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Abstract

Characterisation and uncertainty of measurement analysis of a detector
spectral power responsivity measurement system

by
Irma Rabe
Supervisor: Prof. WE Meyer
Co-supervisor: Mr RH Sieberhagen
Degree: Master of Science
Keywords: spectral power responsivity; calibration; PtSi photodi-

ode; Si photodiode; pyroelectric; Si-trap detector; source;
monochromator; wavelength; order sorting filters; diffrac-
tion gratings; uncertainty of measurement

The accurate measurement of spectral power responsivity of detectors is re-
quired in several applications, ranging from industries such as aerospace, de-
fence and manufacturing to traceability for other optical measurements, such as
the realisation of the Sl unit, candela. At NMISA, the spectral power responsiv-
ity measurement capability is maintained on national measurement standards,

published in the Government Gazette, to support such applications.

In this study, a new measurement system for spectral power responsivity of de-
tectors was implemented and characterised. This measurement system consists
of a scanning double monochromator and other components selected based on
system requirements, including sources of optical radiation, order sorting filters,

diffraction gratings, imaging optics and detectors.

The first step of characterisation was to perform the wavelength calibration of the
monochromator. This was done for the wavelength regions of 200 nm to 400 nm
and 600 nmto 1 100 nm and produced the wavelength calibration equations used
in the spectral power responsivity calibrations performed. Uncertainty of meas-

urement analyses were performed for these calibrations and the results were
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used in the uncertainty of measurement determination for the spectral power re-

sponsivity calibrations.

The second step of characterisation was to perform spectral power responsivity
calibrations of detectors. In the UV region, 260 nm to 400 nm, the spectral power
responsivity of a PtSi photodiode detector was determined through calibration
against a UV-enhanced Si photodiode detector, previously calibrated by the Na-
tional Physical Laboratory of the United Kingdom for spectral power responsivity,
using the substitution method. An uncertainty of measurement analysis was per-
formed for this calibration as a function of wavelength. The measurement results
obtained were successfully verified through comparison against a calibration per-
formed by Physikalisch-Technische Bundesanstalt in Germany for the same PtSi

photodiode detector for spectral power responsivity.

In the visible to near-IR region, 600 nm to 1 100 nm, the spectral power re-
sponsivity of a Si photodiode detector was determined. This was done through
calibration for absolute power responsivity at 632,8 nm against a Si-trap detector
using a stabilised HeNe laser source and extending this absolute calibration to
the wavelength region of 600 nm to 1 100 nm, using a pyroelectric detector with
known spectral absorptance, on the implemented measurement system. An un-

certainty of measurement analysis was performed for this calibration.

The absolute tie point calibration of the Si photodiode detector at 632,8 nm was
successfully verified through calibration against a second Si-trap detector as veri-
fication standard and through comparison against a previous calibration. The
spectral power responsivity of a Si photodiode detector determined on the imple-
mented measurement system was successfully verified through comparison with

its previous calibration.

As a second verification, the Si photodiode detector was also calibrated for spec-
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tral power responsivity against the UV-enhanced Si photodiode detector on the
implemented measurement system in the 600 nm to 1 100 nm region and the
uncertainty of measurement was determined as a function of wavelength. Using
this uncertainty of measurement as a function of wavelength for comparison, the
verification proved to be unsuccessful at some wavelengths between 650 nm and
720 nm and 1 060 nmto 1 100 nm. However, since the measurement results were
within the stated uncertainty of the Si photodiode detector calibration against the
pyroelectric detector and Si-trap detector between 600 nm and 1 050 nm, with
the exception of 660 nm, the spectral power responsivity of the Si photodiode

detector was considered successfully verified between 600 nm and 1 050 nm.

Following the implementation and characterisation of the new measurement sys-
tem, the spectral power responsivity measurement capability at NMISA was as-
sessed by SANAS for accreditation, which was obtained for the wavelength re-
gions of 260 nm to 400 nm and 600 nm and 1 050 nm. Future research will
include the establishment of the spectral power responsivity measurement cap-

ability in the wavelength regions of 200 nm to 260 nm and 400 nm to 600 nm.
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Chapter 1

Introduction

1.1 Background

Optical detectors are used to measure optical radiation or the part of the elec-
tromagnetic spectrum between ultraviolet (UV) and infrared (IR). The detectors
produce a response, i.e. an electrical signal that is proportional to the power
of the incident radiation, and is wavelength selective. This wavelength selective

response is called spectral power responsivity of detectors.

Measurement of spectral power responsivity of detectors is required by industries
such as aviation and aerospace, defence, manufacturing and agriculture. Char-
acterisation of spectral power responsivity of detectors enables further optical
measurements with applications in the mentioned industries, including photobio-
logical safety, non-destructive testing, medical and health, water and sanitation,
textiles and pharmaceuticals. These industries rely on accurate optical measure-

ments.

Furthermore, accurate measurements require traceability to the Sl (International
System of Units). Such traceability is obtained through metrology institutes that
establish the practical realisations of the definitions of the Sl units. The estab-

lished capability for spectral power responsivity of detectors is a key requirement
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Introduction Research problem

in the realisation of the S| base unit candela.

At the National Metrology Institute of South Africa (NMISA), the spectral power
responsivity scale is maintained on a set of silicon trap detectors. The cal-
ibration of the silicon trap detectors is performed at a few discrete laser
lines and extended, using a pyroelectric detector and a broadband source-
monochromator system, to the UV, visible and near-IR regions. The broad-
band source-monochromator system was upgraded with a new monochromator.
Therefore, the new measurement system had to be implemented and character-

ised to maintain the spectral power responsivity scale.

An essential part of the characterisation of the new measurement system, is an
uncertainty analysis. Uncertainty of measurement provides a quantification of
how close the measured spectral power responsivity is to the true spectral power
responsivity of the detector. Factors of the measurement system that contribute
to the uncertainty of measurement have to be investigated, quantified and min-

imised.

1.2 Research problem

The need to maintain the measurement capability for spectral power respons-
ivity of detectors at NMISA in support of local industries and maintenance of
international equivalence motivated this study. The purpose was to establish this
measurement capability in the UV to near-IR region on the new measurement

system.
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Introduction Research problem

1.2.1 Aims

The first aim of the study was to revise the setup and measurement system
previously used for measuring the spectral power responsivity of detectors. The
second aim was to characterise the new measurement system and calibrate a
set of optical detectors for spectral power responsivity, and to perform a detailed

uncertainty of measurement analysis.

1.2.2 Objectives

The measurement setup and method for spectral power responsivity are well
established and documented in technical papers and reports, and technical pro-
tocols used by laboratories across the world to determine international equival-
ence. In this study, such technical protocols, and technical reports provided by

the International Commission on lllumination (CIE) were used as guides.

The typical setup for spectral power responsivity measurement requires spec-
trally selective sources of optical radiation, or a broadband source with a spec-
trally selective instrument, such as a monochromator, imaging optics to underfill
the detector to measure the power of the incident optical radiation, and signal

processing and measurement devices.

The first objective was to construct the new measurement system. This entailed
selection of components based on wavelength regions. New components to be
implemented were sources of optical radiation, filter selection, diffraction grat-

ings, imaging optics and a new pyroelectric detector.

The second objective was to characterise the system through calibration. A
wavelength calibration of the monochromator is required in each wavelength

region of interest and is performed through comparison against spectral line
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Introduction Layout of the dissertation

sources. This was followed by the calibration of optical detector standards for

spectral power responsivity in different wavelength regions.

The final objective was to investigate any factors that contribute to the uncer-
tainty of measurement in the new measurement system. This required a detailed

analysis of measurement uncertainty.

1.3 Layout of the dissertation

The relevance of optical detectors and the importance and application of their
characterisation for spectral power responsivity is provided in Chapter 1. This
chapter addresses the motivation for maintaining this measurement capability at
NMISA and explains that this is done through the implementation and charac-
terisation of a new, upgraded measurement system. The aims and objectives to

achieve this are discussed.

In this study, the International Vocabulary of Metrology (VIM) [JCGM, 2012] will
be used as a guide for terms and definitions. Technical methods prescribed in
technical reports and international standards provided by CIE will be used as
guides for methodologies and uncertainty contributions used and investigated in

this study.

Chapter 2 provides background on uncertainty of measurement and explains
some fundamental concepts and terms used in this study and metrology in gen-

eral.

Chapter 3 describes the optical detectors used to characterise the new meas-
urement system and uncertainty contributors to consider when performing the
uncertainty of measurement analysis. Chapter 4 defines spectral power respons-
ivity of detectors and the standard methodology for its measurement and calibra-

tion. This chapter also compares spectral power responsivity scales maintained
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at other metrology laboratories.

An overview of sources of optical radiation is provided in Chapter 5 along with
the related uncertainty contributors to consider. The new measurement system
utilises such sources in conjunction with a scanning double monochromator,
the main factors and components of which are discussed in Chapter 6. In this
chapter, the basic operation of a monochromator is explained along with the core
components of the new measurement system, such as imaging optics, diffraction
gratings and order-sorting filters. Uncertainty contributors relevant to the mono-

chromator system are also described.

One of the most important aspects of characterisation of the measurement sys-
tem is the wavelength calibration of the monochromator, which is explained in
Chapter 7. This chapter provides a detailed description of the method used to
perform wavelength calibrations, as well as the results and uncertainty of meas-
urement analysis for the two wavelength calibrations performed in preparation for
the spectral power responsivity calibrations. The results of these uncertainty of

measurement analyses are provided in Appendices G and H.

This links to Chapter 8, which provides the selection of components implemen-
ted for the measurement system of spectral power responsivity of detectors.
Appendix A provides a schematic representation of this measurement setup.
Discussed in this chapter is the characterisation of the measurement system
through calibration of PtSi photodiode and Si photodiode detectors for spectral
power responsivity in the wavelength regions of 200 nm to 400 nm and 600 nm
to 1 100 nm, respectively. The chapter includes the method used, the results ob-
tained and the uncertainty of measurement analysis performed considering the
relevant uncertainty contributors, the latter of which is provided in Appendices |,

J and K.
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Some important aspects of the implementation of the measurement system, such
as the alignment of the monochromator, the control software used, mounting
of the optical detectors and experimental slit functions are described in Appen-

dices B, C, D and E.

Chapter 10 provides the conclusions to the objectives set out in Chapter 1 and
discusses further research to be considered as future work for improvement of

the study performed.

The wavelength region of 400 nm to 600 nm was not covered in this study and is
reserved for future work. Characterisation of this wavelength region would also
require a wavelength calibration of the monochromator from 400 nm to 600 nm.
After this, a spectral power responsivity calibration of the relevant detector would
have to be performed using one of the methods described in Chapter 4. A com-
plete uncertainty of measurement analysis would have to be performed to obtain

the measurement results.
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Chapter 2

Uncertainty of measurement

2.1 Measurement

Metrology, as defined by the VIM, is the science, theoretical and practical, of
measurement and its application. Metrology involves the development of meas-
urement methods and systems, realising measurement standards and dissemin-

ating them to users.

To practise metrology, it is important to understand what a measurement is. The
VIM defines a measurement as "the process of experimentally obtaining one or
more quantity values that can reasonably be attributed to a quantity", adding
that a "measurement presupposes a description of the quantity commensurate
with the intended use of a measurement result, a measurement procedure, and
a calibrated measuring system operating according to the specified measure-
ment procedure, including the measurement conditions" [JCGM, 2012:16]. In this

study, the quantity is spectral power responsivity, s.

Standard measurement procedures or methods are sometimes made available
by standardisation bodies, such as the International Standardization Organisa-
tion (ISO). The CIE is considered as representing the best authority on all matters

relating to the science of among others, light, lighting and vision. The CIE is also
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recognised by the International Commission for Weights and Measures (CIPM),
ISO and the International Electrotechnical Commission (IEC) as an international
standardisation body. The CIE provides technical notes, technical reports and
international standards related to vision and colour, the physical measurement
of light and radiation and more. These are all written by technical committees

consisting of the leading experts in the relevant fields across the world.

2.2 Uncertainty of measurement

Once the value of a quantity is obtained through measurement, its quality or
estimate of how close it is to the true value should be determined. This is known
as uncertainty, defined by the VIM as the characterisation of the dispersion of
values attributed to a quantity. The uncertainty defines an interval of values in
which the true value is considered to lie, with a stated probability. This interval is
called the coverage interval and the probability is called the coverage probability

or level of confidence.

A measurement result is expressed as the measured value of the quant-
ity and the uncertainty associated with the value for a given probability, e.g.

0,351 AW + 0,63 % with a level of confidence of 95,45 %.

2.3 Calibration

Calibration is the measurement through a comparison of an unknown quant-
ity with associated uncertainty, to a known or reference quantity with provided
uncertainty. For example, a test detector is calibrated for the unknown quant-
ity spectral power responsivity against a reference or standard detector with a

known spectral power responsivity (known quantity) and associated uncertainty.
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Through this comparison, the uncertainty associated with the measured value of

the unknown quantity is determined to yield the measurement result.

Calibration is a process that must be repeated on an ongoing basis at a time
interval dependent on the frequency of use, susceptibility to drift and the level of
importance of the measurement. The benefits of calibration are among others,
having a reliable quantification of an instrument, avoiding inaccurate readings

and ensuring consistency between measurements with different instruments.

2.4 \Verification and validation

Verification and validation are terms that are at times used interchangeably. For
this study, the terms refer to verification of results and validation of the measure-
ment method. The VIM defines verification as the provision of evidence that a
measurement system meets a specified requirement. Such a requirement may
be a manufacturer’s specification, a performance property or a target measure-
ment uncertainty. In many cases measurement uncertainty is used as evaluation

criteria to determine whether a requirement is met.

A measurement method is validated when evidence is available that it is ad-
equate for its intended use. A method may be validated by performing a meas-
urement of the same quantity using another method and obtaining measurement
results from both methods which are within a specified requirement, such as a
measurement uncertainty. Validation may also be through verification. For ex-
ample, if a detector is calibrated at two national metrology institutes (NMIs), us-
ing the same or different methods and different traceability routes, the successful
comparison of the detector values is considered as a verification of the measure-

ment results, and validation through verification.
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2.5 Traceability

A measurement result can be disseminated through metrological traceability.
Metrological traceability is when the measurement result is related to a refer-
ence through a documented unbroken chain of calibrations, with each calibration
contributing to the measurement uncertainty. This chain of calibrations relating a

measurement result to a reference is called a traceability chain.

Traceability provides confidence in the calibration through the relation to a higher
accuracy reference. The top level of a traceability chain consists of the realisation
of the Sl units [BIPM, 2019] at NMIs, which are typically maintained in national
measurement standards. National measurement standards are registered in the
Government Gazette, e.g. Government Gazette no. 41982 [DTI, 2018] provides
for the national measurement standards maintained by the National Metrology

Institute of South Africa.

The next level of the traceability chain may be local calibration laboratories, which
will in turn provide the calibration of a master item to a company, which will be
able to calibrate other equipment against the master item, and so on. At each

lower level of the traceability chain, the uncertainty increases.

2.6 International equivalence

The role of an NMI is to maintain the national measurement standards and dis-
seminate traceability to industry. This requires the development of measurement
standards and their comparison to other national measurement standards or in-
ternational standards. Through this comparison, international equivalence is es-
tablished. This process of comparison is governed by the International Commit-

tee for Weights and Measures — Mutual Recognition Arrangement (CIPM MRA).

10



% UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA
Denklelers + Leading Minds * ik 5a Dihlaler

Uncertainty of measurement Accreditation

NMIs participate in international key comparisons through the Consultative Com-
mittees of the CIPM, such as CCPR (Consultative Committee for Photometry and
Radiometry). Two examples of such international key comparisons are CCPR-
K2.c, spectral responsivity in the wavelength range of 200 nm to 400 nm, and
CCPR-K2.b, spectral responsivity in the wavelength range of 300 nm to 1 000 nm.
During these comparisons, several NMIs from countries across the world meas-
ure the same quantity and the results are then compared to obtain the reference
value. The outcome of these international key comparisons is Calibration and
Measurement Capabilities (CMCs) of the NMIs, which are listed in the Key Com-
parison Database (KCDB) on the website of the International Bureau of Weights

and Measures (BIPM).

2.7 Accreditation

One of the requirements for a laboratory to have its CMCs entered in the BIPM
KCDB is having a total quality management system (TQMS) based on the inter-
national standard ISO/IEC 17025. The TQMS may be accredited by an accred-
itation body such as the South African National Accreditation System (SANAS)
which is internationally recognised by the International Laboratory Accreditation

Cooperation (ILAC).

Obtaining this accreditation requires being assessed against the internation-
ally recognised standard ISO/IEC 17025 [ISO/IEC, 2017], or the locally adopted
standard, for example, SANS (South African National Standard) 17025, General
requirements for the competence of testing and calibration laboratories [SABS,
2018]. During this process, the laboratory demonstrates its competence and cap-
ability. Staff is withessed and assessed by a local or international assessor who

is considered an expert in the field for which accreditation is applied for.

11
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Following this study, the quantity, spectral power responsivity, s, maintained by
the Photometry and Radiometry laboratory of the NMI of South Africa after the
design, implementation and characterisation of a new measurement system, was
assessed by SANAS. The SANS 17025 requirements that had to be in place for
this assessment were, among others, a validated measurement method, a recent
calibration performed on the measurement system with verified measurement

results, stated traceability and associated uncertainty of measurement analysis.

2.8 Understanding uncertainty

Measurement uncertainty is an extensive field of study. Many statistical concepts
have to be understood before attempting an uncertainty calculation. These con-
cepts are taught through in-depth courses on measurement uncertainty based
on JCGM 100:2008, Evaluation of measurement data — Guide to the expression
of uncertainty in measurement (GUM) [JCGM, 2008]. A brief overview of terms
used in this study to determine the uncertainty of measurement is provided in

Table 2.1, for further explanations, refer to the GUM.

During a calibration of an unknown quantity such as spectral power responsiv-
ity, there are many factors that influence the measurement result and therefore
contribute to the uncertainty. These sources of uncertainty are called input quant-
ities, X, or uncertainty contributors, and their estimates are combined to produce

the uncertainty of measurement.

An uncertainty calculation starts with the estimated uncertainty, uc(x), of the
value, x, of these input quantities or uncertainty contributors, each of which has
a defined probability distribution with an associated coverage factor, k. From this,
the standard uncertainty, u(x), is calculated as the quotient of the estimate of the

uncertainty contributor and the coverage factor.

12
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A sensitivity coefficient, ¢, describes how sensitive the quantity (e.g. spectral
power responsivity) is to a change in a given input quantity, X. The contribution
to the combined standard uncertainty, u(y), is therefore calculated as the product

of the standard uncertainty of the input quantity and its sensitivity coefficient.

These contributions, u(y), are combined through the law of propagation of un-

certainty to obtain the combined standard uncertainty, u(y):

N N-1 N
ul(y) =Y cPiP(x) +2Y Y aqu(x.x), (2.1)
i=1 =1 j=i+1
where the first term is used for independent uncertainty contributions and the

second term is used for correlated uncertainty contributions.

Typically, the expanded uncertainty, U, is reported and determined by multiplying

the combined standard uncertainty with the appropriate coverage factor.

At NMISA, the convention is to report the expanded uncertainty for a coverage
factor of k = 2 at a confidence level of 95,45 %. This uncertainty of measurement

is rounded up and reported to at most two significant figures.

2.9 Evaluation of measurement results

2.9.1 Uncertainty of measurement

As mentioned previously in Section 2.4, the measurement uncertainty may be
used to evaluate whether a requirement is met. When a verification of a meas-
urement result is performed with, for example, another standard i.e. a verification
standard with a known uncertainty, the measurement result may be considered
verified if the deviation between the results obtained with the standard and the

verification standard is within the known uncertainty of the verification standard.

13
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2.9.2 Normalised error

It is a requirement of a SANS 17025 accredited calibration laboratory to parti-
cipate in proficiency testing or other comparison programmes. The international
standard ISO/IEC 17043 [ISO/CASCO, 2010] provides guidance on the evalu-
ation of measurement results obtained from proficiency testing. ISO/IEC 17043
describes a number of performance statistics used to compare measurement

results, among others, the normalised error, or E, score, given by

Viab = Vref

En| = —————,
| ‘ V Ulab2 + Un—:-f2

(2.2)

where vy, is the value determined by the laboratory, v, is the reference value,
U is the expanded uncertainty of the laboratory’s value, and U, is the expan-

ded uncertainty of the reference value.

The performance of a measurement result can be evaluated from the statistical

determination of the E, score in the following way:

* |E,| < 1,0 indicates satisfactory performance

* |E,| > 1,0 indicates unsatisfactory performance

This method of comparing measurement results is common for calibration labor-
atories and may also be applied to the measurement results to determine

whether a verification was successful.

15
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Chapter 3

Optical detectors

3.1 Detector standards

Spectral power responsivity calibrations require the use of detector standards
traceable to Sl units. Detector standards with the lowest uncertainty of measure-
ment, called primary standards, are electrical substitution cryogenic radiomet-
ers (ESCR) and silicon trap (Si-trap) detectors. ESCRs compare incident optical
power to electrical power using the electrical substitution method, where radiant
heating power is substituted with electrical heating power. Operation at cryo-
genic temperatures improves the system’s sensitivity and reduces measurement

uncertainty.

The most common Si-trap detectors consist of three single-element silicon (Si)
photodiodes arranged in a retro-reflecting configuration, where the incident beam

is reflected five times along the optical path, which allows for increased sensitivity.

Si-trap detectors are commonly calibrated against ESCRs at specified
wavelengths using intensity-stabilised laser sources. Such spectral responsiv-
ity calibrations may be extended to a wider wavelength range with spectrally flat
or constant responsivity detectors, such as pyroelectric detectors or thermopiles,

see Figure 3.1.

16
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Figure 3.1: Typical relative spectral responsivity of a pyroelectric detector between 250 nm and
1 100 nm as provided by manufacturer specifications.

A pyroelectric detector consists of crystalline material with electric polarisation
covered in a black absorbing coating which provides a spectrally neutral absorb-
ance. When exposed to optical radiation the crystal heats and expands, causing
a change in polarisation. This produces a build-up of charge at the opposing
surfaces of the crystal, generating a current which in turn charges a capacitor.
The capacitor produces a voltage, or a current when the voltage is held constant.
Since the current is produced by a change in temperature, pyroelectric detect-
ors only respond to modulated radiation which is achieved with the use of an
optical chopper [Newport, 2021d]. For electrical measurement with pyroelectric

detectors, lock-in amplifiers are used to lock onto the AC voltage output.

Thermopile sensors consist of a number of thermocouples which work on the
principle of the Seebeck effect, where a temperature difference in the ther-
mocouple generates a voltage. A thermocouple is constructed from two dif-

ferent metals which are connected in series. To absorb radiation, one junc-

17
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tion is blackened. A voltage is generated when radiation is incident on the
blackened junction, producing a temperature difference between this hot junc-
tion and the cold, non-irradiated junction. Since a single thermocouple produces
a low voltage, many thermocouple junctions are connected in series to create a

thermopile [Newport, 2021e].

Thermopiles can also be operated with an AC signal using an optical chopper.
This is possible since thermopiles have a slow response time due to the heat-
ing and cooling process which typically takes a few seconds. This means that
thermopiles can only measure a pulse every few seconds. However, since the
voltage output is due to the heat flowing through the thermocouples after a pulse,

the measured pulse may be short, despite the slow response time.

Detectors like thermopiles which can be operated with both DC signal and AC
signal are used to determine duty cycles. The duty cycle is a property of the
signal generated with an optical chopper and is the ratio of signal measured to no
signal measured. The duty cycle of the signal generated by the optical chopper
should be measured and considered in the determination of spectral responsivity.
A way to determine the duty cycle is to calculate the ratio of the AC signal with the
optical chopper switched on, to the DC signal with the optical chopper switched

off.

Pyroelectric detectors are sensitive to thermal, electromagnetic and acoustic dis-
turbances and require sufficient insulation, baffling and noise dampening. Since
the optical chopper causes acoustic noise, placement far from the pyroelectric

detector is preferred.

Other detector standards that may be calibrated against Si-trap detectors and
used on a more regular basis are referred to as working standards. These de-

tectors are typically single-element photodiodes. Photodiodes generate current

18
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from incident photons. The material from which the photodiode is made determ-
ines the energy band to which the detector is sensitive. Incident photons which

have energy greater than the energy band gap create electron-hole pairs in the

semiconductor, generating a photocurrent [Gardner et al., 2011].
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Figure 3.2: Absolute spectral power responsivity of a typical silicon photodiode, a platinum silicide
photodiode and a UV-enhanced silicon photodiode detector.

Selection of these detectors depends on their responsivity characteristics. Si
photodiode detectors have sensitivity in the UV to near IR region and are com-
monly used for analysis applications. The use of platinum silicide (PtSi) photo-
diodes is preferred in the UV region, since they are less susceptible to change
due to UV radiation exposure than silicon photodiodes. See Figure 3.2 for the
absolute spectral power responsivity of typical Si photodiode [Theron and Botha,
2003], PtSi photodiode [Werner and Vogel, 2018] and UV-enhanced Si photo-

diode [Winkler, 2018] detectors which have a spectral response varying from
200 nmto 1 100 nm.
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3.2 Uncertainty contributors

Detector-related factors that contribute to the uncertainty associated with the
spectral power responsivity measurement of a detector are discussed below.
These uncertainty contributors are determined for the spectral power responsiv-

ity calibrations performed in this study and are discussed in detail in Section 8.4.

3.2.1 Drift in responsivity of the detector

The responsivity of a detector standard may change with time. This drift is
wavelength dependent and can be predicted with models or determined from
available calibration history. To minimise the contribution of drift to the meas-
urement uncertainty, the detector standard should be re-calibrated within the re-

quired time interval.

The responsivity of Si photodiode detectors is known to change with exposure to
UV radiation. PtSi photodiodes are stable at low UV radiation exposure, but their
responsivity may also change when exposed to UV radiation for long periods of
time or at high UV irradiance levels. To reduce changes in responsivity due to UV
radiation exposure, these detectors are typically aged before use. This is done
by exposing the detector to UV radiation for a period of time, thereby minimising

any changes to responsivity due to UV radiation after initial exposure.

