - - 0.30% 0.30% 0.30% 0.30%
Non linearity 001% 0.01% 001% 001% 001% 020% 020% 020% 0.20%
Lamp alignment 0.10%  022% 020% 0.13% 0.08% 0.06% 0.06% 0.04% 0.03% 0.03%
El‘l’fe‘:’t‘:i‘::;t&“:dla)rd 1.64% 0.84% 040% 022% 0.19% 0.53% 039% 0.50% 0.50%
4.6.1.2 Responsivity primary scale

The filter radiometer was calibrated in February 2001 with the two filters centred at 500 nm and
575 nm. The traceability is described in section 4.1.2 and the lamp measurement method is described
in section 4.5.2. Table 4-2 shows the uncertainty breakdown applied to the responsivity measurement
of radiometers. In the uncertainty table (Table 4-3) this is “Scale : absolute values”.

Table 4-2 Uncertainty values for absolute measurement with the filter radiometer

Description of uncertainty

. 500 nm 575 nm

parameter and its value

Wavelength 0.054 nm  0.05% 0.03%

Reference 0.2% 0.2% 0.2%

Stray light 0.02% 0.02% 0.02%

Detector homogeneity 0.05% 0.05% 0.05%

Band pass width 0.04% 0.04% 0.04%

Filter temperature 0.4°C 0.02% 0.17%

(Cko:ll;l)ned standard uncertainty 0.22% 0.27%
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4.6.2 Calibration uncertainty and correlation

The uncertainty budget for spectral irradiance calibration is given in Table 4-3. The following
terms are given:

Current Absolute irradiance measurement: We observed a global variation of our own standards
for the year 2000, the year of the CCPR K1 first round. The resistor used for current measurement had
been calibrated a month after the CCPR K1 measurements. Although this calibration seemed to be
correct, the drift (0.1%) of its value was the sign of a possible problem. After this date we made a
systematic control with an additional resistor. This control roughly confirmed the calibrated value but
a problem appeared a few months later when this resistor became quite unstable. The CCPR K1 results
had been obtained by using this resistor. We adopted the last calibrated value to calculate the lamp
current and we added an extra uncertainty to this measurement. An additional row has been added to
the uncertainty budget to account for the resistor drift. This uncertainty value agrees with the observed
variations of our irradiance standards.

This uncertainty is estimated by a Type B method but it could be considered as uncorrelated
uncertainty between the two sets of measurements as well as between lamps. The difference between
first and second round could be due to the drift or instability of the resistor.

Optical dissymmetry: Term due to our optical arrangement: difference between the reflectivity of
mirrors in first and second configuration (see section 4.5)

Spectroradiometer blocking: Effect of the out-of-band transmission of the spectro-radiometer

Combined standard uncertainty (k=1) 2nd round: Because the rules of the comparison prevent
participants from reducing their uncertainties after the publication of the pre-draft A report, these
values are not used in the results. Nevertheless this is the best estimate of the uncertainties of the 2™
round and thus can be used to understand results of the comparison.

Correlation: N: values Not correlated; C: values Correlated between lamps and between the two
rounds, R: values correlated between lamps but not correlated between rounds.

Correlated uncertainties: This is a combination of those effects marked C in the correlation
column. As explained above, the large value of the current measurement uncertainty must be
considered as uncorrelated since we are not sure the resistor value was the same from one
measurement to another one.

Correlated between lamps in a round: Wavelength, non-linearity and optical dissymmetry
uncertainties are correlated between lamps in the same round.
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Table 4-3 Uncertainty budget for spectral irradiance measurement. For notes on
this table, see above

g o o o e
= o S S S S
Spectral range (nm) ks 8 & S S S = = & Q
g 3 « « W e i = S S =
£ = o o = = =) D S S S
S A S S @ S el > A
O D Ial o < [va 0 = — — ~
Repeatability of
reference Relative N % 0.16% 0.29% 0.11% 0.10% 0.20% 0.20% 0.09% 0.19% 0.27%
o values
E Repeatability of
reference Absolute N % 0.20% 0.20% 0.20% 0.20% 0.20% 0.20% 0.20% 0.20% 0.20%
values

Scale: Relative values C % 1.64% 0.84% 0.51% 0.40% 0.24% 0.53% 0.53% 0.50% 0.50%
Scale: dbsolute values C % 0.27% 0.27% 0.27% 0.27% 0.27% 0.27% 0.27% 0.27% 0.27%

Distance mm 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Distance N % 0.04% 0.04% 0.04% 0.04% 0.04% 0.04% 0.04% 0.04% 0.04%
Current (usual) mA 081 081 081 081 081 081 0.81 081 0.81
Current N % 0.11% 0.10% 0.08% 0.06% 0.04% 0.03% 0.02% 0.02% 0.01%
o Current /st round
8 Absolute irradiance mA 9.7 9.7 9.7 9.7 9.7 9.7 9.7 9.7 9.7
> measurement
Current N % 0.70% 0.70% 0.70% 0.70% 0.70% 0.70% 0.70% 0.70% 0.70%

Wavelength nm 0.2 0.2 0.2 0.2 0.2 0.2 0.025 0.025 0.025

Wavelength R % 034% 028% 0.19% 0.10% 0.04% 0.03% 0.00% 0.00% 0.00%
Non linearity R % 0.10% 0.10% 0.10% 0.20% 0.02% 0.02% 1.00% 0.10% 0.10%
Optical dissymmetry R % 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10% 0.10%
gﬁ’gﬁg‘;?dmmmr C % 0.04% 0.04% 0.02% 0.02% 0.02% 0.02% 0.50% 0.20% 0.20%
RMS Type A % 0.26% 0.35% 0.23% 0.23% 0.29% 0.28% 0.22% 0.28% 0.33%
RMS Type B % 1.85% 1.18% 0.95% 0.89% 0.80% 0.93% 1.45% 0.94% 0.94%
Sﬁfggﬁiﬂyﬁiﬁrd % 1.86% 1.23% 0.97% 0.92% 0.85% 0.97% 1.47% 0.98% 0.99%
Correlated uncertainties % 1.66% 0.89% 0.58% 0.49% 0.36% 0.59% 0.77% 0.60% 0.60%
E&Z‘Eﬁfgf % 0.76% 0.79% 0.74% 0.74% 0.76% 0.76% 0.74% 0.76% 0.78%

Correlated between

: % 0.37% 0.32% 0.24% 0.25% 0.11% 0.11% 1.00% 0.14% 0.14%
lamps in a round

Values not used in Table Al:

Combined standard
uncertainty (k=1) % 1.73% 1.01% 0.67% 0.59% 0.48% 0.67% 1.29% 0.68% 0.70%

2nd round

4.7 BNM-INM Results

BNM-INM measured two lamps. The results for FEL BN 9101 197 are given in Table 4-4 and the
results for FEL BN 9101 246 are given in Table 4-5.
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Table 4-4 BNM-INM Results for FEL BN 9101 197. Uncertainties have been split

according to correlation between lamps and between rounds and are at k = 1.

NOTE: * 1100 nm, BNM-INM asked for their first round data to be excluded at this

wavelength.
FEL 197 First round data Second round data
Wa\;?;ngth /&r ?;i_izagfril Uncorrelated (V:v(i)tr}rlfrllattﬁg C]j?rtei{;lz d Cs(t)ert:l]?llar:id /ixr[r ?S‘izagfril Uncorrelated Sv(i):liillatt}?g CE?:;{;:Z d Cs(t)er;tt)lgzd
round uncertainty round uncertainty

250

260

270

280

290

300 1.188E-03 0.76% 0.37% 1.68% 1.88% 1.171E-03 0.76% 0.37% 1.68% 1.88%
310 1.759E-03 0.76% 0.37% 1.68% 1.88% 1.717E-03 0.76% 0.37% 1.68% 1.88%
320 2.474E-03 0.76% 0.37% 1.68% 1.88% 2.412E-03 0.76% 0.37% 1.68% 1.88%
330 3.337E-03 0.79% 0.32% 0.90% 1.24% 3.276E-03 0.79% 0.32% 0.90% 1.24%
340 4.419E-03 0.79% 0.32% 0.90% 1.24% 4.345E-03 0.79% 0.32% 0.90% 1.24%
350 5.670E-03 0.79% 0.32% 0.90% 1.24% 5.549E-03 0.79% 0.32% 0.90% 1.24%
360 7.235E-03 0.79% 0.32% 0.90% 1.24% 7.104E-03 0.79% 0.32% 0.90% 1.24%
370 8.997E-03 0.79% 0.32% 0.90% 1.24% 8.863E-03 0.79% 0.32% 0.90% 1.24%
380 1.106E-02 0.79% 0.32% 0.90% 1.24% 1.091E-02 0.79% 0.32% 0.90% 1.24%
390 1.338E-02 0.79% 0.32% 0.90% 1.24% 1.320E-02 0.79% 0.32% 0.90% 1.24%
400 1.599E-02 0.74% 0.24% 0.59% 0.98% 1.576E-02 0.74% 0.24% 0.59% 0.98%
450 3.351E-02 0.74% 0.24% 0.59% 0.98% 3.299E-02 0.74% 0.24% 0.59% 0.98%
500 5.628E-02 0.74% 0.24% 0.51% 0.93% 5.552E-02 0.74% 0.24% 0.51% 0.93%
550 8.165E-02 0.74% 0.25% 0.50% 0.93% 8.142E-02 0.74% 0.25% 0.50% 0.93%
555 8.578E-02 0.74% 0.25% 0.50% 0.93% 8.407E-02 0.74% 0.25% 0.50% 0.93%
600 1.086E-01 0.74% 0.25% 0.50% 0.93% 1.073E-01 0.74% 0.25% 0.50% 0.93%
650 1.326E-01 0.74% 0.25% 0.50% 0.93% 1.312E-01 0.74% 0.25% 0.50% 0.93%
700 1.534E-01 0.74% 0.25% 0.50% 0.93% 1.519E-01 0.74% 0.25% 0.50% 0.93%
750 1.690E-01 0.74% 0.25% 0.50% 0.93% 1.688E-01 0.74% 0.25% 0.50% 0.93%
800 1.800E-01 0.74% 0.25% 0.50% 0.93% 1.784E-01 0.74% 0.25% 0.50% 0.93%
850 1.876E-01 0.76% 0.11% 0.37% 0.85% 1.859E-01 0.76% 0.11% 0.37% 0.85%
900 1.918E-01 0.76% 0.11% 0.37% 0.85% 1.895E-01 0.76% 0.11% 0.37% 0.85%
950 1.924E-01 0.76% 0.11% 0.37% 0.85% 1.897E-01 0.76% 0.11% 0.37% 0.85%
1000 1.900E-01 0.76% 0.11% 0.37% 0.85% 1.876E-01 0.76% 0.11% 0.37% 0.85%
1100 1.776E-01 0.76% 0.60% 0.00% 0.97%
1200 1.648E-01 0.76% 0.11% 0.59% 0.97% 1.637E-01 0.76% 0.11% 0.59% 0.97%
1300 1.480E-01 0.76% 0.11% 0.59% 0.97% 1.468E-01 0.76% 0.11% 0.59% 0.97%
1400 1.308E-01 0.76% 0.11% 0.59% 0.97% 1.301E-01 0.76% 0.11% 0.59% 0.97%
1500 1.154E-01 0.74% 1.00% 0.76% 1.46% 1.146E-01 0.74% 1.00% 0.76% 1.46%
1600 1.012E-01 0.74% 1.00% 0.76% 1.46% 1.007E-01 0.74% 1.00% 0.76% 1.46%
1700 8.843E-02 0.74% 1.00% 0.76% 1.46% 8.838E-02 0.74% 1.00% 0.76% 1.46%
1800 7.738E-02 0.76% 0.14% 1.23% 1.46% 7.698E-02 0.76% 0.14% 1.23% 1.46%
1900 6.735E-02 0.76% 0.14% 1.23% 1.46% 6.710E-02 0.76% 0.14% 1.23% 1.46%
2000 5.907E-02 0.76% 0.14% 0.59% 0.97% 5.878E-02 0.76% 0.14% 0.59% 0.97%
2100 5.124E-02 0.76% 0.14% 0.59% 0.97% 5.114E-02 0.76% 0.14% 0.59% 0.97%
2200 4.529E-02 0.76% 0.14% 0.59% 0.97% 4.516E-02 0.76% 0.14% 0.59% 0.97%
2300 3.994E-02 0.78% 0.14% 0.59% 0.99% 3.945E-02 0.78% 0.14% 0.59% 0.99%
2400 3.493E-02 0.78% 0.14% 0.59% 0.99% 3.468E-02 0.78% 0.14% 0.59% 0.99%
2500 3.104E-02 0.78% 0.14% 0.62% 1.01% 3.084E-02 0.78% 0.14% 0.62% 1.01%
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Table 4-5 BNM-INM Results for FEL BN 9101 246. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.

NOTE: * 1100 nm, BNM-INM asked for their first round data to be excluded at this

wavelength.
FEL 246 First round data Second round data
Wa\;zlringth /\I)rvr i;i-izaﬁff-l Uncorrelated Sv(i)trlrlielllattgg C]j?rtei;:’g d Cs(t):rlll()llallzd /ixr/r ?S‘izagfril Uncorrelated Sv(i)trlrlierllattﬁg cﬁ:—fgzg d Cs(t):rlll:llanrfld
round uncertainty round uncertainty

250

260

270

280

290

300 1.327E-03 0.76% 0.37% 1.68% 1.88% 1.302E-03 0.76% 0.37% 1.68% 1.88%
310 1.970E-03 0.76% 0.37% 1.68% 1.88% 1.913E-03 0.76% 0.37% 1.68% 1.88%
320 2.751E-03 0.76% 0.37% 1.68% 1.88% 2.670E-03 0.76% 0.37% 1.68% 1.88%
330 3.705E-03 0.79% 0.32% 0.90% 1.24% 3.614E-03 0.79% 0.32% 0.90% 1.24%
340 4.899E-03 0.79% 0.32% 0.90% 1.24% 4.783E-03 0.79% 0.32% 0.90% 1.24%
350 6.271E-03 0.79% 0.32% 0.90% 1.24% 6.096E-03 0.79% 0.32% 0.90% 1.24%
360 7.990E-03 0.79% 0.32% 0.90% 1.24% 7.792E-03 0.79% 0.32% 0.90% 1.24%
370 9.919E-03 0.79% 0.32% 0.90% 1.24% 9.700E-03 0.79% 0.32% 0.90% 1.24%
380 1.216E-02 0.79% 0.32% 0.90% 1.24% 1.192E-02 0.79% 0.32% 0.90% 1.24%
390 1.471E-02 0.79% 0.32% 0.90% 1.24% 1.439E-02 0.79% 0.32% 0.90% 1.24%
400 1.756E-02 0.74% 0.24% 0.59% 0.98% 1.716E-02 0.74% 0.24% 0.59% 0.98%
450 3.651E-02 0.74% 0.24% 0.59% 0.98% 3.564E-02 0.74% 0.24% 0.59% 0.98%
500 6.092E-02 0.74% 0.24% 0.51% 0.93% 5.964E-02 0.74% 0.24% 0.51% 0.93%
550 8.890E-02 0.74% 0.25% 0.50% 0.93% 8.699E-02 0.74% 0.25% 0.50% 0.93%
555 9.181E-02 0.74% 0.25% 0.50% 0.93% 8.978E-02 0.74% 0.25% 0.50% 0.93%
600 1.165E-01 0.74% 0.25% 0.50% 0.93% 1.141E-01 0.74% 0.25% 0.50% 0.93%
650 1.417E-01 0.74% 0.25% 0.50% 0.93% 1.391E-01 0.74% 0.25% 0.50% 0.93%
700 1.634E-01 0.74% 0.25% 0.50% 0.93% 1.605E-01 0.74% 0.25% 0.50% 0.93%
750 1.794E-01 0.74% 0.25% 0.50% 0.93% 1.778E-01 0.74% 0.25% 0.50% 0.93%
800 1.907E-01 0.74% 0.25% 0.50% 0.93% 1.873E-01 0.74% 0.25% 0.50% 0.93%
850 1.983E-01 0.76% 0.11% 0.37% 0.85% 1.949E-01 0.76% 0.11% 0.37% 0.85%
900 2.022E-01 0.76% 0.11% 0.37% 0.85% 1.981E-01 0.76% 0.11% 0.37% 0.85%
950 2.025E-01 0.76% 0.11% 0.37% 0.85% 1.980E-01 0.76% 0.11% 0.37% 0.85%
1000 1.997E-01 0.76% 0.11% 0.37% 0.85% 1.954E-01 0.76% 0.11% 0.37% 0.85%
1100* 1.846E-01 0.76% 0.60% 0.00% 0.97%
1200 1.720E-01 0.76% 0.11% 0.59% 0.97% 1.700E-01 0.76% 0.11% 0.59% 0.97%
1300 1.541E-01 0.76% 0.11% 0.59% 0.97% 1.522E-01 0.76% 0.11% 0.59% 0.97%
1400 1.359E-01 0.76% 0.11% 0.59% 0.97% 1.347E-01 0.76% 0.11% 0.59% 0.97%
1500 1.197E-01 0.74% 1.00% 0.76% 1.46% 1.184E-01 0.74% 1.00% 0.76% 1.46%
1600 1.048E-01 0.74% 1.00% 0.76% 1.46% 1.039E-01 0.74% 1.00% 0.76% 1.46%
1700 9.149E-02 0.74% 1.00% 0.76% 1.46% 9.109E-02 0.74% 1.00% 0.76% 1.46%
1800 7.988E-02 0.76% 0.14% 1.23% 1.46% 7.924E-02 0.76% 0.14% 1.23% 1.46%
1900 6.955E-02 0.76% 0.14% 1.23% 1.46% 6.902E-02 0.76% 0.14% 1.23% 1.46%
2000 6.083E-02 0.76% 0.14% 0.59% 0.97% 6.036E-02 0.76% 0.14% 0.59% 0.97%
2100 5.288E-02 0.76% 0.14% 0.59% 0.97% 5.246E-02 0.76% 0.14% 0.59% 0.97%
2200 4.661E-02 0.76% 0.14% 0.59% 0.97% 4.628E-02 0.76% 0.14% 0.59% 0.97%
2300 4.111E-02 0.78% 0.14% 0.59% 0.99% 4.041E-02 0.78% 0.14% 0.59% 0.99%
2400 3.608E-02 0.78% 0.14% 0.59% 0.99% 3.548E-02 0.78% 0.14% 0.59% 0.99%
2500 3.193E-02 0.78% 0.14% 0.62% 1.01% 3.154E-02 0.78% 0.14% 0.62% 1.01%
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4.8 Pilot Results

NPL’s measurements of lamp BN 9101 197 are given in Table 4-6 and NPL’s measurements of

lamp BN 9101 246 are given in Table 4-7.

Table 4-6 NPL Results for FEL BN 9101 197. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.

FINAL REPORT

FEL 197 First round data Second round data
Wavelength Inadiancgl Uncorrelated Cw?trlz?rllatt}?g Entirely i?$12$3d Irrad,izance,l Uncorrelated Sv(i)tr}rl?rllatt;g Entirely Cs(t);lllcjilanrfid

/nm /W m™ nm round correlated uncertainty /W m™ nm round correlated uncertainty
250

260

270

280

290

300 1.230E-03 0.18% 0.40% 0.25% 0.51% 1.214E-03 0.25% 0.37% 0.25% 0.51%
310 1.759E-03 0.17% 0.39% 0.28% 0.51% 1.737E-03 0.23% 0.36% 0.28% 0.51%
320 2.444E-03 0.16% 0.37% 0.25% 0.48% 2.413E-03 0.21% 0.35% 0.25% 0.48%
330 3.309E-03 0.15% 0.36% 0.28% 0.48% 3.268E-03 0.20% 0.34% 0.28% 0.48%
340 4.375E-03 0.15% 0.35% 0.33% 0.50% 4.323E-03 0.19% 0.33% 0.33% 0.50%
350 5.665E-03 0.14% 0.34% 0.36% 0.52% 5.599E-03 0.18% 0.32% 0.36% 0.51%
360 7.197E-03 0.13% 0.33% 0.43% 0.56% 7.113E-03 0.17% 0.31% 0.43% 0.56%
370 8.984E-03 0.13% 0.32% 0.46% 0.58% 8.882E-03 0.17% 0.30% 0.46% 0.57%
380 1.104E-02 0.13% 0.31% 0.52% 0.62% 1.092E-02 0.16% 0.29% 0.52% 0.62%
390 1.337E-02 0.13% 0.31% 0.50% 0.60% 1.323E-02 0.16% 0.29% 0.50% 0.60%
400 1.598E-02 0.12% 0.30% 0.46% 0.56% 1.581E-02 0.16% 0.28% 0.46% 0.56%
450 3.311E-02 0.12% 0.27% 0.10% 0.31% 3.280E-02 0.16% 0.25% 0.10% 0.31%
500 5.591E-02 0.11% 0.24% 0.01% 0.26% 5.546E-02 0.15% 0.22% 0.01% 0.27%
550 8.192E-02 0.10% 0.22% 0.00% 0.24% 8.135E-02 0.13% 0.20% 0.00% 0.24%
555 8.459E-02 0.10% 0.22% 0.00% 0.24% 8.401E-02 0.13% 0.20% 0.00% 0.24%
600 1.084E-01 0.09% 0.20% 0.00% 0.22% 1.077E-01 0.12% 0.19% 0.00% 0.22%
650 1.330E-01 0.09% 0.18% 0.00% 0.20% 1.322E-01 0.12% 0.17% 0.00% 0.21%
700 1.540E-01 0.09% 0.17% 0.00% 0.19% 1.531E-01 0.11% 0.16% 0.00% 0.19%
750 1.705E-01 0.08% 0.16% 0.01% 0.18% 1.696E-01 0.11% 0.15% 0.01% 0.18%
800 1.823E-01 0.08% 0.15% 0.00% 0.17% 1.814E-01 0.10% 0.14% 0.00% 0.17%
850 1.897E-01 0.07% 0.14% 0.00% 0.16% 1.888E-01 0.10% 0.13% 0.00% 0.17%
900 1.931E-01 0.07% 0.13% 0.00% 0.15% 1.923E-01 0.10% 0.12% 0.00% 0.16%
950 1.932E-01 0.07% 0.13% 0.01% 0.14% 1.926E-01 0.10% 0.12% 0.01% 0.15%
1000 1.907E-01 0.07% 0.12% 0.01% 0.14% 1.902E-01 0.10% 0.11% 0.01% 0.15%
1100* 1.802E-01 0.07% 0.11% 0.01% 0.13% 1.800E-01 0.12% 0.10% 0.01% 0.16%
1200 1.655E-01 0.09% 0.10% 0.02% 0.14% 1.655E-01 0.14% 0.09% 0.02% 0.17%
1300 1.490E-01 0.10% 0.09% 0.00% 0.14% 1.491E-01 0.14% 0.09% 0.00% 0.17%
1400 1.324E-01 0.12% 0.09% 0.01% 0.15% 1.324E-01 0.14% 0.08% 0.01% 0.16%
1500 1.167E-01 0.11% 0.08% 0.01% 0.14% 1.166E-01 0.13% 0.08% 0.01% 0.15%
1600 1.025E-01 0.10% 0.08% 0.01% 0.13% 1.021E-01 0.12% 0.07% 0.01% 0.14%
1700 8.980E-02 0.12% 0.07% 0.01% 0.14% 8.922E-02 0.14% 0.07% 0.01% 0.16%
1800 7.864E-02 0.14% 0.07% 0.02% 0.16% 7.794E-02 0.18% 0.07% 0.02% 0.19%
1900 6.880E-02 0.16% 0.07% 0.02% 0.17% 6.810E-02 0.20% 0.06% 0.02% 0.21%
2000 6.013E-02 0.18% 0.07% 0.05% 0.20% 5.954E-02 0.22% 0.06% 0.05% 0.23%
2100 5.259E-02 0.18% 0.06% 0.02% 0.19% 5.214E-02 0.20% 0.06% 0.02% 0.21%
2200 4.614E-02 0.19% 0.06% 0.00% 0.20% 4.579E-02 0.19% 0.06% 0.00% 0.19%
2300 4.069E-02 0.21% 0.06% 0.01% 0.22% 4.032E-02 0.25% 0.06% 0.01% 0.25%
2400 3.597E-02 0.32% 0.06% 0.07% 0.34% 3.547E-02 0.27% 0.05% 0.07% 0.28%
2500 3.171E-02 0.26% 0.06% 0.05% 0.27% 3.128E-02 0.16% 0.05% 0.05% 0.18%
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Table 4-7 NPL Results for FEL 246. Uncertainties have been split according to
correlation between lamps and between rounds and are at k = 1.

