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es mir ermöglichte, diese Arbeit durchzuführen. Herr Dr. Sperling gab mir jederzeit

große wissenschaftliche Freiheit und brachte mir sehr viel Vertrauen entgegen. Durch

viele Diskussionen und kritischen Bemerkungen hat er wesentlich zum Fortschritt der

Dissertation beigetragen.

Herzlich bedanke ich mich bei den ehemaligen Arbeitskollegen der PTB. Insbesondere
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Unterstützung ohne die diese Arbeit gar nicht möglich gewesen wäre.
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Kurzfassung

Die Verwendung von LEDs zu Beleuchtungszwecken stellt neue Anforderungen an die

Photometrie. Dazu kommen neue Anforderungen an Messverfahren und -möglichkeiten

in der Detektor-Radiometrie durch die Einführung neuartiger Empfänger wie z.B. Hy-

perspectral Imagers.

Die gegenwärtigen Messverfahren verwenden einen Lampe/Monochromator Aufbau

oder verschiedene Dauerstrich- oder gepulste Laser. Diese Verfahren ermöglichen en-

tweder einen weit durchstimmbaren Wellenlängenbereich oder eine leistungsstarke, schmal-

bandige Strahlung. Außerdem sind die Einsatzbereiche begrenzt, die Unsicherheit bei

Empfängern mit geringer Empfindlichkeit ist hoch und bei Empfängern ohne Diffusor

entstehen Interferenzeffekte.

In dieser Doktorarbeit wird das SRPL (Spectral Responsivity with Pulsed Lasers) Ver-

fahren vorgestellt, dass aus einem Messaufbau mit verschiedenen Kurzpuls- und Dauer-

strichlasern, einem digitalen Filteralgorithmus zur Verringerung von Interferenzeffekten

und einer Methode zur Bestimmung der optimalen Bandbreite der Kurzpulslaser besteht.

Die Verwendung von Kurzpulslasern in Kombination mit einer Bandbreiteneinschränkung

und zusätzlichen Dauerstrichlasern ermöglicht eine deutlich höhere Ausgangsleistung als

klassische Messverfahren. Durch die hohe Leistung der Laser kann deren Bandpass

zwischen einigen Nanometern bis zu 0,1 nm im Wellenlängenbereich von UV bis NIR

eingestellt werden. Eine Strahlaufbereitung erzeugt ein weites homogenes Strahlungs-

feld und ein Laserleistungsstabilisator erzeugt eine sehr stabile Ausgangsleistung.

Messdaten mit Interferenzartefakten können mit digitalen Filtern korrigiert werden,

die nur die Interferenzfrequenz in den Messdaten dämpfen. Eine weitere Methode zur

Reduzierung von Interferenzeffekten nutzt die Möglichkeit eine optimale Bandbreite für

die Kurzpulslaser einzustellen ohne Faltungsartefakte zu generieren.

Die Möglichkeiten, die das SRPL Verfahren bietet, werden an verschiedenen typis-

chen Messungen aus dem Bereich der Photometrie und Detektorradiometrie vorgestellt.

Eine Validierung gegen validierte Messsverfahren wurde im Silizium-Wellenlängenbereich

durchgeführt. Das Ergebnis zeigt eine gute Übereinstimmung der Messergebnisse bezo-

gen auf die zugeordneten Messunsicherheiten.





Abstract

The usage of LEDs for lighting purposes introduced new challenges in photometry. Addi-

tionally, new demands in detector based radiometry, due to the launch of detectors like

for example hyperspectral imagers, extended the requirements for measurement tech-

niques and capabilities.

Current measurement methods are based on lamp/monochromator setups or continuous-

wave (cw) or pulsed lasers. These methods either provide a large tunable wavelength

range or irradiance with a small bandpass. Furthermore, the usability is limited, the

uncertainty for low responsivity detectors is high, and interference effects can occur if

no diffuser is used.

In this thesis the SRPL (Spectral Responsivity with Pulsed Lasers) method is presented

comprising a measurement setup based on different short-pulse and continuous-wave

lasers, a digital filtering algorithm to reduce interference oscillations and a method for the

determination of the optimum bandwidth of the short-pulse lasers to reduce convolution

artefacts.

The use of a short-pulsed laser system in combination with a band-pass limitation and

concurrently a set of continuous-wave lasers enables a much higher output power than

classical systems. The high power of the lasers enables a tunable band-pass between

several nanometers down to 0,1 nm in a large wavelength range from UV to NIR. A

radiation conditioning unit allows for a large area uniform radiation field and a laser

power stabiliser assures a highly stable output power.

To correct measurement data with interference oscillations, a digital filtering algorithm

selectively damps the interference oscillation frequency in the measurement data. An

alternative method to reduce interference oscillations is based on the determination of

the optimum bandwidth for the pulsed laser radiation without generating convolution

artefacts.