3.2.2 Spatial uniformity

For spectral power responsivity measurements, the light beam underfills the de-
tector. Therefore, the uniformity of the spatial responsivity of the detector needs
to be considered. This may be done by measuring the responsivity at individual

spots in a grid over the detector surface and quantifying the effect.
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3.2.3 Linearity

The effect where the responsivity of a detector changes with different levels of
incident flux is called non-linearity. It is therefore important to calibrate a detector
for responsivity at or near the power level of its intended use. The linearity of a
detector may be characterised by measuring its responsivity at different power
levels of incident flux and quantifying the effect. Some causes of non-linearity
may be wavelength-dependent, so unless wavelength independence is known
with certainty, responsivity at different power levels should be measured at more

wavelengths in the region of interest.

At lower power levels, (below 500 uW) detectors such as Si photodiodes and PtSi
photodiodes are linear and the contribution to uncertainty due to non-linearity is

very low [Werner, 2014].

3.2.4 Temperature dependence

The responsivity of detectors is dependent on temperature. To determine this
effect, wavelength-dependent temperature coefficients are determined and used
to correct the responsivity measured for a detector [Gardner et al., 2011]. This
temperature correction is required when the temperature during the calibration of

a detector is different to that during use.

Temperature coefficients are quantifications of the sensitivity of detectors to
changes in temperature. This sensitivity is determined by measuring the respons-
ivity at specified temperatures over a range of temperatures and once determined

may be used for similar types of detectors.
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3.2.5 Measurement equipment

Equipment, such as amplifiers and digital multimeters, used in a measurement
system to measure the signals received by the detectors also contributes to the
measurement uncertainty. Typically these uncertainty contributions can be ob-

tained from the calibration certificates of such equipment.

In cases where the same equipment and ranges are used for the detector stand-
ard and the detector being measured, no corrections are necessary. However, if
e.g. different amplification settings are used, relevant corrections should be made

to the responsivity calculation, refer to Equation 4.6.
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Chapter 4

Spectral power responsivity

The responsivity, s, of a detector is defined by CIE S 017:2020 ILV, the Interna-
tional Lighting Vocabulary [CIE, 2021], as the quotient of the detector output, Y,

and the detector input, X,
Y

S= X (4.1)

Typically, as is the case in this study, the detector input is incident optical power

and the detector output is an electrical signal.

The spectral power responsivity is the quotient of detector output and detector
input as a function of wavelength. To determine the spectral power responsivity of
a detector, it must be underfilled with a monochromatic light beam, i.e., the total

optical power of the light beam must be incident on the detector, see Figure 4.1.

Power @ in laser beam |

S / ]/detector

aperture /

Figure 4.1: Measurement geometry for power measurement taken from technical report
CIE 202:2011 [Gardner et al., 2011].
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Spectral power responsivity Measurement methods

Measurement of spectral power responsivity may be with a stabilised laser
source when the standard detector is an ESCR or Si-trap detector, or with a
broadband source in combination with narrow-band filters or a monochromator
[Gardner et al., 2011]. See Section 6.1 for a detailed description of the operation

of a monochromator system.

Spectral power responsivity functions of detectors provide traceability to other
photometric and radiometric calibrations and are therefore key in providing trace-

ability for many calibration services.

A spectral power responsivity calibration transfers a spectral power responsiv-
ity function from a reference detector to a test detector. The reference detector
is a standard detector traceable to the Sl units, which are realised by NMIs
and maintained on national measurement standards. The national measurement
standards for spectral power responsivity are typically Si-trap detectors, which
are traceable to the national measurement standards for optical power, typically
electrical substitution cryogenic radiometers (ESCRs). ESCRs are traceable to
the Sl unit for electric current, ampere. The spectral power responsivity scale

realised at an NMI can be transferred to working standard detectors.

4.1 Measurement methods

4.1.1 Substitution method

The transfer of a spectral power responsivity function can be done by direct com-
parison of the test detector against a standard detector using the substitution
method [Gardner et al., 2011]. To use this method, the test and standard de-
tectors must have similar properties, such as sensitivity in the same wavelength

region and linearity. The standard detector measures the incident monochromatic
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Spectral power responsivity Measurement methods

radiant power, ®(\), and produces an output signal, Vs()), given by

Vs(2) = ss(N)@(N), 4.2)

where sg(\) is the known spectral power responsivity of the standard detector.

The standard detector is then substituted with the test detector, which measures
the same incident monochromatic radiant power and produces an output signal,
Vr(\) given by

Vi(\) = sr(M)@ (), (4.3)

where sr()\) is the unknown spectral power responsivity of the test detector that

can be calculated from Equation 4.2 and Equation 4.3:

(4.4)

In a typical spectral power responsivity setup using a broadband source and
monochromator, the output voltage signal includes the responsivity of the de-
tector, s(\), the gain setting of the amplifier, G, the sensitivity setting of the lock-in
amplifier if used, S, the incident quasi'-monochromatic radiant power, ®()\), con-
tributions from the monochromator, M(\), such as the efficiency of the gratings
and reflectance of the mirrors, and the input and output optics, O()), and is given
by

V(A) = S(A)GSP(A)M(N)O(N). (4.5)

The gain setting of the amplifier, G, and sensitivity setting of the lock-in amplifier,
S, are not wavelength dependent. However, they are adjusted, if necessary, ac-

cording to the signal level measured as the monochromator scans through the

The distinction between monochromatic and quasi-monochromatic radiant power is explained in
Section 6.5.3.
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Spectral power responsivity Measurement methods

wavelength region of interest.

When using the substitution method, the ratio of output signals of the test detector

and the standard detector is given by

Vs(A)  ss(A)GsSsPs(A)Ms(A)Os(A) (4.6)
Vr(N) s\ GrSrdr(\Mr(X)Or(A) '

Since the test detector and standard detector are substituted in the same meas-
urement setup, some contributions in Equation 4.5 may cancel in the ratio. Even
though these contributions cancel, their effects on spectral power responsivity
should still be considered in the uncertainty of measurement determination. A

few examples of this are discussed below.

For an ideal case, it is assumed that the source used remains constant during
the comparison between the standard and test detectors. This is not the case
in a real measurement, since the radiant power of the source may have fluc-
tuations and may drift during the measurement. The contribution of the source
stability must therefore be considered in the determination of the measurement

uncertainty.

If the gain setting of the amplifier is the same for the standard and test detectors,
it will cancel in the ratio, but the uncertainty in the gain setting provided for the

amplifier must be considered in the uncertainty calculation of the calibration.

The contributions of the monochromator and the input and output optics will be
the same for the standard and test detectors, however several effects related to
the monochromator and optics influence the measurement result. For example,
the wavelength calibration of the monochromator will be the same in certain
wavelength regions, but its contribution to the standard and test detectors dif-

fer and must be determined for the measurement uncertainty calculation.
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Spectral power responsivity Measurement methods

Other contributions that cancel but contribute to the measurement uncertainty

are discussed in detail in Section 8.4.

Typically, the contributions from the source, the monochromator, the input and
output optics and (if applicable) amplifier gain and sensitivity settings are the

same, and cancel in the ratio. Equation 4.6 simplifies to

= , 4.7
Vi)~ s 0
and the spectral power responsivity of the test detector, sr(})), is given by
Vr(M)
St(A) = sg(A 4.8

4.1.2 Transferring spectral power responsivity using a

wavelength-extending detector

A spectral power responsivity calibration may also be transferred from a refer-
ence detector that has been calibrated at one or more specific wavelengths. For
example, a Si-trap standard detector may be calibrated for spectral power re-
sponsivity against an ESCR using one or more stabilised laser sources. A work-
ing standard detector may then be calibrated against the Si-trap detector stand-
ard at one or more of the same wavelengths used with ESCR with one or more
stabilised laser sources using the substitution method. These calibration points

are known as absolute tie points.

A spectrally flat detector, which has a constant responsivity over a large
wavelength region, may be used as a transfer standard to extend the spec-
tral power responsivity calibration of the working standard detector to a larger

wavelength range, outside the wavelength range of the calibrated points. This
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Spectral power responsivity Realisation of responsivity scales at other NMls

can be done only if the spectrally flat detector’s relative spectral power respons-
ivity is known in a wavelength range larger than that of the working standard

detector [Gardner et al., 2011].

If a pyroelectric detector is used as such a wavelength-extending transfer stand-
ard, its surface coating may be measured to determine the spectral absorptance,
which is proportional to the relative spectral responsivity. The working standard
detector can be calibrated against the pyroelectric detector for relative spectral
power responsivity using a broadband source and a monochromator setup, and
the substitution method. This relative calibration can be converted to an absolute

spectral power responsivity calibration using one or more absolute tie points.

4.2 Realisation of responsivity scales at other
NMis

Some spectral power responsivity scales maintained at other NMls are discussed

as a comparison to the scale maintained at NMISA.

At NMISA, the spectral power responsivity scale in the UV region is maintained
on a UV-enhanced Si photodiode detector, which is a national measurement
standard. This scale is transferred to working standard detectors, such as single-
element PtSi photodiodes, using the substitution method and a monochromator

system.

In the visible to near-IR region, the spectral power responsivity scale is main-
tained on a set of Si-trap detectors, which are the national measurement stand-
ards and which have been calibrated against the ESCR at the National Physical
Laboratory (NPL) of the United Kingdom at a few single wavelengths. A pyro-
electric detector is used outside the range where the Si-trap detectors have been

calibrated to transfer the scale to an extended wavelength region using a mono-
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chromator system. This spectral power responsivity scale provides the trace-
ability for calibration of working standard detectors, such as single element Si

photodiodes, using the substitution method and a monochromator system.

The National Institute of Standards and Technology (NIST) maintains the primary
standard for optical power, the primary cryogenic radiometer, against which
a secondary cryogenic radiometer is calibrated. The secondary cryogenic ra-
diometer is used to calibrate transfer detectors using tuneable laser sources and
the substitution method [Larason and Houston, 2008]. By using tuneable laser
sources, the spectral power responsivity calibration is performed at numerous
wavelengths in the UV to the near-IR range and interpolated at other wavelengths

using a curve fit.

The transfer standards are a Si photodiode detector, Si-trap detectors, a ger-
manium (Ge) photodiode detector and an indium gallium arsenide (InGaAs) pho-
todiode detector. For the region of 1 650 nm to 1 800 nm, a pyroelectric detector
is used to extend the spectral power responsivity calibration. The transfer stand-
ard detectors are used to calibrate a set of working standard detectors on a

monochromator system.

The national metrology institute of Germany, Physikalisch-Technische Bundes-
anstalt (PTB), calibrates transfer detectors against a cryogenic radiometer using
discrete laser line sources and a tuneable laser source [Werner et al., 2000].
From this, the spectral power responsivity is interpolated between available laser
lines. The transfer detectors are Si-trap and UV Si-trap detectors used to calibrate
working standards such as Si photodiode detectors. As mentioned in the public-
ation Werner et al. [2000], for the wavelength region of 238 nm to 1 015 nm, no
monochromator-based system is used, instead, several laser lines are used and
interpolation is performed between these wavelengths. This method eliminates

the use of wavelength-extending detectors, which may reduce the measurement
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uncertainty.

At the Korea Research Institute of Standards and Science (KRISS), the primary
standard for spectral power responsivity is a cryogenic radiometer, against which
Si-trap detectors are calibrated using discrete laser line sources. The Si-trap de-
tectors are used as working standards and disseminate the spectral power re-
sponsivity scale to other detectors using the substitution method. To extend the
calibration beyond the wavelength range in which the Si-trap detectors were cal-
ibrated, a pyroelectric detector is used on a monochromator system as a transfer

detector standard [Lee et al., 2006].

At NPL, the spectral power responsivity scale is traceable to their primary stand-
ard, a cryogenic radiometer. The spectral power responsivity is transferred to
Si-trap detectors at single laser lines and pyroelectric detectors are used outside
the range covered by the Si-trap detectors. These transfer detectors are used to
calibrate single-element photodiodes on a monochromator system which serve

as working standards [Goebel and Stock, 2004b].

From this discussion, it can be concluded that NMISA uses similar methods to
other NMIs to maintain the spectral power responsivity scale and therefore main-
tains international equivalence for the spectral power responsivity measurement

capability.
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Chapter 5

Sources of optical radiation

The International Lighting Vocabulary [CIE, 2021], defines optical radiation as
electromagnetic radiation ranging from the wavelengths of X-rays to radio waves.
Spectral power responsivity is typically determined from around 200 nm, UV
wavelengths, through the visible wavelength range, approximately 380 nm to

780 nm, up to the IR wavelengths, approximately 1 800 nm.

5.1 Spectral distribution

Sources of optical radiation have distinct spectral distributions over a spe-
cific wavelength region which are referred to as continuum or spectral lines
[Kostkowski, 1997]. Spectral line sources are typically used for the wavelength
calibration of a monochromator or spectroradiometric system. See Section 7.1
that describes spectral line sources as wavelength standards. Continuum
sources have spectral distributions that vary smoothly with wavelength and are
used in conjunction with a monochromator to produce quasi-monochromatic ra-

diation.

When choosing a source for a spectral power responsivity calibration, its spec-

tral distribution should be considered. It should be a continuum source having a

31



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
‘ YUNIBESITHI YA PRETORIA
Denklelers + Leading Minds * Dikgopolo fsa Dihlalef

Sources of optical radiation Spectral distribution

spectral distribution without spectral lines in the wavelength region to be meas-
ured. A source with a high output power in the region of interest should be used,
since high throughput of the monochromator system is an important aspect of a

spectral power responsivity calibration.

Sources typically used in the UV wavelength region are deuterium lamps, xenon-
arc lamps or laser-driven light sources (LDLSSs). In an LDLS, optical power from a
laser beam is used to sustain a high-intensity plasma. The plasma typically con-
sists of xenon or another inert gas and is an optical-discharge plasma, whereas
a xenon-arc lamp uses an electrical-discharge plasma [Zhu et al., 2006]. Quartz
Tungsten Halogen (QTH) lamps are used for the visible to the IR wavelength
region.

100
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Figure 5.1: Spectral distributions of a LDLS compared to a deuterium source obtained from En-
ergetiq [2011].

Figure 5.1 provides a comparison between a deuterium source and a LDLS (EQ-
99), indicating the overall higher spectral distribution of the LDLS. A LDLS has

a higher spectral radiance in the UV region than both deuterium and xenon-arc
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Figure 5.2: Spectral distributions of xenon-arc and QTH sources obtained from Newport [2021b].
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As seen in Figure 5.2(a), the continuum spectral distribution of a xenon-arc
source also contains spectral lines, making it unsuitable for use in the visible
region. Also shown in Figure 5.2(a) and Figure 5.2(b) is the higher spectral dis-
tribution of a xenon-arc source below 400 nm compared to that of a QTH source,
which makes a xenon-arc source appropriate for use in the UV wavelength re-
gion.

Two wavelength regions were considered for the characterisation of spectral
power responsivity in this study, namely UV or 200 nm to 400 nm, and visible
to near-IR or 600 nm to 1 100 nm. For the UV wavelength region, a xenon-arc
source was used. A LDLS was experimented with in this region for its higher
spectral radiance than a xenon-arc source; refer to Appendix F for this discus-

sion. For the visible to near-IR wavelength region, a QTH source was used.

5.2 Uncertainty contributors

Factors related to sources of optical radiation that contribute to measurement un-
certainty associated with the spectral power responsivity measurement of a de-
tector are discussed below. The effect of these uncertainty contributors was de-
termined for the spectral power responsivity calibrations performed in this study

and is discussed in detail in Section 8.4.

5.2.1 Source stability

Sources may experience power fluctuations and time-dependent drift in radiant
power during the measurement. To correct for these effects, a monitor detector
may be used to continuously measure the incident optical power and can be
placed in the optical system using a beam splitter to divert some of the light from

the detector being measured. The ratio of the standard and test detectors’ meas-
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ured output signals and the monitor detector’s output signal can be calculated to

perform the correction. Equation 4.4 will then be modified to

VT()‘)/VMT()\)

, 5.1
Vs(M) [is(2) 5)

ST()\) = Ss()\)

where Vir(\) and Vys(\) are the output signals measured with the monitor de-
tector simultaneously with the output signals of the test detector and standard

detector, respectively.

Some sources may be equipped with an intensity controller which corrects the
output power to the preset power level in real-time to supply constant output. This
was the case when the QTH source was used in the visible to near-IR region, see

Section 8.1.1.

If it is not possible to use a monitor detector or intensity controller, the stability
of the source may be measured empirically. The effect should be quantified and
added to the uncertainty of measurement. Such an empirical measurement was
performed when the xenon-arc source was used in the UV region, a description

is provided in Section 8.1.1.

5.2.2 Uniformity

The monochromatic radiation exiting the monochromator is not uniformly distrib-
uted over the area of the measurement spot, causing a non-uniform beam profile
[Gardner et al., 2011]. For example, if the source used has a coiled filament, the
filament will be imaged onto the entrance slit and the irradiance at the entrance
slit will not be uniform. Subsequently, the image at the detector surface will not

be uniform either.

The non-uniformity of the beam at the detector surface may be characterised by

measuring the irradiance field spatially with a small detector. This is especially
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important if a detector is being overfilled, such as when measuring spectral irra-
diance responsivity. However, since the detector is underfilled for spectral power
responsivity measurements, this effect of non-uniformity may be minimised by

rotating the detector about the optical axis and averaging the measurements.

5.2.3 Polarisation

Polarisation is a wavelength-dependent property of the source, transferred to the
monochromator system. This is an important effect to consider if the responsivity
of the detector is dependent on polarisation. The sensitivity of a detector to po-
larisation is mainly a result of an angled optical interface. Therefore polarisation
sensitivity should be considered if the incident flux is not perpendicular to the
detector surface, or if it has angular divergence [Gardner et al., 2011], since the
responsivity of a detector to a divergent beam is not similar to that of a parallel

beam. Refer to Section 6.5.2 which discusses beam divergence.

According to the CCPR-K2.b intercomparison report on responsivity, for incident
flux perpendicular to the detector surface, single photodiodes are not signific-
antly sensitive to polarisation effects, whereas trap detectors may show some

sensitivity [Goebel and Stock, 2004b].

To eliminate polarisation effects on a detector, an integrating sphere, which de-
polarises the incident flux, may be used [Hengstberger, 1984]. Typically the re-
quirement for spectral power responsivity measurements is the use of such un-
polarised radiation. Another way to minimise or quantify polarisation effects is
to integrate polarisation components. This can be done by rotating the detector
about the optical axis of the incident flux at specified angles between measure-

ment sets and averaging the results.
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Chapter 6

The monochromator system

The typical monochromator system consists of a monochromator which includes
dispersive elements and internal optics, and is combined with sources of optical
radiation. Such a system includes order-sorting filters if required and imaging

optics. Each of these components is discussed below.

6.1 Basic operation of a monochromator

A monochromator is an instrument that disperses optical radiation from a broad-
band source into its constituent wavelengths, allowing monochromatic light to be
measured. A monochromator typically consists of a collimator, a dispersing ele-
ment and a focusing mirror. A collimator may be a mirror, that collects the optical
radiation of the source and collimates it onto a dispersing element, usually an
optical prism or diffraction grating. The dispersing element separates that optical
radiation spatially as a function of wavelength. A focusing mirror is then used to

focus and image the dispersed light onto the exit slit of the monochromator.

The most commonly used monochromator configuration for spectral power
responsivity measurement is the Czerny-Turner layout in a “W” configuration.

This configuration was used in this study and is shown in Figure 6.1.
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Figure 6.1: The “W” configuration of the Czerny-Turner monochromator mounting used.

A single Czerny-Turner monochromator consists of an entrance slit at the
focal point of a collimating spherical mirror, which collimates the optical radiation
from the entrance slit onto a diffraction grating. The diffracted light is imaged
onto an exit slit using a focusing spherical mirror of the same focal length as the
collimating spherical mirror. In a double Czerny-Turner monochromator, another
single monochromator is connected in series to the exit slit of the first monochro-
mator. The diffracted light from the first monochromator is dispersed again in the

second monochromator.

6.2 Dispersive elements

The dispersive element in a monochromator is either an optical prism or a diffrac-
tion grating and governs the spectral range of the monochromator. Optical prisms
are less costly than diffraction gratings, but it produces non-linear dispersion, i.e.

the bandwidth does not remain constant for a constant slit width when scanned
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through a wavelength range. See section 6.5.3 for the discussion on bandwidth.

In this study ruled diffraction gratings are used. A diffraction grating con-
sists of an optical substrate, such as a mirror, with a reflective coating and ma-
chined grooves or rulings. The dispersion of a diffraction grating is linear but
higher orders of wavelengths are produced [Sanders, 1984]. Diffraction gratings
should therefore be used in combination with order-sorting filters to eliminate

these higher orders.

The ideal situation is to have a prism-grating double monochromator to
combine the advantages of both dispersing elements, i.e. considering that op-
tical prisms disperse light non-linearly in wavelength but linearly in energy, and
vice versa for diffraction gratings. Typically, double monochromators are grating-

grating monochromators.
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(a) Additive dispersion mode (b) Subtractive dispersion mode

Figure 6.2: lllustration of a double monochromator in additive and subtractive dispersion mode
[Neumann, 2014].
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A double monochromator can be configured for additive dispersion or sub-
tractive dispersion, depending on the application. In additive dispersion mode,
Figure 6.2(a), the rotation of the two gratings is in the same direction, therefore
the dispersion from the gratings in the two monochromators is in the same direc-
tion. This increases the dispersion, providing better resolution, but causes a non-
uniform dispersion at the exit slit, i.e. containing some shorter wavelengths from
the one side and some longer wavelengths towards the other. Additive dispersion
double monochromators are commonly used, however, the non-uniform disper-
sion can cause errors if the detector of which the responsivity is being measured
is not uniform. A typical application of additive dispersion double monochromat-

ors is therefore source characterisation such as spectral irradiance responsivity.

In subtractive dispersion mode, Figure 6.2(b), the gratings in the two mono-
chromators are arranged to rotate in the opposite direction, such that the disper-
sion in the second monochromator reverses the dispersion of the first, mixing the
wavelengths at the exit slit to produce uniform dispersion. A typical application of
subtractive dispersion double monochromators is detector standardisation such
as spectral power responsivity. The monochromator used for spectral power re-
sponsivity measurement in this study is therefore a subtractive double grating

monochromator.

6.2.1 The grating equation

The light dispersion caused by a diffraction grating is described by the grating
equation. Figure 6.3 shows an incident beam of monochromatic light [lentillucci,
2006]. A difference in the path length for ray 1 and ray 2 can be observed. This
path length difference is given by dsind; for the incident beam, and dsinfq for the

diffracted beam, where d is the distance between the adjacent grooves or rulings
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2

Monochromatic
beam ’
1

Figure 6.3: A schematic representation of the derivation of the grating equation [lentillucci, 2006].

of the grating, 6; is the angle of incident flux and 6y is the angle of diffracted flux to
the normal of the grating. For constructive interference to occur for the diffracted
flux of the adjacent grooves, the total difference in path length must be an integer

multiple of the wavelength, )\, producing the grating equation

mX\ = d(sinf; £ sinfy), (6.1)

where m is the order of diffraction. A negative sign implies that the incident and
diffracted flux are on opposite sides of the normal to the grating [Kostkowski,

1997].

6.2.2 Grating efficiency

A ruled grating specification will include the groove density [g/mm], and a blaze

wavelength. The blaze wavelength is where the grating has its maximum effi-
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ciency, this is the wavelength with the highest reflection and it is determined by
the blaze angle, 6,. By general approximation, the efficiency of the grating will
reduce by 50 % at two thirds of the blaze wavelength [Lerner and Thevenon,

1996].

Generally, the grating efficiency is determined in Littrow configuration. The
Littrow condition occurs when the first order diffracted flux returns along the same
path as the incident flux [Shimadzu, 2020]. The grating efficiency can be ex-
pressed as absolute or relative efficiency. The absolute grating efficiency is the
ratio of the diffracted flux to the incident flux, for a given diffraction order. The rel-
ative grating efficiency is the absolute grating efficiency divided by the reflectance

of the grating coating.

The polarisation of incident flux can cause a change in grating efficiency. For
S-polarisation, where the oscillation direction of the electric field vectors is per-
pendicular to the grating grooves or rulings, large fluctuations may be observed
in the grating efficiency curve. In the case of P-polarisation, where the oscillation
direction of the electric field vectors is parallel with the grating grooves or rulings,

a smooth curve will be observed [Shimadzu, 2020].

Figure 6.4 gives an example of a grating efficiency curve, obtained from the

manufacturer, for a grating with a groove density of 600 g/mm blazed at 800 nm.

6.2.3 Dispersion

The dispersion specification of diffraction gratings is used to set the bandwidth of

the monochromator.

The angular dispersion of the grating is obtained by differentiating the grat-

ing equation, 6.1, with respect to wavelength, for a constant angle of incidence,
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Figure 6.4: Example of a grating efficiency curve indicating the relative efficiency for a grating with
a groove density of 600g/mm blazed at 800 nm with an aluminium coating [McPherson, 2017].

d@d m

. 2
d\  dcosfy 6:2)
which indicates the change in the angle of diffraction, df,;, with a change in

wavelength, d\. The unit for angular dispersion is [rad/nm] [Kostkowski, 1997].

The linear dispersion, %, where L is the position along the spectrum, will

vary with the focal length of the monochromator and angle of diffraction, and is

obtained by multiplying the angular dispersion with the focal length, f,

The unit for linear dispersion is [mm/nm].

Generally, the reciprocal linear dispersion is used for the wavelength disper-

sion specification of the diffraction grating with the unit of nm/mm. The bandwidth
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of the monochromator is selected by using this wavelength dispersion specifica-

tion and a fixed slit width.

For example, a bandwidth of 4 nm was used for the calibration performed
in the region of 600 nm to 1 100 nm. The set of gratings used has a groove
density of 600 g/mm and is blazed at 800 nm. The dispersion of these gratings is
4 nm/mm. Therefore, the slit width was set to 1 mm to achieve a bandwidth of 4

nm. Similarly, a slit width of 2 mm may be used to achieve a bandwidth of 8 nm.

6.3 Order-sorting filters

To suppress the higher orders produced by the diffraction gratings, i.e. m = 2,
m = 3, and so on, order-sorting filters are used. These are filters that have a
near zero transmittance up to, and a near full transmittance above a specified

wavelength.

Order-sorting filters are chosen based on the source used and the
wavelength region being measured. Typically, a set of order-sorting filters are
selected to cover the entire measurement range and inserted into a filter wheel.
The filter wheel is placed at the entrance slit of the monochromator and may be

externally controlled via a computer.

For example, consider the wavelength region of 400 nm to 650 nm to be
measured using a QTH source. A QTH source typically starts to emit optical ra-
diation between 250 nm and 300 nm. This means multiples of these wavelengths
will start to be detectable at around 500 nm to 600 nm, which is within the

wavelength range being measured.