FEL 246 First round data Second round data
Wa\;fllringth /\I;]r ézli_iza;l:ril Uncorrelated Cw?tifrlla:;g cljfrtg:g d Cs?;llzgzd /,{{/.r erll(iiza:llrcrf’l Uncorrelated Sv?gfxllaslexg CE?TZEEZ d Cs?;lrllzﬁzd
round uncertainty round uncertainty
250
260
270
280
290
300 1.353E-03 0.23% 0.40% 0.25% 0.52% 1.359E-03 0.34% 0.37% 0.25% 0.56%
310 1.929E-03 0.21% 0.39% 0.28% 0.52% 1.936E-03 0.30% 0.36% 0.28% 0.55%
320 2.674E-03 0.19% 0.37% 0.25% 0.49% 2.679E-03 0.28% 0.35% 0.25% 0.51%
330 3.612E-03 0.18% 0.36% 0.28% 0.49% 3.614E-03 0.26% 0.34% 0.28% 0.51%
340 4.766E-03 0.17% 0.35% 0.33% 0.51% 4.764E-03 0.24% 0.33% 0.33% 0.52%
350 6.159E-03 0.16% 0.34% 0.36% 0.52% 6.150E-03 0.23% 0.32% 0.36% 0.53%
360 7.808E-03 0.15% 0.33% 0.43% 0.56% 7.792E-03 0.21% 0.31% 0.43% 0.57%
370 9.730E-03 0.15% 0.32% 0.46% 0.58% 9.704E-03 0.20% 0.30% 0.46% 0.59%
380 1.193E-02 0.15% 0.31% 0.52% 0.62% 1.190E-02 0.20% 0.29% 0.52% 0.63%
390 1.443E-02 0.14% 0.31% 0.50% 0.60% 1.438E-02 0.19% 0.29% 0.50% 0.61%
400 1.722E-02 0.14% 0.30% 0.46% 0.57% 1.716E-02 0.19% 0.28% 0.46% 0.57%
450 3.544E-02 0.15% 0.27% 0.10% 0.32% 3.531E-02 0.19% 0.25% 0.10% 0.33%
500 5.952E-02 0.14% 0.24% 0.01% 0.27% 5.933E-02 0.17% 0.22% 0.01% 0.28%
550 8.681E-02 0.12% 0.22% 0.00% 0.25% 8.658E-02 0.15% 0.20% 0.00% 0.25%
555 8.960E-02 0.12% 0.22% 0.00% 0.25% 8.937E-02 0.14% 0.20% 0.00% 0.25%
600 1.144E-01 0.11% 0.20% 0.00% 0.23% 1.142E-01 0.13% 0.19% 0.00% 0.23%
650 1.398E-01 0.11% 0.18% 0.00% 0.21% 1.395E-01 0.13% 0.17% 0.00% 0.22%
700 1.613E-01 0.11% 0.17% 0.00% 0.20% 1.611E-01 0.13% 0.16% 0.00% 0.20%
750 1.780E-01 0.10% 0.16% 0.01% 0.19% 1.779E-01 0.12% 0.15% 0.01% 0.19%
800 1.898E-01 0.10% 0.15% 0.00% 0.18% 1.898E-01 0.12% 0.14% 0.00% 0.18%
850 1.969E-01 0.09% 0.14% 0.00% 0.17% 1.970E-01 0.12% 0.13% 0.00% 0.17%
900 1.999E-01 0.09% 0.13% 0.00% 0.16% 2.002E-01 0.11% 0.12% 0.00% 0.17%
950 1.996E-01 0.08% 0.13% 0.01% 0.15% 2.001E-01 0.12% 0.12% 0.01% 0.17%
1000 1.966E-01 0.08% 0.12% 0.01% 0.15% 1.973E-01 0.12% 0.11% 0.01% 0.17%
1100* 1.851E-01 0.10% 0.11% 0.01% 0.15% 1.859E-01 0.15% 0.10% 0.01% 0.18%
1200 1.694E-01 0.12% 0.10% 0.02% 0.16% 1.702E-01 0.18% 0.09% 0.02% 0.20%
1300 1.522E-01 0.15% 0.09% 0.00% 0.18% 1.528E-01 0.18% 0.09% 0.00% 0.20%
1400 1.349E-01 0.17% 0.09% 0.01% 0.19% 1.354E-01 0.18% 0.08% 0.01% 0.20%
1500 1.187E-01 0.16% 0.08% 0.01% 0.18% 1.192E-01 0.17% 0.08% 0.01% 0.19%
1600 1.041E-01 0.16% 0.08% 0.01% 0.18% 1.046E-01 0.16% 0.07% 0.01% 0.17%
1700 9.118E-02 0.21% 0.07% 0.01% 0.22% 9.174E-02 0.18% 0.07% 0.01% 0.20%
1800 7.981E-02 0.26% 0.07% 0.02% 0.27% 8.032E-02 0.23% 0.07% 0.02% 0.24%
1900 6.975E-02 0.30% 0.07% 0.02% 0.31% 7.018E-02 0.27% 0.06% 0.02% 0.27%
2000 6.085E-02 0.33% 0.07% 0.05% 0.34% 6.124E-02 0.31% 0.06% 0.05% 0.32%
2100 5.310E-02 0.33% 0.06% 0.02% 0.34% 5.352E-02 0.29% 0.06% 0.02% 0.30%
2200 4.650E-02 0.36% 0.06% 0.00% 0.37% 4.699E-02 0.28% 0.06% 0.00% 0.28%
2300 4.097E-02 0.40% 0.06% 0.01% 0.41% 4.142E-02 0.36% 0.06% 0.01% 0.37%
2400 3.618E-02 0.59% 0.06% 0.07% 0.60% 3.642E-02 0.40% 0.05% 0.07% 0.41%
2500 3.188E-02 0.50% 0.06% 0.05% 0.51% 3.230E-02 0.25% 0.05% 0.05% 0.26%
23" January 2006 Page 34 of 396 BNM-INM



CCPR K1-a Key Comparison of Spectral Irradiance (250 to 2500 nm) FINAL REPORT

4.9 Lamp Behaviour
4.9.1 BNM-INM Lamps

The following lamps were supplied to BNM-INM by NPL:
FEL BN 9101 233 FEL BN 9101 197 FEL BN 9101 246

FEL BN 9101 233 was damaged at BNM-INM on the first measurement, and has therefore been
removed from the comparison.

Measurements were made in the sequence: BNM — NPL — BNM — NPL. There was an initial
measurement of the lamps at NPL prior to this sequence, however the decision was made to ignore
those results, as discussed in Section 2.7.3.

BNM-INM measured all intercomparison wavelengths from 300 nm to 2500 nm.
4.9.2 Lamp electrical stability

The lamp was operated at 8.100 A at both laboratories, the lamp voltage measured was:

Table 4-8 Electrical Potential across lamp as measured by both laboratories

Lamp Potential first BNM Potential first NP Potential second Potential second
measurement measurement BNM measurement NPL measurement

FEL BN 9101 197 10092to 101.16 V.  101.05V 100.92 to 101.16 V 101.07 V

FEL BN 9101 246 105.64t0 10591V 105.74V 105.64 to 105.91 V 105.77V

4.9.3 Lamp history
Table 4-9 Lamp history for FEL BN 9101 197

Date period Activity Burn hours:minutes
July — August 2000 0" round measurements at NPL (not used) 6:47
September 2000 Hand-carried to BNM-INM

Sept. — Oct. 2000 1* round measurements at BNM-INM 15:30
November 2000 Hand-carried to NPL

February — July 2002 1* round measurements at NPL 12:34
September 2002 Hand-carried to BNM-INM

Oct. 2002 — March 2003 2™ round measurements at BNM-INM 8:30
April 2003 Hand-carried to NPL

June — August 2003 2" round measurements at NPL 17:59
November 2003 Hand-carried to BNM-INM

Table 4-10 Lamp history for FEL BN 9101 246

Date period Activity Burn hours:minutes
July — August 2000 0" round measurements at NPL (not used) 7:12
September 2000 Hand-carried to BNM-INM

Sept. — Oct. 2000 1* round measurements at BNM-INM 16:00
November 2000 Hand-carried to NPL

February — July 2002 1* round measurements at NPL 13:54
September 2002 Hand-carried to BNM-INM

Oct. 2002 — March 2003 2™ round measurements at BNM-INM 8:30
April 2003 Hand-carried to NPL

June — August 2003 2" round measurements at NPL 13:54
November 2003 Hand-carried to BNM-INM
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4.9.4 Lamp stability from pilot measurements

These graphs show the reproducibility of the pilot’s measurements of the BNM lamps. The
difference between the first and second measurement is compared with the uncertainties relating to
effects that were independent between the rounds — the “entirely uncorrelated” and “round correlated”
effects.

1.5% - —NPL difference
—— NPL uncorrelated uncertainty, k=1

1.0% +——>J ——— NPL uncorrelated uncertainty, k=2

0.5% - ~~-e eI
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Difference from round 1 to round 2

-1.5%

-2.0% -
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength / nm

Figure 4-4 Difference between first and second round measurements of FEL BN
9101 197 by NPL. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the NPL measurements
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Figure 4-5 Difference between first and second round measurements of FEL BN

9101 246 by NPL. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the NPL measurements

23" January 2006 Page 36 of 396 BNM-INM



CCPR K1-a Key Comparison of Spectral Irradiance (250 to 2500 nm) FINAL REPORT
4.9.5 Lamp stability from BNM-INM measurements
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Figure 4-6 Difference between first and second round measurements of FEL BN
9101 197 by BNM-INM. The graph also shows the combination of the uncertainties
of the entirely uncorrelated and round-correlated effects of the BNM-INM

measurements
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Figure 4-7 Difference between first and second round measurements of FEL BN
9101 246 by BNM-INM. The graph also shows the combination of the uncertainties
of the entirely uncorrelated and round-correlated effects of the BNM-INM

measurements
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4.9.6

Bilateral comparison between BNM-INM and the comparison scale

This graph shows the difference between the BNM-INM and NPL measurements of the BNM-
INM lamps. A version of this graph normalised to show the relative difference between the lamps, but
not the absolute difference between the measurements was used to assist in choosing which lamp
measurements to use.
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Figure 4-8 Bilateral comparisons of the BNM-INM lamps to the comparison scale

Decisions on which measurements to use

At the pre-draft A stage, the pilot submitted to BNM-INM the information in the graphs Figure
4-4 to Figure 4-8. It was decided that both participant measurements and both pilot measurements
would be used both for FEL BN 9101 197 and for FEL BN 9101 246.
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5.1

Primary scale realisation

FINAL REPORT

Traceability is to PTB. The last calibration was on 25/01/2000, with the calibration certificate
number: S121-4.11-PTB00. The uncertainty in this calibration at the £ = 2 level, is given in Table 5-1.

Table 5-1 Uncertainty of PTB calibration

Uncertainty Start End
wavelength wavelength
£0.001 pW cm™ nm’ 250 nm 260 nm
+3% 270 nm 400 nm
+1.6% 400 nm 800 nm
+3% 800 nm 2000 nm
+5% 2000 nm 2500 nm

5.2

Description of measurement facility

The spectrometer used was the Optronics Laboratories, Inc. OL 750D Basic Spectroradiometer-
Double Monochromator in additive mode.

The facility set-up is shown in Figure 5-1 and the detectors used are listed in Table 5-2. The
integrating sphere is a model OL 1S-430, 6 inch diameter, and 1 inch aperture, PTFE coated sphere.

OL750
74 Reference
System ] lamp or
1 Variable Mirror i :amtp under
es
Detectors Shunt .
\ L Resistance
— Mono- N (-
\ chromator O Laser
Integrating
- Sphere f
PC Multimeter | —

Current Supply

Figure 5-1 Set-up for spectral irradiance measurements
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Table 5-2 Detectors used on spectroradiometer facility

Start End
Detector Model wavelength wavelength
PMT, (Photo Multiplier Tube) OL 750-HSD-310 PMT (S-20) 250 nm 499 nm
Silicon Photodiode OL 750-HSD-300 Silicon 500 nm 999 nm
PbS Photoconductive detector OL 750-HSD-340 PbS 1000 nm 2400 nm
5.3 Laboratory conditions

The range for the temperature in the laboratory was from 20.9 °C to 22.3 °C; but during the
measurement periods, the temperature was kept in the range of =1 °C. Throughout the measurement
periods, the humidity was under 50%.

5.4 Laboratory standards
Reference standard: Tungsten Halogen Lamp, by Omtec, type LDU 1000H, serial no. SN00012.
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5.5 Measurement procedure

The measuring technique is shown in the flow diagram, Figure 5-2.

Begin

!

Preliminary actions

A

Positioning and alignment of Reference Lamp

A
Measurement of Reference Lamp (4 wavelength scans)

Positioning and alignment of Test Lamp 1

v
Measurement of Test Lamp 1 (6 wavelength scans)

A

Positioning and alignment of Test Lamp 2

|

Measurement of Test Lamp 2 (6 wavelength scans)

v

Re-positioning and alignment of Reference Lamp

v

Measurement of Reference Lamp (4 wavelength scans)

)

Figure 5-2 Flow diagram of measurement technique

5.6 Uncertainty determination

The uncertainty of the measurements was estimated according to the “ISO Guide to the Expression
of Uncertainty in Measurement”. The expanded uncertainty is declared with a confidence level of
approximately 95%. Table 5-3 shows the sources of uncertainty in the measurement of spectral
irradiance and Table 5-4 shows the contributions to the standard uncertainty at the interpolated
wavelengths.
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Table 5-3 Contributions to the standard uncertainty of the measurand, in percent

Spectral range / nm 250- 260- 270-— 400- 500- 800- 1000- 2000 -
259 269 399 499 799 999 1999 2500

Standard lamp (detector stabilised lamp)

Calibration Certificate 5.5 3.0 1.5 0.8 0.8 1.5 1.5 2.5
Ageing 0.4 0.4 0.4 0.4 0.2 0.2 0.4 0.4
Type A (repeatability) 1.2 0.9 0.6 022 0.2 0.13 041 0.51
Stray light 1.0 0.8 020 020 020 050 0.8 0.5
Distance (at 70 cm) 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16
Alignment (tilt) 0.1s 0.15 0.15 015 0.15 0.15 0.15 0.15
Wavelength 032 032 032 009 0.05 0.006 0.03 0.03
Test lamp (FEL, without detector stabilisation)

Type A (repeatability) 0.6 0.5 048 025 0.1 0.13  0.15 0.13
Stray light 0.6 0.4 040 0.10 0.10 020 0.2 0.4
Distance (at 50 cm) 046 046 046 046 046 046 046 046
Alignment (tilt, off-axis) 0.15 0.15 0.15 0.5 0.5 0.15 0.15 0.15
Lamp Current 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Wavelength 032 032 032 0.09 0.05 0.006 0.03 0.03
Measuring system stability 0.5 0.5 0.5 0.5 0.2 0.2 0.2 0.2
Combined uncertainty / % 5.9 34 2.0 1.2 1.1 1.7 1.9 2.7

Expanded uncertainty (k=2)/% 11.8 6.8 4.0 2.4 2.2 34 3.8 5.4

Table 5-4 Contributions to the standard uncertainty at interpolation wavelengths,

in percent
Wavelength / nm 310 330 350 370 390 450 550 555 650 750
Combined uncertainty of the 20 20 20 21 16 12 1.1 11 1.1 1.1
interpolation process
Interpolation error 0.03 0.03 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.01
Combined uncertainty / % 20 20 20 21 16 12 11 11 11 1.1

5.6.1 Contributions related to the measurement of the standard lamp

Calibration of the standard lamp: The traceability is to PTB. This is clearly the
dominant contribution.

Ageing: Though the standard lamp is detector-stabilised, a possible ageing effect is
considered, with a similar range that could occur with a “conventional” FEL-lamp.
This can be considered as a “conservative” uncertainty estimation.

5.6.2 Contributions related both to the measurement of the standard and the test lamp

These contributions are considered twice: in the measurements realised with the standard and with
the test lamp.

Repeatability: Run to run repeatability without lamp realignment.

Stray light: The stray is measured individually for the standard and the test lamp and the
resulting correction factors are applied to the measurement results. The estimated
uncertainties of these correction factors are considered in the uncertainty budget. Due
to the different positions of the standard and test lamp (distance of 70 cm and 50 cm),
the uncertainties of the corrections are considered as (approximately) uncorrelated.
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Distance error: For the standard lamp, the reference plane is defined by a lamp mounting
plate. The measurement of the distance to the reference plane of the radiometer is
realised by a calibrated rule with a standard uncertainty of 0.58 mm. For the test lamp,
the distance from the reference plane of the radiometer to the centre of the lamp
filament” is measured using a telescope mounted on a ruled rail and a standard
uncertainty of 1.2 mm is considered (mainly due to the dimensions of the filament).

Alignment errors of the lamps (tilt, off-axis): The uncertainty was estimated
experimentally in previous tests.

Wavelength error: The reproducibility of the selected wavelength of the monochromator
in subsequent wavelength scans was taken into account.

5.6.3 Contributions related exclusively to the measurement of the test lamp

Lamp current’: The combined uncertainty due to the resolution and stability of the
current source and due to the measurement (standard resistor, voltmeter) is
considered. A sensitivity coefficient of 6 is considered to relate the uncertainty of the
lamp current to the corresponding uncertainty in irradiance.

5.6.4 Stability of the measurement system

This contribution considers the possible drift of the complete measurement system during a
complete measuring period (standard — test lamp 1 — test lamp 2 — standard), which was estimated
experimentally. This contribution might be correlated with several of the contributions mentioned
above (wavelength error, repeatability, lamp current); nevertheless, an analysis of the correlation
would be difficult and is not justified due to the relatively small contribution of this term (compared to
the uncertainty of the standard lamp).

5.6.5 Correlation between lamp measurements

Since the lamps were only measured once at CENAM, there is no “round correlation”. The test
lamp repeatability and the system stability are considered uncorrelated. All other effects are
considered between the lamps.

5.7 Correction for current and distance

CENAM measured the lamps on only one occasion and for these measurements strictly followed
the original protocol, both in terms of the wrong current and the wrong distance. Unfortunately this
was not realised until after the completion of the comparison and the publication of pre-draft A. At this
point it was too late to perform any additional experimentation. CENAM developed a model to correct
the data both for current and for distance. The corrected results are presented here, but because of the
uncertainty on the correction, CENAM’s results will not be used for the calculation of the KCRV.

The correction for current was made by making measuring the colour temperature of the lamps at
both operating currents and then calculating the expected change in spectral irradiance from the
difference between Planck’s law at the two obtained temperatures. The uncertainty in this correction
was determined from the variability of the colour temperature measurements. This correction is
shown in Figure 5-3, along with its uncertainty. The uncertainty is considered correlated between all
the lamps.

The correction for distance was made using the inverse square law and assuming a distance of
23.2 mm from the filament to the correct measurement plane. This gives a correction factor of 0.9094.

* The distance measurement was made to the centre of the filament. A correction was applied afterwards, this is discussed in
Section 5.7

¥ The lamps were measured with a current of 8.3 A. This uncertainty corresponds to that measurement. The results were
corrected to match an 8.1 A operational current. This is discussed in Section 5.7.
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No additional uncertainty has been included for this term, because the original uncertainty budget
already includes a term for distance error (see section 5.6.2).
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Figure 5-3 Current correction factor to correct the calibration at 8.3 A. Thin lines
represent uncertainty

5.8 CENAM Results

CENAM measured three lamps on one occasion. Table 5-5 gives the results for FEL BN 9101
211, Table 5-6 gives the results for FEL BN 9101 255 and Table 5-5 gives the results for FEL BN
9101 259.
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Table 5-5 CENAM Results for FEL BN 9101 211. Uncertainties have been split
according to correlation between lamp and are at k = 1.

FEL 211 First round data Second round data
Wavelength | Imadiance g inmme Bty QR Imdianee ey (e Bty (O
round uncertainty round uncertainty
250 1.567E-04 0.78% 6.82% 0.00% 6.87%
260 2.725E-04 0.71% 4.75% 0.00% 4.80%
270 4.543E-04 0.69% 3.78% 0.00% 3.84%
280 7.149E-04 0.69% 3.66% 0.00% 3.72%
290 1.073E-03 0.69% 3.56% 0.00% 3.63%
300 1.562E-03 0.69% 3.48% 0.00% 3.55%
310 2.214E-03 0.69% 3.40% 0.00% 3.47%
320 3.047E-03 0.69% 3.33% 0.00% 3.40%
330 4.078E-03 0.69% 3.26% 0.00% 3.33%
340 5.333E-03 0.69% 3.19% 0.00% 3.26%
350 6.846E-03 0.69% 3.13% 0.00% 3.21%
360 8.625E-03 0.69% 3.06% 0.00% 3.14%
370 1.067E-02 0.69% 3.09% 0.00% 3.17%
380 1.301E-02 0.69% 2.99% 0.00% 3.07%
390 1.567E-02 0.69% 2.68% 0.00% 2.77%
400 1.861E-02 0.56% 2.43% 0.00% 2.50%
450 3.761E-02 0.56% 2.22% 0.00% 2.29%
500 6.202E-02 0.22% 2.09% 0.00% 2.10%
550 8.922E-02 0.22% 1.94% 0.00% 1.95%
555 9.205E-02 0.22% 1.93% 0.00% 1.94%
600 1.162E-01 0.22% 1.85% 0.00% 1.87%
650 1.405E-01 0.22% 1.73% 0.00% 1.75%
700 1.606E-01 0.22% 1.66% 0.00% 1.68%
750 1.761E-01 0.22% 1.59% 0.00% 1.60%
800 1.866E-01 0.24% 2.01% 0.00% 2.02%
850 1.910E-01 0.24% 1.98% 0.00% 2.00%
900 1.918E-01 0.24% 1.95% 0.00% 1.96%
950 1.901E-01 0.24% 1.92% 0.00% 1.94%
1000 1.855E-01 0.25% 2.08% 0.00% 2.10%
1100 1.726E-01 0.25% 2.05% 0.00% 2.07%
1200 1.573E-01 0.25% 2.03% 0.00% 2.04%
1300 1.406E-01 0.25% 2.00% 0.00% 2.02%
1400 1.252E-01 0.25% 1.99% 0.00% 2.01%
1500 1.107E-01 0.25% 1.98% 0.00% 2.00%
1600 9.794E-02 0.25% 1.98% 0.00% 1.99%
1700 8.586E-02 0.25% 1.96% 0.00% 1.98%
1800 7.515E-02 0.25% 1.96% 0.00% 1.97%
1900 6.590E-02 0.25% 1.95% 0.00% 1.97%
2000 5.758E-02 0.24% 2.73% 0.00% 2.74%
2100 5.010E-02 0.24% 2.73% 0.00% 2.74%
2200 4.369E-02 0.24% 2.72% 0.00% 2.73%
2300 3.861E-02 0.24% 2.72% 0.00% 2.74%
2400 3.395E-02 0.24% 2.72% 0.00% 2.73%
2500 3.004E-02 0.24% 2.72% 0.00% 2.73%
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Table 5-6 CENAM Results for FEL BN 9101 255. Uncertainties have been split
according to correlation between lamps and are at k = 1.

FEL 255 First round data Second round data
Wavelength | Imadiance g inmme Bty QR Imdianee ey (e Bty (O
round uncertainty round uncertainty
250 1.263E-04 0.78% 6.82% 0.00% 6.87%
260 2.229E-04 0.71% 4.75% 0.00% 4.80%
270 3.740E-04 0.69% 3.78% 0.00% 3.84%
280 5.875E-04 0.69% 3.66% 0.00% 3.72%
290 9.035E-04 0.69% 3.56% 0.00% 3.63%
300 1.320E-03 0.69% 3.48% 0.00% 3.55%
310 1.887E-03 0.69% 3.40% 0.00% 3.47%
320 2.619E-03 0.69% 3.33% 0.00% 3.40%
330 3.529E-03 0.69% 3.26% 0.00% 3.33%
340 4.648E-03 0.69% 3.19% 0.00% 3.26%
350 6.012E-03 0.69% 3.13% 0.00% 3.21%
360 7.628E-03 0.69% 3.06% 0.00% 3.14%
370 9.496E-03 0.69% 3.09% 0.00% 3.17%
380 1.165E-02 0.69% 2.99% 0.00% 3.07%
390 1.410E-02 0.69% 2.68% 0.00% 2.77%
400 1.682E-02 0.56% 2.43% 0.00% 2.50%
450 3.485E-02 0.56% 2.22% 0.00% 2.29%
500 5.842E-02 0.22% 2.09% 0.00% 2.10%
550 8.532E-02 0.22% 1.94% 0.00% 1.95%
555 8.810E-02 0.22% 1.93% 0.00% 1.94%
600 1.126E-01 0.22% 1.85% 0.00% 1.87%
650 1.375E-01 0.22% 1.73% 0.00% 1.75%
700 1.586E-01 0.22% 1.66% 0.00% 1.68%
750 1.753E-01 0.22% 1.59% 0.00% 1.60%
800 1.869E-01 0.24% 2.01% 0.00% 2.02%
850 1.924E-01 0.24% 1.98% 0.00% 2.00%
900 1.941E-01 0.24% 1.95% 0.00% 1.96%
950 1.932E-01 0.24% 1.92% 0.00% 1.94%
1000 1.897E-01 0.25% 2.08% 0.00% 2.10%
1100 1.773E-01 0.25% 2.05% 0.00% 2.07%
1200 1.624E-01 0.25% 2.03% 0.00% 2.04%
1300 1.455E-01 0.25% 2.00% 0.00% 2.02%
1400 1.303E-01 0.25% 1.99% 0.00% 2.01%
1500 1.154E-01 0.25% 1.98% 0.00% 2.00%
1600 1.022E-01 0.25% 1.98% 0.00% 1.99%
1700 8.975E-02 0.25% 1.96% 0.00% 1.98%
1800 7.865E-02 0.25% 1.96% 0.00% 1.97%
1900 6.912E-02 0.25% 1.95% 0.00% 1.97%
2000 6.036E-02 0.24% 2.73% 0.00% 2.74%
2100 5.263E-02 0.24% 2.73% 0.00% 2.74%
2200 4.594E-02 0.24% 2.72% 0.00% 2.73%
2300 4.056E-02 0.24% 2.72% 0.00% 2.74%
2400 3.572E-02 0.24% 2.72% 0.00% 2.73%
2500 3.159E-02 0.24% 2.72% 0.00% 2.73%
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Table 5-7 CENAM Results for FEL BN 9101 259. Uncertainties have been split
according to correlation between lamps and are at k = 1.