The capabilities of the SRPL method is demonstrated by a series of different typical

measurements in photometry and detector based radiometry. A validation in the silicon

wavelength range is carried out against validated measurement setups. The results show

a good agreement of the measurement values with respect to their uncertainties.
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tralen Fehlanpassung von Photometerköpfen. Licht 62 (2010), 10, 688-693 (2010).

M. Schuster, S. Nevas and A. Sperling. Bestimmung der relativen spektralen Empfind-
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1 New demands in photometry

To make measurements comparable worldwide, a common framework of SI base units

has been developed. The task of national metrology institutes, like the Physikalisch-

Technische Bundesanstalt PTB, is the realisation of these units and the dissemination

via comparison measurements. For the realisation of the base unit in photometry, the

candela, an electrical substitution radiometer in combination with a laser source is used

to calibrate a reference detector. Via a set of comparisons, this calibration is transferred

to a luminous intensity standard lamp used at a photometric bench to distribute the

quantity luminous intensity to industry. This calibration chain is also used to realise

and disseminate derived photometric units like the luminous responsivity of photometer

heads or the luminance responsivity of luminance meters. At the photometric bench the

luminous responsivity of a photometer head, a silicon detector with a filter to match the

responsivity of the human eye for daylight vision, V (λ), is determined either directly

using a luminous intensity standard lamp or in substitution against another photome-

ter head which was calibrated according to illuminant A. A possible mismatch due to

temperature deviations of the standard lamp from standard illuminant A of 2856 K can

be corrected by determining a mismatch factor for the photometer that accounts for the

non-ideal match to V (λ).

Photometer heads are also used to determine the illuminance of light sources. They

have been basic tools for decades. However, such calibrations are in principle only

applicable if light sources are measured with a spectral distribution similar to standard

illuminant A, i.e. incandescent lamps.

The ban on inefficient light sources, like the above mentioned incandescent lamps, for

general lighting, and the use of LEDs in general lighting and street lighting introduce new

challenges for photometry. Not only the associated correlated colour temperature but

also the spectral distribution of an LED is considerably different from that of classical

light bulbs. Existent correction mechanisms and characterisation parameters of photome-

ter heads have no significance for the new light sources. If these new light sources are

measured with photometer heads, the spectral irradiance responsivity of the detectors,

or the spectral radiance responsivity of the luminance meters respectively, needs to be

known to calculate appropriate corrections.

Another big challenge for photometry is the fact that photometers are commonly
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1 New demands in photometry

matched to the responsivity of the human eye for photopic vision and hence are cali-

brated under this very condition. However, e.g. luminance levels described in street

lighting are commonly below the photopic level of only a few cd/m2, i.e. in the mesopic

or even in the scotopic luminance range. Nevertheless, current photopically matched de-

tectors are used also for these kinds of measurements. The reasons for this fact are that

there was no mesopic efficiency function defined in the past and that no measurement

device was available on the market due to of the lack of traceability for mesopic and

scotopic conditions.

Additionally, in photometry as well as radiometry new fields of research accrued, de-

manding improved measurement techniques and methods. These are the realisation of

the SI unit candela for different luminous efficiency functions, the calibration and char-

acterisation of new measurement devices, like spatially resolved luminance measurement

cameras or hyperspectral imagers, and the calibration and characterisation of classical

devices like spectroradiometers for traceable measurements.

Several measurement methods and setups have been developed at national metrology

institutes (NMIs) to cover parts of the requirements for the new challenges. Many

of these setups use a monochromator with different lamps to achieve tunable quasi-

monochromatic radiation over a large spectral range for the measurements. However,

the spectral irradiance of these setups is rather low. In order to get an acceptable signal-

to-noise ratio for the measurements, the bandwidth of the radiation can not be set

below 2 nm to 5 nm. Hence, only detectors with responsivity functions with small slopes

can be calibrated with low uncertainty. Such a bandwidth is also acceptable for the

calibration of photometer heads but the signal of the detectors, especially when they are

equipped with diffusers, is often low and the uncertainty in the slopes of the filter function

becomes high. These measurement setups are often optimised either for irradiance or

for radiance measurements because the geometrical boundary conditions for these sorts

of measurements are different, and an optimisation for both kinds of measurements

would require more output power of the source. The measurement of detectors with

high slopes in their filter function with such monochromator setups introduces high

uncertainties due to convolution of the spectral distribution of the source and the filter

function of the detectors. As a solution, several laboratories use continuous-wave (cw)

or pulsed lasers as radiation sources. However, in contrast to the previous methods, the

very narrow bandwidth of the radiation introduces interference artefacts when detectors

without diffusers are measured. This results in additional uncertainty contributions.

Additionally, the usable spectral range of a tunable laser setup is often smaller than

that of lamp/monochromator based setups. In Chapter 3, an overview over the classical

measurement methods and setups used at PTB is presented and the advantages and

2



limitations of these methods are discussed.