To suppress these unwanted wavelengths, the order sorting filter GG395

may be used. This filter has a transmittance of approximately 50 % at 395
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nm. The filter will have near zero transmittance below this wavelength and near
100 % transmittance above, see Figure 6.5. This means that any multiple of the
wavelength region below 400 nm will be suppressed. It also means that any mul-
tiple from about 400 nm will be detectable, and therefore another order sorting
filter will be required if measurements must be performed from approximately

800 nm.
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Figure 6.5: Transmittance of the order sorting filter GG395 [Schott, 2014].

6.4 Imaging optics

In this study, imaging optics refer to input optics that image the source onto the
entrance slit of the monochromator, and output optics that focus the light emer-

ging from the exit slit of the monochromator on the detector.

The selection of imaging optics depends greatly on the required aperture
ratio. Figure 6.6 is used to explain the concept of aperture ratio and shows a lens
with diameter, D, collimating light from a source. The focal length, f, is defined as

the distance at which an optical component focuses the image of the source.

The aperture ratio of an optical component, or F-number (F/#), is defined
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- f »

Figure 6.6: lllustration of a lens collecting and collimating light from a source [Newport, 2021c].

as
1

~ 2nsing’

(6.4)

where n is the refractive index of the ambient air and ¢ is the half angle of the
acceptance cone of optical radiation also known as the acceptance angle, see

Figure 6.6.

For small angles, 6 < 15°, the approximation of the ratio of the focal length
of the optical component to the diameter of the effective aperture (typically the

mask over a mirror of grating) is commonly used:

f
F/#~ — 6.5
5 (65)

To optimise the throughput of the monochromator system (how much light passes
through the system), the F/# of the input optics must match the F/# of the mono-
chromator [Newport, 2021c]. The optical radiation exiting the monochromator has

the same F/# as the monochromator.

Lenses or mirrors may be used as imaging optics. The advantages of mir-
rors are that they have no internal reflections or chromatic aberration. Though
spherical aberration may be present in mirrors, it is typically negligible for mirrors

with an aperture ratio of F/8 or greater [Gardner et al., 2011].

An aperture ratio of F/8 or larger should be used when imaging the exit slit

46



VERSITEIT VAN PRETORIA
IVERSITY OF PRETORIA

NIBESITHI YA PRETORIA
Denkleiers » Leading Minds * Dik: 5a Dihlaler

The monochromator system Uncertainty contributors

of the monochromator onto the detector. If not, the angular divergence of the
beam will be significant and may change the response of the detector [Gardner

etal., 2011].

6.5 Uncertainty contributors

Uncertainty contributors related to the monochromator system are discussed be-
low and were determined for the uncertainty associated with the spectral power
responsivity calibrations performed in this study. See Section 8.4 for a detailed

discussion.

6.5.1 Inter-reflections between detector and exit slit of the
monochromator

Detector surfaces may have high reflectance which causes inter-reflections
between the exit slit of the monochromator and the detector being measured.
Such inter-reflections may be detected with a monitor detector or reduced by
blackening the slits. Typically these inter-reflection effects are negligible when

the slits are blackened.

6.5.2 Beam divergence and vignetting

The divergence of a light beam is dependent on the F/# of an optical component.
As illustrated in Figure 6.7, an optical component with a high F/# will produce
a beam divergence with a small divergence angle, 0, as opposed to an optical
component with a low F/# that will produce a beam divergence with a large diver-
gence angle, 6. Since the responsivity of a detector has angular dependence,

the effect of beam divergence should be considered when determining the meas-
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urement uncertainty.

beam divergence
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optical axis

Figure 6.7: lllustration of beam divergence for a high vs low F/#.

The technical report CIE 202:2011 [Gardner et al., 2011] prescribes that
the acceptance angle of a detector must be large enough not to cause vignetting
(darkening or blurring at the periphery of the image) of the incident light beam.
Vignetting is related to the F/# of an optical component. Refer to Figure 6.7, if a
low F/# optical component with large beam divergence is used, the light might
be blocked by the edges of the detector aperture or the acceptance cone of the

detector.

The CCPR-K2.c key comparison report [Werner, 2014], specifies that the
effect of beam divergence and vignetting is negligible if the beam divergence is
within the acceptance angle of the detector. To minimise this effect, the typical
requirement given in technical protocols for spectral power responsivity meas-
urement is to use an optical component with F/8 or higher to focus the light beam
onto the detector surface. This requirement was met in the measurement setup

used in this study and is discussed in Section 8.1.2.

6.5.3 Passband, bandpass and bandwidth

The technical report, CIE 214:2014 [Gardner et al., 2014], best describes each
of these terms when referring to a spectral interval to be isolated with a mono-

chromator.
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A monochromatic light source with wavelength Ay analysed by an ideal
monochromator, should produce output identical to the spectrum of the light

source, i.e. a perfect line at \o.

However, a real monochromator includes the selected wavelength, \q, as
well as the narrow band of wavelengths around this wavelength, the light from
the monochromator is therefore referred to as quasi-monochromatic light. This
real spectrum of the source that is selectively transmitted through the mono-
chromator, taking into account the optical extent, transmission and reflection
losses, grating efficiency and aberrations of the monochromator, is called the

instrumental passband.

The line spread function or slit function is defined by CIE 214:2014 as the
convolution of the distribution of light over the entrance and exit slits. With a
monochromator, the entrance slit is imaged onto the exit slit and the exit slit
determines the portion of the image that is transmitted, i.e. the signal on the
detector. For a monochromatic source, a scan may be performed by changing
the wavelength setting of the monochromator and measuring the signal on the
detector as the image passes along the exit slit. Such a scan indicates the slit

function and is illustrated in Figure 6.8.

The rectangles at the top of in Figure 6.8 indicate the exit slit (black rect-
angle) and the relative position of the image that is passed along the exit slit
(blue dotted rectangle), and the extent to which they overlap. When the entrance
and exit slits are of equal width, the slit function is triangular, see Figure 6.8(a),
when the slit widths are unequal, the slit function is trapezoidal, shown in Figure

6.8(b).

The spectrum recorded through the monochromator is a convolution of the

passband and the slit function and is called the instrumental bandpass. It is
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Figure 6.8: lllustration of a triangular slit function and bandwidth for slits of equal width and a
trapezoidal slit function and bandwidth for slits of unequal width. The black rectangles represent
the exit slit and the blue dotted rectangles represent the relative position of the image that is
passed along the exit slit. [Gooch and Housego, 2013]

defined as the range of wavelengths passed by an instrument in the interval

(M- A <A< A+ A), where A is the bandwidth.

For a triangular or trapeziodal bandpass shape, the bandwidth is defined
as the full width at half of maximum (FWHM) of the bandpass curve about the
nominal wavelength, Ao, or half the full base-width of the bandpass curve. The

bandpass function is therefore zero outside the above-mentioned interval.

The bandwidth is determined by the size of the slits or the slit width. In
subtractive double monochromators, the dispersion is entirely that of the first
monochromator, the bandwidth is therefore controlled by the entrance and in-
termediate slits. For additive double monochromators, since the dispersion is in
the same direction and therefore increased over a single monochromator, the

bandwidth is controlled by the entrance and exit slits [Gardner et al., 2011].

When measuring the spectral power responsivity of detectors, a subtractive
double monochromator with equal slit widths may be used to provide maximum

throughput and narrow bandpass.
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Bandwidth effects are typically negligible in comparison with other uncer-
tainty contributions if the relative spectral responsivity curves of detectors being

compared have similar shapes.

6.5.4 Resolution

The resolution is the ability of a monochromator to separate wavelengths. Diffrac-
tion gratings with higher groove densities have higher reciprocal dispersion and
higher resolution. Resolution specifications are typically provided by the manu-
facturer and are used in particular when performing the wavelength calibration of

the monochromator and for the determination of the measurement uncertainty.

When determining the wavelength interval at which a measurement should
be performed, the resolution must be considered. For example, if the resolution
of a diffraction grating is 0,1 nm, it is not meaningful to have a wavelength interval

of 0,05 nm.

6.5.5 Stray light

Stray light in a monochromator may refer to the effective transmission of
wavelengths outside the bandpass [Gardner et al., 2011]; flux scattered from
the diffraction grating, the focusing mirror and the monochromator housing
[Kostkowski, 1997]; and spectral impurity, which is any stray light not accounted
for by multiple order diffraction. Stray light is a property of grating monochro-
mators [Davis, 2000]. This spectral impurity may be caused by errors in groove
spacing or ghosts, errors or variations in groove locations, surface roughness,

scratches or dust and variation in ruling depth.

The effect of stray light is worse where grating efficiency is low and at short

wavelengths where the responsivity of the detector and spectral distribution of
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the source are low.

As mentioned in Section 6.1, a single monochromator can be connected in
series with a second monochromator, creating a double monochromator that dis-
perses the light from the first monochromator a second time. This reduces stray
light significantly and the use of a double monochromator is common practice in
laboratories where low measurement uncertainty is required. According to Gard-
ner et al., 2011, a single monochromator has a typical stray light contribution of

10, where a double monochromator can reduce this contribution to 10°.

Other ways to reduce stray light is to make sure the grating efficiency is not
low at the wavelengths at which measurements are taken and to use a detector

that has zero responsivity for most of the stray light.

Kostkowski [1997] describes a method for experimentally checking for out-
of-band stray light in a monochromator system using order-sorting filters. An or-
der sorting filter with very low or zero transmittance in the wavelength region to
be checked for stray light, is placed at the entrance slit of the monochromator.
Placing the filters at the entrance of the monochromator will reduce the amount
of optical radiation inside the monochromator that may contribute to stray light.
If the output signal drops to close to zero, or the same level as when the optical
shutter is closed, then the effect of stray light is insignificant. To quantify the ef-
fect of stray light, the ratio of the output signal with the optical shutter closed, with
and without the filter may be calculated. An example of this method can be seen
in the paper Kruger and Sieberhagen [2015], where the stray light of an array

spectroradiometer was investigated.

For this study, two terms will be used for the evaluation of their uncertainty
contributions, namely internal and external stray light. Internal stray light refers

to the stray light at out-of-band wavelengths, scattered light and spectral impurity
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caused by the internal optical components of the monochromator. External stray
light refers to scattered light from reflections outside the monochromator. This
effect can be corrected with the use of an optical shutter at the entrance slit of
the monochromator. A dark signal is measured with the optical shutter closed

and subtracted from the light signal measured when the optical shutter is open.

6.5.6 Wavelength accuracy

It is critical to have good wavelength accuracy for a double monochromator. For
applications where a low uncertainty of measurement is required, a wavelength
calibration must be performed to determine the true position of the wavelength
spectrum. Refer to Section 7 for a detailed description of how to perform such a
calibration and the wavelength calibrations performed for the double monochro-

mator.
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Chapter 7

The wavelength calibration

The wavelength calibration should be performed before any measurement is
done on the double monochromator and with each change in the monochro-
mator setup, such as a change in diffraction gratings. The wavelength calibration
produces a wavelength calibration equation, which may be used by the mono-

chromator software when scanning through a wavelength region to record data.

7.1 Wavelength standards

Atomic emission spectral lines of spectral line sources are typically used as
wavelength standards. These spectral line sources are lamps that contain spe-
cific elements and through the electrical discharge in such gas or vapour, emis-
sions lines occur at known wavelengths [Kostkowski, 1997]. The NIST Atomic
Spectra Database [NIST, 2019] lists the wavelengths of these emissions and

also indicates the stronger emission spectral lines.

The atomic emission spectral lines in vacuum are typically selected from the
NIST Atomic Spectra Database and are corrected for ambient air using the NIST

Engineering Metrology Toolbox [NIST, 2004]. See Section 7.2 for a description of
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how this correction is performed. Figure 7.1 provides an example of the emission

spectral lines of the argon spectral line source used in this study.
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Figure 7.1: Emission spectral lines in ambient air of the argon spectral line source used for the
wavelength calibration in the visible to near-IR region.

As mentioned in Section 6.2, diffraction gratings produce higher order
wavelengths, causing second or higher orders of spectral lines to appear. Though
these higher orders of spectral lines may be useful for the wavelength calibration,
they can also cause line blending. This is when two or more specitral lines are too
close to each other to be spectrally resolved. Order-sorting filters may be used
to eliminate the unwanted higher orders of spectral lines. For example, mercury
has an emission spectral line at 275,3591 nm, in vacuum, and will have a second
order spectral line, in vacuum, at 550,7182 nm. This second order specitral line

is close to the spectral line at 546,22675 nm and may cause line blending.

The wavelength region in which the wavelength calibration is to be per-
formed and the spectral responsivity of the detector should be considered to de-

termine whether the use of order-sorting filters is really necessary. For example,
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a mercury spectral line source has an emission spectral line at 253,7283 nm, in
vacuum, and will have a second order spectral line, in vacuum, at 507,4566 nm.
If a wavelength calibration is performed from 200 nm to 400 nm, no order-sorting
filters will be required. Another example is when a silicon photodiode detector is
used to perform the wavelength calibration. Typically, the responsivity of silicon
drops after 1 100 nm and other detectors, such as an indium gallium arsenide
(InGaAs) detector, will be used at longer wavelengths. A mercury spectral line
source has an emission spectral line at 546,22675 nm, in vacuum, and will have
a second order spectral line, in vacuum, at 1 092,4535 nm. It is unlikely that this

second order spectral line will be observed by the silicon photodiode detector.

7.2 Determining the wavelength calibration equa-

tion

The appropriate spectral line source should be selected for the wavelength region
in which the calibration is to be performed. The spectral line source is measured
on the monochromator using the same bandwidth as to be used for the spec-
tral power responsivity calibration. At first, a large spectral area scan should be
performed to determine which spectral lines to use, refer to Figure 7.1. Good
spectral lines will be those free of line blending. Spectral lines that are in the

noise level should also be avoided.

At least three spectral lines should be selected in the wavelength region
to be measured to provide sufficient data for a good statistical fit. Each chosen
spectral line should be scanned at least three times. The wavelength of the peak
of the spectral line may be determined using the steep-side method described

in Kostkowski [1997]. This method determines the wavelength of the peak of the
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spectral line by averaging the wavelengths at the steep sides of the spectral line

at 10 % of the maximum signal, A\ and \,, see Figure 7.2. The wavelength of the

peak or centre wavelength is given by
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Figure 7.2: Excerpt from Kostkowski [1997] indicating the steep-side method for wavelength cal-
ibration.

The monochromator steps corresponding to the wavelength of the peak of
each spectral line are used to determine the wavelength calibration equation,
but first, the atomic emission spectral lines in vacuum should be corrected for

ambient conditions using the NIST Engineering Metrology Toolbox.
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This Toolbox utilises the modified Edlén equation to calculate the index of
refraction of ambient air, n, from the supplied laboratory air temperature, relative
humidity and air pressure. It then calculates the wavelength in ambient air, A,
from the wavelength in vacuum, )., and the refractive index using the relation-
ship:

Aair = (7.2)

The index of refraction calculated using this Toolbox is the phase refractive index

but will be referred to as the refractive index in this study.

Once the spectral lines in ambient air are obtained, the monochromator
steps versus the wavelength of the peak of each corrected spectral line are plot-
ted. The appropriate fit for the data is derived for the expected wavelength calib-

ration equation.

7.3 Method

The internal optics of the double monochromator were aligned with two low-
power Helium/Neon (HeNe) lasers, one at the input side and one at the output
side of the double monochromator, see Appendix B for a detailed description. Op-
timised alignment of each of the optical components ensures maximum through-
put for the monochromator system. The initial alignment was checked and minor
adjustments were performed when other gratings were installed for operation in

a different wavelength region.

A wavelength calibration was performed for the double monochromator in
the wavelength regions of 200 nm to 400 nm and 600 nm to 1 100 nm using the
standard laboratory procedure. The relevant spectral line sources were used, to-

gether with silicon photodiode detectors and a variable gain low noise current
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amplifier connected to a multimeter operated with the monochromator software.
The spectral lines were obtained from the NIST Atomic Spectra Database. To
find the monochromator steps corresponding to each spectral line wavelength,
the steep-side method as described in Section 7.2 was used. The ambient con-
ditions were measured during each calibration and a correction was applied for
temperature, atmospheric pressure and relative humidity, to each spectral line

wavelength using the Engineering Metrology Toolbox of NIST.

As mentioned in Section 6.5.3, for a subtractive double monochromator
maximum throughput is achieved with equal slit widths. Therefore, for the calibra-
tions performed, the entrance, intermediate and exit slits of the monochromator
were all set to equal widths. See Appendix E for an experimental demonstration

of slit functions for monochromator slits set to equal and unequal widths.

7.3.1 Wavelength region of 200 nm to 400 nm

A set of 1 200 g/mm ruled gratings blazed at 300 nm was installed in the double
monochromator. A mercury spectral line source was used and to achieve stable
emission the spectral line source was allowed to warm up for at least 20 minutes;

a warm-up time of 10 minutes is recommended by the manufacturer.

A scan was performed with the monochromator from 233 nm to 552 nm in
1 nm intervals. From this scan, the spectral lines used for this calibration were
selected. These spectral lines, in vacuum, were 253,7283 nm, 296,8149 nm and
435,9560 nm. Each of these spectral lines was scanned using a wavelength in-
terval of 0,2 nm. This is not the smallest wavelength resolution allowed for this
set of gratings, but it was found to be sufficiently small for this wavelength calib-
ration. Smaller wavelength intervals are selected if the spectral lines cannot be

resolved. In this case, the spectral lines could be resolved well enough and with a
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sufficiently small contribution to the measurement uncertainty using an interval of

0,2 nm, and it was decided that the use of a smaller interval was not necessary.

The scans were performed over a wavelength range of + 5 nm of the spec-
tral line. To achieve higher throughput, a bandwidth of 5 nm was used for this
wavelength calibration. The dispersion of these gratings is 2 nm/mm, so the width

of each of the slits was set to 2,5 mm to achieve the selected bandwidth.

Each spectral line was scanned with the monochromator. To determine the
monochromator steps of the peak of the spectral line, the steep-side method
was used. The monochromator steps at the steep sides of each spectral line
corresponding to 10 % of the maximum signal were determined. However, when
10 % of the maximum signal is calculated, it does not necessarily correspond to
the exact monochromator steps recorded during the scan. Instead of selecting
the closest value of monochromator steps, a linear fit was used on each steep
side of the spectral line to calculate the monochromator steps corresponding to

the calculated 10 % of the maximum signal.

The recorded signal closest to the calculated 10 % of the maximum signal
was used as the midpoint of five data points on each steep side of the spectral
line, respectively. The five data points were used to determine a linear fit on each
steep side of the spectral line, shown in blue in Figure 7.3. The linear fits were
used to calculate the monochromator steps corresponding to the calculated 10 %
of the maximum signal on each steep side of the spectral line. The average of
these calculated monochromator steps was used to determine the monochro-

mator steps of the peak of the spectral line.

In Figure 7.3, it can be observed that the five data points on the right steep-
side have a different slope than the data points directly above them. This asym-

metry may be caused by poor monochromator alignment and optical aberrations
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in the monochromator optics. This asymmetry problem was not addressed in this

study and is discussed in Section 11 as further research.
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Figure 7.3: An example of the steep-side method and linear fits of data points around 10 % of
maximum signal to determine the monochromator steps of the peak of a spectral line.

Three scans were performed for each spectral line and the same process
was followed to calculate the monochromator steps of the peak of the spectral
line. The average of the monochromator steps calculated for each of the three

scans was used as the monochromator steps of the peak of the spectral line.

For the spectral line at 253,7283 nm in vacuum, 15 % of the maximum signal
was used to determine the monochromator steps of the peak of the spectral line.
This was because the range of the scan performed did not include 10 % of the
maximum signal. For the same reason, 30 % of the maximum signal was used

for one of the three scans performed for the spectral line at 435,9560 nm.

The selected spectral lines were corrected for ambient air using the ambi-

ent conditions recorded during the wavelength calibration. Corrections for ambi-
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ent air using the NIST Engineering Metrology Toolbox [NIST, 2004] is limited to
the wavelength region of 300 nm to 1 700 nm. Two of the wavelengths selec-
ted to determine the wavelength calibration equation in this wavelength region,
253,7283 nm and 296,8149 nm, therefore fall outside this range. The correction
applied to these two wavelengths was the refractive index determined for the am-
bient air as specified in the laboratory procedure for temperature, 24 °C + 2 °C,
relative humidity, 50 %RH 4 15 %RH, and an atmospheric pressure of 86 kPa
at 300 nm. This approximation was done as a best estimate and found to be
sufficient as the results were within the stated uncertainty for the verification per-

formed.

The monochromator steps were plotted against each corrected spectral line
and a linear fit was applied to the data to obtain the wavelength calibration equa-
tion. The origin in the monochromator software was set to zero monochromator

steps at the corrected wavelength of the spectral line 296,8149 nm, in vacuum.

A verification was performed by using the wavelength calibration equa-
tion 7.3 to calculate the corresponding monochromator steps and move the scan
controllers of the monochromator to a laser line at 543 nm. The peak signal of the
laser line was found at the monochromator position within the stated wavelength

uncertainty.

7.3.2 Wavelength region of 600 nm to 1 100 nm

A set of 600 g/mm gratings blazed at 800 nm was installed in the double mono-
chromator. An argon spectral line source was used and to achieve stable emis-

sion the spectral line source was allowed to warm up for at least 20 minutes.

A scan was performed with the monochromator from 690 nm to 990 nm in

1 nm intervals. From this scan, the spectral lines used for this calibration were
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selected. These spectral lines, in vacuum, were 696,7352 nm, 912,5471 nm and
966,0435 nm. Each of these spectral lines was scanned using a wavelength in-
terval of 0,1 nm, which is the smallest wavelength resolution allowed for this set
of gratings. The scans were performed over a wavelength range of 4+ 5 nm of the
spectral line. A bandwidth of 4 nm was used for this wavelength calibration, since
that was the bandwidth to be used for the spectral power responsivity calibration.
The dispersion of these gratings is 4 nm/mm, so the width of each of the slits was

set to 1 mm to achieve the selected bandwidth.

Each spectral line was scanned once with the monochromator and to de-
termine the monochromator steps of the peak of the spectral line, the steep-side
method was used. The monochromator steps at the steep sides of each spec-
tral line corresponding to 10 % of the maximum signal were determined. For this
wavelength region, the value of monochromator steps closest to the correspond-
ing 10 % of the maximum signal was used, instead of a linear fit of the data
points around the 10 % of the maximum signal to calculate the corresponding
monochromator steps. The largest difference between the closest value and cal-
culated value of monochromator steps using the linear fits, was approximately
36 monochromator steps. This is equal to approximately 0,025 nm, which is very

small in comparison with the wavelength uncertainty of 4+ 0,2 nm obtained.

The selected spectral lines were corrected for ambient air using the ambient
conditions recorded during the wavelength calibration and the NIST Engineering
Metrology Toolbox [NIST, 2004]. The monochromator steps were plotted against
each corrected spectral line. A linear fit was applied to the data to obtain the
wavelength calibration equation. The origin in the monochromator software was
set to zero monochromator steps at the corrected wavelength of the spectral line

696,7352 nm, in vacuum.

A verification was performed by using the wavelength calibration equa-
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tion 7.4 to calculate the corresponding monochromator steps and move the scan
controllers of the monochromator to the HeNe laser line at 632,8 nm. The peak
signal of the laser line was found at the monochromator position within the stated

wavelength uncertainty.
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7.4 Results

7.4.1 Wavelength region of 200 nm to 400 nm

The wavelength calibration equation was found to be
y()\) = 288,047\ - 855 187, (7.3)

where y(\) is the monochromator steps and \ is the wavelength in angstrom [A],
see Figure 7.4. Also shown in the figure is the R-squared value as an indication

of how well the linear model fits the data set.

The uncertainty of measurement in wavelength was + 0,3 nm. See Sec-
tion 7.5 for a detailed description of the uncertainty of measurement analysis

and Appendix G for the uncertainty budget.

500 000 y = 288,047x - 855 187
+  Monochromator steps 2=100
corresponding to spectral line ’
peaks
400 000 b
---------- Linear (Monochromator steps N
corresponding to spectral line
peaks)
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-100 000
L 2
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Figure 7.4: A plot of the monochromator steps corresponding to spectral lines peaks with a linear
fit for the wavelength calibration in the region 200 nm to 400 nm.
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7.4.2 Wavelength region of 600 nm to 1 100 nm

The wavelength calibration equation was found to be:

y(\) = 144,028) - 1 003 276,

(7.4)

where y(\) is the monochromator steps and A is the wavelength angstrom [A],

see Figure 7.5. The R-squared value determined shows a good fit of the linear

model to the data set.

The uncertainty of measurement in wavelength was + 0,2 nm. See Sec-

tion 7.5 for a detailed description of the uncertainty of measurement analysis

and Appendix H for the uncertainty budget.
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Figure 7.5: A plot of the monochromator steps corresponding to spectral lines peaks with a linear

fit for the wavelength calibration in the region 600 nm to 1 100 nm.
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7.5 Uncertainty analysis

The following uncertainty contributors were considered and quantified for the
wavelength calibrations performed in both the ultraviolet and visible to near-
infrared wavelength regions. Refer to Appendix G for the uncertainty budget for
the ultraviolet wavelength region (200 nm to 400 nm) and Appendix H for the un-

certainty budget for the near-infrared wavelength region (600 nm to 1 100 nm).

7.5.1 Theoretical value of the spectral line in vacuum, U,

The NIST Atomic Spectra Database [NIST, 2019] provides an uncertainty as-
sociated with the spectral line in vacuum. The uncertainty associated with each
spectral line used to determine the wavelength calibration equation, was added
in quadrature to determine the combined uncertainty, Us. A coverage factor of
k = 1 was used, as a Gaussian probability distribution is assumed for the uncer-
tainty. The sensitivity coefficient is ¢y = 1, since the uncertainty contribution is

already in the desired unit for wavelength, [nm].

7.5.2 Uncertainty in modified Edlén equation calculation, Ugy4

The NIST Engineering Metrology Toolbox [NIST, 2004] uses the modified Edlén
Equation to calculate the wavelength in ambient air, \,, i.e. the laboratory con-
ditions recorded for temperature, relative humidity and atmospheric pressure, for
the spectral lines used. The NIST Engineering Metrology Toolbox also calculates
the refractive index of air, n,, and the estimated expanded uncertainty of the

calculated index for a coverage factor of k = 2.