FEL 259 First round data Second round data
Wavelength | Imadiance g inmme Bty QR Imdianee ey (e Bty (O
round uncertainty round uncertainty
250 1.481E-04 0.78% 6.82% 0.00% 6.87%
260 2.583E-04 0.71% 4.75% 0.00% 4.80%
270 4.325E-04 0.69% 3.78% 0.00% 3.84%
280 6.628E-04 0.69% 3.66% 0.00% 3.72%
290 1.028E-03 0.69% 3.56% 0.00% 3.63%
300 1.491E-03 0.69% 3.48% 0.00% 3.55%
310 2.122E-03 0.69% 3.40% 0.00% 3.47%
320 2.935E-03 0.69% 3.33% 0.00% 3.40%
330 3.939E-03 0.69% 3.26% 0.00% 3.33%
340 5.163E-03 0.69% 3.19% 0.00% 3.26%
350 6.645E-03 0.69% 3.13% 0.00% 3.21%
360 8.393E-03 0.69% 3.06% 0.00% 3.14%
370 1.041E-02 0.69% 3.09% 0.00% 3.17%
380 1.273E-02 0.69% 2.99% 0.00% 3.07%
390 1.535E-02 0.69% 2.68% 0.00% 2.77%
400 1.827E-02 0.56% 2.43% 0.00% 2.50%
450 3.727E-02 0.56% 2.22% 0.00% 2.29%
500 6.181E-02 0.22% 2.09% 0.00% 2.10%
550 8.948E-02 0.22% 1.94% 0.00% 1.95%
555 9.232E-02 0.22% 1.93% 0.00% 1.94%
600 1.171E-01 0.22% 1.85% 0.00% 1.87%
650 1.421E-01 0.22% 1.73% 0.00% 1.75%
700 1.629E-01 0.22% 1.66% 0.00% 1.68%
750 1.791E-01 0.22% 1.59% 0.00% 1.60%
800 1.901E-01 0.24% 2.01% 0.00% 2.02%
850 1.949E-01 0.24% 1.98% 0.00% 2.00%
900 1.961E-01 0.24% 1.95% 0.00% 1.96%
950 1.947E-01 0.24% 1.92% 0.00% 1.94%
1000 1.904E-01 0.25% 2.08% 0.00% 2.10%
1100 1.773E-01 0.25% 2.05% 0.00% 2.07%
1200 1.616E-01 0.25% 2.03% 0.00% 2.04%
1300 1.446E-01 0.25% 2.00% 0.00% 2.02%
1400 1.289E-01 0.25% 1.99% 0.00% 2.01%
1500 1.140E-01 0.25% 1.98% 0.00% 2.00%
1600 1.008E-01 0.25% 1.98% 0.00% 1.99%
1700 8.834E-02 0.25% 1.96% 0.00% 1.98%
1800 7.729E-02 0.25% 1.96% 0.00% 1.97%
1900 6.792E-02 0.25% 1.95% 0.00% 1.97%
2000 5.930E-02 0.24% 2.73% 0.00% 2.74%
2100 5.166E-02 0.24% 2.73% 0.00% 2.74%
2200 4.504E-02 0.24% 2.72% 0.00% 2.73%
2300 3.970E-02 0.24% 2.72% 0.00% 2.74%
2400 3.494E-02 0.24% 2.72% 0.00% 2.73%
2500 3.099E-02 0.24% 2.72% 0.00% 2.73%
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NPL’s measurements of lamp BN 9101 211 are given in Table 5-8, NPL’s measurements of lamp
BN 9101 255 are given in Table 5-9 and NPL’s measurements of lamp BN 9101 259 are given in

Table 5-10.

Table 5-8 NPL Results for FEL BN 9101 211. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.

FEL 211 First round data Second round data
Wa\;lellringth /\I;}r ?ﬁ-izagff-l Uncorrelated Sv(i)trlrlfliattgs c]j?rtei{:g d Cs(t);rrllzgi‘fld /&}r ?S_izagfril Uncorrelated Sv?trfufrllatt}?g cﬁ:g:g d Cs(t);rrllz:::ld
round uncertainty round uncertainty
250 1.611E-04 1.14% 0.32% 2.06% 2.37% 1.621E-04 1.53% 0.00% 2.06% 2.56%
260 2.784E-04 0.86% 0.32% 2.05% 2.25% 2.806E-04 1.14% 0.00% 2.05% 2.35%
270 4.575E-04 0.65% 0.31% 2.05% 2.17% 4.615E-04 0.85% 0.00% 2.05% 2.22%
280 7.191E-04 0.50% 0.29% 1.56% 1.66% 7.259E-04 0.64% 0.00% 1.56% 1.69%
290 1.086E-03 0.40% 0.27% 1.08% 1.18% 1.097E-03 0.49% 0.00% 1.08% 1.19%
300 1.584E-03 0.33% 0.33% 0.45% 0.64% 1.601E-03 0.39% 0.15% 0.45% 0.61%
310 2.240E-03 0.28% 0.38% 0.43% 0.64% 2.265E-03 0.32% 0.20% 0.43% 0.58%
320 3.078E-03 0.25% 0.43% 0.37% 0.62% 3.114E-03 0.28% 0.25% 0.37% 0.53%
330 4.126E-03 0.22% 0.47% 0.36% 0.63% 4.176E-03 0.25% 0.28% 0.36% 0.52%
340 5.405E-03 0.17% 0.53% 0.35% 0.66% 5.473E-03 0.22% 0.33% 0.35% 0.53%
350 6.936E-03 0.21% 0.58% 0.34% 0.70% 7.026E-03 0.21% 0.36% 0.34% 0.54%
360 8.738E-03 0.20% 0.67% 0.33% 0.78% 8.854E-03 0.20% 0.43% 0.33% 0.58%
370 1.082E-02 0.19% 0.72% 0.32% 0.81% 1.097E-02 0.19% 0.46% 0.32% 0.59%
380 1.320E-02 0.18% 0.81% 0.31% 0.88% 1.338E-02 0.18% 0.52% 0.31% 0.64%
390 1.587E-02 0.17% 0.78% 0.31% 0.85% 1.610E-02 0.18% 0.50% 0.31% 0.61%
400 1.885E-02 0.17% 0.72% 0.30% 0.80% 1.912E-02 0.18% 0.46% 0.30% 0.58%
450 3.795E-02 0.15% 0.31% 0.27% 0.43% 3.852E-02 0.20% 0.10% 0.27% 0.35%
500 6.265E-02 0.14% 0.31% 0.24% 0.42% 6.358E-02 0.19% 0.00% 0.24% 0.30%
550 9.015E-02 0.13% 0.33% 0.22% 0.42% 9.141E-02 0.16% 0.00% 0.22% 0.27%
555 9.294E-02 0.13% 0.33% 0.22% 0.42% 9.422E-02 0.16% 0.00% 0.22% 0.27%
600 1.175E-01 0.13% 0.33% 0.20% 0.41% 1.190E-01 0.15% 0.00% 0.20% 0.25%
650 1.423E-01 0.06% 0.32% 0.18% 0.38% 1.440E-01 0.14% 0.00% 0.18% 0.23%
700 1.630E-01 0.14% 0.31% 0.17% 0.38% 1.648E-01 0.14% 0.00% 0.17% 0.22%
750 1.788E-01 0.12% 0.30% 0.16% 0.36% 1.807E-01 0.13% 0.00% 0.16% 0.20%
800 1.896E-01 0.11% 0.29% 0.15% 0.34% 1.916E-01 0.12% 0.00% 0.15% 0.19%
850 1.958E-01 0.10% 0.28% 0.14% 0.33% 1.979E-01 0.11% 0.00% 0.14% 0.18%
900 1.981E-01 0.09% 0.26% 0.13% 0.31% 2.001E-01 0.10% 0.00% 0.13% 0.17%
950 1.971E-01 0.09% 0.25% 0.13% 0.30% 1.991E-01 0.10% 0.00% 0.13% 0.16%
1000 1.936E-01 0.09% 0.25% 0.12% 0.29% 1.955E-01 0.10% 0.00% 0.12% 0.16%
1100 1.814E-01 0.09% 0.25% 0.11% 0.29% 1.831E-01 0.12% 0.00% 0.11% 0.16%
1200 1.653E-01 0.09% 0.28% 0.10% 0.32% 1.669E-01 0.16% 0.00% 0.10% 0.19%
1300 1.478E-01 0.10% 0.32% 0.09% 0.35% 1.493E-01 0.20% 0.00% 0.09% 0.22%
1400 1.307E-01 0.10% 0.33% 0.09% 0.36% 1.320E-01 0.23% 0.00% 0.09% 0.25%
1500 1.148E-01 0.10% 0.30% 0.08% 0.32% 1.159E-01 0.22% 0.00% 0.08% 0.24%
1600 1.004E-01 0.09% 0.26% 0.08% 0.28% 1.015E-01 0.22% 0.00% 0.08% 0.23%
1700 8.768E-02 0.12% 0.23% 0.08% 0.27% 8.862E-02 0.31% 0.00% 0.08% 0.31%
1800 7.649E-02 0.25% 0.21% 0.08% 0.34% 7.731E-02 0.44% 0.00% 0.08% 0.44%
1900 6.670E-02 0.42% 0.23% 0.07% 0.49% 6.737E-02 0.57% 0.00% 0.07% 0.58%
2000 5.818E-02 0.54% 0.29% 0.08% 0.62% 5.869E-02 0.68% 0.00% 0.08% 0.69%
2100 5.083E-02 0.61% 0.38% 0.07% 0.73% 5.124E-02 0.69% 0.00% 0.07% 0.69%
2200 4.455E-02 0.82% 0.45% 0.06% 0.94% 4.494E-02 0.73% 0.00% 0.06% 0.73%
2300 3.911E-02 0.96% 0.45% 0.06% 1.06% 3.959E-02 0.77% 0.00% 0.06% 0.77%
2400 3.418E-02 1.46% 0.76% 0.09% 1.65% 3.487E-02 1.13% 0.00% 0.09% 1.14%
231 January 2006 Page 48 of 396 CENAM



CCPR K1-a Key Comparison of Spectral Irradiance (250 to 2500 nm) FINAL REPORT
2500 | 3.048E-02 1.94% 1.46% 0.08% 243% | 3.088E-02 0.98% 0.00% 0.08% 0.99%
Table 5-9 NPL Results for FEL BN 9101 255. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.
FEL 255 First round data Second round data
Wavelength Irrad_izance_l Uncorrelated Sv(i)trlrlielllattgg Entirely Cs(t):rlll()liallzd Irrad_izance_l Uncorrelated Sv(i)trlrlierllatt}fg Entirely Cs(t):rlll:llanrfld
/nm /W m™ nm round correlated uncertainty /W m™ nm round correlated uncertainty
250 1.287E-04 1.37% 0.32% 2.06% 2.49% 1.277E-04 2.19% 0.00% 2.06% 3.01%
260 2.247E-04 1.02% 0.32% 2.05% 2.32% 2.234E-04 1.63% 0.00% 2.05% 2.62%
270 3.729E-04 0.77% 0.31% 2.05% 2.21% 3.713E-04 121% 0.00% 2.05% 2.38%
280 5.918E-04 0.58% 0.29% 1.56% 1.69% 5.898E-04 0.92% 0.00% 1.56% 1.81%
290 9.027E-04 0.45% 0.27% 1.08% 1.20% 8.999E-04 0.70% 0.00% 1.08% 1.29%
300 1.329E-03 0.37% 0.33% 0.45% 0.67% 1.325E-03 0.56% 0.15% 0.45% 0.73%
310 1.895E-03 031% 0.38% 0.43% 0.65% 1.890E-03 0.45% 0.20% 0.43% 0.66%
320 2.627E-03 0.27% 0.43% 0.37% 0.63% 2.619E-03 0.39% 0.25% 0.37% 0.59%
330 3.550E-03 0.24% 0.47% 0.36% 0.64% 3.538E-03 0.34% 0.28% 0.36% 0.57%
340 4.687E-03 0.19% 0.53% 0.35% 0.67% 4.670E-03 0.30% 0.33% 0.35% 0.57%
350 6.060E-03 0.23% 0.58% 0.34% 0.71% 6.036E-03 0.28% 0.36% 0.34% 0.57%
360 7.688E-03 0.22% 0.67% 0.33% 0.78% 7.656E-03 0.26% 0.43% 0.33% 0.60%
370 9.587E-03 0.21% 0.72% 0.32% 0.81% 9.544E-03 0.25% 0.46% 0.32% 0.62%
380 1.177E-02 0.20% 0.81% 0.31% 0.89% 1.171E-02 0.25% 0.52% 0.31% 0.66%
390 1.424E-02 0.19% 0.78% 0.31% 0.86% 1.417E-02 0.24% 0.50% 0.31% 0.64%
400 1.700E-02 0.18% 0.72% 0.30% 0.80% 1.691E-02 0.25% 0.46% 0.30% 0.60%
450 3.507E-02 0.16% 0.31% 0.27% 0.44% 3.487E-02 0.27% 0.10% 0.27% 0.39%
500 5.895E-02 0.15% 0.31% 0.24% 0.42% 5.862E-02 0.25% 0.00% 0.24% 0.34%
550 8.604E-02 0.14% 0.33% 0.22% 0.42% 8.556E-02 0.21% 0.00% 0.22% 0.30%
555 8.881E-02 0.14% 0.33% 0.22% 0.42% 8.832E-02 0.20% 0.00% 0.22% 0.30%
600 1.134E-01 0.13% 0.33% 0.20% 0.41% 1.128E-01 0.18% 0.00% 0.20% 0.27%
650 1.387E-01 0.08% 0.32% 0.18% 0.38% 1.379E-01 0.18% 0.00% 0.18% 0.26%
700 1.603E-01 0.15% 0.31% 0.17% 0.38% 1.593E-01 0.18% 0.00% 0.17% 0.25%
750 1.771E-01 0.13% 0.30% 0.16% 0.36% 1.760E-01 0.17% 0.00% 0.16% 0.23%
800 1.891E-01 0.12% 0.29% 0.15% 0.35% 1.879E-01 0.15% 0.00% 0.15% 0.21%
850 1.965E-01 0.10% 0.28% 0.14% 0.33% 1.951E-01 0.14% 0.00% 0.14% 0.20%
900 1.998E-01 0.10% 0.26% 0.13% 0.31% 1.984E-01 0.13% 0.00% 0.13% 0.19%
950 1.996E-01 0.09% 0.25% 0.13% 0.30% 1.983E-01 0.12% 0.00% 0.13% 0.18%
1000 1.967E-01 0.09% 0.25% 0.12% 0.29% 1.955E-01 0.12% 0.00% 0.12% 0.17%
1100 1.851E-01 0.10% 0.25% 0.11% 0.29% 1.843E-01 0.16% 0.00% 0.11% 0.20%
1200 1.693E-01 0.10% 0.28% 0.10% 0.32% 1.689E-01 0.22% 0.00% 0.10% 0.24%
1300 1.519E-01 0.11% 0.32% 0.09% 0.35% 1.518E-01 0.27% 0.00% 0.09% 0.29%
1400 1.348E-01 0.11% 0.33% 0.09% 0.36% 1.347E-01 0.31% 0.00% 0.09% 0.32%
1500 1.187E-01 0.11% 0.30% 0.08% 0.33% 1.185E-01 0.30% 0.00% 0.08% 0.31%
1600 1.040E-01 0.10% 0.26% 0.08% 0.29% 1.038E-01 0.30% 0.00% 0.08% 0.31%
1700 9.064E-02 0.14% 0.23% 0.08% 0.28% 9.072E-02 0.43% 0.00% 0.08% 0.44%
1800 7.886E-02 0.30% 0.21% 0.08% 0.37% 7.914E-02 0.60% 0.00% 0.08% 0.61%
1900 6.867E-02 0.50% 0.23% 0.07% 0.56% 6.898E-02 0.79% 0.00% 0.07% 0.80%
2000 6.003E-02 0.62% 0.29% 0.08% 0.69% 6.018E-02 0.95% 0.00% 0.08% 0.96%
2100 5.275E-02 0.64% 0.38% 0.07% 0.75% 5.267E-02 0.95% 0.00% 0.07% 0.95%
2200 4.651E-02 0.82% 0.45% 0.06% 0.94% 4.632E-02 0.97% 0.00% 0.06% 0.98%
2300 4.091E-02 0.97% 0.45% 0.06% 1.07% 4.086E-02 1.07% 0.00% 0.06% 1.07%
2400 3.564E-02 1.46% 0.76% 0.09% 1.64% 3.594E-02 1.62% 0.00% 0.09% 1.63%
2500 3.192E-02 1.93% 1.46% 0.08% 2.42% 3.169E-02 1.38% 0.00% 0.08% 1.39%
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Table 5-10 NPL Results for FEL BN 9101 259. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.

FEL 259 First round data Second round data
Wa\;fllringth /\I;]r i]i_iza;l;?l Uncorrelated Cw?tzfrlla:;g cljfrtg:g d Cs?;llzgzd /,{{/.r ?S_iza;lrcf,l Uncorrelated Sv?gfrllaslexg CE?TZEEZ d Cs?;lrllzﬁzd
round uncertainty round uncertainty
250 1.512E-04 0.74% 0.32% 2.06% 2.21% 1.502E-04 1.53% 0.00% 2.06% 2.56%
260 2.623E-04 0.56% 0.32% 2.05% 2.15% 2.611E-04 1.14% 0.00% 2.05% 2.35%
270 4.327E-04 0.43% 0.31% 2.05% 2.11% 4.312E-04 0.85% 0.00% 2.05% 2.22%
280 6.825E-04 0.34% 0.29% 1.56% 1.62% 6.808E-04 0.64% 0.00% 1.56% 1.69%
290 1.035E-03 0.28% 0.27% 1.08% 1.15% 1.033E-03 0.49% 0.00% 1.08% 1.19%
300 1.514E-03 0.24% 0.33% 0.45% 0.60% 1.512E-03 0.39% 0.15% 0.45% 0.61%
310 2.147E-03 0.21% 0.38% 0.43% 0.61% 2.146E-03 0.32% 0.20% 0.43% 0.58%
320 2.959E-03 0.19% 0.43% 0.37% 0.60% 2.960E-03 0.28% 0.25% 0.37% 0.53%
330 3.976E-03 0.17% 0.47% 0.36% 0.62% 3.980E-03 0.25% 0.28% 0.36% 0.52%
340 5.223E-03 0.11% 0.53% 0.35% 0.65% 5.230E-03 0.22% 0.33% 0.35% 0.53%
350 6.720E-03 0.18% 0.58% 0.34% 0.69% 6.732E-03 0.21% 0.36% 0.34% 0.54%
360 8.485E-03 0.17% 0.67% 0.33% 0.77% 8.505E-03 0.20% 0.43% 0.33% 0.58%
370 1.053E-02 0.16% 0.72% 0.32% 0.80% 1.056E-02 0.19% 0.46% 0.32% 0.59%
380 1.287E-02 0.15% 0.81% 0.31% 0.88% 1.292E-02 0.18% 0.52% 0.31% 0.64%
390 1.551E-02 0.15% 0.78% 0.31% 0.85% 1.557E-02 0.18% 0.50% 0.31% 0.61%
400 1.846E-02 0.14% 0.72% 0.30% 0.80% 1.853E-02 0.18% 0.46% 0.30% 0.58%
450 3.747E-02 0.13% 0.31% 0.27% 0.43% 3.766E-02 0.20% 0.10% 0.27% 0.35%
500 6.229E-02 0.13% 0.31% 0.24% 0.42% 6.260E-02 0.19% 0.00% 0.24% 0.30%
550 9.013E-02 0.12% 0.33% 0.22% 0.42% 9.052E-02 0.16% 0.00% 0.22% 0.27%
555 9.296E-02 0.12% 0.33% 0.22% 0.42% 9.335E-02 0.16% 0.00% 0.22% 0.27%
600 1.180E-01 0.12% 0.33% 0.20% 0.40% 1.184E-01 0.15% 0.00% 0.20% 0.25%
650 1.434E-01 0.04% 0.32% 0.18% 0.37% 1.438E-01 0.14% 0.00% 0.18% 0.23%
700 1.648E-01 0.13% 0.31% 0.17% 0.38% 1.651E-01 0.14% 0.00% 0.17% 0.22%
750 1.811E-01 0.12% 0.30% 0.16% 0.36% 1.814E-01 0.13% 0.00% 0.16% 0.20%
800 1.924E-01 0.11% 0.29% 0.15% 0.34% 1.927E-01 0.12% 0.00% 0.15% 0.19%
850 1.990E-01 0.10% 0.28% 0.14% 0.33% 1.993E-01 0.11% 0.00% 0.14% 0.18%
900 2.015E-01 0.09% 0.26% 0.13% 0.31% 2.019E-01 0.10% 0.00% 0.13% 0.17%
950 2.007E-01 0.09% 0.25% 0.13% 0.30% 2.010E-01 0.10% 0.00% 0.13% 0.16%
1000 1.972E-01 0.08% 0.25% 0.12% 0.29% 1.976E-01 0.10% 0.00% 0.12% 0.16%
1100 1.849E-01 0.08% 0.25% 0.11% 0.29% 1.853E-01 0.12% 0.00% 0.11% 0.16%
1200 1.687E-01 0.08% 0.28% 0.10% 0.31% 1.690E-01 0.16% 0.00% 0.10% 0.19%
1300 1.510E-01 0.08% 0.32% 0.09% 0.34% 1.513E-01 0.20% 0.00% 0.09% 0.22%
1400 1.336E-01 0.08% 0.33% 0.09% 0.35% 1.339E-01 0.23% 0.00% 0.09% 0.25%
1500 1.173E-01 0.08% 0.30% 0.08% 0.32% 1.176E-01 0.22% 0.00% 0.08% 0.24%
1600 1.026E-01 0.08% 0.26% 0.08% 0.28% 1.029E-01 0.22% 0.00% 0.08% 0.23%
1700 8.962E-02 0.11% 0.23% 0.08% 0.26% 8.986E-02 0.31% 0.00% 0.08% 0.31%
1800 7.825E-02 0.19% 0.21% 0.08% 0.30% 7.847E-02 0.44% 0.00% 0.08% 0.44%
1900 6.839E-02 0.31% 0.23% 0.07% 0.39% 6.850E-02 0.57% 0.00% 0.07% 0.58%
2000 5.983E-02 0.38% 0.29% 0.08% 0.49% 5.983E-02 0.68% 0.00% 0.08% 0.69%
2100 5.243E-02 0.40% 0.38% 0.07% 0.56% 5.235E-02 0.69% 0.00% 0.07% 0.69%
2200 4.608E-02 0.52% 0.45% 0.06% 0.69% 4.592E-02 0.73% 0.00% 0.06% 0.73%
2300 4.059E-02 0.60% 0.45% 0.06% 0.76% 4.033E-02 0.77% 0.00% 0.06% 0.77%
2400 3.563E-02 0.91% 0.76% 0.09% 1.19% 3.535E-02 1.13% 0.00% 0.09% 1.14%
2500 3.170E-02 1.22% 1.46% 0.08% 1.91% 3.138E-02 0.98% 0.00% 0.08% 0.99%
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5.10 Lamp Behaviour

The following lamps were supplied to CENAM by NPL:
FEL BN 9101 211 FEL BN 9101 259 FEL BN 9101 255
Measurements were made in the sequence: NPL — CENAM — NPL.

CENAM measured all intercomparison wavelengths. CENAM did not make a second
measurement of the lamps.

5.10.1 CENAM lamps
5.10.2 Lamp electrical stability

The lamp was operated at 8.100 A at NPL and 8.3 A at CENAM, the lamp voltage measured was:

Lamp Potential first Potential first Potential second
NPL CENAM NPL
measurement measurement measurement

FEL BN 9101 211 1055V 110.1-1109 V 1055V

FEL BN 9101 259 109.1 V 114.1-114.2V 1093V

FEL BN 9101 255 104.1V 108.8-109.3 V 1042V

5.10.3 Lamp history

Table 5-11 Lamp history for FEL BN 9101 211

Date period Activity Burn hours:minutes
March — April 2001 1¥ round measurements at NPL 6:50

May 2001 Hand-carried to CENAM

November 2001 1* round measurements at CENAM 8:34
January 2002 Hand-carried to NPL

February — April 2002 2" round measurements at NPL 9:54

April 2002 Hand-carried to CENAM

Table 5-12 Lamp history for FEL BN 9101 259

Date period Activity Burn hours:minutes
March — April 2001 1* round measurements at NPL 8:02

May 2001 Hand-carried to CENAM

November 2001 1* round measurements at CENAM 9:23
January 2002 Hand-carried to NPL

February — April 2002 2" round measurements at NPL 7:11

April 2002 Hand-carried to CENAM

Table 5-13 Lamp history for FEL BN 9101 255

Date period Activity Burn hours:minutes
March — April 2001 1* round measurements at NPL 10:27

May 2001 Hand-carried to CENAM

November 2001 1* round measurements at CENAM 8:15
January 2002 Hand-carried to NPL

February — April 2002 2" round measurements at NPL 8:31

April 2002 Hand-carried to CENAM
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5.10.4 Lamp stability from pilot measurements

These graphs show the reproducibility of the pilot’s measurements of the CENAM lamps. The
difference between the first and second pilot measurement is compared with the uncertainties relating
to effects that were independent between the rounds — the “entirely uncorrelated” and “round
correlated” effects.

6.0% :
—NPL difference _
— NPL uncorrelated uncertainty, k=1 ,/
4.0% - -—- NPL uncorrelated uncertainty, k=2 //

2.0%

0.0%

-2.0%

Difference from round 1 to round 2

-4.0%

-6.0% -
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength / nm

Figure 5-4 Difference between first and second round measurements of FEL BN

9101 211 by NPL. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the NPL measurements
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Figure 5-5 Difference between first and second round measurements of FEL BN
9101 259 by NPL. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the NPL measurements
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Figure 5-6 Difference between first and second round measurements of FEL BN
9101 255 by NPL. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the NPL measurements

23" January 2006 Page 53 of 396

CENAM



CCPR K1-a Key Comparison of Spectral Irradiance (250 to 2500 nm) FINAL REPORT

5.10.5 Lamp stability from CENAM measurements
As there is only one set of CENAM measurements, there is no lamp stability data from CENAM.
5.10.6 Bilateral comparison between CENAM and the comparison scale

This graph shows the difference between the CENAM and NPL measurements of the CENAM
lamps. A version of this graph normalised to show the relative difference between the lamps, but not
the absolute difference between the measurements was used to assist in choosing which lamp
measurements to use.
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Figure 5-7 Difference between bilateral comparisons of the CENAM lamps

5.11 Decisions on which results to use

At the pre-draft A stage, the pilot submitted to CENAM the information in the graphs Figure 5-4
to Figure 5-7. It was decided all measurements would be used for both FEL BN 9101 259 and for FEL
BN 9101 255, but that FEL BN 9101 211 would not be used for the comparison, because this lamp
changed between the two NPL measurements by more than the NPL uncertainty.
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6 Measurements at CSIRO"

6.1 Primary Scale Realisation

The spectral irradiance units are based on two inputs:
= the NML2003 scale of relative spectral irradiance [1], and
= the NML1997 unit of illuminance [2].

The measured values of relative spectral irradiance normalised at 550 nm are used together with
illuminance measurements from the lamps at the required distance to normalise the relative values to
SI spectral irradiance units. The independently established NML1997 illuminance unit is used for this.

6.1.1 Basis of the NML2003 relative spectral irradiance scale

Filter radiometers with spectral bandwidths of about 50 nm and peak wavelengths near 340, 450,
550, 700, 940, 1300 and 1540 nm have been built and fitted four at a time into an integrating sphere
and calibrated in the sphere for spectral responsivity using the NML1998 scale of spectral responsivity
[3]. Measurements of signal ratios from pairs of radiometers were made for flux entering the sphere
from each of several types of tungsten halogen reference lamps operated at between 3000 and 3200 K
distribution temperature.

The lamps were then compared spectrally with a high-temperature graphite blackbody [4,5]
operated at a temperature between 2850 and 2950 K. A mirror optical system was constructed to
allow comparison of irradiance from the whole lamp and from a part of the bottom of the cavity wall
with a diameter of about 2 mm in such a way that the spectral reflection function of the system was
common to both sources and therefore did not have to be measured. The mirror system is shown in
Figure 6-1.

For each lamp, the measured relative spectral power ratios p(A) are used with the signal ratios

S1/S, from each pair of filter radiometers to find the blackbody temperature 7 that solves the following
Equation (6-2):

E(4)=L(4,T)p(4) (6-1)
S, / S, = j E()R(D)dA/ j E(A)R,(A)dA
= jL(;L,T) P(AR (A)dA / j L(A,T)p(A)R,(A)d A

where E(1) is the lamp relative spectral irradiance, L(A,7) is the blackbody relative spectral
radiance at temperature 7, and R,(1) and R»(4) are the radiometer spectral responses. All distributions
are normalised to unity at the same wavelength. The lamp spectral power distribution is then given by
Equation (6-1).

(6-2)

Each comparison of the lamp and blackbody spanned wavelength ranges sufficient to determine
blackbody temperatures based on pairs of filter radiometers with peak response wavelengths between
340 and 700 nm or between 700 and 1540 nm.

The uncertainty in the response of each filter radiometer, spectrally integrated with a lamp spectral
power distribution approximating that of the reference lamps, was calculated using the NML1998
spectral response scale and transfer uncertainties. Standard uncertainties are:

* The CSIRO National Measurement Laboratory (CSIRO in this comparison) was recently combined with the
Australian Government Analytical Laboratories and the National Standards Commission and placed within the
Australian Government Department of Industry, Tourism and Resources to form the National Measurement
Institute of Australia, and will in future be known internationally as NMIA
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= for peak wavelengths: 700, 940 nm — 0.10%, for 550 nm — 0.15%,
s for 340 nm — 0.34%, 450 nm — 0.18%, for 1300 nm — 0.39%, for 1540 nm — 0.17%.

Combining these uncertainties for pairs of radiometers for ratio measurements and using their
effective wavelengths, the uncertainty in the measurement of a temperature of a blackbody near
2900 K can be obtained from combined uncertainties. For example, for the pair with peak
wavelengths of 450 nm and 700 nm, the combined uncertainty is 0.26%, which results in a
temperature uncertainty of about 2.1 K.

Figure 6-1 Concentric mirror system M1 and M2 in position (a) images the
blackbody with a linear magnification of x 8, or in conjugate position (b) images
the lamp with a magnification of % 1/8 onto an aperture 4 in front of a plane Halon
target plate B. A small area of the plate is imaged onto the monochromator
entrance slit by mirror M3.

Temperature results obtained using the radiometer with peak response near 340 nm were
significantly different from those obtained with responses at longer wavelengths and were rejected on
the basis of probable under-estimation of filter long-wavelength out-of band transmission.
Temperatures and their uncertainties obtained from the ratios 450/700 nm and 700/940 nm were use to
obtain weighted average temperatures and their uncertainties for lamp-blackbody comparisons in the
range 250 — 1300 nm. The radiometer with peak response near 940 nm could not be paired with any
other of the shorter-wavelength radiometers.

For the IR comparisons, “ratio temperatures” were measured using the ratios 700/1300 nm and
940/1540 nm.  These were also combined to obtaine weighted mean temperatures and their
uncertainties. For the temperatures measured for the 250 — 1300 nm comparisons the assessed
standard uncertainty in the blackbody temperatures was 2.0 K. For the comparisons covering the
range 650 — 2500 nm, the temperature uncertainty from the filter radiometers was 3.5 K.
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6.2 Description of measurement facility

For the measurements of illuminance, the transfer lamps were set up at the required distance of
500.0 mm from the photometer on an optical bench with suitable black curtains, screens and shutter
and with a 200 mm-diameter gloss black-painted light-trap behind the lamp to eliminate background
reflections.

The system used for the relative spectral irradiance measurements consisted of a McPherson
model 285 grating monochromator fitted with a model 608M1 quartz prism pre-disperser. The
monochromator was used with either single or double gratings for different wavelength ranges, as
indicated in Table 6-1. For infra-red wavelength measurements an additional RG780 filter or a silicon
filter was used as an order-sorter and to reduce the level of stray-light.

Table 6-1 Monochromators and detectors used for comparing spectral irradiance

lamps
Wavelength ~ Mono- Blaze Spectral Detector Amplifier, gain
range /nm chromator  wavelength bandwidth
/nm /nm
240 —-900 Double 300 2 Hamamatsu R562 AD515KH op amp
PMT #SA4965 1 MQ
400 - 750 Double 500 2 Hamamatsu Si ADS515KH op amp
S1337-1010BQ 1 GQ
800 — 1700 Single 1000 8 Telcom Devices ADS515KH op amp
(round 1) InGaAs # TD1 100 MQ
Double 1000 4
(round 2)
1700 - 2500  Single 1850 8 NEP 10x5 mm 2 NEP DMC?7 + Ithaco 3
stage cooled PbS Dynatrac lockin PSD

The configuration of the lamps and input optics to the monochromator is shown in Figure 6-2.

The reference and comparison lamps were each operated in a cylinder of diameter 310 mm, height
420 mm, open at the top and with a 50 mm gap between the bottom of the cylinder and the top of the
table to allow natural circulation of room air. The cylinder is painted matt black and has a 90 mm-
diameter viewing aperture opposite the lamp and a 200 mm-diameter aperture behind the lamp that is
covered by a conical gloss-black light-trap. The measurement system could not see any of the cylinder
wall.

The two lamps, housed in this way, irradiate in turn at normal incidence a plane 50x50 mm BaSO,
plate (Karl Liiers). Lamp — plate distances are from 500 to 600 mm (for measurement of relative
spectral irradiances only). The plate is rotated through 90° to face either lamp and flux reflected by the
plate on an axis approx. 45° from the normal is collected by a small concave spherical mirror M1 and
directed over the plate to a second spherical mirror M2 which images the first mirror onto the
monochromator entrance slit via a plane mirror, M3. The effective target area of the plate viewed by
the monochromator is oval, approx 40x30 mm. The system is symmetric about the vertical plane
containing the monochromator entrance beam axis. Lamp positions are swapped to check and correct
for any small level of spectral bias between the two positions.
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M2

Monoch. slit

M1

shutter I

Figure 6-2 Spectral irradiance target optics used at CSIRO

6.2.1.1 Detectors and amplifiers

Four types of detectors and circuits were used for the lamp comparisons. Details of these are given
in Table 6-1.

6.3 Laboratory conditions

The measurements reported here have been performed in laboratories having ambient temperatures
0of 21.0 °C £ 0.5 °C and relative humidity 50 % £ 10 %.

6.4 Laboratory standards

All lamps used are of the tungsten halogen type — the standard lamps used to provide the
NML2003 scale of relative spectral irradiance were:

= one Ushio Electric 100 V 500 W (as used in the 1975 CCPR key comparison),
= one GEC 14 A 750 W (transfer lamp in 1990 intercomparison)

= one GE FEL 120 V 1000 W (transfer lamp in 1990)

» three Sylvania FEL 120 V 1000 W.

These lamps are operated at distribution temperatures between 3100 and 3200 K. They therefore
have similar distribution temperatures and power levels to those of the comparison lamps. Therefore,
the low levels of uncertainty assessed for stray-light and wavelength effects result from the common
influences these have on both reference and test lamps.

The illuminance standards used to provide the NML1997 illuminance unit were
= Philips type 6369 24 V 250 W

which were operated at a distribution temperature of 2856 K.
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6.5 Measurement procedure
6.5.1 Scan method

Spectral ranges were chosen (as given in Table 6-1) for each detector, and each range was broken
up into blocks which were scanned in turn for each lamp. A reference wavelength was adopted at
which signals were also recorded for each lamp at the beginning and end of each block scan. The
ratios of the two lamp spectral power distributions normalised at the reference wavelength were
thereby obtained.

The reference wavelength for measurements in the range 250 — 1000 nm was 555 nm. For the
infrared scans it was 1000 nm or 1500 nm. These wavelengths were chosen to tie in the ratios of the
lamp relative spectral power distributions to normalise all values to the wavelength 555 nm. The ratios
were then multiplied by the reference lamp relative spectral irradiances to obtain those of the test
lamp. Finally, these values were multiplied by the spectral irradiance at the normalising wavelength,
555 nm, obtained from the illuminance measurement.

6.5.2 Correlations and degrees of freedom

The uncertainties that have been assessed for each lamp for each round of the tests have been
divided into their categories of correlation and are given in the Tables 1-6 to 1-8.

6.5.2.1 Round 1

The three sets of spectral irradiances submitted in round 1 for each of the three lamps all share
common relative spectral irradiances, measured with only one set-up, but their absolute values have
scaling factors obtained from measurements of illuminance made using different set-ups on three
different occasions. Therefore, the relative spectral irradiances will be found to be 100 % correlated,
whereas the absolute components will only be partially correlated by the common type B component
of the NML illuminance scale uncertainty.

The “uncorrelated” uncertainties given in Tables 6-6 to 6-8 are for round 1 uncorrelated between
the three lamps. However, only a component of 0.11 % of these uncertainties is uncorrelated between
the three measurements reported for each lamp. The rest of each of these uncertainties is correlated.

Each of these measurements involves taking mean values of large numbers of readings, resulting
in large degrees of freedom. The generation of the three sets of spectral irradiances is outlined in
Figure 6-3.

6.5.2.2 Round 2

Three sets of relative spectral irradiances of each lamp were measured in round 2 using three
separate reference standards of relative spectral irradiance. Their spectral irradiances have been
measured by comparison with blackbody radiation and their calibrations together form the NML2003
scale of relative spectral irradiance. Their calibration values are almost wholly uncorrelated, so the
three transfers to these key comparison transfer lamps are themselves virtually uncorrelated. The
“uncorrelated” components given in Tables 6-6 to 6-8 thus refer to both the three sets of measurements
for each lamp and between the three lamps themselves.

For round 2 only, one set of spectral comparisons was made between each reference and transfer
lamp. By examining the results from the three reference lamps across about eight lamps that were
calibrated it was possible to compare the differences at each wavelength. The spread of these was also
used as a measure of the transfer uncertainties and these were consistent with those calculated on the
basis of the standard deviations of the 50 readings taken at each measurement point in the
comparisons.

For the illuminance measurements a set of four lamp standards of illuminance was used to
calibrate a photometer that was then used to measure the transfer lamp illuminances. This whole
procedure was done on three occasions.
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After correcting the measured illuminances for differences between the spectra of the illuminance
standards (at Il A) and the spectral irradiance lamps (at DT about 3000 K) and the mismatch of the
photometer spectral response with V(A), one illuminance value was combined with one of the
measured sets of relative spectral irradiances to obtain three independent sets of absolute spectral
irradiances. The degree of correlation of these is assessed as <10 %.

Measure lamp Spectral
illuminance, test 1 irradiances, set 1
Measure lamp

illuminance, test 2 | ’
Measure lamp /ISZ'UP only \A Spectral

4-5 separate tests irradiances, set 3
Each wavelength of

each test has min DOF = 49

Relative
spectral . .
irradiance L, irradiances, set 2

Spectral

illuminance, test 3

3 individual set-ups Correlated by common

each test has DOF = 19 relative spectral irradiance
and type B component of
lamp illuminance uncertainty
Minimum DOF = 200

Figure 6-3 Relationship of inputs to 3 sets of results of spectral irradiances
submitted for round 1 of K1-a key comparison by CSIRO

6.6 Uncertainty determination

Uncertainty budgets for each round are given in Table 6-2 and Table 6-3. They are slightly
different for the two rounds due to the use of different reference lamps and slightly different
equipment configuration. The uncertainties for round 2 are combined into type A and type B
components in a summary Table 6-5.

Some details of the uncertainties assessed for the blackbody temperatures have been discussed in
section 6.1.1 above. When the spectra of lamps calibrated directly from the blackbody were compared
(via common comparisons with many other test lamps), differences that appeared to be explained by
relative discrepancies in their temperatures amounting to 1 — 3.5 K were found. These were larger than
expected from random transfer uncertainties. The lamps were deliberately selected to represent
different filament and envelope geometries in order to reveal systematic errors in the lamp and
blackbody imaging system. It has been assumed that this source of systematic error may be present
and Type B uncertainties have been included for it (component 13, Table 6-2 and Table 6-3).

In the comparison of the lamps with the blackbody, Type A transfer uncertainties were obtained
that have been converted to Type B uncertainties in the scale as represented by these lamps
(component 14, Table 6-2 and Table 6-3).

It has been stated before that the results from CSIRO are obtained by normalising measured
relative spectral irradiances by measuring the lamp illuminance and then calculating the absolute
spectral irradiance at the wavelength (555 nm) where the relative distributions are normalised. The
uncertainties at 555 nm should be due only to uncertainties associated with the illuminance
measurements.
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In combining the three sets for each lamp for the two rounds, it has been noticed that the standard
deviations of the values at 555 nm considerably exceed the sums of the random uncertainty
components previously estimated for the illuminance measurement. The illuminances vary quite
randomly over the 6 sets of measurements, with standard deviations between 0.05 % and 0.16 % and a
mean of 0.09 %. These are not explainable by lamp current uncertainties or positioning uncertainties
when a distance uncertainty of 0.05 mm in 500 mm is used between the reference plane on the lamp
base and the photometer plane.

We now consider that it is possible that the large filaments in this type of lamp may well move
about randomly with heating, cooling and handling, with effective planes shifting by as much as
0.2 mm. A shift by this amount, treated as a standard deviation, results in a variation in spectral
irradiances with a standard deviation of 0.08 %.

We have, so far, no solid evidence for such shifts but in order to explain our observed changes in
illuminance we are postulating possible changes in filament planes of 0.2 mm (SD) with
accompanying uncertainties in irradiances of 0.08 %. This Type A uncertainty has been added to the
uncertainty budgets previously submitted.

The uncertainties and combined uncertainty in the lamp illuminance measurements that were used
to obtain the normalisation factor for the relative spectral irradiances to obtain the absolute spectral
irradiances are given in Table 6-4.
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Table 6-2 Round I uncertainties. All values are standard uncertainties in %

Key

1 - NML1997 illuminance scale
2 - Reference lamp transfers to photometer
3 - agreement between illuminance standards 9 - illuminance stray light

4 - Transfers photometer to test lamps

6 - distance
7 - photometer non-linearity
8 - angular setting and illuminance field non-uniformity

12 - uncertainty in blackbody window transmittances
13 - Blackbody to lamp transfer optical effects

14 - Transfers blackbody to reference lamps

15 - Transfers reference to CCPR transfer lamps

10 - photometer colour correction and spectral integration 16 - lamp current for spectral tests

5 - lamp current for illuminance tests 11 - Uncertainty in blackbody temperature 17 - wavelength error and reproducibility

[lluminance measurements to normalise relative spectral irradiances Relative spectral irradiance measurements Total uncertainties
Type:| B A B A B A B B B B B B B B A B B | Type Type Type
Key: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 A B A+B
250 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 005 0.5 0.04 1.3 0.04 0754 0.8 0508 0.12 0.01 |0.515 1.79 1.863
260 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 005 05 0.04 |0.692 0.04 0.701 0.5 0.215 0.111 0.01 |0.229 1.235 1.256
270 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 005 0.5 0.04 |0.643 0.04 0.652 045 0.133 0.103 0.01 |0.156 1.16 1.17
280 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 005 0.5 0.04 |0.598 0.04 0.607 0.4 0.109 0.096 0.01 [0.135 1.09 1.098
290 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 005 0.5 0.04 | 0557 0.04 0564 03 0.09 0.09 0.010.121 1.009 1.017
300 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 0.5 0.04 |0.518 0.04 0.525 0.2 0.078 0.083 0.01 |0.112 0.94 0.946
310 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 0.5 0.04 | 0481 0.04 0.488 0.15 0.065 0.077 0.01 |0.103 0.889 0.895
320 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 0.5 0.04 |0.447 0.04 0453 0.15 0.054 0.072 0.01 |0.097 0.852 0.857
330 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 | 0415 0.04 0421 0.15 0.05 0.067 0.01 |0.095 0.818 0.823
340 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 005 05 0.04 |038 0.04 039 0.15 0.044 0.062 0.01 |0.092 0.787 0.792
350 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 0.5 0.04 |035 0.04 0361 0.15 0.04 0.057 0.01 | 0.09 0.759 0.764
360 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 005 05 0.04 | 033 0.04 0.334 0.15 0.036 0.053 0.01 |0.088 0.733 0.739
370 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 005 0.5 0.04 | 0304 0.04 0308 0.15 0.036 0.049 0.01 |0.088 0.711 0.716
380 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 005 05 0.04 | 028 0.04 0.284 0.15 0.03 0.045 0.01 |0.086 0.69 0.695
390 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 0.5 0.04 |0.257 0.04 0.261 0.15 0.03 0.041 0.01 |0.086 0.671 0.677
400 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 0.5 0.04 |0236 0.04 0.239 0.1 0.027 0.038 0.01 |0.085 0.645 0.651
450 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 005 0.5 004 |0.142 0.04 0.144 0.1 0.027 0.023 0.01 |0.085 0.586 0.592
500 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 005 05 0.04 |0.067 0.04 0068 0.1 0.027 0.011 0.01 |0.085 0.558 0.565
550 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 005 05 0.04 |0.006 0.04 0.006 0.1 0.027 0.001 0.01 |0.085 0.55 0.556
555 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 0 0 0 0 0 0 0 | 0.08 0.539 0.545
600 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 005 0.5 0.04 |0.045 0.04 0.046 0.1 0.027 0.007 0.01 |0.085 0.554 0.56
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Key 6 - distance 12 - uncertainty in blackbody window transmittances

1 - NML1997 illuminance scale 7 - photometer non-linearity

13 - Blackbody to lamp transfer optical effects

2 - Reference lamp transfers to photometer 8 - angular setting and illuminance field non-uniformity 14 - Transfers blackbody to reference lamps

3 - agreement between illuminance standards 9 - illuminance stray light

15 - Transfers reference to CCPR transfer lamps
4 - Transfers photometer to test lamps 10 - photometer colour correction and spectral integration 16 - lamp current for spectral tests

5 - lamp current for illuminance tests 11 - Uncertainty in blackbody temperature 17 - wavelength error and reproducibility

[lluminance measurements to normalise relative spectral irradiances Relative spectral irradiance measurements Total uncertainties
Type:| B A B A B A B B B B B B B B A B B | Type Type Type
Key: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 A B A+B
650 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 |0.08 0.04 0.09 0.1 0.027 0.014 0.01 {0.085 0.564 0.571
700 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 0.5 0.04 |0.125 0.04 0.178 0.1 0.04 0.02 0.01 | 0.09 0.592 0.599
750 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 0.5 0.04 |0.184 0.04 0266 0.1 0.04 0.025 0.01 | 0.09 0.639 0.645
800 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 |0.235 0.04 0252 0.1 0.05 0.03 0.01 [0.095 0.65 0.656
850 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 | 028 0.15 0212 0.1 0.05 0.034 0.01 [{0.095 0.669 0.676
900 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 | 032 0.15 0.234 0.1 0.05 0.038 0.01 |0.095 0.694 0.701
950 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 0.5 0.04 | 0355 0.15 0254 0.1 0.05 0.041 0.01 |0.095 0.718 0.724
1000 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 |0387 0.15 0271 0.1 0.05 0.044 0.01 {0.095 0.741 0.747
1100 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 |0441 0.15 0301 0.3 0.078 0.049 0.01 {0.112 0.831 0.839
1200 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 | 048 0.15 0.338 0.3 0.078 0.053 0.01 {0.112 0.87 0.877
1300 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 | 0523 0.15 0369 03 0.078 0.056 0.01 |0.112 0.903 0.91
1400 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 |0.554 0.15 0.395 0.35 0.172 0.059 0.01 | 0.19 0.95 0.969
1500 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 |0581 0.15 0418 04 0.078 0.062 0.01 {0.112 0.995 1.001
1600 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 |0819 0.15 0437 04 0.078 0.064 0.01 |0.112 1.157 1.163
1700 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 | 0908 0.15 0453 04 0.206 0.066 0.01 |0.221 1.228 1.248
1800 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 | 1325 0.15 0468 04 0.251 0.068 0.01 |0.264 1.566 1.588
1900 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 |1.164 0.15 0481 04 0.125 0.069 0.01 [0.149 1.437 1.444
2000 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 |1.279 0.15 0492 04 0.148 0.071 0.01 [0.169 1.535 1.545
2100 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 |1.278 0.2 0.503 0.5 0.202 0.072 0.01 {0.218 1.572 1.587
2200 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 |1.229 0.2 0.512 0.5 0.297 0.073 0.01 {0.307 1.536 1.566
2300 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 | 1406 02 052 05 0.339 0.074 0.01 {0.349 1.684 1.719
2400 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 |1.738 0.2 0.528 0.5 0.317 0.075 0.01 [0.327 1.971 1.998
2500 | 0.17 0.002 0.054 0.006 0.063 0.08 0.031 0.05 05 0.04 |1.594 0.2 0.534 0.5 0.317 0.076 0.01 [0.327 1.848 1.876
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Table 6-3 Round 2 uncertainties. All values are standard uncertainties in %

Key

1 - NML1997 illuminance scale
2 - Reference lamp transfers to photometer

6 - distance
7 - photometer non-linearity

3 - agreement between illuminance standards 9 - illuminance stray light

4 - Transfers photometer to test lamps

8 - angular setting and illuminance field non-uniformity

12 - uncertainty in blackbody window transmittances
13 - Blackbody to lamp transfer optical effects

14 - Transfers blackbody to reference lamps

15 - Transfers reference to CCPR transfer lamps

10 - photometer colour correction and spectral integration 16 - lamp current for spectral tests

5 - lamp current for illuminance tests 11 - Uncertainty in blackbody temperature 17 - wavelength error and reproducibility

[luminance measurements to normalise relative spectral irradiances Relative spectral irradiance measurements Total uncertainties
Type:| B A B A B A B B B B B B B B A B B | Type Type Type
Key: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 A B A+B
250 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |1.300 0.040 0.754 0.800 0.842 0.120 0.01 |0.846 1.722 1.918
260 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.692 0.040 0.701 0.500 0.386 0.111 0.01 |0.394 1.133 1.199
270 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.643 0.040 0.652 0.450 0.327 0.103 0.01 |0.337 1.050 1.103
280 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.598 0.040 0.607 0.400 0.269 0.096 0.01 |0.281 0.973 1.012
290 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.557 0.040 0.564 0.300 0.095 0.090 0.01 |0.124 0.882 0.890
300 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.518 0.040 0.525 0.200 0.059 0.083 0.01 |0.100 0.801 0.807
310 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.481 0.040 0.488 0.150 0.075 0.077 0.01 |0.110 0.741 0.749
320 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.447 0.040 0.453 0.150 0.072 0.072 0.01 |0.108 0.696 0.704
330 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.415 0.040 0.421 0.150 0.036 0.067 0.01 |0.088 0.653 0.659
340 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.385 0.040 0.390 0.150 0.072 0.062 0.01 |0.108 0.614 0.624
350 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.356 0.040 0.361 0.150 0.076 0.057 0.01 |0.110 0.578 0.589
360 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.330 0.040 0.334 0.150 0.063 0.053 0.01 |0.102 0.544 0.554
370 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.304 0.040 0.308 0.150 0.057 0.049 0.01 {0.099 0.513 0.523
380 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.280 0.040 0.284 0.150 0.044 0.045 0.01 {0.092 0.484 0.493
390 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.257 0.040 0.261 0.150 0.027 0.041 0.01 |0.085 0.458 0.465
400 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.236 0.040 0.239 0.100 0.050 0.038 0.01 |0.095 0.418 0.429
450 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.142 0.040 0.144 0.100 0.032 0.023 0.01 |0.087 0.320 0.331
500 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.067 0.040 0.068 0.100 0.042 0.011 0.01 |0.091 0.265 0.280
550 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.006 0.040 0.006 0.100 0.014 0.001 0.01 |0.082 0.247 0.260
555 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.000 0.000 0 0 0 0 0 ]0.080 0.222 0.236
600 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.045 0.040 0.046 0.100 0.012 0.007 0.01 |0.081 0.255 0.268
650 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.089 0.040 0.090 0.100 0.042 0.014 0.01 |0.091 0.277 0.292
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Key