This estimated expanded uncertainty of the calculated index,

4+ 0,000000043 in Figure 7.6, was added to the refractive index calculated
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Index of Refraction of Air
Jack A. Stone and Jay H. Zimmerman

Wavelength in Ambient Air and Refractive Index of Air
Based on Modified Edlén Equation

Input Amount

Vacuum Wavelength: 300 Nanometers [nm]*

Air Temperature: 24 Degrees Celsius
Atmospheric Pressure: 86 Kilopascals [kPa]

Air Humidity: 50 Relative Humidity, Percent

* Extreme input parameter value. Check to be sure that entry is correct.

Qutput Result
Wavelength in Ambient Air: 299.928181 Nanometers [nm]**
Refractive Index of Air' 1.000239454~"

Uncertainty of Calculated Index® 0 000000043

' This is the phase refractive index, appropriate for typical displacement measuring interferometers but not appropriate for
many ranging instruments. See documentation for details.

? Estimated expanded uncertainty (coverage factor of k=2) from Edlen calculation, but not including uncertainties of the input
parameters.

** Calculated results are potentially suspect due to extreme value of input parameter.

Figure 7.6: Visual representation of the wavelength and refractive index calculated for ambient
conditions using the NIST Engineering Metrology Toolbox based on the modified Edlén equation.
[NIST, 2004].

for each wavelength in ambient air, or 1,000239454 in Figure 7.6, to obtain
the refractive index with the uncertainty included, n,. The latter was used to
calculate the wavelength in ambient air, A\,, from the spectral line in vacuum.
The difference between A\, and \,, and n, and n, was calculated respectively,
to determine the sensitivity coefficient ¢ = AMAn at each wavelength. This
process was followed to calculate A, for each spectral line. The estimated
expanded uncertainty of each spectral line was added in quadrature and used
as the combined uncertainty contributor, Ugy. The average of the sensitivity

coefficients calculated at each wavelength was taken as cgg.

Also shown in Figure 7.6 is the refractive index calculated for 300 nm, the
extreme input parameter, in ambient conditions. As mentioned in Section 7.3.1,

the modified Edlén Equation is limited to the wavelength region of 300 nm to
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1 700 nm. For the two spectral lines that fall outside this range, this refractive

index was used to correct these spectral lines for ambient conditions.

7.5.3 Laboratory temperature effect, Ur

The NIST Engineering Metrology Toolbox [NIST, 2004] was used to calcu-
late the wavelength in ambient conditions for each spectral line used, and for
435,9560 nm in the ultraviolet region. The atmospheric pressure used in the
calculations was 86 kPa. The laboratory’s Quality System procedure [NMISA,
2014a] provides the relative humidity range of 50 %RH £+ 15 %RH, and tem-
perature range of 24 °C £ 2 °C that must be maintained in the laboratory. The
humidity used in the calculations was 50 %RH. To determine the uncertainty due
to the effect of temperature, the upper and lower limits of the laboratory temperat-
ure range were used to calculate the wavelength in ambient conditions, Ay, and
A1, respectively. The difference in these wavelengths, and the difference in the
upper and lower limits of the temperature range were used to calculate the sens-
itivity coefficient at each wavelength. The average of the sensitivity coefficients
was used, cr = AA/AT. The uncertainty contributor, Ur, was taken as AT or
4 °C, assuming any deviation in temperature during the calibration is maintained
in this range. A triangular probability distribution with a coverage factor of k = v/6
was used, since it is more likely that the temperature will be close to the centre

of the limits of its range.

7.5.4 Laboratory humidity effect, Ugy

The NIST Engineering Metrology Toolbox was used to calculate the wavelength
in ambient conditions for each spectral line used, and for 435,9560 nm in the

ultraviolet region. An atmospheric pressure value of 86 kPa and a temperature
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value of 24 °C were used in the calculations. The upper and lower limits of the
laboratory relative humidity range was used to calculate the wavelength in ambi-
ent conditions, Agx,, and Agy,,, respectively. The difference in these wavelengths,
and the difference in the upper and lower limits of the relative humidity range were
used to calculate the sensitivity coefficient at each wavelength. The average of
the sensitivity coefficients was used, cpy = AA\gy/ARH. The uncertainty contrib-
utor, Ugy, was taken as ARH or 30 %RH, assuming any deviation in relative

humidity during the calibration is maintained in this range.

A U-shaped probability distribution with a coverage factor of k = V2 was
used, since the relative humidity is cycled sinusoidally between the limits of its
range. This is because the humidifier that controls the laboratory’s relative hu-
midity switches off when the upper limit is reached, and switches back on when

the relative humidity has dropped to the lower limit of the specified range.

7.5.5 Laboratory air pressure effect, U,

Similarly to the temperature and humidity uncertainty contributions, The NIST
Engineering Metrology Toolbox was used to calculate the wavelength in ambi-
ent conditions for each spectral line used, and for 435,9560 nm in the ultra-
violet region. The temperature and relative humidity used in the calculations
were 24 °C and 50 %RH, respectively. The atmospheric pressure was meas-
ured by the NMISA Flow and Pressure laboratory to be 86 kPa 4 2 kPa. The
upper and lower limits of the atmospheric pressure range was used to calcu-
late the wavelength in ambient conditions, A, and Az, respectively. The dif-
ference in these wavelengths, and the difference in the upper and lower limits
of the atmospheric pressure range were used to calculate the sensitivity coeffi-

cient at each wavelength. The average of the sensitivity coefficients was used,
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Cap = AXgp/Aap. The uncertainty contributor, U,,, was taken as Aap or 4 kPa,
assuming any deviation in atmospheric pressure during the calibration is main-
tained in this range. A rectangular probability distribution with a coverage factor
of k = v/3 was used, since it is unknown which values of atmospheric pressure

between the limits are more or less likely.

7.5.6 Steep-side method offset, Ussmo

For the wavelength calibration in the visible to near-infrared region, the steep-
side method was applied to determine the monochromator steps of the peak of
each spectral line. The value of monochromator steps closest to the correspond-
ing 10 % of the maximum signal was used, instead of a linear fit of the data sets
around the 10 % of the maximum signal to calculate the corresponding mono-
chromator steps. The largest difference between the closest value and calculated
value of monochromator steps using the linear fits, approximately 36 monochro-
mator steps, was added to the uncertainty calculation as a possible offset that

may be present.

A Gaussian probability distribution was used with a coverage factor of k = 1.
The sensitivity coefficient cssmo Was the same as the sensitivity coefficient calcu-

lated in Section 7.5.11 for the repeatability uncertainty.

7.5.7 Wavelength calibration equation offset, U,

When the wavelength calibration equation is obtained, a verification is performed.
Typically, this is done using the wavelength calibration equation to move to the
wavelength position of a spectral line source. The offset that exists must be within
the uncertainty determined for the wavelength calibration. Instead of correcting

for this offset during the spectral power responsivity measurements performed
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with the double monochromator, the offset is included in the uncertainty calcu-
lation. As described in CIE 198-SP1.2 [2011], if the standard deviation in the
measured offset is significantly larger than the resolution, it may be taken as the
uncertainty contribution, with a coverage factor of k = 1. Since in this case, the
offset was measured only once, the offset itself is taken as the uncertainty contri-
bution, as U,. A Gaussian probability distribution was used with a coverage factor
of k = 1. The sensitivity coefficient ¢, was the same as the sensitivity coefficient

calculated in Section 7.5.11 for the repeatability uncertainty.

7.5.8 Wavelength reproducibility, U,

The wavelength reproducibility uncertainty contribution of the double monochro-
mator was obtained from the manufacturer’s specifications [McPherson, 2015]
and is = 0,005 nm. The sensitivity coefficient is ¢, = 1, since the uncertainty
contribution is already in the desired unit for wavelength, [nm]. A rectangular
probability distribution was used with a coverage factor of k = v/3. This is be-
cause the value of the wavelength reproducibility quantity is given as an accuracy

statement and the value is expected to lie anywhere within the specified limits.

7.5.9 Mechanical resolution of monochromator, Upyyes

The resolution specification of the 1 200 g/mm gratings blazed at 300 nm and
the 600 g/mm gratings blazed at 800 nm is 0,05 nm and 0,1 nm, respectively,
and was obtained from the manufacturer’s specifications. The semi-range of the
resolution specification was used as the uncertainty contribution, Uy.s, for each
wavelength range. This is because the wavelength can be anywhere within the
interval of the resolution specification. For example, if the resolution is 0,05 nm,

the wavelength can lie within the interval &= 0,025 nm. The sensitivity coefficient
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used was Cyres = 1, because the uncertainty contribution was already in the de-

sired unit for wavelength, [nm].

Typically, tolerance limits provided in manufacturer specifications with a
given coverage probability, have a Gaussian distribution. However, the coverage
probability is not stated for the mechanical resolution and therefore a rectangular

probability distribution with a coverage factor of k = /3 was used.

7.5.10 Resolution used in the calibration, Uc/es

The resolution used to perform the wavelength calibrations may not be the same
as the mechanical resolution of the monochromator. Larger wavelength intervals,
found to be sufficiently small to perform a wavelength calibration, were used
in the ultraviolet region. The uncertainty contributions due to this resolution or
wavelength interval used in each of the wavelength regions, were taken as the
semi-range of the wavelength intervals. The sensitivity coefficient was Ccres = 1.
A rectangular probability distribution was used with a coverage factor of k = /3,

since the wavelength was expected to lie anywhere within the specified limits.

7.5.11 Repeatability, U,

For the wavelength calibration in the ultraviolet region, each of the spectral lines
was measured three times and the positions of the peaks were determined by
calculating the average of the three sets, respectively. The standard deviation
between each of the three measurements was calculated for each wavelength
and the worst case was used as the uncertainty contribution, U,. The unit of this
contribution is in monochromator steps, therefore a sensitivity coefficient was
calculated. The wavelength calibration equation obtained was used to calculate

the corresponding wavelength, in [nm], of the peak positions measured in mono-
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chromator steps for the first two measurements of the spectral line in vacuum,
435,9560 nm. The difference in these wavelengths, A\, and the difference in
monochromator steps in the two peaks, Asteps, were used to determine the

sensitivity coefficient, ¢, = AN/Asteps.

For the wavelength calibration in the visible to near-infrared region, each
spectral line was measured only once. To estimate a repeatability uncertainty
contribution in this wavelength region, the new origin position, i.e. the spectral
line in vacuum, 696,7352 nm, was measured again after the wavelength cal-
ibration was performed. The difference in monochromator steps from the origin
position i.e. 0 steps, was taken as the uncertainty contribution, U,. This difference
in monchromator steps, and the origin position, was used in the wavelength cal-
ibration equation obtained to calculate the corresponding wavelength, in [nm], of
the two peak positions. The difference in these wavelengths, A\, and the differ-
ence in monochromator steps of the two peaks, Asteps, were used to determine

the sensitivity coefficient, ¢, = AN/Asteps.

This uncertainty contribution is also an indication of the error that may be
caused by the use of the steep-side method to determine the position of a single
wavelength [Kostkowski, 1997]. This error may be due to the grating drive mech-
anism, noise in the output signal caused by the detector and instability of the

spectral line source.

In a set of repeated measurements, the values are more likely to fall near
the average, therefore a Gaussian distribution with a coverage factor of k = 1 was

used.
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Chapter 8

The spectral power responsivity
calibrations

8.1 Measurement system

Refer to Figure A.1 in Appendix A for a schematic representation of the spectral
power responsivity measurement system. A selection guide to sources, diffrac-
tion gratings, detectors and order-sorting filters that are used at NMISA for meas-
urement or calibration of spectral power responsivity is given in Table 8.1 for a
wavelength range from 200 nm to 1 600 nm. The spectral power responsivity
setup was characterised in the ultraviolet wavelength region, 200 nm to 400 nm,

and in the visible to near-infrared wavelength region, 600 nm to 1 100 nm.

8.1.1 Sources of optical radiation

Both the xenon arc and QTH sources were mounted in their own chimney-style
lamp housings that fit onto the entrance slit mount of the double monochromator.
These lamp housings contain the required optics and adjusters for aligning the
sources and focusing the light onto the entrance slit. The lamp housings also

include a fan operated by a power supply to ensure adequate cooling.
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The stability of the QTH source was controlled with an intensity controller. A
UV-enhanced, temperature-stabilised, silicon detector, mounted against a small
opening in the lamp housing, monitored the output of the lamp. The controller
constantly compared the measured signal with the preset power level to make

any required changes to the power supply output of the lamp [Newport, 2021a].

The xenon arc source was not compatible with the intensity controller.
Instead, the xenon arc source was monitored by the same UV-enhanced,
temperature-stabilised, silicon detector. The signal was measured every 5
seconds for one hour, the approximate duration for a calibration of spectral power
responsivity in this wavelength region. This drift in the source was quantified and

added to the uncertainty of measurement.

8.1.2 Imaging optics

All optical components were mounted on an optical breadboard placed on a

bench next to the double monochromator.

The setup used dedicated input optics mounted in the lamp housings of the
sources. These input optics consist of mirrors, collimating and focusing lenses,
that image the source onto the entrance slit with a focal length matching that of

the monochromator.

The double monochromator has a built-in optical shutter at the entrance
slit. The optical shutter is connected to a controller and is used to perform dark
readings to correct for the effect of external stray light and the offset of the output

voltage of the detector-amplifier combination.

Two spherical collimating mirrors and two spherical focusing mirrors were
used as the output optics to focus the quasi-monochromatic light beam onto the

detectors with an aperture ratio of F/8. The aperture ratio was calculated using
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Equation 6.5, using the diameter of the light beam incident on the focusing mirror

and the focal length of the mirror.

The first collimating mirror was placed at the exit slit of the double mono-
chromator and collimated the exiting light beam onto the first focusing mirror.
For measurements with the pyroelectric detector where an optical chopper was
used, the optical chopper was placed at the focal point of the first focusing mirror.
Due to the construction of the monochromator, the lamp housings are mounted
against the entrance slit of the monochromator. This means that there is no space
to mount the optical chopper at the input side of the monochromator, which is the
preferred position to limit acoustic noise at the pyroelectric detector. At first, the
optical chopper was placed near the exit slit, but as a consequence of the con-
struction of the optical chopper wheel holder, a large portion of the divergent light
beam was cut off. It is for this reason that a second set of collimating and focusing

mirrors was used.

After the focal point of the first focusing mirror, the light beam diverged onto
the second collimating mirror, which produced a collimated light beam on the
second focusing mirror. This mirror then imaged the square exit slit onto the
detector. The spot size of the focused beam had an approximate square cross-

section of 2 mm x 2 mm.

The HeNe alignment laser at the input-side of the double monochromator
was used to align the above-mentioned output-mirrors and detectors. This was
done by following the same process used to align the internal optical components
of the double monochromator. The alignment laser was switched on and to allow
for the initial laser beam drift to stabilise, approximately 30 minutes was allowed
for warm-up time. The laser beam exiting the double monochromator was aligned
with the centre of the first collimating mirror. Each mirror was consecutively posi-

tioned such that the reflected laser beam was at the centre of the next mirror and
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ultimately on the centre of the detector.

The output optics, optical chopper and detectors were mounted in a light-
tight enclosure to reduce stray light, acoustic noise and air flow disturbance from

the nearby air conditioning duct on the pyro-electric detector.

8.1.3 Diffraction gratings and order-sorting filters

Plane ruled diffraction gratings were used as the dispersive elements in the
double monochromator. They were selected based on their grating efficiencies in
the desired wavelength ranges. The wavelength regions in which they were to be
used, were determined using the general approximation given in Section 6.2.2 or

+ 1/3 of the blaze wavelength. These wavelength regions are shown in Table 8.1.

A set of order-sorting filters was chosen based on the spectral distributions
of the sources used and the wavelength regions being measured, see Section 6.3
for such a selection example. The selected filters for the various wavelength re-

gions are listed in Table 8.1.

These filters fit in a filter wheel that can be mounted on the double mono-
chromator. The filter wheel can hold five filters and can be controlled manually
or with a device controller to select the required filter. The filter wheel is mounted

on the double monochromator, between the entrance slit and the lamp housing.

8.1.4 Optical detectors and traceability chain

See Figure 8.1 and Figure 8.2 for schematic representations of the traceability

chain for spectral power responsivity in the relevant wavelength regions.

In the wavelength region of 200 nm to 400 nm, a PtSi photodiode detector

was calibrated against a UV-enhanced Si photodiode detector for spectral power
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responsivity. The UV-enhanced Si photodiode detector has been calibrated for

absolute spectral power responsivity by NPL.

The PtSi photodiode detector was previously calibrated by PTB. As verific-
ation of the results, the spectral power responsivity obtained from the calibration
was compared to the spectral power responsivity values of the PTB calibration

certificate.

UV-enhanced silicon
photodiode detector
Calibrated at NPL

Platir!um silicide Verification Platir?um silicide
photodiode detector (Against photodiode detector
Calibrated at NMISA PTB calibration Calibrated at PTB

certificate values)

Figure 8.1: A schematic representation of the traceability chain for spectral power responsivity in
the wavelength region of 200 nm to 400 nm.

In the wavelength region of 600 nm to 1 100 nm, a Si photodiode detector
was calibrated for spectral power responsivity. This was done by first calibrating
the Si photodiode detector for absolute spectral power responsivity, at 632,8 nm,
against the national measurement standard for radiant power and spectral re-
sponse, a Si-trap detector. The Si-trap detector has been calibrated against the

electrical substitution cryogenic radiometer at NPL.

Secondly, the relative spectral power responsivity of the Si photodiode de-
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tector was determined using a pyro-electric detector and the double monochro-
mator setup. The measured relative spectral power responsivity curve was made

absolute using the absolute calibration point at 632,8 nm.

The Si photodiode detector was also calibrated for absolute spectral power
responsivity using a different standard, the UV-enhanced Si photodiode detector
calibrated by NPL. The results of the two calibrations were compared as verific-

ation.

NPL cryogenic
radiometer
T

UV-enhanced silicon
photodiode detector
Calibrated at NPL

Silicon-trap detector
Calibrated at NPL

|
Silicon
photodiode detector

Absolute calibration
at ~632,8 nm

Calibrated at NMISA
|

Pyro-electric detector
I

Silicon
photodiode detector .
X N . Silicon
Relative spectral calibration Verification h diode d
weighted by absolute (Calibration p (?to iode detector
calibration point against another Calibrated at NMISA
Calibrated at NMISA standard)

Figure 8.2: A schematic representation of the traceability chain for spectral power responsivity in
the wavelength region of 600 nm to 1 100 nm.

8.2 Method

The measurement system makes use of control software, described in Ap-
pendix C, which allows the user to set the double monochromator to a specific

wavelength, or to scan a wavelength region while recording data. The optical

81



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
‘ YUNIBESITHI YA PRETORIA
Denklelers + Leading Minds * ik 5a Dihlaler

The spectral power responsivity calibrations Method

detectors were mounted on x- and y-translation stages with their own control
software. For a detailed description of how the optical detectors were mounted,

refer to Appendix D.

The spectral power responsivity measurement setup was characterised us-
ing the standard laboratory procedure NMISA [2014b]. The laboratory’s envir-
onmental conditions were recorded during the calibrations and were within the
range specified in the standard laboratory procedure for environmental condi-
tions [NMISA, 2014a], i.e. 24 °C + 2 °C for temperature, and 50 %RH + 15 %RH

for relative humidity.

8.2.1 Wavelength region of 200 nm to 400 nm

The absolute spectral power responsivity of the PtSi photodiode detector was de-
termined through direct comparison against the standard UV-enhanced Si pho-

todiode detector, using the substitution method.

No order-sorting filters were required, since the spectral distribution of the
Xenon-arc source causes no additional orders in this wavelength region. Using
the monochromator software and the relevant wavelength calibration equation,
the monochromator was set to a wavelength where the light beam was visible.
The detectors were mounted at the focal point of the second focusing mirror
at the output side of the monochromator. The spot created by the light beam
was aligned to the centre of each detector, respectively. The detector positions
were optimised using the software of the translation stages which allowed for fine

position adjustment.

The detectors were connected to a calibrated variable gain low noise cur-
rent amplifier and a calibrated multimeter. To determine instrument settings such

as amplifier gain, the monochromator software was used to scan through the
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wavelength region and check the signal of each detector on the multimeter in DC
voltage mode. The same amplifier gain setting was chosen for both detectors. A

bandwidth of 5 nm was used for this calibration.

The monochromator software and wavelength calibration equation were
used to scan through and record readings from the multimeter for the standard
UV-enhanced Si photodiode detector from 200 nm to 400 nm in 10 nm intervals.
The recorded readings included the average and standard deviation of 20 meas-
urements taken with the multimeter at each wavelength. After this, the optical
shutter at the entrance slit of the monochromator was closed, and readings were
taken for the same wavelength region and interval. The readings obtained with
the optical shutter closed, were subtracted from those obtained with the optical
shutter open, to determine the net value of the output signal at each wavelength,

see equation 8.1.

VS ( )\> = Vsopen shutter ( A) - Vsclosed shutter ( )\> (8 " 1 )

The same method was used to record the output signal of the PtSi photodiode

detector.

The absolute spectral power responsivity of the PtSi photodiode detector,
s7(\), was calculated using equation 4.8 and from the output signal recorded
for the standard UV-enhanced Si photodiode detector, Vs()\), its known absolute
spectral power responsivity, ss(\), and the output signal recorded for the PtSi

photodiode detector, V().

The PTB calibration of the PtSi photodiode detector was performed at a
temperature of 25,2 °C. The average laboratory temperature recorded during the
calibration against the UV-enhanced Si photodiode detector was 23,5 °C. The

PTB calibration values were therefore corrected for the temperature deviation
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using the spectral temperature coefficients given in the CCPR-K2.c key compar-
ison report for a PtSi photodiode detector [Werner, 2014]. The corrected PTB
calibration values were used as a verification of the measurement results ob-

tained.

The deviation between the PTB calibration values and the temperature-
corrected PTB values for spectral power responsivity ranges between 0,1 % and
0,3 % in the wavelength region of 200 nm to 400 nm. The contribution from this
effect is small with respect to the uncertainty of measurement determined for
this region, but it is considered a good measurement practise to apply such a

correction.

8.2.2 Wavelength region of 600 nm to 1 100 nm

Obtaining the absolute tie point:

The absolute power responsivity of the Si photodiode detector was determ-
ined at 632,8 nm by calibrating it against a Si-trap detector using the substitution
method. A HeNe laser source was stabilised with a laser power controller at
approximately 200 uW. The laser beam was conditioned with a spatial filter, col-
limated and centred on and perpendicular to each detector surface, underfilling
each detector, respectively. An optical shutter was placed in the path of the laser

beam for dark signal measurements.

Since the relative spectral power responsivity calibration was to be per-
formed with chopped radiation, it was decided to also perform this calibration

with AC signal to match the similar measurement procedure to be used.

For the calibration using a DC signal, both detectors were connected to a
calibrated variable gain low noise current amplifier and used the same amplifier

gain setting. For the AC signal calibration, an optical chopper set to a frequency
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of 135 Hz was used with a lock-in amplifier, and both detectors were again con-
nected to a calibrated variable gain low noise current amplifier. The same lock-in

amplifier sensitivity setting was used for both detectors.

The detectors were connected to a calibrated multimeter. The output signals
of each detector were recorded by the multimeter by placing each detector in the

laser beam path, respectively.

Equation 4.8 was used to calculate the absolute spectral power responsivity
of the Si photodiode detector from the output signals recorded for each detector

and the known absolute spectral power responsivity of the Si-trap detector.

For the AC signal calibration, the duty cycle, D., was determined and in-
cluded in Equation 4.8 to determine the absolute spectral power responsivity of

the Si photodiode detector:

D, (8.2)

The duty cycle in Equation 8.2 was calculated using a thermopile detector and
the optical chopper with a frequency set to 135 Hz. The same stabilised laser
source was used with a beam power of approximately 298 yW. Measurements
were performed with the optical chopper on (AC signal) and again with it off (DC
signal). The ratio of the AC signal and DC signal was calculated and used as the

duty cycle.

This calibration provided the absolute tie point that was used to convert the

relative spectral calibration to an absolute spectral calibration.

Three methods of verification of the measurement result obtained were
used. First, the absolute power responsivity of the Si photodiode detector at

632,8 nm obtained with the DC signal calibration was compared to that of the
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AC signal calibration.

Second, the same calibration described above using DC signal, was re-
peated against another Si-trap detector used as a verification standard, which

was also calibrated against the ESCR at NPL.

Third, the measurement result obtained was compared to a previous cal-
ibration for absolute spectral power responsivity of the Si photodiode detector

performed in 2003 [Botha, 2003].
Spectral power responsivity calibration:

The relative spectral power responsivity of the Si photodiode detector was
measured on the double monochromator with a bandwidth of 4 nm, using a pyro-
electric detector as the spectrally flat, wavelength extending transfer detector.
The surface coating of the pyroelectric detector has been characterised by the

manufacturer and measured for spectral absorptance.

Two order-sorting filters were used together with the QTH source, namely
0OG550 for 600 nm to 950 nm and RG850 for 950 nm to 1 100 nm. An optical
chopper was used in this setup to provide chopped radiation for the pyroelectric
detector and was set to a frequency of 135 Hz. The same method was followed
as described in Section 8.2.1 to align the detectors with the measurement spot.
An additional baffle was placed in front of the detectors to reduce acoustic noise

produced by the optical chopper.

The Si photodiode detector was connected to a calibrated variable gain low
noise current amplifier and a calibrated multimeter. The pyroelectric detector was
connected to a lock-in amplifier which was connected to the calibrated variable
gain low noise current amplifier and calibrated multimeter. The gain setting on
the variable gain low noise current amplifier and sensitivity setting on the lock-in

amplifier were determined using the same procedure described in Section 8.2.1.
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The output signals of each detector were recorded from 600 nmto 1 100 nm
in 10 nm intervals in the same way as described in Section 8.2.1. Four independ-
ent sets of data were recorded and the average of the sets used to determine the

relative spectral power responsivity.

The output signals of the respective detectors were recorded in smaller
wavelength sections, each section consisting of five wavelengths. For example,
the Si photodiode detector was placed in position and its output signal recorded
from the multimeter in the wavelength section of 600 nm to 640 nm in 10 nm
intervals. The Si photodiode detector was substituted with the pyroelectric de-
tector and the same process was followed. This process was repeated for the
next wavelength section until the entire wavelength range was completed. The
reason for using smaller wavelength sections was to reduce the effect of drift in

the source on the detectors during the calibration.