1 - NML1997 illuminance scale
2 - Reference lamp transfers to photometer

6 - distance
7 - photometer non-linearity

3 - agreement between illuminance standards 9 - illuminance stray light

4 - Transfers photometer to test lamps

8 - angular setting and illuminance field non-uniformity

12 - uncertainty in blackbody window transmittances
13 - Blackbody to lamp transfer optical effects

14 - Transfers blackbody to reference lamps
15 - Transfers reference to CCPR transfer lamps
10 - photometer colour correction and spectral integration 16 - lamp current for spectral tests

5 - lamp current for illuminance tests 11 - Uncertainty in blackbody temperature 17 - wavelength error and reproducibility

I[lluminance measurements to normalise relative spectral irradiances Relative spectral irradiance measurements Total uncertainties
Type:| B A B A B A B B B B B B B B A B B | Type Type Type
Key: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 A B A+B
700 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.125 0.040 0.178 0.100 0.020 0.020 0.01 |0.083 0.330 0.340
750 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.184 0.040 0.266 0.100 0.029 0.025 0.01 |0.085 0.408 0.417
800 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.235 0.040 0.252 0.100 0.035 0.030 0.01 |0.088 0.425 0.434
850 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.280 0.150 0.212 0.100 0.027 0.034 0.01 |0.085 0.454 0.462
900 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0320 0.150 0.234 0.100 0.043 0.038 0.01 |0.091 0.490 0.499
950 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.355 0.150 0.254 0.100 0.039 0.041 0.01 |0.089 0.523 0.531
1000 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.387 0.150 0.271 0.100 0.012 0.044 0.01 |0.081 0.554 0.560
1100 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 | 0.441 0.150 0.301 0.300 0.028 0.049 0.01 {0.085 0.670 0.676
1200 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.486 0.150 0.338 0.300 0.112 0.053 0.01 |0.138 0.718 0.731
1300 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.523 0.150 0.369 0.300 0.102 0.056 0.01 |0.130 0.758 0.769
1400 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.554 0.150 0.395 0.350 0.134 0.059 0.01 {0.157 0.813 0.828
1500 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.581 0.150 0.418 0.400 0.168 0.062 0.01 [0.186 0.865 0.885
1600 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.819 0.150 0.437 0.400 0.126 0.064 0.01 {0.149 1.048 1.058
1700 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |0.908 0.150 0.453 0.400 0.108 0.066 0.01 {0.135 1.125 1.133
1800 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 | 1.325 0.150 0.468 0.400 0.090 0.068 0.01 |0.121 1.487 1.492
1900 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |1.164 0.150 0.481 0.400 0.138 0.069 0.01 {0.160 1.350 1.359
2000 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |1.279 0.150 0.492 0.400 0.170 0.071 0.01 |0.188 1.455 1.467
2100 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |1.278 0.200 0.503 0.500 0.154 0.072 0.01 |0.174 1.493 1.503
2200 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |1.229 0.200 0.512 0.500 0.273 0.073 0.01 |0.285 1.455 1.482
2300 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 | 1.406 0.200 0.520 0.500 0.324 0.074 0.01 |0.334 1.610 1.644
2400 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 |1.738 0.200 0.528 0.500 0.237 0.075 0.01 |0.251 1.909 1.925
2500 | 0.17 0.002 0.054 0.008 0.063 0.080 0.031 0.05 0.002 0.1 | 1.594 0.200 0.534 0.500 0.495 0.076 0.01 {0.501 1.781 1.850
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Table 6-4 Estimated uncertainties in the illuminance measurements of transfer
lamps BN-9101-196, -206, -247 used to calculate the factors for normalising the
relative spectral irradiances to SI spectral irradiance units for CIPM key
comparison KI-a in December 2003. Notes follow the table

Standard uncertainties in the measurement of illuminance for uncertainty in:

Note Type %
1997 scale of illuminance B 0.170
Transfers to photometer A 0.002
Agreement between reference lamps 1 B 0.054
Transfers to sp irradiance lamps A 0.008
Lamp current uncertainty for illuminance tests 2 B 0.063
Distance for illuminance (absolute) tests 3 B 0.023
Photometer non-linearity 4 B 0.031
Angular setting / field non-uniformity 5 B 0.050
[lluminance test straylight B 0.100
Calculated photometer colour correction factor 6 B 0.040
Total type A 7 0.008
Total standard uncertainty 7 0.227

Notes on contents of Table 6-4

ESDM of set of 4 responsivity values transferred from illuminance standards.
Uncertainty in current estimated to be 0.01 %. Sensitivity coefficient = 6.25.
Distance uncertainty estimated to be 0.1 mm in 500 mm (rect. semi-range).
Upper limit in non-linearity for each 5:1 range estimated to be 0.01 %.

Field uniformities measured. Value is for angular uncertainty of 0.1 degrees.
Correction for V(1) mismatch is 0.16 %; uncertainty in calc. est. 25 % of value.
Uncertainties are added in quadrature.

Nk W=
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Table 6-5 Estimated uncertainties for lamps BN-9101-196, -206, -247 due to
contributing factors in the relative spectral irradiance measurements combined
with the total uncertainties in the normalising factor from the illuminance

measurements giving the total uncertainties in the spectral irradiances for round 2
of CIPM K1-a key comparison in December 2003. Notes follow the table

Relative spectral irradiance

Wave- Illuminance uncertainties Spectral irradiance

length  uncertainties (%) (%) for uncertainties in

(nm) NML2003 Sp irrad Lamp Wavelength Total

Transfers Systematic scale  transfer current uncert total  standard
Type: A B B A B B type A uncertainty
Note: 1 1 2 3 4 5 %o %
250 0.08 0.22 1.70 0.842  0.120 0.010 0.846 1.918
260 0.08 0.22 1.11 0386 0.111 0.010 0.394 1.199
270 0.08 0.22 1.02 0.327 0.103 0.010 0.337 1.103
280 0.08 0.22 0.94 0.269  0.096 0.010 0.489 1.012
290 0.08 0.22 0.85 0.095  0.090 0.010 0.281 0.890
300 0.08 0.22 0.76 0.059 0.083 0.010 0.124 0.807
310 0.08 0.22 0.70 0.075  0.077 0.010 0.100 0.749
320 0.08 0.22 0.66 0.072  0.072 0.010 0.108 0.704
330 0.08 0.22 0.61 0.036  0.067 0.010 0.088 0.659
340 0.08 0.22 0.57 0.072  0.062 0.010 0.108 0.624
350 0.08 0.22 0.53 0.076  0.057 0.010 0.110 0.589
360 0.08 0.22 0.49 0.063  0.053 0.010 0.102 0.554
370 0.08 0.22 0.46 0.057  0.049 0.010 0.099 0.523
380 0.08 0.22 0.43 0.044 0.045 0.010 0.092 0.493
390 0.08 0.22 0.40 0.027  0.041 0.010 0.085 0.465
400 0.08 0.22 0.35 0.050  0.038 0.010 0.095 0.429
450 0.08 0.22 0.23 0.032  0.023 0.010 0.087 0.331
500 0.08 0.22 0.14 0.042 0.011 0.010 0.091 0.280
550 0.08 0.22 0.11 0.014  0.001 0.010 0.082 0.260
555 0.08 0.22 0.00 0.000  0.000 0.000 0.080 0.236
600 0.08 0.22 0.13 0.012  0.007 0.010 0.081 0.268
650 0.08 0.22 0.17 0.042 0.014 0.010 0.091 0.292
700 0.08 0.22 0.24 0.020  0.020 0.010 0.083 0.340
750 0.08 0.22 0.34 0.029  0.025 0.010 0.085 0.417
800 0.08 0.22 0.36 0.035 0.030 0.010 0.088 0.434
850 0.08 0.22 0.39 0.027  0.034 0.010 0.085 0.462
900 0.08 0.22 0.44 0.043  0.038 0.010 0.091 0.499
950 0.08 0.22 0.47 0.039  0.041 0.010 0.089 0.531
1000 0.08 0.22 0.51 0.012  0.044 0.010 0.081 0.560
1100 0.08 0.22 0.63 0.028  0.049 0.010 0.085 0.676
1200 0.08 0.22 0.68 0.112  0.053 0.010 0.138 0.731
1300 0.08 0.22 0.72 0.120  0.056 0.010 0.130 0.769
1400 0.08 0.22 0.78 0.134  0.059 0.010 0.157 0.828
1500 0.08 0.22 0.83 0.168  0.062 0.010 0.186 0.885
1600 0.08 0.22 1.02 0.126  0.064 0.010 0.149 1.058
1700 0.08 0.22 1.10 0.108  0.066 0.010 0.135 1.133
1800 0.08 0.22 1.47 0.090 0.068 0.010 0.121 1.492
1900 0.08 0.22 1.33 0.138  0.069 0.010 0.160 1.359
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Relative spectral irradiance

Wave- Illuminance uncertainties Spectral irradiance
length  uncertainties (%) (%) for uncertainties in
(nm) NML2003 Sp irrad Lamp Wavelength Total
Transfers Systematic scale  transfer current uncert total  standard
Type: A B B A B B type A uncertainty
Note: 1 1 2 3 4 5 %o %
2000 0.08 0.22 1.44 0.170  0.071 0.010 0.188 1.467
2100 0.08 0.22 1.47 0.154  0.072 0.010 0.174 1.503
2200 0.08 0.22 1.44 0.273  0.073 0.010 0.285 1.482
2300 0.08 0.22 1.59 0.324 0.074 0.010 0.334 1.644
2400 0.08 0.22 1.89 0.237  0.075 0.010 0.251 1.925
2500 0.08 0.22 1.77 0.495 0.076 0.010 0.501 1.850

Notes on contents of Table 6-5

These values are given in Table 6-4 above.

This scale has recently been established and details of its origin and uncertainties are to be

published [1]. These uncertainties include transfers to the laboratory scale reference standard

lamps. There is some discussion of these above.

3. Transfer uncertainties are for transfers from laboratory standard lamps to CCPR transfer lamps.
They have been calculated from internal propagated uncertainties using estimates of typical
system noise, where the resulting degrees of freedom are large due to the large number of readings
taken at each wavelength.

4. Combined uncertainty in both reference and transfer lamp currents is estimated to be 0.017 %.
Uncertainty in spectral irradiance has sensitivity coefficient estimated to be = 8 x 400/(wavelength
in nm).

5. Wavelength uncertainty is estimated to be 0.1 nm for spectral range 250-800 nm and 0.2 nm for IR

wavelengths. Wavelength reproducibility is about 0.03 nm. The lamp temperatures and therefore

their spectra are very similar.

N —
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6.7 CSIRO Results

FINAL REPORT

CSIRO measured three lamps. The results for FEL BN 9101 196 are given in Table 6-6 and the
results for FEL BN 9101 206 are given in Table 6-7 and the results for FEL BN 9101 247 are given in

Table 6-8.

Table 6-6 CSIRO Results for FEL BN 9101 196. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.

FEL 196 First round data Second round data
Wa\;;cllringth /\I{/r éi:li'izazrclf" Uncorrelated (v:v(i)tiierllatt}elc(:i CE:;{;Z q Cs(t):rllzlalifid /é\r/r z;?izagrc; Uncorrelated (v:v(i)tzierllattleu(:i CEEZ{:EZ q Cs(t)::lzzfid
round uncertainty round uncertainty
250 1.214E-04 0.53 % 1.21 % 1.31% 1.86 % 1.199E-04 0.50 % 1.11 % 1.31% 1.79 %
260 2.131E-04 0.27 % 1.00 % 0.71 % 1.26 % 2.140E-04 0.24 % 0.87 % 0.71 % 1.15%
270 3.571E-04 0.20 % 0.94 % 0.67 % 1.17 % 3.582E-04 0.21 % 0.80 % 0.67 % 1.06 %
280 5.764E-04 0.18 % 0.89 % 0.62 % 1.10 % 5.744E-04 0.18 % 0.74 % 0.62 % 0.98 %
290 8.689E-04 0.17 % 0.81 % 0.58 % 1.02 % 8.722E-04 0.10 % 0.65 % 0.58 % 0.88 %
300 1.281E-03 0.16 % 0.76 % 0.55 % 0.95 % 1.281E-03 0.09 % 0.57 % 0.55 % 0.80 %
310 1.818E-03 0.15 % 0.72 % 0.51 % 0.89 % 1.822E-03 0.09 % 0.52 % 0.51 % 0.74 %
320 2.526E-03 0.15 % 0.70 % 0.48 % 0.86 % 2.521E-03 0.09 % 0.49 % 0.48 % 0.69 %
330 3.408E-03 0.14 % 0.67 % 0.45 % 0.82 % 3.399E-03 0.08 % 0.46 % 0.45 % 0.65 %
340 4.511E-03 0.14 % 0.66 % 0.42 % 0.79 % 4.491E-03 0.09 % 0.43 % 0.42 % 0.61 %
350 5.813E-03 0.13 % 0.64 % 0.40 % 0.76 % 5.800E-03 0.09 % 0.41 % 0.40 % 0.58 %
360 7.383E-03 0.13 % 0.62 % 0.37 % 0.74 % 7.356E-03 0.08 % 0.38 % 0.37 % 0.54 %
370 9.180E-03 0.13 % 0.61 % 0.35% 0.72 % 9.171E-03 0.08 % 0.36 % 0.35% 0.51 %
380 1.128E-02 0.13 % 0.60 % 0.33 % 0.70 % 1.126E-02 0.08 % 0.34 % 0.33 % 0.48 %
390 1.365E-02 0.12 % 0.59 % 0.31 % 0.68 % 1.362E-02 0.07 % 0.32 % 0.31 % 0.45 %
400 1.636E-02 0.12 % 0.57 % 0.29 % 0.65 % 1.628E-02 0.08 % 0.28 % 0.29 % 0.42 %
450 3.373E-02 0.12 % 0.53 % 0.22 % 0.59 % 3.365E-02 0.07 % 0.21 % 0.22 % 0.32 %
500 5.712E-02 0.12 % 0.52 % 0.19 % 0.57 % 5.679E-02 0.07 % 0.17 % 0.19 % 0.26 %
550 8.352E-02 0.12 % 0.52 % 0.17 % 0.56 % 8.309E-02 0.07 % 0.15 % 0.17 % 0.24 %
555 8.611E-02 0.11 % 0.51 % 0.17 % 0.54 % 8.575E-02 0.07 % 0.12 % 0.17 % 0.22 %
600 1.102E-01 0.12 % 0.52 % 0.18 % 0.56 % 1.097E-01 0.07 % 0.16 % 0.18 % 0.25 %
650 1.347E-01 0.12 % 0.52 % 0.20 % 0.57 % 1.342E-01 0.07 % 0.18 % 0.20 % 0.27 %
700 1.553E-01 0.12 % 0.55 % 0.22 % 0.60 % 1.552E-01 0.07 % 0.24 % 0.22 % 0.33 %
750 1.716E-01 0.12 % 0.58 % 0.25 % 0.64 % 1.715E-01 0.07 % 0.31 % 0.25 % 0.40 %
800 1.835E-01 0.13 % 0.57 % 0.29 % 0.66 % 1.832E-01 0.07 % 0.30 % 0.29 % 0.42 %
850 1.907E-01 0.13 % 0.56 % 0.36 % 0.68 % 1.904E-01 0.09 % 0.26 % 0.36 % 0.45 %
900 1.937E-01 0.13 % 0.57 % 0.39 % 0.70 % 1.938E-01 0.09 % 0.28 % 0.39 % 0.49 %
950 1.937E-01 0.13 % 0.57 % 0.42 % 0.72 % 1.939E-01 0.09 % 0.30 % 0.42 % 0.52 %
1000 1.912E-01 0.13 % 0.58 % 0.45 % 0.75 % 1.912E-01 0.09 % 031 % 0.45 % 0.55%
1100 1.803E-01 0.15 % 0.66 % 0.50 % 0.84 % 1.797E-01 0.07 % 0.44 % 0.50 % 0.67 %
1200 1.651E-01 0.15 % 0.68 % 0.54 % 0.88 % 1.648E-01 0.10 % 0.47 % 0.54 % 0.72 %
1300 1.487E-01 0.15 % 0.69 % 0.57 % 0.91 % 1.482E-01 0.09 % 0.49 % 0.57 % 0.76 %
1400 1.315E-01 0.21 % 0.73 % 0.60 % 0.97 % 1.311E-01 0.11 % 0.54 % 0.60 % 0.81 %
1500 1.164E-01 0.15 % 0.77 % 0.62 % 1.00 % 1.158E-01 0.12 % 0.59 % 0.62 % 0.87 %
1600 1.023E-01 0.15 % 0.78 % 0.85 % 1.16 % 1.016E-01 0.10 % 0.60 % 0.85 % 1.05 %
1700 8.922E-02 0.24 % 0.79 % 0.94 % 1.25% 8.853E-02 0.10 % 0.62 % 0.94 % 1.12 %
1800 7.787E-02 0.28 % 0.80 % 1.34 % 1.59 % 7.750E-02 0.09 % 0.63 % 1.34 % 1.49 %
1900 6.837E-02 0.18 % 0.80 % 1.19 % 1.44 % 6.814E-02 0.11 % 0.64 % 1.19 % 1.35%
2000 6.008E-02 0.20 % 0.81 % 1.30 % 1.54 % 5.984E-02 0.12 % 0.65 % 1.30 % 1.46 %
2100 5.234E-02 0.24 % 0.87 % 1.30 % 1.59 % 5.242E-02 0.12 % 0.72 % 1.30 % 1.49 %
2200 4.565E-02 0.33 % 0.88 % 1.26 % 1.57 % 4.581E-02 0.18 % 0.73 % 1.26 % 1.46 %
2300 4.059E-02 0.37 % 0.88 % 143 % 1.72 % 4.022E-02 0.20 % 0.73 % 1.43 % 1.62 %
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2400 3.534E-02 0.34 % 0.89 % 1.76 % 2.00 % 3.535E-02 0.16 % 0.74 % 1.76 % 1.91%
2500 3.169E-02 0.34 % 0.89 % 1.62 % 1.88 % 3.124E-02 0.30 % 0.74 % 1.62 % 1.80 %
Table 6-7 CSIRO Results for FEL BN 9101 206. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.
FEL 206 First round data Second round data
Wa\;lellringth /\I;}r ?_S_izagle Uncorrelated Sv(i)trlrlfliattgs c]j?rteii:g d Cs(t);rrll?l;ifld /ixr/r ?S—i?agfr? 1 Uncorrelated Sv?trflfrlla:}?g cﬁ:—fg:g d Cs?;:lz::‘fld
round uncertainty round uncertainty
250 1.112E-04 0.53 % 121% 131% 1.86 % 1.102E-04 0.50 % 111% 1.31% 1.79 %
260 1.973E-04 0.27 % 1.00 % 0.71 % 1.26 % 1.970E-04 0.24 % 0.87 % 0.71 % 1.15%
270 3.313E-04 0.20 % 0.94 % 0.67 % 1.17 % 3.333E-04 0.21% 0.80 % 0.67 % 1.06 %
280 5.369E-04 0.18 % 0.89 % 0.62 % 1.10 % 5.350E-04 0.18 % 0.74 % 0.62 % 0.98 %
290 8.119E-04 0.17 % 0.81% 0.58 % 1.02 % 8.161E-04 0.10 % 0.65 % 0.58 % 0.88 %
300 1.200E-03 0.16 % 0.76 % 0.55% 0.95% 1.202E-03 0.09 % 0.57 % 0.55 % 0.80 %
310 1.705E-03 0.15% 0.72 % 0.51% 0.89 % 1.716E-03 0.09 % 0.52 % 0.51% 0.74 %
320 2.375E-03 0.15% 0.70 % 0.48 % 0.86 % 2.382E-03 0.09 % 0.49 % 0.48 % 0.69 %
330 3.213E-03 0.14 % 0.67 % 0.45 % 0.82 % 3.219E-03 0.08 % 0.46 % 0.45 % 0.65 %
340 4.255E-03 0.14 % 0.66 % 0.42 % 0.79 % 4.261E-03 0.09 % 0.43 % 0.42 % 0.61 %
350 5.497E-03 0.13% 0.64 % 0.40 % 0.76 % 5.510E-03 0.09 % 0.41% 0.40 % 0.58 %
360 6.992E-03 0.13% 0.62 % 0.37 % 0.74 % 7.004E-03 0.08 % 0.38 % 0.37 % 0.54 %
370 8.709E-03 0.13 % 0.61% 0.35% 0.72 % 8.738E-03 0.08 % 0.36 % 0.35% 0.51%
380 1.071E-02 0.13 % 0.60 % 0.33% 0.70 % 1.074E-02 0.08 % 0.34 % 0.33% 0.48 %
390 1.298E-02 0.12% 0.59 % 0.31% 0.68 % 1.301E-02 0.07 % 0.32% 0.31% 0.45 %
400 1.556E-02 0.12% 0.57 % 0.29 % 0.65% 1.556E-02 0.08 % 0.28 % 0.29 % 0.42 %
450 3.224E-02 0.12% 0.53 % 0.22 % 0.59 % 3.229E-02 0.07 % 0.21% 0.22 % 0.32 %
500 5.471E-02 0.12% 0.52 % 0.19 % 0.57% 5.459E-02 0.07 % 0.17 % 0.19 % 0.26 %
550 8.014E-02 0.12% 0.52 % 0.17 % 0.56 % 7.993E-02 0.07 % 0.15% 0.17 % 0.24 %
555 8.260E-02 0.11% 0.51% 0.17 % 0.54 % 8.249E-02 0.07 % 0.12% 0.17 % 0.22 %
600 1.058E-01 0.12% 0.52 % 0.18 % 0.56 % 1.055E-01 0.07 % 0.16 % 0.18 % 0.25 %
650 1.294E-01 0.12% 0.52 % 0.20 % 0.57 % 1.292E-01 0.07 % 0.18 % 0.20 % 0.27 %
700 1.493E-01 0.12% 0.55 % 0.22 % 0.60 % 1.493E-01 0.07 % 0.24 % 0.22 % 0.33 %
750 1.649E-01 0.12% 0.58 % 0.25 % 0.64 % 1.650E-01 0.07 % 0.31% 0.25 % 0.40 %
800 1.763E-01 0.13 % 0.57 % 0.29 % 0.66 % 1.762E-01 0.07 % 0.30 % 0.29 % 0.42 %
850 1.829E-01 0.13 % 0.56 % 0.36 % 0.68 % 1.831E-01 0.09 % 0.26 % 0.36 % 0.45 %
900 1.859E-01 0.13% 0.57 % 0.39 % 0.70 % 1.863E-01 0.09 % 0.28 % 0.39 % 0.49 %
950 1.859E-01 0.13% 0.57 % 0.42 % 0.72 % 1.863E-01 0.09 % 0.30 % 0.42 % 0.52 %
1000 1.835E-01 0.13 % 0.58 % 0.45 % 0.75% 1.835E-01 0.09 % 0.31% 0.45% 0.55%
1100 1.728E-01 0.15% 0.66 % 0.50 % 0.84 % 1.723E-01 0.07 % 0.44 % 0.50 % 0.67 %
1200 1.582E-01 0.15% 0.68 % 0.54 % 0.88 % 1.580E-01 0.10 % 0.47 % 0.54 % 0.72 %
1300 1.423E-01 0.15% 0.69 % 0.57 % 0.91 % 1.419E-01 0.09 % 0.49 % 0.57 % 0.76 %
1400 1.258E-01 0.21% 0.73 % 0.60 % 0.97 % 1.256E-01 0.11% 0.54 % 0.60 % 0.81 %
1500 1.112E-01 0.15% 0.77 % 0.62 % 1.00 % 1.106E-01 0.12% 0.59 % 0.62 % 0.87 %
1600 9.776E-02 0.15% 0.78 % 0.85 % 1.16 % 9.705E-02 0.10 % 0.60 % 0.85% 1.05 %
1700 8.519E-02 0.24 % 0.79 % 0.94 % 1.25% 8.475E-02 0.10 % 0.62 % 0.94 % 1.12%
1800 7.438E-02 0.28 % 0.80 % 1.34% 1.59 % 7.392E-02 0.09 % 0.63 % 1.34 % 1.49 %
1900 6.542E-02 0.18 % 0.80 % 1.19% 1.44 % 6.500E-02 0.11% 0.64 % 1.19% 1.35%
2000 5.715E-02 0.20 % 0.81% 1.30 % 1.54 % 5.709E-02 0.12% 0.65 % 1.30 % 1.46 %
2100 5.000E-02 0.24 % 0.87 % 1.30 % 1.59 % 4.996E-02 0.12% 0.72 % 1.30 % 1.49 %
2200 4.366E-02 0.33 % 0.88 % 1.26 % 1.57 % 4.358E-02 0.18 % 0.73 % 1.26 % 1.46 %
2300 3.865E-02 0.37 % 0.88 % 1.43 % 1.72% 3.832E-02 0.20 % 0.73 % 1.43 % 1.62 %
2400 3.391E-02 0.34 % 0.89 % 1.76 % 2.00 % 3.379E-02 0.16 % 0.74 % 1.76 % 1.91%
2500 3.020E-02 0.34 % 0.89 % 1.62 % 1.88 % 2.981E-02 0.30 % 0.74 % 1.62 % 1.80 %
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Table 6-8 CSIRO Results for FEL BN 9101 247. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.