The relative spectral power responsivity was calculated for the Si photodi-
ode detector using Equation 4.8. This was converted to absolute spectral power
responsivity, sr(\), using the absolute tie point, s5(632,8 nm), and correcting for

the absorptance of the pyroelectric detector’s surface coating, As()):

Vi(A
sr(\) = s5(632,8 nm)mAs(A), (8.3)

where V() is the ratio of the output signal of the Si photodiode detector, V+()),
and the pyroelectric detector, V().

Two methods of verification of the measurement results obtained were used.
First, the absolute spectral power responsivity determined for the Si photodiode

detector was compared to its previous calibration, Botha [2003].

Second, the Si photodiode detector was also calibrated against the UV-

enhanced Si photodiode detector using the same monochromator measurement
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system. Since the UV-enhanced Si photodiode detector has already been calib-
rated for absolute spectral power responsivity, the normal substitution method,
Equation 4.8, was used and there was no need for a wavelength extending trans-

fer detector.

8.3 Results
8.3.1 Wavelength region of 200 nm to 400 nm

Figure 8.3 provides a graph of the output signal of the standard UV-enhanced Si
photodiode detector with the optical shutter open (light signal) and closed (dark
signal). As seen in the graph, below 260 nm the light signal was very low or

similar to the dark signal measured.

See Section 8.4.1 for the detailed analysis of the uncertainty of measure-
ment, which was determined to range from + 4,3 % at 260 nm to + 2,6 % at
400 nm as shown in Appendix |. The ratio of the dark signal to the light signal
was calculated and found to be larger than the uncertainty of measurement be-
low 260 nm. It was therefore decided that it was not meaningful to report the
spectral power responsivity below 260 nm. To extend the measurement capab-
ility for spectral power responsivity below 260 nm, the use of the LDLS must be

investigated, see Section 11.
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Figure 8.3: Normalised output signal of the standard UV-enhanced Silicon photodiode detector
indicating the low signal level below 260 nm.

Figure 8.4 shows the absolute spectral power responsivity calculated for
the PtSi photodiode detector in the calibration against the UV-enhanced Si pho-
todiode detector, its associated uncertainty of measurement indicated as error
bars, and the absolute spectral power responsivity of the PtSi photodiode de-
tector determined by the PTB. This data is also reported in Table 8.2 along with
the deviation from the PTB calibration and the E, score calculated using Equa-

tion 2.2.

The deviation between the results of the two calibrations was within the
calculated uncertainty of measurement, seen in Figure 8.4, and the results are
therefore considered verified. The E, score was smaller than 1,0 at all reported

wavelengths, also indicating satisfactory performance.
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Figure 8.4: Calculated spectral power responsivity and PTB determined spectral power respons-
ivity for the PtSi photodiode detector in the wavelength region 260 nm to 400 nm (the panel on
the right is a zoom-in of the rectangle in the left panel).

Table 8.2: The absolute spectral power responsivity of a PtSi detector and comparison with the
PTB calibration.

UV-enhanced Si photodiode
detector as standard

PTB
calibration

Absolute spectral

Uncertainty of

Absolute spectral  Deviation between

Wavelength power responsivity measurement power responsivity calibrations E,
[nm] AW [%] AW [%] score
260 0,02274 4,3 0,022 36 1,7 0,38
270 0,020 64 3,1 0,02022 2,1 0,65
280 0,02198 3,4 0,021 42 2,6 0,73
290 0,026 72 3,1 0,026 12 2,3 0,72
300 0,031 14 2,9 0,03056 1,9 0,64
310 0,0333 3,2 0,03267 1,9 0,58
320 0,034 16 2,9 0,03357 1,8 0,59
330 0,0349 2,9 0,034 34 1,7 0,58
340 0,0358 3,0 0,03529 1,4 0,47
350 0,036 4 3,0 0,03593 1,2 0,41
360 0,0364 3,0 0,03581 1,8 0,57
370 0,0423 3,2 0,04107 3,0 0,90
380 0,0616 3,0 0,06019 2,4 0,75
390 0,0815 2,8 0,08030 1,5 0,52
400 0,096 9 2,6 0,09580 1,1 0,43

90



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
‘ YUNIBESITHI YA PRETORIA
Denklelers + Leading Minds * ik 5a Dihlaler

The spectral power responsivity calibrations Results

8.3.2 Wavelength region of 600 nm to 1 100 nm

The absolute tie point:

The absolute power responsivity of the Si photodiode detector determined
at 632,8 nm with DC and AC signals is reported in Table 8.3. The uncertainty of
measurement in the absolute spectral power responsivity of the Si-trap detectors
at the time of the calibration was + 0,44 %, see Appendix K and Section 8.4.2 for
a detailed description of the uncertainty of measurement analysis. The deviation
between the results obtained from the DC and AC signal calibrations was 0,11 %
and is therefore within the uncertainty of the Si-trap detectors and considered
verified. The result obtained with the AC signal was used as the absolute tie
point for the relative spectral power responsivity calibration.

Table 8.3: The absolute power responsivity of the Si photodiode detector obtained with DC and
AC signals.

Absolute power responsivity

of Si photodiode detector Uncertainty of
[AWT"] measurement
- . . in Si-trap
Wavelength  With standard Si-trap detector  Deviation detectors
[nm] DC signal AC signal [%] [£ %]
632,8 0,3510 0,3506 0,11 0,44

The absolute power responsivity calculated for the Si photodiode detector
using DC signal and both the standard and verification standard Si-trap detectors
at 632,8 nm is reported in Table 8.4. The deviation in the results obtained from the
two Si-trap detectors was 0,018 %, which is within the + 0,44 % uncertainty of
measurement of the Si-trap detectors. The results obtained for the Si photodiode

detector are therefore considered verified.
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Table 8.4: The absolute power responsivity of the Si photodiode detector obtained with the stand-
ard Si-trap detector and verification standard Si-trap detector.

Absolute power responsivity

of Si photodiode detector Uncertainty
[AW'] of
- - — measurement
With standard ~ With verification in
Si-trap standard Si-trap Si-trap
Wavelength detector detector Deviation detectors
[nm] DC signal DC signal [%] [£ %]
632,8 0,3510 0,3510 0,018 0,44

Table 8.5 reports the results of the verification with the previous calibra-
tion of the Si photodiode detector. In the previous calibration, the absolute spec-
tral power responsivity was determined for the wavelength range of 600 nm to
1 100 nm in wavelength intervals of 10 nm, with a measurement uncertainty of
+ 2,6 %. Interpolating the results obtained at 630 nm and 640 nm, the absolute
power responsivity of the Si photodiode detector at 632,8 nm was 0,3490 A W',

The deviation between the previous calibration result and the absolute spec-
tral power responsivity of 0,3506 A W' obtained for the Si photodiode detector is
0,46 %. This deviation may be due to the difference in traceability routes used for
the two calibrations. The previous calibration was traceable to the previous ESCR
used at NMISA, and as mentioned, this calibration is traceable to the ESCR at
NPL. Drift in the reference detector might have also played a role. However, the
deviation is within the uncertainty of measurement reported in the previous cal-

ibration certificate and the results are considered verified.
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Table 8.5: The absolute power responsivity of the Si photodiode detector compared to its previous
calibration.

Absolute power responsivity Si photodiode
of Si photodiode detector detector
[AW'] uncertainty of
- - measurement
With standard  From previous from its
Si-trap calibration o previous
Wavelength detector Deviation calibration
[nm] AC signal [%] [+ %]
632,8 0,3506 0,3490 0,46 2,6

Spectral power responsivity calibration:

A plot of the absolute spectral power responsivity calculated for the Si pho-
todiode detector is given in Figure 8.5, along with the measurement results from
its previous calibration and the verification performed by calibrating the Si photo-

diode detector against the UV-enhanced Si photodiode detector.

- « = Pyroelectric detector and Si-trap
detector as standard
0,60 -
----- UV enhanced Si photodiode detector
= as verification standard
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5 ------- Previous calibration f-’ﬂ '\\
= 0,50 1 el \
£ R \
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S 4""‘ t
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) L \
3 o« ‘\
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]
0,10 - - r r T
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Figure 8.5: Absolute spectral power responsivity of the Si photodiode detector determined using

the pyroelectric detector and Si-trap detector as standard, from its previous calibration, and using
the UV-enhanced Si photodiode detector as verification standard.
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The uncertainty of measurement associated with the calibration performed
using the pyroelectric detector and Si-trap detector as standard was determined

to be + 2,7 %, see Section 8.4.2 and Appendix K.

The Si photodiode detector was calibrated for absolute spectral power re-
sponsivity in 2003 from 600 nm to 1 000 nm in 10 nm intervals, therefore the
verification with its previous calibration could only be performed up to 1 000 nm.

The uncertainty of measurement of this previous calibration was + 2,6 %.

Table 8.6 provides the measurement results of this verification, i.e. the abso-
lute spectral power responsivity of the Si photodiode detector determined using
the pyroelectric detector and Si-trap detector as standard and that of its previous

calibration.

The deviation between these calibration results was calculated and found
to be smaller than the uncertainty of measurement, 4+ 2,6 %, at all wavelengths
reported. This can also be seen in Figure 8.6 which shows the absolute spec-
tral power responsivity of the Si photodiode and its associated uncertainty of
measurement determined in the previous calibration, indicated as error bars. It is
clear that the absolute spectral power responsivity of the Si photodiode detector
determined using the pyroelectric detector and Si-trap detector as standard lies
within the uncertainty of measurement of the previous calibration. The results are

therefore considered verified.

The E, score was also determined and is reported in Table 8.6. It was found
to be smaller than 1,0 at all reported wavelengths, thus also indicating successful

verification.
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Table 8.6: The absolute spectral power responsivity of a Si photodiode detector compared with

its previous calibration’s measurement results.

Absolute power responsivity
of Si photodiode detector

[AW]
Wavelength  Using method described From previous Deviation E,
[nm] in Section 8.2.2 calibration [%] score
600 0,3329 0,332 0,26 0,07
610 0,336 1 0,337 0,26 0,07
620 0,3459 0,342 1,15 0,30
630 0,3500 0,347 0,87 0,23
640 0,356 0,354 0,61 0,16
650 0,360 0,360 0,02 0,00
660 0,365 0,366 0,38 0,10
670 0,372 0,372 0,01 0,00
680 0,378 0,378 0,03 0,01
690 0,384 0,385 0,16 0,04
700 0,389 0,391 0,47 0,13
710 0,396 0,398 0,39 0,11
720 0,404 0,404 0,02 0,00
730 0,405 0,410 1,21 0,32
740 0,414 0,417 0,80 0,21
750 0,422 0,421 0,15 0,04
760 0,423 0,427 0,93 0,25
770 0,429 0,432 0,62 0,17
780 0,437 0,439 0,50 0,13
790 0,444 0,445 0,28 0,08
800 0,448 0,450 0,43 0,11
810 0,450 0,456 1,30 0,35
820 0,461 0,461 0,05 0,01
830 0,466 0,468 0,34 0,09
840 0,471 0,474 0,69 0,19
850 0,475 0,479 0,87 0,23
860 0,480 0,486 1,18 0,32
870 0,489 0,491 0,38 0,10
880 0,493 0,496 0,66 0,18
890 0,499 0,501 0,47 0,13
900 0,505 0,507 0,42 0,11
910 0,511 0,513 0,31 0,08
920 0,517 0,520 0,59 0,16
930 0,523 0,525 0,38 0,10
940 0,529 0,531 0,40 0,11
950 0,534 0,535 0,21 0,05
960 0,538 0,535 0,61 0,16
970 0,543 0,536 1,22 0,32
980 0,543 0,535 1,47 0,39
990 0,539 0,531 1,50 0,40
1000 0,531 0,528 0,49 0,13
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Figure 8.6: Verification of the calculated spectral power responsivity of the Si photodiode detector
with its previous calibration.

The results of the verification by calibrating the Si photodiode detector
against the UV-enhanced Si photodiode detector are shown in Table 8.7. A spec-
tral uncertainty of measurement analysis was performed for this calibration and
the calculated uncertainty was found to range from + 1,3 % to + 3,6 % in the
wavelength range of 600 nm to 1 100 nm, see Table 8.7. Refer to Appendix J
and Section 8.4.1 for a detailed description of the uncertainty of measurement

analysis.

The deviation between the calibrations of the Si photodiode detector using
the pyroelectric detector and Si-trap detector as standard and the UV-enhanced
Si photodiode detector as verification standard, as well as the calculated E, score

are shown in Table 8.7.
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Table 8.7: Absolute spectral power responsivity of the Si photodiode detector as determined using
the method described in Section 8.2.2 and using the UV-enhanced Si photodiode detector as a
verification standard. The measurement results in blue and bold indicate wavelengths at which
the verification was not successful.

Using method described UV-enhanced Si photodiode
in Section 8.2.2 detector as verification standard
Absolute spectral Absolute spectral  Uncertainty of

Wavelength power responsivity power responsivity measurement Deviation E,
[nm] [AW'] [AWT] [%] [%] score
600 0,3329 0,3360 2,5 0,94 0,26
610 0,336 1 0,3388 2,7 0,78 0,21
620 0,3459 0,3410 1,9 1,44 0,43
630 0,3500 0,3490 1,6 0,31 0,10
640 0,356 0,3613 1,5 1,42 0,46
650 0,360 0,3688 1,5 2,41 0,79
660 0,365 0,3759 1,4 3,00 1,01
670 0,372 0,3807 1,4 2,28 0,76
680 0,378 0,386 6 1,4 2,20 0,74
690 0,384 0,3940 1,3 2,44 0,83
700 0,389 0,3890 1,5 0,05 0,02
710 0,396 0,396 4 1,8 0,00 0,00
720 0,404 0,396 6 1,3 1,85 0,61
730 0,405 0,4089 1,6 0,94 0,30
740 0,414 0,4135 1,3 0,05 0,02
750 0,422 0,4159 1,5 1,38 0,44
760 0,423 0,4225 1,5 0,12 0,04
770 0,429 0,4346 1,3 1,21 0,41
780 0,437 0,4388 1,3 0,46 0,16
790 0,444 0,4407 1,6 0,69 0,22
800 0,448 0,4507 2,6 0,59 0,16
810 0,450 0,4580 3,1 1,73 0,42
820 0,461 0,4640 3,2 0,70 0,17
830 0,466 0,4732 3,0 1,44 0,36
840 0,471 0,4747 2,9 0,83 0,21
850 0,475 0,4845 3,3 1,98 0,47
860 0,480 0,4846 3,1 0,89 0,22
870 0,489 0,4851 3,1 0,84 0,20
880 0,493 0,4909 3,0 0,37 0,09
890 0,499 0,4984 2,9 0,05 0,01
900 0,505 0,5070 3,1 0,41 0,10
910 0,511 0,5139 3,6 0,48 0,11
920 0,517 0,5194 3,6 0,47 0,10
930 0,523 0,528 1 3,3 0,97 0,23
940 0,529 0,5289 3,6 0,00 0,00
950 0,534 0,5335 3,6 0,07 0,02
960 0,538 0,5337 3,6 0,85 0,19
970 0,543 0,5351 3,5 1,40 0,32
980 0,543 0,536 6 3,3 1,17 0,27
990 0,539 0,5333 3,4 1,06 0,24
1000 0,531 0,5282 3,3 0,45 0,11
1010 0,514 0,5140 2,7 0,02 0,01
1020 0,486 0,4835 3,3 0,57 0,13
1030 0,448 0,4430 3,3 1,23 0,29
1040 0,396 0,3880 3,3 2,16 0,50
1050 0,3395 0,3311 3,2 2,53 0,60
1060 0,2778 0,2676 3,2 3,79 0,89
1070 0,226 9 0,2182 3,0 4,01 0,97
1080 0,1887 0,1797 3,2 5,03 1,18
1090 0,1565 0,1479 3,4 5,82 1,31
1100 0,126 6 0,1196 3,3 5,84 1,34
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Two comparisons were performed for this verification. First, as shown in
Figure 8.7, a check was performed to determine whether the absolute spectral
power responsivity of the Si photodiode detector obtained from the calibration
against the UV-enhanced Si photodiode detector was within the uncertainty of
measurement associated with the calibration against the pyroelectric detector

and Si-trap detector, i.e. + 2,7 %.

It can be seen in Figure 8.7 that at 660 nm and 1 060 nm to 1 100 nm
the measurement results are not within the stated uncertainty of measurement.
These measurement results are indicated in Table 8.7 (in bold and blue font)
where it is reported that the deviation between the calibrations ranges from
+ 3,00 % to £+ 5,84 %. It is also shown that the E, score is larger than 1,0

at some of the wavelengths.

Second, as shown in Figure 8.8, a check was performed to determine
whether the absolute spectral power responsivity of the Si photodiode detector
obtained from the calibration against the pyroelectric detector and Si-trap de-
tector was within the spectral uncertainty of measurement associated with the

calibration against the UV-enhanced Si photodiode detector.

As seen in Figure 8.8 and as reported in Table 8.7 (in blue, and bold and
blue font), some measurement results in the ranges of 650 nm to 720 nm and
1 060 nm to 1 100 nm are not within the spectral uncertainty of measurement
associated with the calibration against the UV-enhanced Si photodiode detector.

Similarly, the E, scores at some of these wavelengths are larger than 1,0.
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Figure 8.7: Absolute spectral power responsivity of the Si photodiode detector as determined
using the method described in Section 8.2.2 with its associated uncertainty of measurement, and
using the UV-enhanced Si photodiode detector as a verification standard.
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Figure 8.8: Absolute spectral power responsivity of the Si photodiode detector as determined
using the method described in Section 8.2.2, and using the UV-enhanced Si photodiode detector
as a verification standard with its associated uncertainty of measurement.
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The unsuccessful verification of the measurement results at the
wavelengths indicated in blue in Table 8.7 above 1 050 nm is considered to be
caused by low signal issues due to the sharp decrease in detector responsiv-
ity after 1 000 nm and decreasing grating efficiency. As shown in Table 8.1, the
grating efficiency of the diffraction gratings used in this wavelength region, is
estimated to drop below 50 % at 1 067 nm. Both these factors could cause sig-
nificantly lower throughput above 1 000 nm influencing the measurement results

and leading to the larger deviation observed above 1 000 nm.

For the larger deviation observed between 650 nm to 720 nm, considera-
tions for causes are the reflectance coating of the output optic mirrors, source
instability due to possible power fluctuations and external stray light on the de-
tectors, which are larger at the lower end of the 600 nm to 1 100 nm region.
However, these factors are all common to the two calibrations performed and

would have likely cancelled in the ratio.

A factor that is not common to the two calibrations, is the absorptance of the
pyroelectric detector surface coating. It would be prudent to measure the surface
coating internally to determine whether there might be an anomaly in the 650 nm

to 720 nm region.

As mentioned in Chapter 3, Si photodiode detectors are susceptible to
change when exposed to UV radiation. It could be that the UV-enhanced Si
photodiode detector is showing signs of such degradation. In this case, a re-

calibration of the detector will be required.

All the above-mentioned factors require further investigation and are dis-

cussed in Section 11

Since the verification of the measurement results against the previous cal-

ibration was successful, and since all measurement results from the calibration
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against the UV-enhanced Si photodiode detector below 1 060 nm, with the ex-
ception of 660 nm, lie within the uncertainty of measurement of + 2,7 % asso-
ciated with the calibration against the pyroelectric detector and Si-trap detector,

the measurement results between 600 nm and 1 050 nm are considered verified.
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8.4 Uncertainty analysis
8.4.1 Spectral analysis of uncertainty

Spectral analyses of the uncertainty of measurement were performed for the
calibration of the PtSi photodiode detector in the wavelength region of 200 nm to
400 nm (see Appendix | for the calculated uncertainty of measurement) and the
calibration of the Si photodiode detector against the UV-enhanced Si photodiode
detector as verification standard in the wavelength region of 600 nm to 1 100 nm

(see Appendix J for the calculated uncertainty of measurement).

The relative uncertainty of measurement for the aforementioned calibrations
was determined from the uncertainty contributors described below. In this sec-
tion, the UV-enhanced Si photodiode detector will be referred to as the standard
detector and the PtSi photodiode detector and Si photodiode detector as the test

detectors.

The key comparison reports on spectral responsivity, CCPR-K2.c (200 nm
to 400 nm) [Werner, 2014] and CCPR-K2.b (300 nm to 1 000 nm) [Goebel and
Stock, 2004a] were used to obtain estimates of some uncertainty contributors.
This was possible, because the detectors used in the key comparisons were of

similar types as the detectors used in this calibration.

Unless otherwise specified, Gaussian distributions with a coverage factor
of k = 1 and sensitivity coefficients equal to 1 were used for the uncertainty
contributors described below. This was done as a best estimate and may be

investigated in future to improve the uncertainty of measurement calculations.
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8.4.1.1 Absolute spectral power responsivity of the standard detector, us

The standard, UV-enhanced Si photodiode detector was calibrated for absolute
spectral power responsivity by NPL [Winkler, 2018]. This calibration certificate
reports the relative spectral expanded uncertainty with a Gaussian distribution

and a coverage factor of k = 2.

8.4.1.2 Drift in the standard detector, usy

A paper published in the 2014 NEWRAD conference proceedings [Littler et al.,
2014] describes the predicted wavelength-dependent drift in responsivity in sil-
icon. The paper provides a model that predicts the relative drift per annum:

-0,184

(Anm - 365)2
T+ s

Drift(\nm) = %, (8.4)

and the wavelength-dependent standard deviation in the drift rate:

o(Anm) = 1,89 x 107)\,,° - 2,71 x 10\, + 0,0987 % for A,y < 716,9 nm

o(Anm) = 0,00156 %  for Apy, > 716,9 nm.
(8.5)

This model was applied to calculate the drift for the standard detector. The
wavelength-dependent standard deviation in the drift rate was also calculated
according to Equation 8.5. The drift and the standard deviation in the drift rate

were added in quadrature for the total spectral drift contribution.

8.4.1.3 Spatial uniformity of the standard detector, usg,

The spatial uniformity of detectors similar to the standard detector and test de-

tector used in the 200 nm to 400 nm region was determined for the CCPR-K2.c
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key comparison. Measurements were performed by the pilot laboratory by meas-
uring the surface of the detectors at a wavelength of 253,7 nm with a small beam
diameter in 0,5 mm steps. The results include the effects of varying measure-
ment spot diameters, deviation of the measurement spot position from the centre
of the detectors and varying measurement spot profiles. The largest contribution
reported was used as an estimate of the relative standard uncertainty contribu-
tion associated with the spatial uniformity of the standard detector in the 200 nm

to 400 nm region.

An empirical test [NMISA, 2003] was previously performed at NMISA for the
spatial uniformity of the Si photodiode detectors. The result of this empirical test
was used as the standard uncertainty contribution associated with the spatial

uniformity of the standard detector in the 600 nm to 1 100 nm region.

8.4.1.4 Linearity of the standard detector, ug,

The CCPR-K2.c report indicates that the detectors are linear in the UV and vis-
ible wavelength range for an optical beam power below 500 uW and similar beam
spot sizes used in the key comparison, and provides an associated relative stand-
ard uncertainty contribution. The beam cross-section used by the pilot laborat-
ory of this key comparison was near circular with a diameter of approximately
3,2 mm. This claim is supported by linearity measurements performed on sim-
ilar Si photodiode and PtSi photodiode detectors in Lei and Fischer [1993] and
Richter et al. [2002].

The maximum beam power used for the calibration in the 200 nm to
400 nm region was found to be approximately 37 pW. The measurement spot
on the detectors’ surfaces was square with a cross-section of approximately

2 mm x 2 mm. Since the beam power and spot size meet the above-mentioned

105



% UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA
Denklelers + Leading Minds * ik 5a Dihlaler

The spectral power responsivity calibrations Uncertainty analysis

requirement, the uncertainty contribution provided in CCPR-K2.c report was

used as an estimate.

The CCPR-K2.b report states that non-linearity effects are negligible com-
pared to other uncertainty contributions for a similar beam size and power as
used for these calibrations and do not provide an uncertainty estimate. However,
to avoid an underestimation of this uncertainty contribution, an empirical test that
was previously performed at NMISA to determine the non-linearity effect for a
similar detector was used. This estimate was used as the relative standard un-
certainty contribution of non-linearity for the standard detector in the 600 nm to

1 100 nm region.

8.4.1.5 Temperature coefficient of the standard detector, usiempc

The temperature coefficients for the standard detector as a function of
wavelength were obtained from its manufacturer’s specification [Hamamatsu,
2015] and the Optical Radiometry book by Parr et al. [2005]. The difference in
temperature reported on its calibration certificate and measured in the laboratory
during the calibrations in the two wavelength regions was used to determine the
effect of temperature on the spectral power responsivity of the standard detector.

This quantification was used as the relative standard uncertainty contribution.

8.4.1.6 Temperature dependence of the standard detector, Usiempa

The relative standard uncertainty contribution associated with the temperature
dependence of the standard detector was obtained from estimates reported in
the Optical Radiometry book [Parr et al., 2005] for the 200 nm to 400 nm region
and the NIST special publication on Spectroradiometric Detector Measurements

[Larason and Houston, 2008] for the 600 nm to 1 100 nm region.
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8.4.1.7 Effect of the amplifier, u,

The same calibrated variable gain low noise current amplifier was connected to
the standard detector and test detectors in both wavelength regions. Since the
same gain setting was used in each calibration for both the standard en test
detectors, the effect from the amplifier cancels in the ratio when calculating the

spectral power responsivity of the test detector using Equation 4.6.

Both CCPR-K.2c and CCPR-K.2b reports indicate that the same gain set-
ting was used for the detectors being compared and therefore the effect of the

amplifier on the spectral power responsivity of the detectors is negligible.

For the 200 nm to 400 nm region, no standard uncertainty contribution asso-
ciated with the amplifier was added to the combined standard uncertainty. How-
ever, for the 600 nm to 1 100 nm region, the uncertainty reported in the calibration
certificate of the amplifier was added as a standard uncertainty contribution. As a
future improvement of measurement uncertainty, the uncertainty of the amplifier
used should be taken into consideration in all wavelength regions. Omitting this

contribution may cause an underestimation of the measurement uncertainty.

8.4.1.8 Effect of the multimeter on the standard detector’s output signal,
Usm

The multimeter was calibrated for, among others, voltage measurements at vari-
ous voltage ranges. An expanded uncertainty with a Gaussian distribution and
a coverage factor of k = 2 was reported in its calibration certificate. This repor-
ted uncertainty was used as the standard uncertainty contribution, u,., of the

multimeter calibration.

In the calibration certificate of the multimeter, the uncertainty is reported in

voltage, [V], for each voltage range. The relative contribution, up,, to the meas-
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ured output signal of the standard detector in each wavelength region, Vs(\),
was calculated by dividing the reported uncertainty by the coverage factor k = 2
to obtain the standard uncertainty contribution for k = 1, and then determining

the percentage contribution of this uncertainty to the measured signal.

The calibration of the multimeter was performed to confirm whether the mul-
timeter meets the manufacturer’s accuracy specification, therefore no correction
was reported in the calibration certificate. For this reason, the accuracy specific-
ation, un,,, was also added to the standard uncertainty contribution associated

with the multimeter.

The accuracy specification of the multimeter is + (% of read-
ing + % of range) at each voltage range, [Agilent, 2007]. For example, at the 1 V
range the accuracy specification is £ (0,002 % of reading + 0,0006 % of range).
These accuracy specifications were used to determine the relative contribution,
Uma, 10 the measured output signal of the standard detector in each wavelength
region, Vs()\), for each voltage range used. Since this is an accuracy specific-

ation, a rectangular probability distribution was used with a coverage factor of
k =+/3.

To obtain the combined relative standard uncertainty contribution associ-
ated with the effect of the multimeter on the standard detector’s output signal,
Usm, the contributions up,. and un,, were added in quadrature as a function of

wavelength.

8.4.1.9 Effect of resolution of the multimeter on the output signal of the
standard detector, Ugyes

The resolution of the output signal measured with the multimeter for the standard
detector in each wavelength region was determined from the recorded values.

As described in Section 7.5.9, the semi-range of the resolution is used as the
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uncertainty contribution. Therefore, this spectral resolution was divided by 2 to

obtain the semi-range.

A rectangular probability distribution with a coverage factor of k = /3 was
used, since the value is expected to lie anywhere within the limits specified by the
semi-range. The semi-range values were therefore divided by v/3 and the ratio of
these spectral values and the output signal measured for the standard detector

was used as the relative standard uncertainty contribution, usyes.

In future, this contribution may be omitted, since it is negligible in compar-

ison with other uncertainty contributors.

8.4.1.10 Source stability, uss

The standard uncertainty contribution for the stability in the xenon arc source
was determined empirically, since it could not be monitored with the intensity
controller. A calibration such as the one performed typically takes one hour to
complete. The xenon source was therefore measured with a monitor detector for
one hour in five-second intervals, see Section 8.1.1. The deviation in the min-
imum and maximum values recorded was calculated as the standard uncertainty

contribution.

As mentioned in Section 8.1.1, the QTH source was monitored with an in-
tensity controller. Therefore, for this wavelength region, the manufacturer spe-
cification of the intensity controller stability was used as the standard uncertainty

contribution.

A rectangular distribution with a coverage factor of k = /3 was used.
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8.4.1.11 Polarisation and non-uniform beam profile, upp

The CCPR-K2.c report describes the measurement method of the relevant de-
tectors. To eliminate beam polarisation effects on the responsivity of the detect-
ors, the detectors were rotated about the optical axis of the incident light beam
between measurements. The uncertainty in the average measurements taken for
the relevant detectors by the key comparison participants was calculated as the
standard deviation of the mean and includes the uncertainty contribution associ-
ated with polarisation effects of the source and a non-uniform beam profile. For
the uncertainty contribution in the 200 nm to 400 nm region, the largest contribu-

tion was selected from the CCPR-K2.c report as an estimate.

The CCPR-K2.b report indicates that polarisation effects for single element
Si photodiode are negligible when it is aligned perpendicularly to the incident
beam axis. However, to avoid an underestimation of measurement uncertainty,
an estimate sourced from previous calibrations was used for the 600 nm to

1 100 nm region.

8.4.1.12 Inter-reflections between detector and exit slit of the monochro-
mator, u"eﬂ

The CCPR-K2.b report indicates that inter-reflection effects are negligible when
the exit slit is blackened. Therefore, this standard uncertainty contribution was
taken from the CCPR-K2.c report as a worst-case estimate for both wavelength
regions. This estimate applies when the exit slit of the double monochromator
is blackened to reduce inter-reflections. Since the exit slit of the double mono-
chromator used in these calibrations is not blackened, this estimate may be an

underestimation and requires further investigation, see Section 11.
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8.4.1.13 Beam divergence and vignetting, upq,

According to the CCPR-K2.c and CCPR-K2.b reports, the effect of beam diver-
gence and vignetting is negligible if the beam divergence is within the accept-
ance angle of the detectors. As prescribed in the CCPR-K2.b technical protocol
[BIPM, 2001], an aperture ratio of F/8 or larger must be used. This ensures that
the angle at which the focused light converges onto the detector is smaller than

the acceptance angle of the detector.

Since the mirror that focuses the light beam onto the detector surface has
an aperture ratio of F/8, the beam divergence is small enough for this effect to be
negligible. However, an estimate based on what other laboratories use in the UV

region was taken as an uncertainty contribution for the 200 nm to 400 nm region.

8.4.1.14 Internal stray light, u;

The specification of the McPherson monochromator [McPherson, 2015] includes
a contribution of internal stray light which was used as an estimate for the relat-
ive standard uncertainty associated with internal stray light of the measurement
setup. The method described in Section 6.5.5 was used by the manufacturer to
determine the internal stray light of the double monochromator. The output signal
with the shutter closed was measured at several wavelengths with and without
the appropriate order-sorting filter. The internal stray light was found to be within

the requirement specified by NPL, [McPherson, 2015].

8.4.1.15 Effect of external stray light on the standard detector, us.g

The relative standard uncertainty associated with the external stray light was
estimated from the ratio of the output signal measured for the standard detector

with the shutter closed (dark signal) and with the shutter open (light signal). In
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the calculation of the spectral power responsivity, the dark signal was subtracted
from the light signal, therefore this contribution might be an overestimation, but

is still included in the combined standard uncertainty.

8.4.1.16 Spectral wavelength calibration, u,

The wavelength calibrations performed provided the expanded uncertainties of
4+ 0,3 nm and =+ 0,2 nm for 200 nm to 400 nm and 600 nm to 1 100 nm, respect-

ively, with a Gaussian distribution and a coverage factor of k = 2.

This standard uncertainty contribution of wavelength to the measured spec-
tral power responsivity was calculated using two methods for each wavelength
region. First from the spectral power responsivity of the test detector, sr(\), us-
ing Equation 8.6, and second from the ratio of the output signals from the test

and standard detectors, using Equation 8.9.

For the first method, the uncertainty was added to each wavelength, e.g.
A, =200 nm + 0,3 nm = 200,3 nm. A cubic spline interpolation was performed
to calculate the spectral power responsivity of the test detector at these new
wavelengths, sr,.(\). The uncertainty was also subtracted from each wavelength,
e.g. A. = 200 nm - 0,3 nm = 199,7 nm, and the same interpolation was per-
formed to calculate the spectral power responsivity of the test detector at these
wavelengths, sz(\). The spectral sensitivity coefficient, c,,(\), was calculated

from this data:

on(\) = o)) = S 5T

= ﬁ(A) [AW' nm™] (8.6)

This spectral sensitivity coefficient was divided by the spectral power responsivity

112



VERSITEIT VAN PRETORIA
IVERSITY OF PRETORIA

NIBESITHI YA PRETORIA
Denkleiers » Leading Minds * Dik: tsa Dihlale

The spectral power responsivity calibrations Uncertainty analysis

of the test detector to obtain the relative standard uncertainty contribution:

C/\r()‘)
st(A)

[nm™] (8.7)

For the second method, the standard uncertainty contribution was calcu-

lated from the ratio of the detectors’ output signals:

(8.8)

The output signals of the detectors were determined for the wavelengths \, and
A_in the same way as described above, using cubic spline interpolation, to de-

termine the spectral sensitivity coefficient, c,,(\):

oV,

V., — V.
o) = ST = 2
P

=" (A) [VV' nm'] (8.9)

The spectral sensitivity coefficient was divided by the ratio of the detectors’ output

signals, V/()), to obtain the relative standard uncertainty contribution:

C)\2<)‘)

-1
V() [nm™] (8.10)

The relative spectral standard uncertainty contributions were calculated by di-
viding the wavelength uncertainty, e.g. = 0,3 nm, by the coverage factor k = 2,
multiplying with spectral sensitivity coefficients calculated in Equation 8.7 and

Equation 8.10, respectively, and multiplying by a 100.

The larger spectral uncertainty contribution obtained between the two meth-

ods was used to determine the combined standard uncertainty.
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8.4.1.17 Repeatability of the standard detector, us,

As described in Section 8.2.1 and Section 8.2.2, 20 readings were recorded with
the multimeter at each wavelength for each detector in both wavelength regions,
and the average and standard deviation of these 20 readings were recorded.
To determine the relative standard uncertainty contribution associated with the
repeatability of the standard detector, the percentage contribution of the standard

deviation to the average was calculated as a function of wavelength.

8.4.1.18 Bandwidth effects on the test detector, us,

For the calibrations in the two wavelength regions, the same bandwidth was used
for the standard and test detectors, respectively. The sources used also did not
have any rapid changes in their spectral distributions in the wavelength regions
measured. Therefore the effect of bandwidth on the spectral power responsivity

of the detectors was estimated to be small.

The CCPR-K2.c report, calculated an uncertainty associated with band-
width effects when comparing a PtSi photodiode detector against a Si photo-
diode detector with a rectangular probability distribution, i.e. a coverage factor of
k = /3. This spectral uncertainty contribution was used as an estimate for the

relative standard uncertainty.

The CCPR-K2.b report estimated the bandwidth effects to be negligible for
the detectors compared. However, to avoid the underestimation of this effect,
an estimate from previous calibrations was used as a relative standard uncer-
tainty contribution. A rectangular probability distribution with a coverage factor of

k = /3 was used.
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8.4.1.19 Spatial uniformity of the test detector, urg,

Refer to Section 8.4.1.3 describing the spatial uniformity measurements per-
formed for similar detectors in the CCPR-K2.c key comparison [Werner, 2014].
The largest spatial uniformity contribution reported for PtSi photodiode detectors
was used as an estimate of the relative standard uncertainty contribution asso-
ciated with the spatial uniformity of the test detector in the 200 nm to 400 nm

region.

The same empirical test [NMISA, 2003] used for the standard uncertainty
contribution associated with the spatial uniformity of the standard detector, was
also used as an estimate of the standard uncertainty contribution associated with

the spatial uniformity of the test detector in the 600 nm to 1 100 nm region.

8.4.1.20 Linearity of the test detector, uy;,

Refer to Section 8.4.1.4 where the linearity of the detectors used in the CCPR-
K2.c key comparison was discussed. The uncertainty contribution provided in the
CCPR-K2.c report was used as an estimate of the relative standard uncertainty

contribution of the test detector in the 200 nm to 400 nm region.

The same empirical test used in Section 8.4.1.4 for the standard detector in
the 600 nm to 1 100 nm region was used to provide the estimate of the relative

standard uncertainty contribution for non-linearity of the test detector.

8.4.1.21 Temperature coefficient of the test detector, Uriempc

The pilot laboratory of the CCPR-K2.c key comparison provided temperature
coefficients for the PtSi photodiode detectors [Werner, 2014]. These temperature
coefficients and the difference in laboratory temperature recorded during calib-

ration in the 200 nm to 400 nm region and the PTB calibration of the PtSi photo-
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diode detector were used to determine the effect of this temperature change on
the spectral power responsivity of the test detector. This result was used as an
estimate of the relative standard uncertainty contribution due to the temperature
change. In future, this uncertainty may be omitted, since it causes an overes-
timation of uncertainty. This uncertainty contribution is not required for the test
detector. The temperature effect on the test detector on the spectral power re-
sponsivity is already taken into account in the temperature dependence standard

uncertainty contribution.

For this same reason, no uncertainty contribution due to the temperature

coefficient of the test detector in the 600 nm to 1 100 nm region was considered.

8.4.1.22 Temperature dependence of the test detector, Urempa

The CCPR-K2.c report describes that the pilot laboratory performed measure-
ments at recorded temperatures that spread over an interval. An associated
standard uncertainty was calculated for this temperature spread assuming a rect-
angular probability distribution, i.e. a coverage factor of k = v/3. This relative
standard uncertainty was used as an estimate of temperature dependence of
the test detector in the 200 nm to 400 nm region, or the effect of the change in
temperature during the calibration on the spectral power responsivity of the test

detector.

For the 600 nm to 1 100 nm region, an estimate of the temperature de-
pendence of the test detector was obtained from NIST special publication on
Spectroradiometric Detector Measurements [Larason and Houston, 2008] and

used as a relative standard uncertainty contribution.
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8.4.1.23 Effect of the multimeter on the test detector’s output signal, ur,,

This relative standard uncertainty contribution was calculated in the same way
as described in Section 8.4.1.8 for the standard detector. The uncertainty contri-
butions from the calibration of the multimeter and its accuracy specification were
determined and added in quadrature as a function of wavelength to obtain the
combined relative standard uncertainty contribution associated with the effect of

the multimeter on each test detector’s output signal, urp.

8.4.1.24 Effect of resolution of the multimeter on the output signal of the
test detector, Uzs

The relative standard uncertainty contribution associated with the resolution of
the multimeter on the output signal of the test detector in each wavelength region

was determined using the same method described in Section 8.4.1.9.

8.4.1.25 Effect of external stray light on the test detector, Uz

The relative standard uncertainty associated with the effect of external stray light
on the test detector in the 600 nm to 1 100 nm region was determined using
the same method described in Section 8.4.1.15. This effect was not taken into

account for the test detector in the 200 nm to 400 nm region.

Since the inclusion of this contribution for the standard detector might
already be an overestimation, the omission of the effect on the test detector in
the 200 nm to 400 nm region will not lead to an underestimation of the combined

uncertainty of measurement.
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8.4.1.26 Repeatability of the test detector, uz;

As described in Section 8.4.1.17, 20 readings were recorded with the multimeter
at each wavelength for each detector in both wavelength regions, and the aver-
age and standard deviation of these 20 readings were recorded. To determine
the relative standard uncertainty contribution associated with the repeatability of
the test detectors in both wavelength regions, the percentage contribution of the

standard deviation to the average was calculated as a function of wavelength.
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8.4.2 Uncertainty analysis for calibration of the Si photodi-
ode detector against the pyroelectric detector and Si-
trap detector as standard in the wavelength region of
600 nm to 1 100 nm

An uncertainty of measurement analysis was performed for the calibration of the
Si photodiode detector against the pyroelectric detector and Si-trap detector as
standard in the wavelength region of 600 nm to 1 100 nm, see Appendix K for

the calculated uncertainty of measurement.

The relative uncertainty of measurement of this calibration, including both
the absolute tie point and spectral power responsivity calibration, was determined
from the uncertainty contributors described below. In this section, the Si-trap de-
tector will be referred to as the standard detector and the Si photodiode detector

as the test detector.

Unless otherwise specified, Gaussian distributions with a coverage factor
of k = 1 and sensitivity coefficients equal to 1 were used for the uncertainty
contributors described below. This was done as a best estimate and may be

investigated in future to improve the uncertainty of measurement calculations.

8.4.2.1 Absolute calibration uncertainty contributors

8.4.2.1.1 Absolute spectral power responsivity of the standard detector,
Us

The uncertainty of measurement in the absolute spectral power responsivity of
the standard detector at 632,8 nm was obtained from its calibration certificate.
This certificate reports the relative expanded uncertainty with a Gaussian distri-

bution and a coverage factor of k = 2.
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8.4.2.1.2 Drift in the standard detector, usy

The drift in the absolute spectral power responsivity of the standard detector was
determined from its calibration history. Sufficient data were available to calcu-
late the drift in absolute spectral power responsivity at 632,8 nm per calibration
interval of the standard detector to use as the relative standard uncertainty con-

tribution.

8.4.2.1.3 Spatial uniformity of the standard detector, uss,

The alignment position of the standard detector was optimised for maximum sig-
nal from the incident laser beam, since the standard detector was originally calib-
rated following the same alignment procedure. The deviation in signals measured

around this position was used as a standard uncertainty contribution.

8.4.2.1.4 Linearity of the standard detector, ug,

As mentioned in Section 8.4.1.4, the CCPR-K2.b report states that non-linearity
effects are negligible compared to other uncertainty contributions for a similar
beam size and power as used for the calibrations discussed in Section 8.4.1.
However, for the absolute tie point calibration, the laser beam power was higher
than that used in the CCPR-K2.b key comparison and therefore the same as-

sumption could not be made.

The same empirical test used in Section 8.4.1.4 for the non-linearity effect
was also used as the relative standard uncertainty contribution of this standard

detector with a Gaussian distribution and a coverage factor of k = 2.

8.4.2.1.5 Effect of the amplifier, u,
Both CCPR-K.2c and CCPR-K.2b reports indicate that if the same gain settings

are used for the detectors being compared, the effect of the amplifier on the
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spectral power responsivity of the detectors is negligible. This was also the case
for the absolute tie point calibration. However, to avoid an underestimation of this
uncertainty contribution, the uncertainty reported in the calibration certificate of
the amplifier with a Gaussian distribution and a coverage factor of k = 2, was

added as a standard uncertainty contribution.

8.4.2.1.6 Effect of the multimeter on the detectors’ output signal, Uapsy

As seen in previous similar calibrations performed at NMISA, the method used
in Section 8.4.1.8 produces an uncertainty smaller than 0,002 %. Therefore, this
uncertainty was taken as the worst case uncertainty contribution associated with
the effect of the multimeter on the detectors’ output signals. A Gaussian distribu-
tion and a coverage factor of k = 2 were used, as reported on the multimeter’'s

calibration certificate.

8.4.2.1.7 Source stability, Uapsss

The HeNe laser source was stabilised with a laser power controller, as described
in Section 8.2.2. This laser power controller's manufacturer’s specification for op-
tical ripple was used as the standard uncertainty contribution associated with the

source stability with a Gaussian distribution and a coverage factor of k = 2.

8.4.2.1.8 Stray light and standard detector noise, usg

The ratio of the output signal measured for the standard detector with the shut-
ter closed (dark signal) and with the shutter open (light signal) was calculated
and used as the relative standard uncertainty associated with stray light and de-
tector noise. As done for the other calibrations performed, the dark signal was
subtracted from the light signal to correct for the effect of external stray light. The

calculated standard uncertainty contribution was still included to account for any
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other effects related to stray light and detector noise.

8.4.2.1.9 Repeatability of the standard detector, us,

Similar to the other calibrations performed, 20 readings were recorded with the
multimeter for the standard detector. The average and standard deviation of
these 20 readings were recorded. To determine the relative standard uncertainty
contribution associated with the repeatability of the standard detector, the per-

centage contribution of the standard deviation to the average was calculated.

8.4.2.1.10 Spatial uniformity of the test detector, urg,
The same standard uncertainty contribution reported in Section 8.4.1.19 for the
test detector in the 600 nm to 1 100 nm region was used here, since this is the

same test detector, i.e. the Si photodiode detector.

8.4.2.1.11 Temperature dependence, U;emp

The uncertainty due to temperature effects was estimated based on the stability
of the environmental conditions. The laboratory’s Quality System procedure spe-
cifies the temperature range at which the laboratory must be maintained. During
the calibration, the laboratory’s temperature remained within this temperature

range.

8.4.2.1.12 Repeatability of the test detector, us;

Similarly to the standard detector, 20 readings were recorded with the multimeter
for the test detector, in two sets. The standard deviation between the two sets was
divided by the square root of the number of sets, i.e. v/2, to obtain the standard

deviation of the mean.

To determine the relative standard uncertainty contribution associated with
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the repeatability of the test detector, the percentage contribution of the standard

deviation of the average was calculated.

8.4.2.2 Spectral calibration uncertainty contributors

8.4.2.2.1 Pyroelectric detector absorptance, up,

The spectral absorptance of the pyroelectric detector surface coating was
provided by the manufacturer. As a best estimate of the standard uncertainty
contribution associated with this spectral absorptance, the relative change in
absorptance in the wavelength region of interest was calculated. A rectangular

probability distribution with a coverage factor of k = v/3 was used.

8.4.2.2.2 Effect of the multimeter on the detectors’ output signal, Uspecu

The same standard uncertainty contribution reported in Section 8.4.2.1.6 was
used for the uncertainty contribution associated with the effect of the multimeter
on both the standard and test detectors’ output signal obtained in the spectral

calibration.

8.4.2.2.3 Source stability, Uspecss

As mentioned in Section 8.1.1, the QTH source was monitored with an intensity
controller. The manufacturer’s specification of the intensity controller stability was
used as the standard uncertainty contribution associated with the source stability.

A Gaussian distribution with a coverage factor of k = 2 was used.

8.4.2.2.4 Polarisation, diffraction, interference and angular effects upqi,
The CCPR-K2.b report states that polarisation effects for single element Si pho-
todiodes are negligible, however, the same standard uncertainty contribution as

determined in Section 8.4.1.11 for the 600 nm to 1 100 nm region was used here,
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since the test detector and source used are the same. This uncertainty contribu-
tion was assumed to include any diffraction, interference and angular effects on

the spectral power responsivity of the test detector.

8.4.2.2.5 Spectral wavelength calibration, u,

The same calculation as described in Section 8.4.1.16 for the 600 nmto 1 100 nm
region was used to determine this uncertainty contribution. The largest contribu-
tion as a function of wavelength in the 600 nm to 1 100 nm region was selected
as the standard uncertainty contribution associated with wavelength. A Gaussian

distribution with a coverage factor of k = 2 was used.

8.4.2.2.6 Linearity of the test detector, uy,

Section 8.4.1.4 describes that an empirical test was previously performed at
NMISA to determine the non-linearity effect for a similar detector. The same es-
timate was used as the relative standard uncertainty contribution of non-linearity
for the test detector. A rectangular probability distribution with a coverage factor

of k = v/3 was used.

8.4.2.2.7 Stray light and test detector noise, urg
The same method as described in Section 8.4.2.1.8 was used to determine the
relative standard uncertainty associated with the stray light effect on the pyro-

electric and test detectors, as well as the detector noise.

8.4.2.2.8 Repeatability of the test detector, uspecnr
As described in Section 8.2.2, four independent sets of data were recorded for
the spectral power responsivity calibration, and the average of these sets was

used. To determine this uncertainty contribution, the relative contribution of the
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standard deviation of these four sets to their average was calculated as a function
of wavelength. The largest contribution of the spectral data was used as relative

standard uncertainty associated with the repeatability of the test detector.
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Chapter 9

Discussion

A new system for the measurement of spectral power responsivity of de-
tectors, using a scanning double monochromator and a selection of sources,
order-sorting filters, diffraction gratings, imaging optics and detectors, was im-

plemented.

A xenon-arc source and a LDLS were experimented with in the UV region.
An operational issue caused the LDLS to lose power during its use. This issue
must be investigated and is discussed in Chapter 11 as further research. The
xenon-arc source was therefore used in the UV region. A QTH source was se-
lected for the visible to near-IR region. No additional input imaging optics were
required as the necessary optics were mounted inside the lamp housings of the

selected sources.

A set of order-sorting filters and sets of diffraction gratings were selected
based on the wavelength region to be measured and the sources used. A set
of output optics was selected to image the exit slit onto the detector with an
aperture ratio of F/8 or greater, and to allow an optical chopper to be mounted at
the output of the monochromator. Optical detectors were selected based on the

wavelength region to be measured and traceability routes to be established.
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The implemented measurement system was characterised by a series of
calibrations. First, wavelength calibrations were performed in the wavelength re-
gions of 200 nm to 400 nm and 600 nm to 1 100 nm. This was done by measur-
ing the relevant wavelength standards for spectral lines selected from the NIST
Atomic Spectra Database, and applying corrections for ambient conditions using

the Engineering Metrology Toolbox of NIST.

The monochromator steps corresponding to the spectral peaks measured
were determined using the steep-side method. A linear plot of the spectral
peaks versus the corresponding monochromator steps was used to obtain the
wavelength calibration equations to be used in the respective wavelength regions
when operating the monochromator. Uncertainty of measurement analyses were

performed for each of the wavelength calibrations.

Verification of the wavelength calibrations was performed by using the
obtained wavelength calibration equations to move the monochromator to
wavelength positions of laser line sources used in each respective wavelength
region. For both wavelength calibration equations used in the respective
wavelength regions, the spectral peaks of the laser lines were measured at the
expected monochromator position to within the calculated uncertainty of meas-

urement.

A PtSi photodiode detector was calibrated for spectral power responsivity on
the new measurement system against a UV-enhanced Si photodiode detector,
previously calibrated by NPL for spectral power responsivity, in the 200 nm to
400 nm region using the substitution method. Low signal was measured below
260 nm and it was therefore decided to report the spectral power responsivity
from 260 nm to 400 nm only. To address this issue of low signal, the use of
the LDLS must be investigated, see Chapter 11. An uncertainty of measurement

analysis was performed for this calibration as a function of wavelength.
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The measurement results obtained from this calibration were successfully
verified by comparison against the measurement results of the PtSi photodiode

detector’s previous calibration by PTB for spectral power responsivity.

A Si photodiode detector was calibrated for absolute power responsivity at
632,8 nm against a Si-trap detector using a stabilised HeNe laser source. This
calibration was performed using DC signal and then repeated using AC signal
since the relative spectral power responsivity calibration performed on the new
measurement system was done using a pyroelectric detector and optical chop-
per. The measurement results obtained from the DC and AC signal calibrations
were compared and found to be within the stated measurement uncertainty of

the Si-trap detector standard, it was therefore successfully verified.

This absolute tie point calibration was verified by repeating the calibration
against another Si-trap detector used as a verification standard and by com-
parison against a previous calibration of the Si photodiode detector for spectral
power responsivity. In both cases, the measurements results obtained success-

fully verified.

The Si photodiode detector was calibrated for relative spectral power re-
sponsivity against a pyroelectric detector, with known spectral absorptance, to
extend the absolute power responsivity calibration at 632,8 nm to the wavelength
region of 600 nm to 1 100 nm. This was done on the new measurement sys-
tem using the substitution method. The relative calibration of the Si photodiode
detector was converted to absolute spectral power responsivity using the abso-
lute tie point at 632,8 nm. The uncertainty of measurement associated with this

calibration was determined.

The measurement results obtained were compared to a previous calibra-

tion of the Si photodiode detector for spectral power responsivity and found to be
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Discussion

within the uncertainty of measurement stated for its previous calibration, there-

fore providing a successful verification.