Note *: This lamp was not measured at 2500 nm in the first round

FEL 247 First round data Second round data
Wa\;fllringth /\I;]r ézli_iza;l:ril Uncorrelated Cw?tifrlla:;g cljfrtg:g d Cs?;llzgzd /,{{/.r erll(iiza:llrcrf’l Uncorrelated Sv?gfxllaslexg CE?TZEEZ d Cs?;lrllzﬁzd
round uncertainty round uncertainty
250 1.274E-04 0.53 % 1.21 % 1.31% 1.86 % 1.251E-04 0.50 % 111 % 1.31 % 1.79 %
260 2.234E-04 0.27 % 1.00 % 0.71 % 1.26 % 2.210E-04 0.24 % 0.87 % 0.71 % 1.15%
270 3.723E-04 0.20 % 0.94 % 0.67 % 1.17 % 3.712E-04 0.21 % 0.80 % 0.67 % 1.06 %
280 5.965E-04 0.18 % 0.89 % 0.62 % 1.10 % 5.904E-04 0.18 % 0.74 % 0.62 % 0.98 %
290 9.030E-04 0.17 % 0.81 % 0.58 % 1.02 % 9.001E-04 0.10 % 0.65 % 0.58 % 0.88 %
300 1.327E-03 0.16 % 0.76 % 0.55% 0.95% 1.319E-03 0.09 % 0.57 % 0.55 % 0.80 %
310 1.887E-03 0.15% 0.72 % 0.51 % 0.89 % 1.882E-03 0.09 % 0.52 % 0.51 % 0.74 %
320 2.607E-03 0.15 % 0.70 % 0.48 % 0.86 % 2.594E-03 0.09 % 0.49 % 0.48 % 0.69 %
330 3.518E-03 0.14 % 0.67 % 0.45 % 0.82 % 3.496E-03 0.08 % 0.46 % 0.45 % 0.65 %
340 4.647E-03 0.14 % 0.66 % 0.42 % 0.79 % 4.618E-03 0.09 % 0.43 % 0.42 % 0.61 %
350 5.985E-03 0.13 % 0.64 % 0.40 % 0.76 % 5.962E-03 0.09 % 0.41 % 0.40 % 0.58 %
360 7.597E-03 0.13 % 0.62 % 0.37 % 0.74 % 7.558E-03 0.08 % 0.38 % 0.37 % 0.54 %
370 9.443E-03 0.13 % 0.61 % 0.35% 0.72 % 9.416E-03 0.08 % 0.36 % 0.35% 0.51 %
380 1.159E-02 0.13 % 0.60 % 0.33 % 0.70 % 1.156E-02 0.08 % 0.34 % 0.33 % 0.48 %
390 1.403E-02 0.12 % 0.59 % 031 % 0.68 % 1.398E-02 0.07 % 0.32 % 031 % 0.45 %
400 1.680E-02 0.12 % 0.57 % 0.29 % 0.65 % 1.670E-02 0.08 % 0.28 % 0.29 % 0.42 %
450 3.460E-02 0.12 % 0.53 % 0.22 % 0.59 % 3.449E-02 0.07 % 0.21 % 0.22 % 0.32 %
500 5.850E-02 0.12 % 0.52 % 0.19 % 0.57 % 5.815E-02 0.07 % 0.17 % 0.19 % 0.26 %
550 8.545E-02 0.12 % 0.52 % 0.17 % 0.56 % 8.496E-02 0.07 % 0.15 % 0.17 % 0.24 %
555 8.809E-02 0.11 % 0.51 % 0.17 % 0.54 % 8.767E-02 0.07 % 0.12 % 0.17 % 0.22 %
600 1.126E-01 0.12 % 0.52 % 0.18 % 0.56 % 1.120E-01 0.07 % 0.16 % 0.18 % 0.25 %
650 1.375E-01 0.12 % 0.52 % 0.20 % 0.57 % 1.369E-01 0.07 % 0.18 % 0.20 % 0.27 %
700 1.584E-01 0.12 % 0.55% 0.22 % 0.60 % 1.581E-01 0.07 % 0.24 % 0.22 % 0.33 %
750 1.748E-01 0.12 % 0.58 % 0.25 % 0.64 % 1.744E-01 0.07 % 031 % 0.25 % 0.40 %
800 1.867E-01 0.13 % 0.57 % 0.29 % 0.66 % 1.862E-01 0.07 % 0.30 % 0.29 % 0.42 %
850 1.935E-01 0.13 % 0.56 % 0.36 % 0.68 % 1.932E-01 0.09 % 0.26 % 0.36 % 0.45 %
900 1.966E-01 0.13 % 0.57 % 0.39 % 0.70 % 1.964E-01 0.09 % 0.28 % 0.39 % 0.49 %
950 1.964E-01 0.13 % 0.57 % 0.42 % 0.72 % 1.963E-01 0.09 % 0.30 % 0.42 % 0.52 %
1000 1.937E-01 0.13 % 0.58 % 0.45 % 0.75 % 1.933E-01 0.09 % 031 % 0.45 % 0.55%
1100 1.823E-01 0.15 % 0.66 % 0.50 % 0.84 % 1.817E-01 0.07 % 0.44 % 0.50 % 0.67 %
1200 1.668E-01 0.15 % 0.68 % 0.54 % 0.88 % 1.665E-01 0.10 % 0.47 % 0.54 % 0.72 %
1300 1.498E-01 0.15 % 0.69 % 0.57 % 091 % 1.493E-01 0.09 % 0.49 % 0.57 % 0.76 %
1400 1.324E-01 0.21 % 0.73 % 0.60 % 0.97 % 1.321E-01 0.11 % 0.54 % 0.60 % 0.81 %
1500 1.170E-01 0.15 % 0.77 % 0.62 % 1.00 % 1.164E-01 0.12 % 0.59 % 0.62 % 0.87 %
1600 1.028E-01 0.15 % 0.78 % 0.85 % 1.16 % 1.022E-01 0.10 % 0.60 % 0.85% 1.05 %
1700 8.975E-02 0.24 % 0.79 % 0.94 % 1.25% 8.905E-02 0.10 % 0.62 % 0.94 % 1.12 %
1800 7.841E-02 0.28 % 0.80 % 1.34 % 1.59 % 7.782E-02 0.09 % 0.63 % 1.34 % 1.49 %
1900 6.873E-02 0.18 % 0.80 % 1.19 % 1.44 % 6.835E-02 0.11 % 0.64 % 1.19 % 1.35%
2000 6.042E-02 0.20 % 0.81 % 1.30 % 1.54 % 6.002E-02 0.12 % 0.65 % 1.30 % 1.46 %
2100 5.264E-02 0.24 % 0.87 % 1.30 % 1.59 % 5.250E-02 0.12 % 0.72 % 1.30 % 1.49 %
2200 4.569E-02 0.33 % 0.88 % 1.26 % 1.57 % 4.573E-02 0.18 % 0.73 % 1.26 % 1.46 %
2300 4.079E-02 0.37 % 0.88 % 1.43 % 1.72 % 4.024E-02 0.20 % 0.73 % 1.43 % 1.62 %
2400 3.572E-02 0.34 % 0.89 % 1.76 % 2.00 % 3.557E-02 0.16 % 0.74 % 1.76 % 1.91 %
2500* 3.125E-02 0.30 % 0.74 % 1.62 % 1.80 %
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Pilot Results

NPL’s results for FEL BN 9101 196 are given in Table 6-9, the results for FEL BN 9101 206 are

FINAL REPORT

given in Table 6-10 and the results for FEL BN 9101 247 are given in Table 6-10.

Table 6-9 NPL Results for FEL BN 9101 196. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.

FEL 196 First round data Second round data
Wa\;fllringth /\I;]r i]i_iza;l;?l Uncorrelated Cw?tzfrlla:;g cljfrtg:g d Cs?;llzgzd /,{{/.r ?S_iza;lrcf,l Uncorrelated Sv?gfrllaslexg CE?TZEEZ d Cs?;lrllzﬁzd
round uncertainty round uncertainty
250 1.209E-04 1.53 % 0.32 % 2.06 % 2.58 % 1.197E-04 1.27 % 0.00 % 2.06 % 242 %
260 2.119E-04 1.14 % 0.32 % 2.05 % 237 % 2.105E-04 0.95 % 0.00 % 2.05 % 2.26 %
270 3.528E-04 0.86 % 031 % 2.05 % 2.24 % 3.513E-04 0.72 % 0.00 % 2.05 % 2.17 %
280 5.613E-04 0.66 % 0.29 % 1.56 % 1.72 % 5.599E-04 0.56 % 0.00 % 1.56 % 1.66 %
290 8.577E-04 0.51 % 0.27 % 1.08 % 1.23 % 8.566E-04 0.45 % 0.00 % 1.08 % 1.17 %
300 1.264E-03 0.42 % 0.33 % 0.45 % 0.70 % 1.264E-03 0.37 % 0.15% 0.45 % 0.60 %
310 1.805E-03 0.35% 0.38 % 0.43 % 0.68 % 1.806E-03 0.32 % 0.20 % 0.43 % 0.58 %
320 2.504E-03 031 % 0.43 % 0.37 % 0.65 % 2.506E-03 0.28 % 0.25% 0.37 % 0.53 %
330 3.386E-03 0.28 % 0.47 % 0.36 % 0.66 % 3.389E-03 0.26 % 0.28 % 0.36 % 0.52 %
340 4.472E-03 0.23 % 0.53 % 0.35% 0.68 % 4.478E-03 0.23 % 0.33 % 0.35% 0.54 %
350 5.785E-03 0.25 % 0.58 % 0.34 % 0.72 % 5.793E-03 0.22 % 0.36 % 0.34 % 0.54 %
360 7.341E-03 0.24 % 0.67 % 0.33 % 0.79 % 7.352E-03 0.20 % 0.43 % 0.33 % 0.58 %
370 9.156E-03 0.23 % 0.72 % 0.32 % 0.82% 9.170E-03 0.19 % 0.46 % 0.32 % 0.59 %
380 1.124E-02 0.21 % 0.81 % 0.31 % 0.89 % 1.126E-02 0.18 % 0.52 % 0.31 % 0.64 %
390 1.360E-02 0.20 % 0.78 % 031 % 0.86 % 1.363E-02 0.18 % 0.50 % 031 % 0.61 %
400 1.625E-02 0.19 % 0.72 % 0.30 % 0.81 % 1.628E-02 0.18 % 0.46 % 0.30 % 0.58 %
450 3.356E-02 0.17 % 0.31 % 0.27 % 0.44 % 3.364E-02 0.18 % 0.10 % 0.27 % 0.34 %
500 5.655E-02 0.16 % 0.31 % 0.24 % 0.43 % 5.670E-02 0.17 % 0.00 % 0.24 % 0.29 %
550 8.276E-02 0.14 % 0.33 % 0.22 % 0.42 % 8.299E-02 0.15 % 0.00 % 0.22 % 0.26 %
555 8.544E-02 0.14 % 0.33 % 0.22 % 0.42 % 8.569E-02 0.14 % 0.00 % 0.22 % 0.26 %
600 1.094E-01 0.14 % 0.33 % 0.20 % 0.41 % 1.097E-01 0.13 % 0.00 % 0.20 % 0.24 %
650 1.341E-01 0.09 % 0.32 % 0.18 % 0.38 % 1.345E-01 0.13 % 0.00 % 0.18 % 0.23 %
700 1.551E-01 0.15% 031 % 0.17 % 0.39% 1.556E-01 0.13 % 0.00 % 0.17 % 0.21 %
750 1.717E-01 0.14 % 0.30 % 0.16 % 0.37 % 1.722E-01 0.12 % 0.00 % 0.16 % 0.20 %
800 1.835E-01 0.12 % 0.29 % 0.15 % 0.35% 1.840E-01 0.11 % 0.00 % 0.15 % 0.18 %
850 1.908E-01 0.11 % 0.28 % 0.14 % 0.33% 1.912E-01 0.10 % 0.00 % 0.14 % 0.17 %
900 1.942E-01 0.10 % 0.26 % 0.13 % 0.31% 1.945E-01 0.09 % 0.00 % 0.13 % 0.16 %
950 1.944E-01 0.10 % 0.25 % 0.13 % 0.30 % 1.945E-01 0.09 % 0.00 % 0.13 % 0.16 %
1000 1.918E-01 0.09 % 0.25 % 0.12 % 0.29 % 1.919E-01 0.10 % 0.00 % 0.12 % 0.16 %
1100 1.812E-01 0.10 % 0.25 % 0.11 % 0.30 % 1.813E-01 0.14 % 0.00 % 0.11 % 0.18 %
1200 1.662E-01 0.11 % 0.28 % 0.10 % 0.32% 1.664E-01 0.17 % 0.00 % 0.10 % 0.20 %
1300 1.495E-01 0.12 % 0.32 % 0.09 % 0.36 % 1.498E-01 0.19 % 0.00 % 0.09 % 0.21 %
1400 1.328E-01 0.13 % 0.33 % 0.09 % 0.36 % 1.331E-01 0.21 % 0.00 % 0.09 % 0.23 %
1500 1.170E-01 0.12 % 0.30 % 0.08 % 0.33 % 1.173E-01 0.20 % 0.00 % 0.08 % 0.22%
1600 1.027E-01 0.11 % 0.26 % 0.08 % 0.29 % 1.029E-01 0.19 % 0.00 % 0.08 % 0.21 %
1700 8.999E-02 0.17 % 0.23 % 0.08 % 0.29 % 9.009E-02 0.26 % 0.00 % 0.08 % 0.27 %
1800 7.883E-02 0.34 % 0.21 % 0.08 % 0.41 % 7.875E-02 0.34 % 0.00 % 0.08 % 0.35%
1900 6.909E-02 0.57 % 0.23 % 0.07 % 0.62 % 6.875E-02 0.40 % 0.00 % 0.07 % 0.41 %
2000 6.059E-02 0.72 % 0.29 % 0.08 % 0.79 % 6.000E-02 0.46 % 0.00 % 0.08 % 0.47 %
2100 5.316E-02 0.86 % 0.38 % 0.07 % 0.94 % 5.247E-02 0.46 % 0.00 % 0.07 % 0.46 %
2200 4.667E-02 1.18% 0.45 % 0.06 % 1.26 % 4.609E-02 0.45 % 0.00 % 0.06 % 0.45 %
2300 4.089E-02 1.32% 0.45 % 0.06 % 1.40 % 4.063E-02 0.51 % 0.00 % 0.06 % 0.51 %
2400 3.566E-02 1.94 % 0.76 % 0.09 % 2.08 % 3.577E-02 0.73 % 0.00 % 0.09 % 0.74 %
2500 3.223E-02 2.59 % 1.46 % 0.08 % 2.98 % 3.161E-02 0.75 % 0.00 % 0.08 % 0.75 %
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Table 6-10 NPL Results for FEL 206. Uncertainties have been split according to
correlation between lamps and between rounds and are at k = 1.

FEL 206 First round data Second round data
Wavelength | Irradiance Cgrr_elated Entirely Combined Irradiance C(_)rr‘elated Entirely Combined
am W m? nm! Uncorrelated  within the correlated standard W m? nm Uncorrelated  within the correlated standard
round uncertainty round uncertainty
250 1.101E-04 2.37% 0.32 % 2.06 % 3.15% 1.107E-04 0.40 % 0.00 % 2.06 % 2.09 %
260 1.941E-04 1.73 % 0.32 % 2.05% 2.70 % 1.958E-04 0.31 % 0.00 % 2.05 % 2.08 %
270 3.246E-04 1.28 % 031 % 2.05 % 2.44 % 3.283E-04 0.25 % 0.00 % 2.05 % 2.06 %
280 5.185E-04 0.97 % 0.29 % 1.56 % 1.86 % 5.251E-04 0.21 % 0.00 % 1.56 % 1.57 %
290 7.952E-04 0.77 % 0.27 % 1.08 % 1.35% 8.057E-04 0.19 % 0.00 % 1.08 % 1.10 %
300 1.176E-03 0.64 % 0.33 % 0.45 % 0.85 % 1.192E-03 0.18 % 0.15 % 0.45 % 0.50 %
310 1.684E-03 0.55 % 0.38 % 0.43 % 0.80 % 1.706E-03 0.17 % 0.20 % 0.43 % 0.51 %
320 2.343E-03 0.50 % 0.43 % 0.37 % 0.76 % 2.371E-03 0.16 % 0.25 % 0.37 % 0.48 %
330 3.176E-03 0.46 % 0.47 % 0.36 % 0.75 % 3.211E-03 0.15% 0.28 % 0.36 % 0.48 %
340 4.205E-03 0.41 % 0.53 % 0.35% 0.76 % 4.247E-03 0.14 % 0.33 % 0.35% 0.50 %
350 5.450E-03 0.41 % 0.58 % 0.34 % 0.78 % 5.499E-03 0.13 % 0.36 % 0.34 % 0.51 %
360 6.929E-03 0.38 % 0.67 % 0.33 % 0.84 % 6.985E-03 0.13 % 0.43 % 0.33 % 0.56 %
370 8.657E-03 0.36 % 0.72 % 0.32 % 0.86 % 8.717E-03 0.13 % 0.46 % 0.32 % 0.58 %
380 1.064E-02 0.34 % 0.81 % 031 % 0.93 % 1.071E-02 0.12 % 0.52 % 0.31 % 0.62 %
390 1.290E-02 0.32 % 0.78 % 0.31% 0.90 % 1.297E-02 0.12 % 0.50 % 0.31 % 0.60 %
400 1.543E-02 0.30 % 0.72 % 0.30 % 0.84 % 1.549E-02 0.12 % 0.46 % 0.30 % 0.56 %
450 3.202E-02 0.27 % 0.31 % 0.27 % 0.49 % 3.206E-02 0.13 % 0.10 % 0.27 % 0.31%
500 5.411E-02 0.23 % 0.31 % 0.24 % 0.46 % 5.413E-02 0.12 % 0.00 % 0.24 % 0.27 %
550 7.932E-02 0.20 % 0.33 % 0.22 % 0.45 % 7.935E-02 0.11 % 0.00 % 0.22 % 0.25%
555 8.191E-02 0.20 % 0.33 % 0.22 % 0.45 % 8.194E-02 0.11 % 0.00 % 0.22 % 0.24 %
600 1.050E-01 0.19 % 0.33 % 0.20 % 0.43 % 1.051E-01 0.11 % 0.00 % 0.20 % 0.23 %
650 1.287E-01 0.17 % 0.32 % 0.18 % 0.41 % 1.289E-01 0.11 % 0.00 % 0.18 % 0.21 %
700 1.491E-01 0.21 % 0.31% 0.17 % 041 % 1.493E-01 0.10 % 0.00 % 0.17 % 0.20 %
750 1.650E-01 0.19 % 0.30 % 0.16 % 0.39 % 1.653E-01 0.09 % 0.00 % 0.16 % 0.18 %
800 1.764E-01 0.17 % 0.29 % 0.15% 0.37 % 1.767E-01 0.08 % 0.00 % 0.15% 0.17 %
850 1.835E-01 0.15 % 0.28 % 0.14 % 0.35% 1.837E-01 0.08 % 0.00 % 0.14 % 0.16 %
900 1.868E-01 0.13 % 0.26 % 0.13 % 0.32 % 1.869E-01 0.07 % 0.00 % 0.13 % 0.15%
950 1.869E-01 0.13 % 0.25 % 0.13 % 0.31 % 1.870E-01 0.07 % 0.00 % 0.13 % 0.14 %
1000 1.844E-01 0.13 % 0.25 % 0.12 % 0.30 % 1.845E-01 0.07 % 0.00 % 0.12 % 0.14 %
1100 1.740E-01 0.16 % 0.25 % 0.11 % 0.32 % 1.742E-01 0.08 % 0.00 % 0.11 % 0.13 %
1200 1.595E-01 0.19 % 0.28 % 0.10 % 0.36 % 1.597E-01 0.10 % 0.00 % 0.10 % 0.14 %
1300 1.434E-01 0.22 % 0.32 % 0.09 % 0.40 % 1.434E-01 0.11 % 0.00 % 0.09 % 0.15%
1400 1.273E-01 0.23 % 0.33 % 0.09 % 041 % 1.271E-01 0.12 % 0.00 % 0.09 % 0.15%
1500 1.121E-01 0.21 % 0.30 % 0.08 % 0.38 % 1.119E-01 0.11 % 0.00 % 0.08 % 0.14 %
1600 9.837E-02 0.19 % 0.26 % 0.08 % 0.33 % 9.828E-02 0.11 % 0.00 % 0.08 % 0.14 %
1700 8.617E-02 031 % 0.23 % 0.08 % 0.39 % 8.633E-02 0.15 % 0.00 % 0.08 % 0.17 %
1800 7.552E-02 0.78 % 0.21 % 0.08 % 0.81 % 7.577E-02 0.19 % 0.00 % 0.08 % 0.20 %
1900 6.625E-02 1.39 % 0.23 % 0.07 % 1.41 % 6.633E-02 0.23 % 0.00 % 0.07 % 0.24 %
2000 5.818E-02 1.81 % 0.29 % 0.08 % 1.84 % 5.790E-02 0.26 % 0.00 % 0.08 % 0.27 %
2100 5.112E-02 2.09 % 0.38 % 0.07 % 2.13% 5.056E-02 0.25 % 0.00 % 0.07 % 0.26 %
2200 4.497E-02 2.68 % 0.45 % 0.06 % 2.72% 4.435E-02 0.27 % 0.00 % 0.06 % 0.28 %
2300 3.957E-02 3.00 % 0.45 % 0.06 % 3.03% | 3.907E-02 0.31 % 0.00 % 0.06 % 0.31 %
2400 3.458E-02 4.34% 0.76 % 0.09 % 441 % |3.425E-02 0.46 % 0.00 % 0.09 % 0.47 %
2500 3.016E-02 5.84% 1.46 % 0.08 % 6.02% |3.013E-02 042 % 0.00 % 0.08 % 0.42 %
d
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Table 6-11 NPL Results for FEL 247. Uncertainties have been split according to
correlation between lamps and between rounds and are at k = 1.

FEL 247 First round data Second round data
Wa\;zlrc;ngth /\I; ?r(li,izazrcrf,l Uncorrelated Sv(i)trlzierllatt}?g c]s:rtcgztlz d Cs(t):rlll(’ilalifid /g]r z:gizagf;l Uncorrelated Sv(i)trliierllatt}elg c]s:rgzg d Cs(t)::lt()ilalifid
round uncertainty round uncertainty
250 1.278E-04 2.31% 0.32 % 2.06 % 3.11 % 1.261E-04 0.44 % 0.00 % 2.06 % 2.10 %
260 2.232E-04 1.72 % 0.32 % 2.05 % 2.69 % 2.203E-04 0.34 % 0.00 % 2.05 % 2.08 %
270 3.704E-04 1.29 % 0.31 % 2.05 % 244 % 3.657E-04 0.27 % 0.00 % 2.05 % 2.07 %
280 5.878E-04 0.98 % 0.29 % 1.56 % 1.86 % 5.806E-04 0.23 % 0.00 % 1.56 % 1.58 %
290 8.963E-04 0.76 % 0.27 % 1.08 % 1.35% 8.855E-04 0.21 % 0.00 % 1.08 % 1.10 %
300 1.319E-03 0.62 % 0.33% 0.45 % 0.83 % 1.303E-03 0.19 % 0.15% 0.45 % 0.51%
310 1.881E-03 0.52 % 0.38 % 0.43 % 0.78 % 1.859E-03 0.18 % 0.20 % 0.43 % 0.51 %
320 2.607E-03 0.46 % 0.43 % 0.37 % 0.73 % 2.576E-03 0.17 % 0.25 % 0.37 % 0.48 %
330 3.521E-03 0.41 % 0.47 % 0.36 % 0.72 % 3.480E-03 0.16 % 0.28 % 0.36 % 0.49 %
340 4.648E-03 0.36 % 0.53 % 0.35% 0.73 % 4.595E-03 0.15 % 0.33 % 0.35% 0.51 %
350 6.009E-03 0.36 % 0.58 % 0.34 % 0.76 % 5.940E-03 0.15 % 0.36 % 0.34 % 0.52 %
360 7.622E-03 0.34 % 0.67 % 0.33 % 0.82 % 7.537E-03 0.14 % 0.43 % 0.33 % 0.56 %
370 9.503E-03 0.32% 0.72 % 0.32 % 0.85% 9.398E-03 0.14 % 0.46 % 0.32% 0.58 %
380 1.166E-02 0.30 % 0.81 % 0.31% 091 % 1.154E-02 0.13 % 0.52 % 0.31% 0.62 %
390 1.411E-02 0.28 % 0.78 % 0.31% 0.88 % 1.396E-02 0.13% 0.50 % 0.31 % 0.60 %
400 1.685E-02 0.27 % 0.72 % 0.30 % 0.83 % 1.668E-02 0.13% 0.46 % 0.30 % 0.56 %
450 3.478E-02 0.24 % 0.31% 0.27 % 0.47 % 3.446E-02 0.13 % 0.10 % 0.27 % 0.31 %
500 5.854E-02 0.21 % 0.31% 0.24 % 0.45 % 5.807E-02 0.12 % 0.00 % 0.24 % 0.27 %
550 8.554E-02 0.19 % 0.33 % 0.22 % 0.44 % 8.491E-02 0.11 % 0.00 % 0.22 % 0.24 %
555 8.830E-02 0.18 % 0.33 % 0.22 % 0.44 % 8.766E-02 0.11 % 0.00 % 0.22 % 0.24 %
600 1.129E-01 0.18 % 0.33% 0.20 % 0.43 % 1.121E-01 0.10 % 0.00 % 0.20 % 0.22 %
650 1.381E-01 0.15% 0.32 % 0.18 % 0.40 % 1.372E-01 0.10 % 0.00 % 0.18 % 0.21 %
700 1.595E-01 0.19 % 0.31% 0.17 % 0.40 % 1.586E-01 0.09 % 0.00 % 0.17 % 0.20 %
750 1.763E-01 0.17 % 0.30 % 0.16 % 0.38% 1.754E-01 0.09 % 0.00 % 0.16 % 0.18 %
800 1.881E-01 0.15% 0.29 % 0.15% 0.36 % 1.873E-01 0.09 % 0.00 % 0.15 % 0.17 %
850 1.954E-01 0.13% 0.28 % 0.14 % 0.34 % 1.946E-01 0.08 % 0.00 % 0.14 % 0.16 %
900 1.986E-01 0.12 % 0.26 % 0.13 % 0.32 % 1.979E-01 0.08 % 0.00 % 0.13 % 0.15 %
950 1.985E-01 0.12 % 0.25 % 0.13 % 0.31 % 1.978E-01 0.07 % 0.00 % 0.13 % 0.15 %
1000 1.957E-01 0.12 % 0.25 % 0.12 % 0.30 % 1.950E-01 0.08 % 0.00 % 0.12% 0.14 %
1100 1.843E-01 0.14 % 0.25 % 0.11 % 031 % 1.837E-01 0.09 % 0.00 % 0.11 % 0.14 %
1200 1.687E-01 0.17 % 0.28 % 0.10 % 0.35% 1.681E-01 0.10 % 0.00 % 0.10 % 0.14 %
1300 1.515E-01 0.19 % 0.32% 0.09 % 0.39 % 1.510E-01 0.10 % 0.00 % 0.09 % 0.14 %
1400 1.344E-01 0.21 % 0.33% 0.09 % 0.40 % 1.339E-01 0.11 % 0.00 % 0.09 % 0.15%
1500 1.185E-01 0.20 % 0.30 % 0.08 % 0.37 % 1.180E-01 0.11 % 0.00 % 0.08 % 0.14 %
1600 1.040E-01 0.20 % 0.26 % 0.08 % 0.33 % 1.035E-01 0.11 % 0.00 % 0.08 % 0.14 %
1700 9.101E-02 0.32 % 0.23 % 0.08 % 0.40 % 9.037E-02 0.15 % 0.00 % 0.08 % 0.17 %
1800 7.952E-02 0.70 % 0.21 % 0.08 % 0.73 % 7.868E-02 0.21 % 0.00 % 0.08 % 0.23 %
1900 6.943E-02 1.18 % 0.23 % 0.07 % 1.21 % 6.839E-02 0.27 % 0.00 % 0.07 % 0.28 %
2000 6.069E-02 1.50 % 0.29 % 0.08 % 1.53 % 5.957E-02 0.32% 0.00 % 0.08 % 0.33 %
2100 5.323E-02 1.67 % 0.38 % 0.07 % 1.71 % 5.224E-02 0.33% 0.00 % 0.07 % 0.33 %
2200 4.693E-02 2.11% 0.45 % 0.06 % 2.16 % 4.615E-02 0.36 % 0.00 % 0.06 % 0.36 %
2300 4.144E-02 2.37% 0.45 % 0.06 % 2.41 % 4.074E-02 0.38 % 0.00 % 0.06 % 0.39 %
2400 3.628E-02 3.50 % 0.76 % 0.09 % 3.58 % 3.556E-02 0.47 % 0.00 % 0.09 % 0.48 %
2500 3.220E-02 4.43 % 1.46 % 0.08 % 4.66 % 3.167E-02 0.53 % 0.00 % 0.08 % 0.53 %
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6.9 Lamp Behaviour
6.9.1 CSIRO Lamps

The following lamps were supplied to CSIRO by NPL:
FEL BN 9101 206 FEL BN 9101 196 FEL BN 9101 247
Measurements were made in the sequence: NPL — CSIRO — NPL — CSIRO.