The same measurement results were also compared to those obtained from
calibrating the Si photodiode detector on the new measurement system against
a UV-enhanced Si photodiode detector, previously calibrated by NPL for spectral
power responsivity, using the substitution method. An uncertainty of measure-
ment analysis was performed for this calibration as a function of wavelength. The
verification was unsuccessful at some wavelengths between 650 nm and 720 nm

and 1 060 nmto 1 100 nm.

Since the measurement results at all wavelengths between 600 nm and
1 050 nm, except at 660 nm, were within the uncertainty of measurement asso-
ciated with the calibration of the Si photodiode detector against the pyroelectric
detector and Si-trap detector, the calibration was considered verified between
600 nm and 1 050 nm. The causes of the unsuccessful verification at some

wavelengths must be investigated and are discussed in Chapter 11.

Following the implementation of the new measurement system and its char-
acterisation through the mentioned calibrations, it was applied to have the spec-
tral power responsivity measurement capability assessed by SANAS for accred-

itation.

As a result of the SANAS assessment, the uncertainty of measurement
analysis performed for the calibration of the Si photodiode detector against the
UV-enhanced Si photodiode detector in the wavelength region of 600 nm and
1 050 nm, was an improvement on the uncertainty of measurement analysis per-
formed for the calibration of the Si photodiode detector against the pyroelectric

detector and Si-trap detector.

The improved uncertainty analysis includes several additional uncertainty
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contributors not previously considered. It also determines the uncertainty of
measurement as a function of wavelength, thereby providing a more accurate

uncertainty estimate.

From the uncertainty analysis performed it can be seen that the largest
contributors to the measurement uncertainty for spectral power responsivity of a
detector are the effect of external stray light, repeatability of the detector and the
absorptance of the pyroelectric detector’s surface coating. These are followed by
spatial uniformity of the detectors, source stability and the wavelength calibration
of the monochromator. These contributions should be considered first when im-
proving the uncertainty of measurement as part of future work, and are discussed

in Chapter 11.

Following the clearance of findings raised during this assessment, the
spectral power responsivity measurement capability was established for the

wavelength regions of 260 nm to 400 nm and 600 nm and 1 050 nm.
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Chapter 10

Conclusions

A new system for the measurement of spectral power responsivity of detectors
was implemented. This measurement system makes use of a scanning double
monochromator and other components selected based on the system’s require-
ments. These include sources of optical radiation, order-sorting filters, diffraction
gratings, imaging optics and detectors. This measurement system was charac-
terised in the UV region, 200 nm to 400 nm, and in the visible to near-IR region,

600 nmto 1 100 nm.

As the first step of characterisation, wavelength calibrations were performed
in the wavelength regions of 200 nm to 400 nm and 600 nm to 1 100 nm.
These calibrations produced the wavelength calibration equations used by the
double monochromator to scan through the wavelength regions during the spec-
tral power responsivity calibrations. Uncertainty of measurement analyses were
performed for these calibrations, producing an uncertainty of measurement of

4+ 0,3 nm in the UV region and + 0,2 nm in the visible to near-IR region.

The measurement system was then characterised for spectral power re-
sponsivity in the wavelength regions of 200 nm to 400 nm and 600 nm to

1100 nm.
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Conclusions

Characterisation in the 200 nm to 400 nm region was performed using a
xenon-arc source, due to an operational issue with the laser-driven light source.
A PtSi photodiode detector was calibrated for spectral power responsivity against
a UV-enhanced Si photodiode detector, previously calibrated by NPL for spec-
tral power responsivity, using the substitution method. Due to low signal below
260 nm, measurement results were only reported from 260 nm to 400 nm. A
spectral analysis of uncertainty of measurement was performed. An uncertainty
of measurement ranging from + 4,3 % at 260 nm to + 2,6 % at 400 nm was ob-
tained. The measurement results obtained from this calibration were successfully
verified by comparison against the measurement results of the PtSi photodiode

detector’s previous calibration by PTB for spectral power responsivity.

For characterisation in the 600 nm to 1 100 nm region, a Si photodiode
detector was calibrated for absolute power responsivity at 632,8 nm against a
Si-trap detector using a stabilised HeNe laser source. This absolute tie point was
used to extend the calibration to the 600 nm to 1 100 nm region using a pyroelec-
tric detector with known spectral absorptance, on the new measurement system
using the substitution method. The uncertainty of measurement was calculated
for this calibration and found to be 4 2,7 %. The measurement results obtained
were successfully verified against a previous calibration of the Si photodiode de-

tector for spectral power responsivity.

As an additional verification, the Si photodiode detector was also calibrated
on the new measurement system against the UV-enhanced Si photodiode de-
tector using the substitution method. An uncertainty of measurement analysis
was performed for this calibration as a function of wavelength, producing an un-
certainty of measurement ranging from + 1,3 % to + 3,6 % in the wavelength
range of 600 nm to 1 100 nm. The verification was unsuccessful at some

wavelengths between 650 nm and 720 nm and 1 060 nm to 1 100 nm. Since
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Conclusions

the measurement results at all wavelengths between 600 nm and 1 050 nm, ex-
cept at 660 nm, were within the uncertainty of measurement associated with the
calibration of the Si photodiode detector against the pyroelectric detector and
Si-trap detector, the calibration was considered verified between 600 nm and

1 050 nm.

Following the characterisation of the new measurement system, the spec-
tral power responsivity measurement capability was assessed by SANAS for ac-
creditation. Accreditation was obtained in the wavelength regions of 260 nm to

400 nm and 600 nm and 1 050 nm.
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Chapter 11

Further research

Some factors discussed in this study require further investigation. Improvements
in the measurement system and uncertainty estimation have also been identified

for future research and are discussed.

The output optics used in the measurement system did not match the aper-
ture ratio of the monochromator as is required for maximum throughput. When
the measurement system was implemented, the mirrors used were the avail-
able output optics. Since the completion of the calibrations performed, new mir-
rors have been procured that were specifically designed for this measurement
system, i.e. matching the aperture ratio of the monochromator. Measurements

should be repeated with these mirrors as better throughput may be achieved.

The LDLS provides better signal and throughput than the xenon-arc source
in the UV region. An operational issue occurred where the LDLS lost power. This
will require further investigation to determine the cause and whether the LDLS
can still be operated. A factor to consider is the laser source and that it might
be faulty. As part of the investigation, the output of the laser source may be

measured.

The operation of the LDLS also proved to be challenging. Optimal alignment
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Further research

is required, since it was observed that even small adjustments in alignment had
a large effect on the output signal. Better alignment and improved mounting with

opto-mechanical components should be investigated.

Another operational issue of the LDLS is nitrogen purging. When operated,
the LDLS depleted the available nitrogen gas faster than the measurement could
be completed. A larger nitrogen cylinder may be considered, however, after dis-
cussions with other laboratories that also use LDLS’s, it was found that these
laboratories do not perform purging. It was indicated that this might reduce the
lifetime of the source, but had no real effect on measurement results. Operation

of the LDLS without purging must be investigated.

With the use of the LDLS, the wavelength region can be extended down
to 200 nm, which is required to provide internal traceability for spectral power

responsivity of UV detectors.

The verification performed for the measurement results obtained for the Si
photodiode detector through calibration against a UV-enhanced Si photodiode
detector, was unsuccessful at some wavelengths between 650 nm and 720 nm
and 1 060 nm to 1 100 nm. As discussed in Section 8.3.2, this may be due
to the rapid decrease in detector responsivity and decreasing grating efficiency
after 1 000 nm. It may be considered using another set of diffraction gratings
with higher efficiency from 900 nm, such as 600 g/mm blazed at 1 250 nm, to

determine if better throughput can be achieved between 1 000 nm and 1 100 nm.

It was observed from the recorded data that the external stray light was
higher toward the lower end of the 600 nm to 1 100 nm region. Though meas-
ures were taken to reduce external stray light effects, such as baffling, use of
a light-tight enclosure and use of thick materials to reduce acoustic noise on

the pyroelectric detector, it might not have been adequate. This effect must be
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investigated to determine methods for further reducing external stray light.

For this study, the spectral absorptance of the pyroelectric detector surface
coating provided by the manufacturer was used in the calculation of spectral
power responsivity. In future, the spectral absorptance should be calibrated in-
ternally. This will provide confidence in the measurement result since it will be
traceable to a national measurement standard. The measurement result will have

a better and possibly smaller uncertainty contribution.

Some uncertainty contributions require further investigation for improved
quantification, to minimise their contribution and to ensure that their contribution
is not overestimated. The uncertainty contributors which have the largest contri-

bution to the combined uncertainty of measurement should be considered first.

The inclusion of the effect of external stray light on the standard and test de-
tectors should be investigated. The contributions added may be overestimations

since corrections were already applied for this effect.

The effect of internal stray light is considered in the uncertainty of measure-
ment calculation and is sourced from the manufacturer’s specification. This effect
is considered to be small because of the second monochromator connected in
series to the first. However, the internal stray light of any spectrometer system
should be characterised specifically for the instrument in use. The effect may be
larger than expected at some wavelengths, especially in the UV region. This un-
certainty contribution should therefore be investigated by quantifying the effect
for this measurement system using the method prescribed in Section 6.5.5, i.e.

with order-sorting filters.

The uncertainty contribution from the repeatability of the standard or test
detector may be improved by increasing the number of measurements or inde-

pendent measurement sets to obtain a better average. The standard deviation
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should also be divided by the square root of the number of measurements taken
to determine the estimated standard deviation in the average. Since this was not
done in this study, the uncertainty contribution due to repeatability is likely an

overestimation.

The uncertainty associated with the spatial uniformity of a detector surface
may be improved through empirical measurement. This may be done by meas-
uring the surface of each detector in a grid formation consisting of small intervals

using a stabilised source at one or more wavelengths.

Consider the effect of lamp stability in the UV region. The xenon-arc source
could not be controlled with the intensity controller and therefore the source was
measured over a period of time, using the measured drift as an uncertainty es-

timation.

Instead, for future research, the control software should be improved to al-
low the recording of data from both a monitor detector and the test or standard
detector simultaneously. The data recorded with the monitor detector should then
be used in equation 5.1, a modified version of equation 4.8, to correct for the ef-
fect of drift in the source. Though an uncertainty of measurement estimate must

still be included for source stability, the contribution should be much smaller.

The wavelength calibration of the monochromator may also be investigated
to improve its uncertainty contribution to the spectral power responsivity meas-
urement results. One of the factors to consider is the measurement interval at
which the spectral line sources are scanned. The smallest interval possible for
the set of diffraction gratings may be used. As mentioned in Section 7.3.1, this

was not the case for the UV region.

Also mentioned in Section 7.3.1, is the asymmetry effect in the measured

spectral line in Figure 7.3. This asymmetry may be caused by poor monochro-
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mator alignment and optical aberrations in the monochromator optics. As further
research, this effect may be addressed by improving the optical alignment of the
monochromator or determining the wavelength peak using signals levels other

than 10 % of the maximum signal.

Another case where a correction can be applied instead of having a large
uncertainty contribution, is the uncertainties obtained for the temperature coeffi-
cient of the UV-enhanced Si photodiode detector. Since a temperature correction
was not applied to the spectral power responsivity reported in the NPL calibration
certificate, an uncertainty contribution had to be added, which was based on the
temperature coefficients and temperate difference measured. In future, the tem-
perature correction should be applied, so that this uncertainty contribution may

be omitted.

Uncertainty contributions were added for both temperature coefficients
and temperature dependence of the test detectors calibrated against the UV-
enhanced Si photodiode detector. It may be that the uncertainty due to temper-
ature is considered twice and is therefore an overestimation. The uncertainty
contribution described above was necessary for the UV-enhanced Si photodiode
detector, but its temperature dependence uncertainty could have been omitted.
Since no temperature correction is required for the test detectors, their temper-
ature dependence should still be considered, since there may have been tem-
perature fluctuation during the calibrations. This effect requires further study to

confirm whether the correct uncertainty contributions are considered.

The uncertainty of measurement estimate for the effect of polarisation and
non-uniform beam profile on spectral power responsivity should be investigated
and minimised by either rotating the detectors about the optical axis of the in-
cident light beam during measurement, or using an integrating sphere at the en-

trance slit of the monochromator [Kostkowski, 1997]. Though these uncertainty
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estimates were included for test detectors, it was not determined for the pyro-
electric detector. The effect of polarisation, as well as linearity, on the pyroelectric

detector should be investigated through empirical measurements.

For the calibrations performed in this study, the detectors were not rotated
about the optical axis of the incident light beam and the estimated uncertainty of
measurement taken from the CCPR-K2.c report, where this method was used,
may be an underestimation. If an integrating sphere is to be considered, addi-
tional input optics will be required. Rotating the detector about the optical axis
and averaging the measurements will be sufficient to account for this effect, as
prescribed in the CCPR-K2.c technical protocol, though this might be time con-

suming.

Another uncertainty of measurement contribution that could be minimised is
the effect of inter-reflections between the detector and exit slit of the monochro-
mator. An estimate of this contribution was taken from the CCPR-K2.c report,
but is applicable to a monochromator with blackened slits. The monochromator
used in this study does not have blackened slits. It may be considered in future
to have the slits of the monochromator black anodised to reduce this uncertainty

contribution.

The weighting of the uncertainty contributors should be investigated. In most
cases, sensitivity coefficients equal to 1 were used as a best estimate. However,
this can either underestimate or overestimate the uncertainty contribution. To
determine a more accurate estimate of the measurement uncertainty, further re-
search should be performed to better define the sensitivity coefficients. This may
be done through empirical testing or it may be obtained from previous studies

performed.

As mentioned in Section 2.8, the individual uncertainty contributions are
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combined to obtain the combined standard uncertainty, u.(y). This is done with
the law of propagation of uncertainty. In this study, no correlations in uncertainty
contributions were considered and only the first term of Equation 2.1 was applied.
Some uncertainty contributors considered may be correlated. The effect of this
correlation requires further research. Correlated uncertainty contributors should
be identified and the effect quantified. Accounting for correlation will provide a

better estimate of the uncertainty of measurement.

The new measurement system must still be characterised in the wavelength
region of 400 nm to 600 nm. Future work will include using the same methods
as described in this study to first calibrate the monochromator for wavelength
and then to establish the spectral power responsivity measurement capability
in this region. Additionally, following the investigations suggested above, the
spectral power responsivity measurement capability should be established in the

wavelength regions of 200 nm to 260 nm and 1 050 nm to 1 100 nm.

Once the spectral power responsivity measurement of detectors in the
wavelength range of 200 nm to 1 100 nm has been established, the laboratory
may participate in available key comparisons such as CCPR to maintain interna-

tional equivalence.
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Spectral power responsivity
measurement system
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Appendix B

Alignment of the monochromator

The monochromator was mounted on a bench next to an optical breadboard, on
three foot-pieces, with ball head mounts and height adjustment, and was levelled
using a spirit level. The horizontal laser line of a laser level was used to align a
HeNe alignment laser at the input side of the monochromator, the entrance and
exit slits of the monochromator and a HeNe alignment laser at the output side
of the monochromator on the same horizontal plane. The two HeNe alignment
lasers were mounted on stable mounts that allowed for tip, tilt and two transla-
tional adjustments. Both alignment lasers were mounted at the furthest point from
the monochromator on the optical bench to allow enough space for the mounting
of sources, output optics and detectors. HeNe alignment lasers and laser levels
can experience observable beam drift after being switched on and were therefore

allowed to stabilise for at least 30 minutes before use.

A set of diffraction gratings with a groove density of 600 g/mm blazed at
800 nm were installed in the scanning double monochromator. The monochro-
mator software was used to move the two individual monochromators to the
HeNe laser line, at approximately 632,8 nm. The mechanical wavelength coun-
ters of the two individual monochromators were checked to match each other

and were both manually adjusted to the HeNe laser line as well. This was done
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Alignment of the monochromator

because it was noticed during previous use of the monochromator that the mech-
anical counters move slightly every time the two individual monochromators’
scan controllers are switched on and that this mechanical movement is not equal
between the two individual monochromators. During a calibration procedure, the
scan controllers were therefore not switched off to avoid this mechanical move-

ment which may influence the alignment of the monochromator.

The next step was to align the input-side alignment laser, the internal mono-
chromator optics and the output-side alignment laser such that the two alignment
lasers were reflected onto each other through the double monochromator. The
input-side alignment laser was adjusted such that the laser beam went through
the centre of the entrance slit of the double monochromator and onto the centre
of the collimating mirror in the first monochromator. The collimating mirror was
adjusted such that the laser beam was aligned in the centre of the diffraction
grating. After this, the diffraction grating was adjusted such that the laser beam
was aligned in the centre of the focusing mirror, which reflected the laser beam
onto a folding mirror and then onto the centre of the middle slit between the
two individual monochromators. The folding mirrors in each individual monochro-
mator were adjusted such that the laser beam was reflected onto the centre of
the collimating mirror in the second monochromator. This mirror was adjusted to
reflect the laser beam to the centre of the diffraction grating in the second mono-
chromator. The second grating was adjusted such that the laser beam was on
the centre of the focusing mirror, which was adjusted to reflect the laser beam
through the centre of the exit slit of the double monochromator and onto the

output-side alignment laser.

This same process was followed with slight adjustments of each optical
component until the output-side alignment laser beam travelled through the

double monochromator and onto the input-side alignment laser. Two apertures
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Alignment of the monochromator

were placed in the optical path of the alignment lasers as a reference to the
optical axis, each between the alignment laser and entrance and exit slit of the

double monochromator, respectively.

Once the alignment was completed, a quartz tungsten halogen lamp, in its
lamp housing, was attached to the entrance of the double monochromator. The
monochromator software was used to scan through a visible wavelength range
to check whether the monochromatic waveband was consistently horizontal over
the middle and exit slits of the double monochromator as the gratings were ro-
tated. During alignment, this may also be checked by rotating the gratings and
checking whether the different orders of the laser line are also centred on the

middle and exit slits of the double monochromator.

After this initial alignment, a verification of alignment was performed as re-
quired with a change of optical components, such as gratings for operation in a

different wavelength region.
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Appendix C

Software

The scanning double monochromator has its own control software. Typically, after
a double monochromator has been calibrated for wavelength, the wavelength cal-
ibration equation is used to calculate the number of steps that the scan controllers
of the individual monochromators should move to reach the required wavelength.
However, this software does not allow for a wavelength calibration equation input.
Instead, the double monochromator manual provides a method for checking the

wavelength accuracy.

A laser line, e.g. HeNe at approximately 632,8 nm, should be used. The
scan controllers or software may then be used to position the two individual
monochromators at this wavelength, but such that the laser beam travels from
the entrance slit, through the centre of each internal optical component and
through the exit slit. This assumes that the double monochromator is aligned
and the alignment of the individual internal optical components has not been ad-
justed. The mechanical wavelength counters on the individual monochromators
are then checked. If the wavelength displayed is more than 0,2 nm from the laser
line wavelength, the mechanical counters are adjusted to match the laser line

wavelength.
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Software

This method of checking wavelength accuracy is sufficient for most applica-
tions in industry. However, at the level of maintaining the national measurement
standards, the wavelength error that could be present with this method has a

large impact on the measurement uncertainty.

It is for this reason that dedicated control software was written for the double
monochromator by a systems engineer at NMISA. The Python program allows
the user to move each individual monochromator a number of steps at a time.
This is a useful feature when performing the wavelength calibration. Once the
wavelength calibration equation has been obtained, it can be used to determine
the number of monochromator steps corresponding to a specified wavelength
interval and the stepper position of the start wavelength and end wavelength for
a specified wavelength region to be measured. The software allows a new origin

or home position to be set once the wavelength calibration has been completed.

Additional settings such as scan speed, ramp up and down scan speed,
number of measurements, the delay time before measurements are taken and
the time interval between measurements can be set using the control software.
The software connects to a multimeter to record data for the relevant optical
detector and allows the user to enter the text file title in which the measured data

should be saved.

During measurements, when returning to the starting wavelength, previ-
ous wavelength position or home position, the software automatically performs
a mechanical backlash correction. This is done by moving monochromators 10
000 steps past the desired wavelength position, and then moving the 10 000
steps forward so that the monochromators stop at the desired wavelength posi-

tion again.

The software has a pause function that allows for a waiting period once the
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Software

required wavelength has been reached on the monochromators. This function
was specifically written for when the pyro-electric detector is in use. It was found
that the pyro-electric detector takes longer to stabilise once a new wavelength
position is set on the double monochromator. This function allows the user to

start the measurement sequence once the signal has stabilised.
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Appendix D

Mounting of optical detectors

The respective optical detectors were mounted on translation stages at the fo-
cal point of the monochromatic light beam. Two translation stages, with 100 mm
translation each, were mounted on top of each other to achieve translation in the
plane perpendicular to the optical axis. The optical axis is defined as the x-axis.
The two axes in the plane perpendicular to the optical axis are defined as the
y-axis, the horizontal axis, and the z-axis, the vertical axis. Translation of the op-
tical detectors on the optical axis was achieved with a micrometer attached to the
z-axis translation stage. A photo of the detector mounting is given in Figure D.1,
indicating the defined axes. Also shown in this figure is a baffle in front of the op-
tical detectors. This additional baffle was used to shield the pyro-electric detector

from acoustic noise produced by the optical chopper.
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Mounting of optical detectors

Si- x-axis
photodiode micrometer
detector A

baffle

A z-axis
translation
stage

pyro-
electric
detector

y-axis translation stage

Figure D.1: A picture of the detector mount indicating the translation axes and other components.
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Appendix E

Experimental demonstration of slit
functions

During the selection of spectral line sources for the wavelength calibration of the
monochromator, the 823,38964 nm spectral line (in vacuum) of a xenon spectral
line source was measured with equal and unequal slit widths, see Figure E.1.
Figure E.1(a) shows a triangular slit function obtained when measuring the spec-
tral line with the entrance, intermediate and exit slits all set to equal widths. Fig-
ure E.1(b) shows a trapesoidal slit function obtained when measuring the spectral
line with the entrance and exit slits set to equal widths, but with the intermediate

slit set at a greater width.

As mentioned in Section 6.5.3, for a subtractive dispersion monochromator
the entrance and intermediate slits govern the bandwidth. This can be seen in
Figure E.1, and determining the FWHM corresponding to the measured mono-
chromator steps using the wavelength calibration equation 7.4, a smaller band-
width of approximately 7 nm was obtained with a triangular slit function and a
larger bandwidth of approximately 21 nm was obtained with a trapesoidal slit

function.
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Figure E.1: Graphical illustration of slit functions for equal and unequal slits when measuring the
823,38964 nm spectral line (in vacuum) of a xenon spectral line source.
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Appendix F

Use of the LDLS

As mentioned in Chapter 5, a LDLS has a higher output power than a xenon-arc
source, which makes it the preferred source in the UV region. During measure-
ment with the LDLS, an operational issue occurred where the LDLS lost power.
Since this issue requires further investigation, the measurement results obtained
using the Xenon arc source were used for determining the spectral power re-

sponsivity in the ultraviolet wavelength region.

Other operational issues experienced with the LDLS were alignment and
nitrogen gas depletion. The alignment of the LDLS proved to be challenging as
even a slight adjustment had a large impact on the signal measured. The LDLS
has to be purged with nitrogen gas during operation. It was found that the LDLS
depleted the available nitrogen gas cylinder faster than the calibration could be

performed. These issues are discussed in Section 11 as further research.

High throughput is an important aspect of a spectral power responsivity cal-
ibration, and therefore as described in Section 11, the use of the LDLS should be

investigated to improve the spectral power responsivity measurement capability.
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Uncertainty of measurement for the
wavelength calibration in the
wavelength region of 200 nm to
400 nm
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Appendix H

Uncertainty of measurement for the
wavelength calibration in the
wavelength region of 600 nm to
1100 nm
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Uncertainty of measurement for the
calibration of the PtSi photodiode
detector against the UV-enhanced
Si photodiode detector in the
wavelength region of 200 nm to
400 nm
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Uncertainty of measurement for the calibration of the PtSi photodiode detector
against the UV-enhanced Si photodiode detector in the wavelength region of
200 nm to 400 nm

Table 1.4: Combined standard uncertainty, u;(y), and expanded uncertainty, U, calculated for
the PtSi photodiode detector calibration against the UV-enhanced Si photodiode detector in the
wavelength region of 200 nm to 400 nm.

Combined Expanded
standard  uncertainty
uncertainty (k=2)

Wavelength uc(y) U
[nm] [%] [%]
260 2,1 43
270 1,5 3,1
280 1,7 3,4
290 1,5 3,1
300 1,4 2,9
310 1,6 3,2
320 1,4 2,9
330 1,4 2,9
340 1,5 3,0
350 1,5 3,0
360 1,5 3,0
370 1,6 3,2
380 1,5 3,0
390 1,4 2,8
400 1,3 2,6
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Uncertainty of measurement for the
calibration of the Si photodiode
detector against UV-enhanced Si
photodiode detector in the
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Uncertainty of measurement for the calibration of the Si photodiode detector
against UV-enhanced Si photodiode detector in the wavelength region of
600 nmto 1 100 nm

Table J.1: Standard uncertainty contributions, u(x;), calculated for the Si photodiode detector
calibration against the UV-enhanced Si photodiode detector in the wavelength region of 600 nm
to 1 100 nm as described in Section 8.4.1.