CSIRO measured all intercomparison wavelengths except 2500 nm for lamp BN 9101 247 in the
first round, and all intercomparison wavelengths in the second round.

6.9.2 Lamp electrical stability

The lamp was operated at 8.100 A at both laboratories, the lamp voltage measured was:

Table 6-12 Electrical Potential across lamp as measured by both laboratories

Lamp Potential first NPL  Potential first CSIRO  Potential second Potential second
measurement measurement NPL measurement  CSIRO measurement

FEL BN 9101 206 100.5V 100.6 V 100.6 V 100.7 V

FEL BN 9101 196 1022V 1024V 1025V 1025V

FEL BN 9101 247 1042V 1044V 104.6 V 104.6 V

CSIRO made the following comments about the lamp voltages: Over the course of these
measurements the lamp FEL BN 9101 196 voltage, in round 1

s dropped from an initial value of 102.72 V to 101.97 V over 12 hours of operation,
= then fluctuated between 101.97 V and 102.67 V over the next 5 hours of operation,
= was last measured as 102.40 V at the nominal current of 8.100 A.

In round 2
= dropped from an initial value of 102.77 V to 102.47 V over 7.5 hours of operation,

= then fluctuated between 102.47 V and 102.69 V over four short periods of burning
over the next hour at the nominated current of 8.100 A.

Over the course of these measurements the lamp FEL BN 9101 206 voltage, in round 1

= dropped from an initial value of 100.84 V to 100.57 V over 10.7 hours of operation.
In round 2

s dropped from an initial value of 101.10 V to 100.70 V over 2 hours of operation,

= then dropped more gradually between 100.70 V and 100.62 V over the next 6 hours of
burning at the nominated current of 8.100 A.

Over the course of these measurements the lamp FEL BN 9101 247 voltage, in round 1
»  dropped from an initial value of 104.50 V to 104.36 V over 8 hours of operation,
= then increased from 104.36 V to 104.44 V over the next 0.6 hours of operation.

In round 2

s varied randomly between 104.59 V and 104.55 V over 7.6 hours of operation, at the
nominated current of 8.100 A.

23" January 2006 Page 75 of 396 CSIRO



CCPR K1-a Key Comparison of Spectral Irradiance (250 to 2500 nm)

6.9.3 Lamp history

FINAL REPORT

Table 6-13 Lamp history for FEL BN 9101 206

Date period Activity Burn hours:minutes
June — November 2001 1* round measurements at NPL 9:14
November 2001 Air-freight to CSIRO
March — June 2002 1* round measurements at CSIRO 18:00
July 2002 Air-freight to NPL
January — May 2003 2" round measurements at NPL 10:46
May 2003 Air-freight to CSIRO
November 2003 2" round measurements at CSIRO 7:30
Table 6-14 Lamp history for FEL BN 9101 196
Date period Activity Burn hours:minutes
June — November 2001 1* round measurements at NPL 6:03
November 2001 Air-freight to CSIRO
March — June 2002 1* round measurements at CSIRO 18:00
July 2002 Air-freight to NPL
January — May 2003 2" round measurements at NPL 12:37
May 2003 Air-freight to CSIRO
November 2003 2" round measurements at CSIRO 7:30
Table 6-15 Lamp history for FEL BN 9101 247
Date period Activity Burn hours:minutes
June — November 2001 1* round measurements at NPL 14:08
November 2001 Air-freight to CSIRO
March — June 2002 1* round measurements at CSIRO 18:00
July 2002 Air-freight to NPL
January — May 2003 2" round measurements at NPL 15:20
May 2003 Air-freight to CSIRO
November 2003 2" round measurements at CSIRO 7:30

6.9.4 Lamp stability from pilot measurements

These graphs show the reproducibility of the pilot’s measurements of the CSIRO lamps. The
difference between the first and second pilot measurement is compared with the uncertainties relating
to effects that were independent between the rounds — the “entirely uncorrelated” and “round

correlated” effects.
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Difference from round 1 to round 2
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Figure 6-4 Difference between first and second round measurements of FEL BN
9101 196 by NPL. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the NPL measurements
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Figure 6-5 Difference between first and second round measurements of FEL BN
9101 206 by NPL. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the NPL measurements
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Figure 6-6 Difference between first and second round measurements of FEL BN
9101 247 by NPL. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the NPL measurements

6.9.5 Lamp stability from CSIRO measurements
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Figure 6-7 Difference between first and second round measurements of FEL BN
9101 196 by CSIRO. The graph also shows the combination of the uncertainties of
the entirely uncorrelated and round-correlated effects of the CSIRO measurements
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Figure 6-8 Difference between first and second round measurements of FEL BN
9101 206 by CSIRO. The graph also shows the combination of the uncertainties of
the entirely uncorrelated and round-correlated effects of the CSIRO measurements

4.0% - ® CSIRO difference

—— CSIRO uncorrelated uncertainty, k=1
30% + e CSIRO uncorrelated uncertainty, k=2
2.0%

1.0%

0.0%

-1.0%

-2.0%

Difference from round 1 to round 2

-3.0% -

-4.0%
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength / nm

Figure 6-9 Difference between first and second round measurements of FEL BN
9101 247 by CSIRO. The graph also shows the combination of the uncertainties of
the entirely uncorrelated and round-correlated effects of the CSIRO measurements
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6.10  Bilateral comparison between CSIRO and the comparison scale

This graph shows the difference between the CSIRO and NPL measurements of the CSIRO lamps.
A version of this graph normalised to show the relative difference between the lamps, but not the
absolute difference between the measurements was used to assist in choosing which lamp
measurements to use.

—a— FEL 206
—o—FEL 196

4% —a— FEL 247
-|—— FEL uncertainties

Difference as a % of the first NPL measurement

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

Figure 6-10 Bilateral comparisons of the CSIRO lamps

6.11 Decisions on which measurements to use

At the pre-draft A stage, the pilot submitted to CSIRO the information in the graphs Figure 6-4 to
Figure 6-10. It was decided that both participant measurements and both pilot measurements would be
used for both FEL BN 9101 196 and for FEL BN 9101 206, but that only the second pilot
measurement would be used for FEL BN 9101 247. This lamp shows a larger difference between the
rounds than the other two lamps and also an electrical potential difference. Therefore, it is assumed
that the lamp changed on the first journey to CSIRO, but remained stable after that (as shown from the
repeatability of the CSIRO measurements).
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7 Measurements at HUT'

71 Primary scale realisation

The calibration was carried out by using the method for the realisation of the detector-based irradiance
scale of the Helsinki University of Technology [1,2]. The method utilises a filter radiometer with separately
characterised components: a trap detector, a set of temperature-stabilised interference filters and a precision
aperture. The trap detector is calibrated by using a cryogenic absolute radiometer. In addition, a pyroelectric
radiometer (LaserProbe RS-5900) is used to transfer the calibration into the UV. The transmittances of the
interference filters are calibrated with a reference spectrometer. The area of the aperture is measured with the
direct optical method (DOM).

The characterised filter radiometer is used to measure the spectral irradiance of the lamp under
calibration at a given distance. The filter radiometer is attached on an optical rail in front of the lamp, and the
distance is set with the aid of a magnetic distance measurement unit. Photocurrent values of the filter
radiometer are recorded with each filter. A current-to-voltage converter from Vinculum and a digital
multimeter HP3458A are used in the measurement.

The measured values of photocurrent are used to derive the spectral irradiance values of the lamp at the
effective wavelengths of the filters with the methods described in [1,2]. The values are interpolated with
modified Planck’s radiation law by using the least-squares fitting method. The interpolation was conducted
separately in the near UV region and in the VIS-IR regions (2000). In 2002, a sixth degree polynomial was
used to interpolate the effective emissivity throughout the whole region. As the result, the spectral irradiance
values of the lamp are obtained in the spectral range between the lowest effective wavelength and the highest
effective wavelength of the filters used.

Cryogenic Radiometer
May 1999/April 2001

Reference Spectrometer
June 2000/Sept. 2002

Aperture area (MIKES)
Aug. 1999/Aug. 2002

Responsivity Transmittance Aperture area

Irradiance responsivity
of filter radiometer

Filter radiometer

Calibrated Lamp

Figure 7-1 Traceability chain for establishing primary scale with calibration dates for
the 2000 and 2002 calibrations.

7.1.1 2000 calibration traceability

The trap detector, MRI9909, was calibrated using a trap detector MRI19604. The trap detector MR19604
was calibrated against the cryogenic absolute radiometer in the visible wavelength region [Calibration
certificate T-R 111]. The modelling in UV region was verified with a laser measurement at the wavelength
of 325.1 nm using the pyroelectric radiometer [Calibration certificate T-R 259].

" Helsinki University of Technology (HUT in this comparison) and Centre for Metrology and Accreditation (MIKES) have
established a joint laboratory in January 2005. The laboratory name will in future be abbreviated as MIKES.
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The current-to-voltage converter used to convert the photocurrent of the trap detector was calibrated by
VTT [Technical Research Centre of Finland, Certificate of Calibration No. 98KM034]. The HP3458A digital
multimeter used to measure the voltage of the current-to-voltage converter was calibrated by the
manufacturer [Hewlett-Packard, Certificate of Calibration No. 91008609901].

The area of the precision aperture, A10, [Calibration certificate T-R 84] and the distance measurements
needed were traceable to national standards of length.

The set of interference filters and the V(A)-filter were calibrated using a reference spectrometer
[Calibration certificate T-R 155].

7.1.2 2002 calibration traceability

The trap detector, UVFR-9, was calibrated using a group of three reference trap detectors [Calibration
certificate T-R 255]. The reference trap detectors were calibrated against the cryogenic absolute radiometer
in the visible wavelength region [Calibration certificate T-R 189]. UVFR-9 was modelled as part of the EU-
project SMT4-CT98-2242. The modelling in UV region was verified with a laser measurement at the
wavelength of 325.1 nm using the pyroelectric radiometer [Calibration certificate T-R 259].

The current-to-voltage converter used to convert the photocurrent of the trap detector was calibrated by
VTT [Technical Research Centre of Finland, Certificate of Calibration No. 98KMO034]. The validity of the
calibration was checked with a Keithley calibrator. The HP3458A digital multimeter used to measure the
voltage of the current-to-voltage converter was calibrated by MIKES [Certificate of Calibration No. M-
02E009].

The area of the precision aperture, NFRA-1, [MIKES Certificate of Calibration No. M-021L.392, further
verified with DOM] and the distance measurements needed were traceable to national standards of length.

The set of interference filters and the V(A)-filter were calibrated using a reference spectrometer
[Calibration certificate T-R 260].

7.2 Description of measurement facility and measurement procedure

The filter radiometer and the lamp under calibration were aligned onto the same optical axis by using an
alignment laser. In the alignment procedure, the position of the radiometer was first adjusted in such a way
that the back-reflection from the centre of the device was directed back into the centre of the output aperture
of the alignment laser. The lamp was then put into the beam so that the back-reflection from the midpoint of
the alignment jig of the lamp hit the centre of the output aperture of the alignment laser. After alignment the
alignment jig was removed. The distance between the aperture plane of the filter radiometer and the
reference plane of the lamp was set to 500 mm by using the distance measurement unit. The front surface of
the lamp housing was used as the reference plane for the lamp (Figure 7-2 and Figure 7-3). One baffle was
used between the lamp and the filter radiometer in order to reduce the effect of stray light.

Baffle
Filter

Digital Voltmeter Radiometer

. k : {
Precision ‘!/ |

Resistor  — Cwl)
Temperature Controller

Electronics

Digital Voltmeter

Current Source

Current-to-Voltage
Converter

Figure 7-2 Measurement technique for spectral irradiance at HUT.
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Figure 7-3 Distance setting in spectral irradiance measurements at HUT.

One lamp was measured at a time. Each lamp was allowed to stabilise for 45 min before the
measurement started. The values of the currents and the voltages of the lamps were recorded during the
measurements. The total burning time was about 2 hours for each lamp.

Two of the lamps were measured once; the third lamp was measured twice with full realignment.
7.3 Laboratory conditions

The laboratory conditions during the first round measurements are given in Table 7-1 and the conditions
during the second round measurements are given in Table 7-2.

Table 7-1 Ambient temperature and relative humidity values during the round 1
calibrations.

Date of calibration = Lamp ID number = Temperature [°C]  Relative humidity [%]

22.08.2000 BN-9101-238 21.4+0.2 44 + 4
23.08.2000 BN-9101-245 21.6+0.2 44 + 4
23.08.2000 BN-9101-257 22.6+0.2 42 +4
01.09.2000 BN-9101-257 22.9 +£0.2 40 +4
Table 7-2 Ambient temperature and relative humidity values during the round 2
calibrations.

Date of calibration = Lamp ID number = Temperature [°C]  Relative humidity [%]

17.09.2002 BN-9101-257 24.0+0.3 37+4

17.09.2002 BN-9101-238 245+0.3 38+4

18.09.2002 BN-9101-245 24.5+0.3 37+4

24.09.2002 BN-9101-238 22.8 £0.3 28 +4
7.4 Uncertainty determination

A detailed uncertainty budget of the spectral irradiance measurements is given in Table 7-3. Uncertainty
components arising from the detector responsivity, the filter transmittance, the irradiance measurement, the
aperture area, the interreflections between the trap detector and the filter, and the interpolation of the spectral
irradiance values between the effective wavelengths have been included. In Section 7.5, uncertainties are
quoted individually for each measurement result. All uncertainties have been calculated according to the /SO
Guide to the Expression of Uncertainty in Measurement and are given with a coverage factor £ =1.

Table 7-3 also gives information about the correlation between the effects leading to these uncertainties.
The effects are categorised as “fully correlated” if they are common for all measurements in both rounds,
“uncorrelated” if they are independent for all lamps and “round” for correlations within a round. “Round and
A describes effects that are correlated for all lamps within a round and for all wavelength measurements. For
the purposes of this comparison, the wavelengths are treated independently and the uncertainty on these two
types of “round” effects are combined.
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Table 7-3 Uncertainty components of the spectral irradiance measurements (%). With correlation information.

Effective wavelensth Inml 291 302 315 333 352 382 441 501 572 599 698 801 902 Correlation

Detectar reenangivitv 0N.a7 Ne7 0N&K4 051 ns1 N s1 nno nno nno nno 0nno 009 00K

Cryogenic radiometer 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 003 0.03 0.03 0.03 0.03 Roundand 4

Transfer of the scale - - - - - - 0.05 0.05 0.05 0.05 0.05 0.05 0.05 Round

Reflectance modelling - - - - - - 0.04 0.04 0.04 0.04 0.04 0.04 0.02 Round

IQE modelling - - - - - - 0.05 0.05 0.05 0.05 0.05 0.05 0.05 Round

Spectral flatness of pyroelectric radiometer  0.50  0.50 030 0.30 0.30 0.30 - - - - - - - Fully correlated

Repeatability 040 040 040 040 040 040 - - - - - - - Round

Current measurement 020 020 020 0.10 0.10 0.07 0.02 0.02 0.02 0.02 0.02 0.02 0.02 Round

Nonlinearity 0.01 0.01 0.01 0.01 0.0l 0.01 0.01 001 0.01 0.0l 0.01 0.01 0.01 Fullycorrelated

Filter transmittance 097 046 040 039 038 041 020 018 023 023 023 0.19 0.19

Peak transmittance 0.89 032 020 030 030 035 0.15 0.15 022 022 022 0.15 0.15 Round

Wavelength uncertainty (0.06 nm) 024 021 0.19 0.16 0.14 0.11 008 0.05 0.03 0.03 0.01 0.0l 0.0l Round

Wavelength repeatability (0.015 nm) 0.08 0.12 0.12 0.15 0.14 0.15 0.11 0.08 0.01 0.07 0.07 0.11 0.11 Round

Temperature 0.03 0.03 0.03 003 0.03 0.00 0.03 0.01 0.02 0.00 0.00 0.02 0.02 Round

OOB leakage 030 022 026 0.10 0.11 0.08 0.03 0.04 0.03 0.03 0.04 0.05 0.05 Round

Irradiance measurement 030 0.21 0.21 023 023 021 021 021 0.6 0.6 0.16 0.16 0.16

Distance measurement (0.1 mm) 0.04 0.04 0.04 0.10 0.10 0.04 004 0.04 004 0.04 0.04 0.04 0.04 Uncorrelated

Repeatability 0.30 020 020 020 020 020 020 020 0.15 0.15 0.15 0.15 0.15 Uncorrelated

Lamp current (0.4 mA) 0.01 0.01 0.01 o0.01 0.1 0.01 001 001 0.01 0.01 001 0.0l 0.0l Uncorrelated

Diffraction 0.03 0.03 0.03 0.03 003 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 Roundand A

Aperture area 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 Round

Interreflections 026 0.14 0.0 0.10 0.1 0.1 0.03 0.02 0.02 0.02 0.01 0.01 0.01 Fully correlated

Internolation 0.57 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 Roundand A

Combined standard uncertaintv 137 089 076 074 074 074 041 040 040 040 040 038 038

Expanded uncertainty (k=2) 2.7 1.8 1.5 1.5 1.5 1.5 0.8 0.8 0.8 0.8 0.8 0.8 0.8

Fully Uncorrelated 030 020 020 022 022 020 020 020 0.16 0.16 0.16 0.16 0.16

Fully correlated in one round 0.04 0.04 0.04 0.04 0.04 0.04 004 0.04 004 004 0.04 0.04 0.04

Correlated at each wavelength in one round 1.17  0.66 0.60 0.62 0.61 063 035 033 036 037 037 034 034

Fully correlated 0.64 057 041 033 034 033 0.05 0.05 0.05 0.03 0.05 0.05 0.05
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7.5 HUT Results

HUT measured three lamps. The results for FEL BN 9101 238 are given in Table 7-4 and the
results for FEL BN 9101 245 are given in Table 7-5 and the results for FEL BN 9101 257 are given in

Table 7-6.

FINAL REPORT

Table 7-4 HUT Results for FEL BN 9101 238. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.

FEL 238 First round data Second round data
Wavelength | Irradiance Cgrr_elated Entirely Combined Irradiance Cgrrdated Entirely Combined
2 -1 -2 -1
am W m? nm Uncorrelated ~ within the correlated standard W m? nm Uncorrelated ~ within the correlated standard
round uncertainty round uncertainty

250

260

270

280

290 9.050E-04 0.42 % 1.17 % 0.64 % 1.40 % 8.700E-04 0.42 % 1.17 % 0.64 % 1.40 %
300 1.322E-03 0.24 % 0.66 % 0.57 % 0.90 % 1.279E-03 0.24 % 0.66 % 0.57 % 0.90 %
310 1.876E-03 0.35% 0.60 % 0.41 % 0.81 % 1.823E-03 0.35% 0.60 % 0.41 % 0.81 %
320 2.590E-03 0.17 % 0.60 % 0.41 % 0.75 % 2.527E-03 0.17 % 0.60 % 0.41 % 0.75 %
330 3.490E-03 0.26 % 0.62 % 0.33 % 0.75 % 3.415E-03 0.26 % 0.62 % 0.33 % 0.75 %
340 4.610E-03 0.26 % 0.62 % 0.33 % 0.75 % 4.510E-03 0.26 % 0.62 % 0.33 % 0.75 %
350 5.960E-03 0.23 % 0.61 % 0.34 % 0.74 % 5.835E-03 0.23 % 0.61 % 0.34 % 0.74 %
360 7.560E-03 0.23 % 0.61 % 0.34 % 0.74 % 7.415E-03 0.23 % 0.61 % 0.34 % 0.74 %
370 9.420E-03 0.20 % 0.63 % 0.33 % 0.74 % 9.255E-03 0.20 % 0.63 % 0.33 % 0.74 %
380 1.157E-02 0.20 % 0.63 % 0.33 % 0.74 % 1.138E-02 0.20 % 0.63 % 0.33 % 0.74 %
390 1.401E-02 0.30 % 0.54 % 0.33 % 0.70 % 1.378E-02 0.30 % 0.54 % 0.33 % 0.70 %
400 1.675E-02 0.25 % 0.54 % 0.24 % 0.64 % 1.648E-02 0.25 % 0.54 % 0.24 % 0.64 %
450 3.480E-02 0.21 % 0.35 % 0.05 % 0.41 % 3.421E-02 0.21 % 0.35% 0.05 % 0.41 %
500 5.890E-02 0.21 % 0.34 % 0.05 % 0.40 % 5.785E-02 0.21 % 0.34 % 0.05 % 0.40 %
550 8.620E-02 0.16 % 0.36 % 0.05 % 0.40 % 8.465E-02 0.16 % 0.36 % 0.05 % 0.40 %
555 8.900E-02 0.16 % 0.36 % 0.05 % 0.40 % 8.745E-02 0.16 % 0.36 % 0.05 % 0.40 %
600 1.138E-01 0.15% 0.37 % 0.03 % 0.40 % 1.119E-01 0.15% 0.37 % 0.03 % 0.40 %
650 1.391E-01 0.15% 0.37 % 0.03 % 0.40 % 1.369E-01 0.15% 0.37 % 0.03 % 0.40 %
700 1.606E-01 0.15 % 0.37 % 0.05 % 0.40 % 1.581E-01 0.15 % 0.37 % 0.05 % 0.40 %
750 1.776E-01 0.16 % 0.34 % 0.05 % 0.38 % 1.746E-01 0.16 % 0.34 % 0.05 % 0.38 %
800 1.896E-01 0.16 % 0.34 % 0.05 % 0.38 % 1.863E-01 0.16 % 0.34 % 0.05 % 0.38 %
850 1.968E-01 0.16 % 0.34 % 0.05 % 0.38 % 1.935E-01 0.16 % 0.34 % 0.05 % 0.38 %
900 1.994E-01 0.16 % 0.34 % 0.05 % 0.38 % 1.962E-01 0.16 % 0.34 % 0.05 % 0.38 %
950

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

2300

2400

d
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2500 | |
Table 7-5 HUT Results for FEL BN 9101 245. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.
FEL 245 First round data Second round data
Wa\;ilringth /\I;/r ﬁ,izalrll:ﬁl Uncorrelated Sv(i)tr}rlierllattgg c]j?rtgzg d Cs(t):rllt)ilalzd /é\r/r ili,izagfsl Uncorrelated Sv(i)tr}rlierllattlig CE?;;IZ:Z d Cs(t);llzlarzd
round uncertainty round uncertainty

250

260

270

280

290 9.230E-04 0.42 % 1.17 % 0.64 % 1.40 % 8.980E-04 0.42 % 1.17% 0.64 % 1.40 %
300 1.343E-03 0.24 % 0.66 % 0.57 % 0.90 % 1.317E-03 0.24 % 0.66 % 0.57 % 0.90 %
310 1.899E-03 0.35% 0.60 % 0.41% 0.81 % 1.873E-03 0.35% 0.60 % 0.41% 0.81%
320 2.620E-03 0.17 % 0.60 % 0.41% 0.75 % 2.592E-03 0.17 % 0.60 % 0.41% 0.75 %
330 3.520E-03 0.26 % 0.62 % 033 % 0.75 % 3.500E-03 0.26 % 0.62 % 033 % 0.75 %
340 4.640E-03 0.26 % 0.62 % 033 % 0.75 % 4.610E-03 0.26 % 0.62 % 033 % 0.75 %
350 6.000E-03 0.23 % 0.61 % 0.34 % 0.74 % 5.970E-03 0.23 % 0.61 % 0.34 % 0.74 %
360 7.600E-03 0.23 % 0.61 % 0.34 % 0.74 % 7.570E-03 0.23 % 0.61 % 0.34 % 0.74 %
370 9.470E-03 0.20 % 0.63 % 0.33 % 0.74 % 9.440E-03 0.20 % 0.63 % 0.33% 0.74 %
380 1.161E-02 0.20 % 0.63 % 0.33% 0.74 % 1.160E-02 0.20 % 0.63 % 0.33% 0.74 %
390 1.406E-02 0.30 % 0.54 % 0.33% 0.70 % 1.404E-02 0.30 % 0.54 % 0.33% 0.70 %
400 1.681E-02 0.25% 0.54 % 0.24 % 0.64 % 1.678E-02 0.25% 0.54 % 0.24 % 0.64 %
450 3.490E-02 0.21% 0.35% 0.05 % 0.41% 3.479E-02 021 % 0.35% 0.05% 0.41%
500 5.900E-02 021 % 0.34 % 0.05 % 0.40 % 5.870E-02 021 % 0.34 % 0.05% 0.40 %
550 8.630E-02 0.16 % 0.36 % 0.05 % 0.40 % 8.590E-02 0.16 % 0.36 % 0.05 % 0.40 %
555 8.900E-02 0.16 % 0.36 % 0.05 % 0.40 % 8.870E-02 0.16 % 0.36 % 0.05 % 0.40 %
600 1.138E-01 0.15% 0.37% 0.03 % 0.40 % 1.133E-01 0.15% 0.37 % 0.03 % 0.40 %
650 1.391E-01 0.15% 0.37% 0.03 % 0.40 % 1.386E-01 0.15% 0.37 % 0.03 % 0.40 %
700 1.607E-01 0.15% 0.37 % 0.05 % 0.40 % 1.600E-01 0.15% 0.37% 0.05 % 0.40 %
750 1.777E-01 0.16 % 0.34 % 0.05 % 038 % 1.767E-01 0.16 % 0.34 % 0.05 % 0.38 %
800 1.897E-01 0.16 % 0.34 % 0.05 % 0.38 % 1.885E-01 0.16 % 0.34 % 0.05% 0.38 %
850 1.970E-01 0.16 % 0.34 % 0.05 % 0.38 % 1.956E-01 0.16 % 0.34 % 0.05% 0.38 %
900 1.997E-01 0.16 % 0.34 % 0.05 % 0.38 % 1.983E-01 0.16 % 0.34 % 0.05 % 0.38 %
950

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

2300

2400

2500
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Table 7-6 HUT Results for FEL BN 9101 257. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.