Absolute Spatial

spectral power Drift in the uniformity Linearity Temperature Temperature

of the coefficient of dependence of Effect of

responsivity of standard of the the

the standard  detector standard fit:t';(c’:;(rj thzestt:;iarlrd thg :tt::t?)ar‘rd amplifier
detector detector

Wavelength Us Usd Ussu Usiin Ustempc Ustempd Ua

[nm] [%] [%] [%] [%] [%] [%] [%]
600 1,60E-01 1,37E-02 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
610 1,60E-01 1,25E-02 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
620 1,60E-01 1,15E-02 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
630 1,60E-01 1,05E-02 1,00E-01 1,00E-01 1,00E-01 1,10E+00 2,00E-01
640 1,60E-01 9,66E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
650 1,60E-01 8,91E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
660 1,60E-01 8,25E-03 1,00E-01 1,00E-01 1,00E-01 1,10E+00 2,00E-01
670 1,60E-01 7,66E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
680 1,60E-01 7,15E-03  1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
690 1,60E-01 6,71E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
700 1,60E-01 6,34E-03 1,00E-01 1,00E-01 1,00E-01 1,10E+00 2,00E-01
710 1,60E-01 6,03E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
720 1,60E-01 5,79E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
730 1,60E-01 5,567E-03 1,00E-01 1,00E-01 1,00E-01 1,10E+00 2,00E-01
740 1,60E-01 5,37E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
750 1,60E-01 5,19E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
760 1,60E-01 5,03E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
770 1,60E-01 4,88E-03 1,00E-01 1,00E-01 1,00E-01 1,10E+00 2,00E-01
780 1,60E-01 4,75E-03  1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
790 1,60E-01 4,62E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
800 1,60E-01 4,51E-03 1,00E-01 1,00E-01 1,00E-01 1,10E+00 2,00E-01
810 1,60E-01 4,41E-03 1,00E-01 1,00E-01 1,00E-01 1,10E+00 2,00E-01
820 1,60E-01 4,32E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
830 1,60E-01 4,23E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
840 1,60E-01 4,15E-03  1,00E-01 1,00E-01 1,00E-01 1,10E+00 2,00E-01
850 1,60E-01 4,08E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
860 1,60E-01 4,01E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
870 1,60E-01 3,95E-03 1,00E-01 1,00E-01 1,00E-01 1,10E+00 2,00E-01
880 1,60E-01 3,89E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
890 1,60E-01 3,84E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
900 1,60E-01 3,80E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
910 1,70E-01 3,75E-03 1,00E-01 1,00E-01 1,00E-01 1,10E+00 2,00E-01
920 2,00E-01 3,71E-03  1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
930 3,80E-01 3,67E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
940 3,80E-01 3,64E-03 1,00E-01 1,00E-01 1,00E-01 1,10E+00 2,00E-01
950 3,80E-01 3,61E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
960 3,75E-01 3,58E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
970 3,75E-01 3,55E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
980 3,80E-01 3,52E-03 1,00E-01 1,00E-01 1,00E-01 1,10E+00 2,00E-01
990 3,80E-01 3,50E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
1000 3,80E-01 3,48E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
1010 3,80E-01 3,46E-03 1,00E-01 1,00E-01  1,00E-O01 1,10E+00 2,00E-01
1020 3,80E-01 3,44E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
1030 3,85E-01 3,42E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
1040 3,85E-01 3,40E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
1050 3,90E-01 3,39E-03 1,00E-01 1,00E-01 1,00E-01 1,10E+00 2,00E-01
1060 3,95E-01 3,37E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
1070 3,95E-01 3,36E-03  1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
1080 3,95E-01 3,35E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
1090 4,00E-01 3,34E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
1100 4,05E-01 3,32E-03 1,00E-01 1,00E-01  1,00E-01 1,10E+00 2,00E-01
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Uncertainty of measurement for the calibration of the Si photodiode detector
against UV-enhanced Si photodiode detector in the wavelength region of
600 nmto 1 100 nm

Table J.2: Continued: Standard uncertainty contributions, u(x;), calculated for the Si photodiode
detector calibration against the UV-enhanced Si photodiode detector in the wavelength region of
600 nm to 1 100 nm as described in Section 8.4.1.

Effect of
resolution of — Inter-reflections
Effect of the multimeter the multimeter Source Pola:nsgtlon between detector
on the standard on the output stability non-uniform and output
detector’s output signal signal of the Yy beam brofile aperture of the
standard P monochromator
detector
Wavelength Umc Uma Usm Usres Uss Upnb Urefi
[nm] [ [%] %] [%] [%] [% [%]
600 1,93E-04 2,14E-05 1,94E-04 1,85E-07 2,50E-01 1,00E-01 1,00E-02
610 1,76E-04 2,32E-05 1,77E-04 1,68E-07 2,50E-01 1,00E-01 1,00E-02
620 1,58E-04 2,54E-05 1,60E-04 1,51E-07 2,50E-01 1,00E-01 1,00E-02
630 1,42E-04 2,78E-05 1,45E-04 1,36E-07 2,50E-01 1,00E-01 1,00E-02
640 1,30E-04 3,01E-05 1,34E-04 1,25E-07 2,50E-01 1,00E-01 1,00E-02
650 1,21E-04 3,21E-05 1,25E-04 1,16E-07 2,50E-01 1,00E-01 1,00E-02
660 1,13E-04 3,41E-05 1,18E-04 1,09E-07 2,50E-01 1,00E-01 1,00E-02
670 1,08E-04 3,56E-05 1,13E-04 1,03E-07 2,50E-01 1,00E-01 1,00E-02
680 1,03E-04 3,72E-05 1,09E-04 9,84E-08 2,50E-01 1,00E-01 1,00E-02
690 9,88E-05 3,85E-05 1,06E-04 9,48E-08 2,50E-01 1,00E-01 1,00E-02
700 9,50E-05 3,99E-05 1,03E-04 9,12E-08 2,50E-01 1,00E-01 1,00E-02
710 9,34E-05 4,05E-05 1,02E-04 8,97E-08 2,50E-01 1,00E-01 1,00E-02
720 9,28E-05 4,08E-05 1,01E-04 8,90E-08 2,50E-01 1,00E-01 1,00E-02
730 9,28E-05 4,08E-05 1,01E-04 8,90E-08 2,50E-01 1,00E-01 1,00E-02
740 9,26E-05 4,09E-05 1,01E-04 8,89E-08 2,50E-01 1,00E-01 1,00E-02
750 9,43E-05 4,02E-05 1,03E-04 9,05E-08 2,50E-01 1,00E-01 1,00E-02
760 9,63E-05 3,94E-05 1,04E-04 9,24E-08 2,50E-01 1,00E-01 1,00E-02
770 9,99E-05 3,82E-05 1,07E-04 9,58E-08 2,50E-01 1,00E-01 1,00E-02
780 1,02E-04 3,73E-05 1,09E-04 9,83E-08 2,50E-01 1,00E-01 1,00E-02
790 1,05E-04 3,63E-05 1,11E-04 1,01E-07 2,50E-01 1,00E-01 1,00E-02
800 1,09E-04 3,52E-05 1,15E-04 1,05E-07 2,50E-01 1,00E-01 1,00E-02
810 1,11E-04 3,45E-05 1,17E-04 1,07E-07 2,50E-01 1,00E-01 1,00E-02
820 1,13E-04 3,42E-05 1,18E-04 1,08E-07 2,50E-01 1,00E-01 1,00E-02
830 1,12E-04 3,45E-05 1,17E-04 1,07E-07 2,50E-01 1,00E-01 1,00E-02
840 1,08E-04 3,55E-05 1,14E-04 1,04E-07 2,50E-01 1,00E-01 1,00E-02
850 1,00E-04 3,81E-05 1,07E-04 9,60E-08 2,50E-01 1,00E-01 1,00E-02
860 8,97E-05 4,21E-05 9,91E-05 8,61E-08 2,50E-01 1,00E-01 1,00E-02
870 8,07E-05 4,64E-05 9,31E-05 7,74E-08 2,50E-01 1,00E-01 1,00E-02
880 7,19E-05 5,16E-05 8,85E-05 6,90E-08 2,50E-01 1,00E-01 1,00E-02
890 6,45E-05 5,72E-05 8,62E-05 6,19E-08 2,50E-01 1,00E-01 1,00E-02
900 3,88E-04 9,42E-05 3,99E-04 5,59E-08 2,50E-01 1,00E-01 1,00E-02
910 3,52E-04 1,00E-04 3,66E-04 5,07E-08 2,50E-01 1,00E-01 1,00E-02
920 3,23E-04 1,06E-04 3,40E-04 4,66E-08 2,50E-01 1,00E-01 1,00E-02
930 3,04E-04 1,11E-04 3,24E-04 4,39E-08 2,50E-01 1,00E-01 1,00E-02
940 2,88E-04 1,15E-04 3,10E-04 4,15E-08 2,50E-01 1,00E-01 1,00E-02
950 2,73E-04 1,19E-04 2,98E-04 3,94E-08 2,50E-01 1,00E-01 1,00E-02
960 2,57E-04 1,25E-04 2,85E-04 3,70E-08 2,50E-01 1,00E-01 1,00E-02
970 2,47E-04 1,28E-04 2,78E-04 3,56E-08 2,50E-01 1,00E-01 1,00E-02
980 2,42E-04 1,30E-04 2,75E-04 3,49E-08 2,50E-01 1,00E-01 1,00E-02
990 2,41E-04 1,30E-04 2,74E-04 3,48E-08 2,50E-01 1,00E-01 1,00E-02
1000 2,45E-04 1,29E-04 2,77E-04 3,54E-08 2,50E-01 1,00E-01 1,00E-02
1010 2,45E-04 1,29E-04 2,77E-04 3,53E-08 2,50E-01 1,00E-01 1,00E-02
1020 2,58E-04 1,24E-04 2,86E-04 3,72E-08 2,50E-01 1,00E-01 1,00E-02
1030 2,78E-04 1,18E-04 3,02E-04 4,01E-08 2,50E-01 1,00E-01 1,00E-02
1040 3,11E-04 1,09E-04 3,29E-04 4,48E-08 2,50E-01 1,00E-01 1,00E-02
1050 3,59E-04 9,90E-05 3,72E-04 5,17E-08 2,50E-01 1,00E-01 1,00E-02
1060 6,48E-05 5,69E-05 8,63E-05 6,22E-08 2,50E-01 1,00E-01 1,00E-02
1070 7,87E-05 4,75E-05 9,19E-05 7,55E-08 2,50E-01 1,00E-01 1,00E-02
1080 9,43E-05 4,02E-05 1,03E-04 9,05E-08 2,50E-01 1,00E-01 1,00E-02
1090 1,15E-04 3,36E-05 1,20E-04 1,10E-07 2,50E-01 1,00E-01 1,00E-02
1100 1,43E-04 2,77E-05 1,46E-04 1,37E-07 2,50E-01 1,00E-01 1,00E-02
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Table J.3: Continued: Standard uncertainty contributions, u(x;), calculated for the Si photodiode
detector calibration against the UV-enhanced Si photodiode detector in the wavelength region of
600 nm to 1 100 nm as described in Section 8.4.1.

Effect of - . Spatial | . .
Beam -\ iornal  external  Spectral HePeatability Bandwidth o g, Linearity
divergence : of the effects on of the
stray  stray light wavelength of the
_and light on standard calibration standard the test test test
vignetting detector detector detector detector detector
Wavelength  Upay Uis| Uses u, Usy urp Utsy Utiin
[nm] [%] [%] [%] [%] [%] [%] [%] [%]

600 0,00E+00 1,50E-03 6,09E-01 9,55E-03 5,44E-01 2,00E-02 1,00E-01 1,00E-01
610 0,00E+00 1,50E-03 5,55E-01 1,22E-02 1,08E-01 2,00E-02 1,00E-01 1,00E-01
620 0,00E+00 1,50E-03 4,97E-01 1,25E-02 4,42E-01 2,00E-02 1,00E-01 1,00E-01
630 0,00E+00 1,50E-03 4,49E-01 3,32E-02 1,05E-01 2,00E-02 1,00E-01 1,00E-01
640 0,00E+00 1,50E-03 4,11E-01 2,85E-02 1,04E-01 2,00E-02 1,00E-01 1,00E-01
650 0,00E+00 1,50E-03 3,82E-01 1,85E-02 1,02E-01 2,00E-02 1,00E-01 1,00E-01
660 0,00E+00 1,50E-03 3,57E-01 1,64E-02 1,13E-01 2,00E-02 1,00E-01 1,00E-01
670 0,00E+00 1,50E-03 3,40E-01 1,11E-02 9,83E-02  2,00E-02 1,00E-01 1,00E-01
680 0,00E+00 1,50E-03 3,24E-01 2,35E-02 9,98E-02  2,00E-02 1,00E-01 1,00E-01
690 0,00E+00 1,50E-03 3,12E-01 1,71E-02 9,28E-02  2,00E-02 1,00E-01 1,00E-01
700 0,00E+00 1,50E-03 3,01E-01 1,27E-02 9,41E-02  2,00E-02 1,00E-01 1,00E-01
710 0,00E+00 1,50E-03 2,95E-01 1,03E-02 8,92E-02  2,00E-02 1,00E-01 1,00E-01
720 0,00E+00 1,50E-03 2,93E-01 1,41E-02 8,73E-02  2,00E-02 1,00E-01 1,00E-01
730 0,00E+00 1,50E-03 2,93E-01 2,65E-02 3,93E-01 2,00E-02 1,00E-01 1,00E-01
740 0,00E+00 1,50E-03 2,93E-01 1,04E-02 9,17E-02  2,00E-02 1,00E-01 1,00E-01
750 0,00E+00 1,50E-03 2,98E-01 8,87E-03 4,24E-01 2,00E-02 1,00E-01 1,00E-01
760 0,00E+00 1,50E-03 3,04E-01 2,54E-02 8,60E-02  2,00E-02 1,00E-01 1,00E-01
770 0,00E+00 1,50E-03 3,15E-01 2,16E-02 1,00E-01 2,00E-02 1,00E-01 1,00E-01
780 0,00E+00 1,50E-03 3,23E-01 1,16E-02 9,20E-02  2,00E-02 1,00E-01 1,00E-01
790 0,00E+00 1,50E-03 3,33E-01 1,40E-02 2,49E-01 2,00E-02 1,00E-01 1,00E-01
800 0,00E+00 1,50E-03 3,47E-01 2,25E-02 5,75E-01 2,00E-02 1,00E-01 1,00E-01
810 0,00E+00 1,50E-03 3,53E-01 1,13E-02 1,20E+00 2,00E-02 1,00E-01 1,00E-01
820 0,00E+00 1,50E-03 3,56E-01 1,95E-02 1,20E+00 2,00E-02 1,00E-01 1,00E-01
830 0,00E+00 1,50E-03 3,53E-01 9,11E-03 1,12E+00  2,00E-02 1,00E-01 1,00E-01
840 0,00E+00 1,50E-03 3,42E-01 1,21E-02 1,23E+00 2,00E-02 1,00E-01 1,00E-01
850 0,00E+00 1,50E-03 3,16E-01 1,34E-02 1,27E+00  2,00E-02 1,00E-01 1,00E-01
860 0,00E+00 1,50E-03 2,84E-01 1,61E-02 1,22E+00  2,00E-02 1,00E-01 1,00E-01
870 0,00E+00 1,50E-03 2,55E-01 7,18E-03 1,21E+00 2,00E-02 1,00E-01 1,00E-01
880 0,00E+00 1,50E-03 2,27E-01 1,44E-02 1,19E+00 2,00E-02 1,00E-01 1,00E-01
890 0,00E+00 1,50E-03 2,04E-01 1,65E-02 1,12E+00 2,00E-02 1,00E-01 1,00E-01
900 0,00E+00 1,50E-03 1,86E-01 1,63E-02 1,19E+00  2,00E-02 1,00E-01 1,00E-01
910 0,00E+00 1,50E-03 1,68E-01 1,01E-02 1,21E+00 2,00E-02 1,00E-01 1,00E-01
920 0,00E+00 1,50E-03 1,54E-01 1,569E-02 1,18E+00 2,00E-02 1,00E-01 1,00E-01
930 0,00E+00 1,50E-03 1,45E-01 8,58E-03 9,28E-01 2,00E-02 1,00E-01 1,00E-01
940 0,00E+00 1,50E-03 1,37E-01 5,16E-03 1,17E+00 2,00E-02 1,00E-01 1,00E-01
950 0,00E+00 1,50E-03 1,30E-01 5,82E-03 1,21E+00 2,00E-02 1,00E-01 1,00E-01
960 0,00E+00 1,50E-03 1,22E-01 4,60E-03 1,17E+00 2,00E-02 1,00E-01 1,00E-01
970 0,00E+00 1,50E-03 1,18E-01 4,64E-03 1,14E+00 2,00E-02 1,00E-01 1,00E-01
980 0,00E+00 1,50E-03 1,15E-01 4,50E-03 1,01E+00 2,00E-02 1,00E-01 1,00E-01
990 0,00E+00 1,50E-03 1,15E-01 1,01E-02 1,07E+00 2,00E-02 1,00E-01 1,00E-01
1000 0,00E+00 1,50E-03 1,17E-01 1,49E-02 1,05E+00 2,00E-02 1,00E-01 1,00E-01
1010 0,00E+00 1,50E-03 1,17E-01 4,42E-02 1,07E+00 2,00E-02 1,00E-01 1,00E-01
1020 0,00E+00 1,50E-03 1,23E-01 7,33E-02 1,08E+00 2,00E-02 1,00E-01 1,00E-01
1030 0,00E+00 1,50E-03 1,33E-01 1,10E-01 1,06E+00 2,00E-02 1,00E-01 1,00E-01
1040 0,00E+00 1,50E-03 1,48E-01 1,45E-01 1,01E+00 2,00E-02 1,00E-01 1,00E-01
1050 0,00E+00 1,50E-03 1,71E-01 1,86E-01 1,02E+00 2,00E-02 1,00E-01 1,00E-01
1060 0,00E+00 1,50E-03 2,05E-01 2,19E-01 1,00E+00 2,00E-02 1,00E-01 1,00E-01
1070 0,00E+00 1,50E-03 2,49E-01 1,95E-01 9,87E-01 2,00E-02 1,00E-01 1,00E-01
1080 0,00E+00 1,50E-03 2,98E-01 1,93E-01 9,82E-01 2,00E-02 1,00E-01 1,00E-01
1090 0,00E+00 1,50E-03 3,63E-01 1,99E-01 9,72E-01 2,00E-02 1,00E-01 1,00E-01
1100 0,00E+00 1,50E-03 4,51E-01 2,31E-01 9,62E-01 2,00E-02 1,00E-01 1,00E-01
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Table J.4: Continued: Standard uncertainty contributions, u(x;), calculated for the Si photodiode
detector calibration against the UV-enhanced Si photodiode detector in the wavelength region of
600 nm to 1 100 nm as described in Section 8.4.1.

Effect of

A Effect of -
Temperature . resolution of Repeatability
dependence Effect of the multlme,ter the multimeter external of the
on the test detector’s stray light

of the test output signal on the output on test test

detector P 9 signal of the detector detector
test detector

Wavelength UTtempd UTme UTma Utm Utres Urtesi Utr

[am] [%] ol [l %] [%] [%] [%]
600 1,10E+00 1,81E-04 2,26E-05 1,82E-04 1,75E-07 5,75E-01 5,67E-01
610 1,10E+00 1,66E-04 2,43E-05 1,68E-04 1,61E-07 5,28E-01 9,97E-01
620 1,10E+00 1,51E-04 2,65E-05 1,53E-04 1,46E-07 4,79E-01 1,05E-01
630 1,10E+00 1,35E-04 2,91E-05 1,38E-04 1,31E-07 4,29E-01 1,09E-01
640 1,10E+00 1,21E-04 3,20E-05 1,26E-04 1,17E-07 3,86E-01 1,16E-01
650 1,10E+00 1,13E-04 3,42E-05 1,18E-04 1,09E-07 3,58E-01 1,88E-01
660 1,10E+00 1,05E-04 3,65E-05 1,11E-04 1,01E-07 3,33E-01 1,60E-01
670 1,10E+00  1,00E-04 3,81E-05 1,07E-04 9,66E-08 3,18E-01 1,96E-01
680 1,10E+00 9,53E-05 3,98E-05 1,03E-04 9,20E-08 3,03E-01 2,68E-01
690 1,10E+00 9,16E-05 4,13E-05 1,00E-04 8,84E-08 2,91E-01 8,79E-02
700 1,10E+00 9,06E-05 4,17E-05 9,97E-05 8,74E-08 2,87E-01 3,70E-01
710 1,10E+00 8,87E-05 4,25E-05 9,83E-05 8,55E-08 2,81E-01 6,15E-01
720 1,10E+00 8,93E-05 4,23E-05 9,88E-05 8,62E-08 2,83E-01 1,13E-01
730 1,10E+00 8,79E-05 4,29E-05 9,78E-05 8,48E-08 2,79E-01 2,42E-01
740 1,10E+00  8,80E-05 4,28E-05 9,79E-05 8,49E-08 2,79E-01 2,14E-01
750 1,10E+00 9,03E-05 4,18E-05 9,96E-05 8,72E-08 2,87E-01 9,25E-03
760 1,10E+00 9,20E-05 4,11E-05 1,01E-04 8,88E-08 2,92E-01 4,19E-01
770 1,10E+00 9,41E-05 4,03E-05 1,02E-04 9,08E-08 2,99E-01 8,83E-02
780 1,10E+00 9,68E-05 3,92E-05 1,04E-04 9,35E-08 3,08E-01 9,58E-02
790 1,10E+00 1,00E-04 3,79E-05 1,07E-04 9,70E-08 3,19E-01 3,43E-01
800 1,10E+00 1,03E-04 3,70E-05 1,10E-04 9,97E-08 3,25E-01 9,48E-01
810 1,10E+00  1,05E-04 3,65E-05 1,11E-04 1,01E-07 3,32E-01 7,07E-01
820 1,10E+00 1,06E-04 3,61E-05 1,12E-04 1,02E-07 3,35E-01 7,40E-01
830 1,10E+00 1,04E-04 3,66E-05 1,11E-04 1,01E-07 3,31E-01 6,91E-01
840 1,10E+00 1,02E-04 3,74E-05 1,09E-04 9,85E-08 3,23E-01 1,91E-01
850 1,10E+00 9,36E-05 4,05E-05 1,02E-04 9,04E-08 2,97E-01 8,02E-01
860 1,10E+00 8,49E-05 4,42E-05 9,58E-05 8,19E-08 2,69E-01 7,12E-01
870 1,10E+00 7,72E-05 4,83E-05 9,11E-05 7,45E-08 2,45E-01 7,22E-01
880 1,10E+00 6,88E-05 5,38E-05 8,73E-05 6,64E-08 2,18E-01 6,85E-01
890 1,10E+00 6,15E-05 5,98E-05 8,58E-05 5,93E-08 1,95E-01 7,05E-01
900 1,10E+00 3,68E-04 9,74E-05 3,80E-04 5,32E-08 1,72E-01 7,59E-01
910 1,10E+00 3,33E-04 1,04E-04 3,49E-04 4,81E-08 1,56E-01 1,20E+00
920 1,10E+00  3,06E-04 1,10E-04 3,25E-04 4,42E-08 1,44E-01 1,19E+00
930 1,10E+00 2,86E-04 1,15E-04 3,09E-04 4,14E-08 1,35E-01 1,18E+00
940 1,10E+00 2,73E-04 1,19E-04 2,98E-04 3,95E-08 1,29E-01 1,17E+00
950 1,10E+00 2,59E-04 1,24E-04 2,87E-04 3,74E-08 1,22E-01 1,17E+00
960 1,10E+00 2,45E-04 1,29E-04 2,77E-04 3,54E-08 1,16E-01 1,16E+00
970 1,10E+00 2,35E-04 1,33E-04 2,70E-04 3,40E-08 1,11E-01 1,14E+00
980 1,10E+00 2,30E-04 1,35E-04 2,67E-04 3,32E-08 1,09E-01 1,14E+00
990 1,10E+00 2,27E-04 1,36E-04 2,65E-04 3,28E-08 1,08E-01 1,12E+00
1000 1,10E+00 2,28E-04 1,36E-04 2,66E-04 3,30E-08 1,08E-01 1,11E+00
1010 1,10E+00 2,25E-04 1,37E-04 2,64E-04 3,26E-08 1,07E-01 5,05E-01
1020 1,10E+00 2,39E-04 1,31E-04 2,72E-04 3,45E-08 1,13E-01 1,06E+00
1030 1,10E+00 2,59E-04 1,24E-04 2,87E-04 3,75E-08 1,23E-01 1,06E+00
1040 1,10E+00 2,95E-04 1,13E-04 3,16E-04 4,27E-08 1,40E-01 1,13E+00
1050 1,10E+00 3,46E-04 1,01E-04 3,61E-04 5,01E-08 1,64E-01 1,02E+00
1060 1,10E+00 6,42E-05 5,74E-05 8,61E-05 6,19E-08 2,03E-01 9,83E-01
1070 1,10E+00 8,00E-05 4,68E-05 9,27E-05 7,72E-08 2,54E-01 8,75E-01
1080 1,10E+00 9,80E-05 3,88E-05 1,05E-04 9,46E-08 3,11E-01 9,96E-01
1090 1,10E+00  1,20E-04 3,22E-05 1,25E-04 1,16E-07 3,82E-01 1,11E+00
1100 1,10E+00 1,51E-04 2,64E-05 1,53E-04 1,46E-07 4,80E-01 9,64E-01




VERSITEIT VAN PRETORIA
VERSITY OF PRETORIA
NIBESITHI YA PRETORIA

3ding Minds + Dikgopolo tia Dihlale

Uncertainty of measurement for the calibration of the Si photodiode detector
against UV-enhanced Si photodiode detector in the wavelength region of
600 nmto 1 100 nm

Table J.5: Combined standard uncertainty, u;(y), and expanded uncertainty, U, calculated for
the Si photodiode detector calibration against the UV-enhanced Si photodiode detector in the
wavelength region of 600 nm to 1 100 nm.

Combined Expanded
standard  uncertainty
uncertainty (k=2)

Wavelength uc(y) U
[am] [%] [%]
600 1,2 2,5
610 1,3 2,7
620 0,93 1,9
630 0,77 1,6
640 0,73 1,5
650 0,71 1,5
660 0,68 1,4
670 0,67 1,4
680 0,68 1,4
690 0,62 1,3
700 0,71 1,5
710 0,86 1,8
720 0,61 1,3
730 0,75 1,6
740 0,64 1,3
750 0,73 1,5
760 0,74 1,5
770 0,63 1,3
780 0,64 1,3
790 0,76 1,6
800 1,3 2,6
810 1,5 3,1
820 1,6 3,2
830 1,5 3,0
840 1,4 2,9
850 1,6 3,3
860 1,5 3,1
870 1,5 3,1
880 1,5 3,0
890 1,4 2,9
900 1,5 3,1
910 1,8 3,6
920 1,8 3,6
930 1,6 3,3
940 1,8 3,6
950 1,8 3,6
960 1,8 3,6
970 1,7 3,5
980 1,6 3,3
990 1,7 3,4
1000 1,6 3,3
1010 1,3 2,7
1020 1,6 3,3
1030 1,6 3,3
1040 1,6 3,3
1050 1,6 3,2
1060 1,6 3,2
1070 1,5 3,0
1080 1,6 3,2
1090 1,7 3,4
1100 1,6 3,3
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Appendix K

Uncertainty of measurement for the
calibration of the Si photodiode
detector against the pyroelectric
detector and Si-trap detector in the
wavelength region of 600 nm to
1100 nm
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