FEL 257 First round data Second round data
Wa\;fllringth /\I)‘r]r z:r(li_iza;lrc;:_l Uncorrelated Cw?gfrlla:;g c]jfrg:g d Cs?é?lzgzd /i{[r ?S_iza;lrcf,l Uncorrelated Sv(i):;?xllattgg CE?ET;IZ d Cs(t);lrllzlalizd
round uncertainty round uncertainty

250

260

270

280

290 1.171E-03 0.42 % 1.17 % 0.64 % 1.40 % 1.153E-03 0.42 % 1.17 % 0.64 % 1.40 %
300 1.688E-03 0.24 % 0.66 % 0.57 % 0.90 % 1.673E-03 0.24 % 0.66 % 0.57 % 0.90 %
310 2.370E-03 0.35% 0.60 % 0.41 % 0.81 % 2.357E-03 0.35% 0.60 % 0.41 % 0.81 %
320 3.235E-03 0.17 % 0.60 % 0.41 % 0.75 % 3.233E-03 0.17 % 0.60 % 0.41 % 0.75 %
330 4.330E-03 0.26 % 0.62 % 0.33% 0.75 % 4.330E-03 0.26 % 0.62 % 0.33 % 0.75 %
340 5.655E-03 0.26 % 0.62 % 0.33% 0.75 % 5.670E-03 0.26 % 0.62 % 0.33 % 0.75 %
350 7.260E-03 0.23 % 0.61 % 0.34 % 0.74 % 7.270E-03 0.23 % 0.61 % 0.34 % 0.74 %
360 9.150E-03 0.23 % 0.61 % 0.34 % 0.74 % 9.170E-03 0.23 % 0.61 % 0.34 % 0.74 %
370 1.133E-02 0.20 % 0.63 % 0.33% 0.74 % 1.137E-02 0.20 % 0.63 % 0.33 % 0.74 %
380 1.383E-02 0.20 % 0.63 % 0.33% 0.74 % 1.388E-02 0.20 % 0.63 % 0.33 % 0.74 %
390 1.666E-02 0.30 % 0.54 % 0.33% 0.70 % 1.672E-02 0.30 % 0.54 % 0.33 % 0.70 %
400 1.982E-02 0.25 % 0.54 % 0.24 % 0.64 % 1.989E-02 0.25 % 0.54 % 0.24 % 0.64 %
450 4.030E-02 0.21 % 0.35% 0.05 % 0.41 % 4.035E-02 0.21 % 0.35 % 0.05 % 0.41 %
500 6.705E-02 0.21 % 0.34 % 0.05 % 0.40 % 6.700E-02 0.21 % 0.34 % 0.05 % 0.40 %
550 9.680E-02 0.16 % 0.36 % 0.05 % 0.40 % 9.670E-02 0.16 % 0.36 % 0.05 % 0.40 %
555 9.980E-02 0.16 % 0.36 % 0.05 % 0.40 % 9.970E-02 0.16 % 0.36 % 0.05 % 0.40 %
600 1.263E-01 0.15% 0.37 % 0.03 % 0.40 % 1.262E-01 0.15% 0.37 % 0.03 % 0.40 %
650 1.531E-01 0.15% 0.37 % 0.03 % 0.40 % 1.528E-01 0.15% 0.37 % 0.03 % 0.40 %
700 1.754E-01 0.15% 0.37 % 0.05 % 0.40 % 1.750E-01 0.15% 0.37 % 0.05 % 0.40 %
750 1.926E-01 0.16 % 0.34 % 0.05 % 0.38% 1.919E-01 0.16 % 0.34 % 0.05 % 0.38 %
800 2.044E-01 0.16 % 0.34 % 0.05 % 0.38% 2.035E-01 0.16 % 0.34 % 0.05 % 0.38 %
850 2.110E-01 0.16 % 0.34 % 0.05 % 0.38% 2.100E-01 0.16 % 0.34 % 0.05 % 0.38 %
900 2.127E-01 0.16 % 0.34 % 0.05 % 0.38% 2.119E-01 0.16 % 0.34 % 0.05 % 0.38 %
950

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

2300

2400

2500
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7.6 Pilot Results

NPL’s results for FEL BN 9101 238 are given in Table 7-7 and the results for FEL BN 9101 245

FINAL REPORT

are given in Table 7-8 and the results for FEL BN 9101 257 are given in Table 7-9.

Table 7-7 NPL Results for FEL BN 9101 238. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.

FEL 238 First round data Second round data
Wa\;elength Irrad_izance_l Uncorrelated Cw?tifrlla:;g Entirely Cs(t);rlll?ilalizd Irrad_ifnci Uncorrelated Sv?slrx?xlla:}?g Entirely Cs(t);lrllzlalizd
nm /W m™ nm round correlated uncertainty /W m™ nm round correlated uncertainty
250
260
270
280
290 8.573E-04 0.25 % 0.41 % 1.00 % 1.11% 8.514E-04 0.24 % 0.38 % 1.00 % 1.10 %
300 1.268E-03 0.21 % 0.40 % 0.25% 0.52% 1.261E-03 021 % 0.37 % 0.25 % 0.50 %
310 1.816E-03 0.19 % 0.39 % 0.28 % 0.52 % 1.807E-03 0.20 % 0.36 % 0.28 % 0.50 %
320 2.526E-03 0.18 % 0.37 % 0.25 % 0.48 % 2.514E-03 0.18 % 0.35% 0.25 % 0.47 %
330 3.423E-03 0.17 % 0.36 % 0.28 % 0.49 % 3.408E-03 0.17 % 0.34 % 0.28 % 0.47 %
340 4.531E-03 0.17 % 0.35% 0.33 % 0.51 % 4.512E-03 0.17 % 0.33 % 0.33 % 0.49 %
350 5.873E-03 0.16 % 0.34 % 0.36 % 0.52 % 5.847E-03 0.16 % 0.32 % 0.36 % 0.51 %
360 7.466E-03 0.16 % 0.33 % 0.43 % 0.57 % 7.432E-03 0.15 % 031 % 0.43 % 0.55 %
370 9.326E-03 0.15% 0.32% 0.46 % 0.58 % 9.283E-03 0.15% 0.30 % 0.46 % 0.57 %
380 1.147E-02 0.15 % 0.31 % 0.52 % 0.63 % 1.141E-02 0.14 % 0.29 % 0.52 % 0.61 %
390 1.389E-02 0.15% 031 % 0.50 % 0.61 % 1.382E-02 0.14 % 0.29 % 0.50 % 0.59 %
400 1.661E-02 0.15% 0.30 % 0.46 % 0.57 % 1.653E-02 0.14 % 0.28 % 0.46 % 0.56 %
450 3.445E-02 0.15 % 0.27 % 0.10 % 0.32% 3.424E-02 0.14 % 0.25 % 0.10 % 0.30 %
500 5.815E-02 0.14 % 0.24 % 0.01 % 0.28 % 5.775E-02 0.13 % 0.22 % 0.01 % 0.26 %
550 8.508E-02 0.12 % 0.22 % 0.00 % 0.25% 8.450E-02 0.11 % 0.20 % 0.00 % 0.23 %
555 8.784E-02 0.12 % 0.22 % 0.00 % 0.25% 8.724E-02 0.11 % 0.20 % 0.00 % 0.23 %
600 1.124E-01 0.11 % 0.20 % 0.00 % 0.23 % 1.116E-01 0.10 % 0.19 % 0.00 % 0.21 %
650 1.376E-01 0.11 % 0.18 % 0.00 % 0.21 % 1.368E-01 0.10 % 0.17 % 0.00 % 0.20 %
700 1.590E-01 0.11 % 0.17 % 0.00 % 0.20 % 1.582E-01 0.10 % 0.16 % 0.00 % 0.19 %
750 1.757E-01 0.10 % 0.16 % 0.01 % 0.19 % 1.750E-01 0.09 % 0.15% 0.01 % 0.17 %
800 1.876E-01 0.09 % 0.15 % 0.00 % 0.18 % 1.869E-01 0.09 % 0.14 % 0.00 % 0.16 %
850 1.949E-01 0.09 % 0.14 % 0.00 % 0.17 % 1.943E-01 0.08 % 0.13 % 0.00 % 0.16 %
900 1.982E-01 0.08 % 0.13 % 0.00 % 0.16 % 1.975E-01 0.08 % 0.12 % 0.00 % 0.15 %
950
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500
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Table 7-8 NPL Results for FEL BN 9101 245. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.

FEL 245 First round data Second round data
Wavelength Irrad_izance_l Uncorrelated Sv(i)trlrlfliattgs Entirely Cs(t);rrll?l;ifld Irrad_izance_l Uncorrelated Sv?tr;l?rlla:;g Entirely Cs?;:lzg:‘fld
/nm /W m™ nm round correlated uncertainty /W m™ nm round correlated uncertainty
250
260
270
280
290 8.834E-04 0.22 % 0.41 % 1.00 % 1.10 % 8.891E-04 0.26 % 0.38 % 1.00 % 1.10 %
300 1.303E-03 0.20 % 0.40 % 0.25 % 0.51 % 1.312E-03 0.24 % 0.37 % 0.25 % 0.51 %
310 1.862E-03 0.18 % 0.39 % 0.28 % 0.51 % 1.874E-03 0.23 % 0.36 % 0.28 % 0.51 %
320 2.585E-03 0.17 % 0.37 % 0.25 % 0.48 % 2.600E-03 0.22 % 0.35 % 0.25 % 0.48 %
330 3.498E-03 0.16 % 0.36 % 0.28 % 0.49 % 3.516E-03 0.20 % 0.34 % 0.28 % 0.48 %
340 4.623E-03 0.15 % 0.35 % 0.33 % 0.51 % 4.644E-03 0.19 % 0.33 % 033 % 0.50 %
350 5.984E-03 0.15 % 0.34 % 0.36 % 0.52 % 6.006E-03 0.19 % 0.32 % 0.36 % 0.52 %
360 7.598E-03 0.14 % 0.33 % 0.43 % 0.56 % 7.621E-03 0.18 % 031 % 0.43 % 0.56 %
370 9.482E-03 0.14 % 0.32 % 0.46 % 0.58 % 9.504E-03 0.17 % 0.30 % 0.46 % 0.58 %
380 1.165E-02 0.13 % 0.31 % 0.52 % 0.62 % 1.167E-02 0.17 % 0.29 % 0.52 % 0.62 %
390 1.410E-02 0.13 % 0.31 % 0.50 % 0.60 % 1.412E-02 0.16 % 0.29 % 0.50 % 0.60 %
400 1.685E-02 0.13 % 0.30 % 0.46 % 0.56 % 1.686E-02 0.16 % 0.28 % 0.46 % 0.56 %
450 3.486E-02 0.13 % 0.27 % 0.10 % 0.31 % 3.480E-02 0.16 % 0.25 % 0.10 % 031 %
500 5.873E-02 0.12 % 0.24 % 0.01 % 0.27 % 5.861E-02 0.14 % 0.22 % 0.01 % 0.26 %
550 8.584E-02 0.10 % 0.22 % 0.00 % 0.24 % 8.568E-02 0.12 % 0.20 % 0.00 % 0.24 %
555 8.861E-02 0.10 % 0.22 % 0.00 % 0.24 % 8.845E-02 0.12 % 0.20 % 0.00 % 0.23 %
600 1.133E-01 0.10 % 0.20 % 0.00 % 0.22 % 1.131E-01 0.11 % 0.19 % 0.00 % 0.22 %
650 1.386E-01 0.09 % 0.18 % 0.00 % 0.21 % 1.385E-01 0.11 % 0.17 % 0.00 % 0.20 %
700 1.601E-01 0.09 % 0.17 % 0.00 % 0.19 % 1.600E-01 0.11 % 0.16 % 0.00 % 0.19 %
750 1.769E-01 0.09 % 0.16 % 0.01 % 0.18 % 1.769E-01 0.10 % 0.15 % 0.01 % 0.18 %
800 1.889E-01 0.08 % 0.15 % 0.00 % 0.17 % 1.888E-01 0.10 % 0.14 % 0.00 % 0.17 %
850 1.962E-01 0.08 % 0.14 % 0.00 % 0.16 % 1.961E-01 0.09 % 0.13 % 0.00 % 0.16 %
900 1.995E-01 0.08 % 0.13 % 0.00 % 0.15% 1.993E-01 0.09 % 0.12 % 0.00 % 0.15 %
950
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500
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Table 7-9 NPL Results for FEL BN 9101 257. Uncertainties have been split
according to correlation between lamps and between rounds and are at k = 1.

FEL 257 First round data Second round data
Wa\;fllringth /\I)‘r]r z:r(li_iza;lrc;:_l Uncorrelated Cw?gfrlla:;g c]jfrg:g d Cs?é?lzgzd /i{[r ?S_iza;lrcf,l Uncorrelated Sv(i):;?xllattgg CE?ET;IZ d Cs(t);lrllzlalizd
round uncertainty round uncertainty

250

260

270

280

290 1.128E-03 0.23 % 0.41 % 1.00 % 1.11% 1.143E-03 0.24 % 0.38 % 1.00 % 1.10 %
300 1.650E-03 0.20 % 0.40 % 0.25 % 0.51 % 1.669E-03 0.22 % 0.37 % 0.25 % 0.50 %
310 2.338E-03 0.18 % 0.39 % 0.28 % 0.51 % 2.362E-03 0.20 % 0.36 % 0.28 % 0.50 %
320 3.221E-03 0.17 % 0.37 % 0.25 % 0.48 % 3.249E-03 0.18 % 0.35% 0.25 % 0.47 %
330 4.326E-03 0.16 % 0.36 % 0.28 % 0.48 % 4.357E-03 0.17 % 0.34 % 0.28 % 0.47 %
340 5.677E-03 0.15% 0.35% 0.33% 0.51 % 5.712E-03 0.16 % 0.33 % 0.33 % 0.49 %
350 7.298E-03 0.14 % 0.34 % 0.36 % 0.52 % 7.335E-03 0.16 % 0.32 % 0.36 % 0.51 %
360 9.207E-03 0.14 % 0.33% 0.43 % 0.56 % 9.247E-03 0.15% 0.31% 0.43 % 0.55%
370 1.142E-02 0.13 % 0.32 % 0.46 % 0.58 % 1.146E-02 0.15% 0.30 % 0.46 % 0.57 %
380 1.395E-02 0.13% 0.31% 0.52 % 0.62 % 1.399E-02 0.14 % 0.29 % 0.52 % 0.61 %
390 1.679E-02 0.13% 0.31% 0.50 % 0.60 % 1.683E-02 0.14 % 0.29 % 0.50 % 0.59 %
400 1.996E-02 0.13% 0.30 % 0.46 % 0.56 % 2.000E-02 0.14 % 0.28 % 0.46 % 0.56 %
450 4.037E-02 0.13% 0.27 % 0.10 % 0.31 % 4.042E-02 0.14 % 0.25 % 0.10 % 0.30 %
500 6.687E-02 0.12 % 0.24 % 0.01 % 0.27 % 6.694E-02 0.14 % 0.22 % 0.01 % 0.26 %
550 9.643E-02 0.11 % 0.22 % 0.00 % 0.24 % 9.658E-02 0.12 % 0.20 % 0.00 % 0.24 %
555 9.943E-02 0.11 % 0.22 % 0.00 % 0.24 % 9.958E-02 0.12 % 0.20 % 0.00 % 0.23 %
600 1.259E-01 0.10 % 0.20 % 0.00 % 0.22 % 1.261E-01 0.11 % 0.19 % 0.00 % 0.22 %
650 1.526E-01 0.10 % 0.18 % 0.00 % 0.21 % 1.529E-01 0.11 % 0.17 % 0.00 % 0.20 %
700 1.749E-01 0.09 % 0.17 % 0.00 % 0.19% 1.752E-01 0.11 % 0.16 % 0.00 % 0.19 %
750 1.920E-01 0.09 % 0.16 % 0.01 % 0.18% 1.923E-01 0.10 % 0.15% 0.01 % 0.18 %
800 2.037E-01 0.08 % 0.15% 0.00 % 0.17 % 2.040E-01 0.10 % 0.14 % 0.00 % 0.17 %
850 2.105E-01 0.08 % 0.14 % 0.00 % 0.16 % 2.107E-01 0.09 % 0.13 % 0.00 % 0.16 %
900 2.131E-01 0.08 % 0.13% 0.00 % 0.15% 2.131E-01 0.09 % 0.12 % 0.00 % 0.15 %
950

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

2300

2400

2500
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7.7 Lamp Behaviour
7.7.1 HUT Lamps

The following lamps were supplied to HUT by NPL:
FEL BN 9101 238 FEL BN 9101 257 FEL BN 9101 245
Measurements were made in the sequence: HUT — NPL — HUT — NPL

There was an initial measurement of the lamps at NPL prior to this sequence, however the
decision was made to ignore those results in light of the improvements made subsequently to the
facility and hence to the measurement accuracy at NPL.

HUT measured all intercomparison wavelengths between 290 nm and 900 nm.
7.7.2 Lamp electrical stability

The lamp was operated at 8.100 A at both laboratories, the lamp voltage measured was:

Table 7-10 Electrical Potential across lamp as measured by both laboratories.

Lamp Potential first HUT  Potential first Potential second HUT  Potential
measurement NPL measurement second NPL
measurement measurement
FEL BN 9101 238 105.23 V 1049V 104.84 V 104.8 V
FEL BN 9101 257 110.01 V 109.8 V 109.87 V 109.8 V
FEL BN 9101 245 105.05V 1049V 104.94 V 104.8 V

7.7.3 Other comments on lamps

HUT has reported in the second measurement report (T-R 275.doc) that: “It was noticed that NPL
aligns the lamps with the alignment jig flipped 180 degrees as compared with the routines of HUT.
The second measurement with lamp BN-9101-238 was done with the NPL alignment. As can be seen,
the change is of the same order of magnitude as the repeatability of the measurements.”

Both the first report (T-R 163B.doc) and the second report (T-R 275.doc) also reported that:
“Transfer standard ID No. BN-9101-238 was observed to have strongly fogged glass envelope. The
similar effect was noticed also for the lamp BN-9101-245 in somewhat smaller extent.”

The second report also included: “The voltages of lamps 238 and 245 have dropped by
approximately 0.5 V during transportations. Corresponding significant changes can be seen in the
spectral irradiances.” And “Lamp 257 works correctly. With the other two lamps the changes have to
be taken into account.”
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7.7.4 Lamp history

Table 7-11 Lamp history for FEL BN 9101 238.

Date period Activity Burn hours:minutes
July — August 2000 0™ round measurements at NPL (not used) 10:30
August 2000 Hand-carried to HUT

Aug. — Sept. 2000 1* round measurements at HUT 2:00
September 2000 Hand-carried to NPL

February — July 2002 1* round measurements at NPL 14:01
August 2002 Hand-carried to HUT

September 2002 2" round measurements at HUT 3:33
October 2002 Hand-carried to NPL

June — August 2003 2" round measurements at NPL 16:27
November 2003 Hand-carried to HUT

Table 7-12 Lamp history for FEL BN 9101 257.

Date period Activity Burn hours:minutes
July — August 2000 0" round measurements at NPL (not used) 6:56
August 2000 Hand-carried to HUT

Aug. — Sept. 2000 1* round measurements at HUT 3:27
September 2000 Hand-carried to NPL

February — July 2002 1* round measurements at NPL 10:45
August 2002 Hand-carried to HUT

September 2002 2" round measurements at HUT 1:55
October 2002 Hand-carried to NPL

June — August 2003 2" round measurements at NPL 12:02
November 2003 Hand-carried to HUT

Table 7-13 Lamp history for FEL BN 9101 2435.

Date period Activity Burn hours:minutes
July — August 2000 0" round measurements at NPL (not used) 7:01
August 2000 Hand-carried to HUT

Aug. — Sept. 2000 1* round measurements at HUT 2:00
September 2000 Hand-carried to NPL

February — July 2002 1* round measurements at NPL 15:34
August 2002 Hand-carried to HUT

September 2002 2" round measurements at HUT 1:45
October 2002 Hand-carried to NPL

June — August 2003 2" round measurements at NPL 14:08
November 2003 Hand-carried to HUT

7.7.5 Lamp stability from pilot measurements

These graphs show the reproducibility of the pilot’s measurements of the HUT lamps. The
difference between the first and second pilot measurement is compared with the uncertainties relating
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to effects that were independent between the rounds — the “entirely uncorrelated” and “round
correlated” effects.
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Figure 7-4 Difference between first and second round measurements of FEL BN
9101 238 by NPL. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the NPL measurements.
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Figure 7-5 Difference between first and second round measurements of FEL BN
9101 245 by NPL. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the NPL measurements.
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Figure 7-6 Difference between first and second round measurements of FEL BN
9101 257 by NPL. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the NPL measurements.

7.7.6 Lamp stability from HUT measurements
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Figure 7-7 Difference between first and second round measurements of FEL BN
9101 238 by HUT. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the HUT measurements.
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Figure 7-8 Difference between first and second round measurements of FEL BN
9101 245 by HUT. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the HUT measurements.
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Figure 7-9 Difference between first and second round measurements of FEL BN
9101 257 by HUT. The graph also shows the combination of the uncertainties of the
entirely uncorrelated and round-correlated effects of the HUT measurements.
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7.8 Bilateral comparison between HUT and the comparison scale

This graph shows the difference between the HUT and NPL measurements of the HUT lamps. A
version of this graph normalised to show the relative difference between the lamps, but not the
absolute difference between the measurements was used to assist in choosing which lamp
measurements to use.
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Figure 7-10 Bilateral comparisons of the HUT lamps.

7.8.1 Decisions on which measurements to use

At the pre-draft A stage, the pilot submitted to HUT the information in the graphs Figure 7-4 to
Figure 7-10. It was decided that both participant measurements and both pilot measurements would be
used for both FEL BN 9101 257 and for FEL BN 9101 245, but that only the second HUT
measurement would be used for FEL BN 9101 238. This lamp shows a difference between the rounds
that is larger than HUT’s uncertainties and also an electrical potential difference. Therefore, it is
assumed that the lamp changed on the first journey from HUT to NPL. Following the end of this
comparison, HUT made an additional quick measurement of FEL BN 9101 238. This measurement
was slightly lower than the 2002 measurements, which supports the theory that the lamp has been
slowly dropping throughout the measurement sequence: HUT1 — NPL1 — HUT2 — NPL2 — HUT extra.
It also supports the assumption that the lamp showed a step change on the first transportation.
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8 Measurements at IFA-CSIC

8.1

Primary scale realisation

The realisation of the scale for spectral irrad