The lack of a measurement technique for mesopic and scotopic detectors has been ad-

dressed by the European Metrology Research Program (EMRP) in the project ”Metrol-

ogy for solid state lighting”. As part of this thesis and in the context of the mentioned

project a scotopic and mesopic traceability chain was developed and realised.

The traceability chain for classical photopic detectors and the newly developed trace-

ability chain for scotopic and mesopic detectors will be presented in Chapter 2. The

theoretical procedure and also the practical implementation will be described for the

mesopic traceability chain.

As a key task of this thesis, the existing tunable laser based facility at PTB has been

extended to meet the new demands and to realise the newly developed traceability chain.

This new measurement method can be used for both photometric and radiometric pur-

poses, i.e. broadband and spectral measurements, and should comprise the advantages

of both classical measurement methods, minimising their disadvantages. The basic re-

quirements for the new method are a tunable bandwidth between several picometers

and several nanometers, a tunable spectral range from the ultraviolet to the near in-

frared spectral range, an output power of the source in the range of several milliwatt per

nanometer and a uniform, un-polarised and non-coherent radiation field overfilling the

detectors active area when used in irradiance mode. Finally, the stability of radiation

needs to be better than 10−3.

To achieve these properties, the measurement setup developed in this thesis comprises

a short pulse laser system and several cw lasers as radiation sources. This enables tun-

ability over the wavelength range from UV to IR. The bandwidth of the short pulse laser

system is large compared to the bandwidth of the cw lasers. By band-pass limitation, the

bandwidth can selectively be set between several nanometers down to 0,1 nm. A total

output power of up to 4 W allows additional beam conditioning to reduce uncertainty.

The ”Spectral Responsivity with Pulsed Lasers” (SRPL) method at the ”TUnable Lasers

In Photometry” (TULIP) setup will be explained in detail in Chapter 4, presenting hints

on its benefits and restrictions.

One typical restriction when applying lasers for calibration is the interreflection of the

coherent radiation in and between optical components of the detector if no diffuser is

applied. In Chapter 5, the interference problems are discussed, a mathematical correction

method for measurements with the cw lasers is introduced, including its uncertainty

contribution, and a method for the determination of the optimum bandwidth of the

short pulse laser system is presented to yield a proper averaging over the interference

oscillations.

The evaluation models for the determination of the measurement uncertainty using

3



1 New demands in photometry

the presented measurement method for absolute spectral irradiance and radiance respon-

sivity calibrations are given in Chapter 6. The uncertainty determination of irradiance

responsivity measurements will be explained in detail, whereas the determination of the

uncertainty of radiance responsivity measurements will be reduced to the measurement

equation only.

The most important part for the introduction of a new measurement method is its val-

idation against other validated measurement methods. This procedure will be described

for the spectral irradiance responsivity calibration in Chapter 7. A validation against

two other validated measurement setups has been carried out for two different detectors

in the visible and in the red wavelength range. The advantages of the SRPL method will

be shown by comparing measurements carried out at the new setup with measurements

conducted at its classical counterpart. Additionally, a selection of typical measurements

carried out with the SRPL-TULIP method will be given in their respective application

context.

With the new extended and enhanced, spectrally resolved measurement method, cur-

rent and future demands in modern photometry and detector based radiometry can be

addressed. Measurements regarding spectral radiance and irradiance responsivity can

be carried out using one measurement setup. The measurement uncertainty for the

characterisation and calibration can be reduced and the usable wavelength range can be

extended. The method can also be used to optimise the current traceability chain for

the realisation of the SI unit candela.

4



2 Photometric and radiometric quantities

and related calibration chains

Results and ideas presented in this chapter have previously been presented at conferences

([SS13], [Sch12] and [Sea11]).

2.1 From fundamental metrology to photometry

Metrology is the ”science of measurement and its application” (VIM 2.2, [BIP12]), ac-

cording to the International Vocabulary of basic and general terms in metrology (VIM)

.

Following ”Metrology - in short” 3rd edition from Euramet [Eur08], a short introduc-

tion to the field of metrology shall be given.

”Metrology covers three main activities:

1. The definition of internationally accepted units of measurement [. . . ].

2. The realisation of units of measurement by scientific methods [. . . ].

3. The establishment of traceability chains by determining and documenting the value

and accuracy of a measurement and disseminating that knowledge [. . . ].” [Eur08]

The legal task of the Physikalisch-Technische Bundesanstalt (PTB) as a national metrol-

ogy institute is to realise these three activities. Figure 2.1 demonstrates the aims of

PTB within the context of metrology. Besides the main activities in the fundamentals

of metrology, PTB aims also for the application of metrology for economy, society and

international affairs.

In fundamental metrology, PTB’s main task is the realisation of the seven SI base

units: which are the unit of length (meter), mass (kilogram), time (second), electric cur-

rent (ampere), thermodynamic temperature (kelvin), amount of substance (mole) and

luminous intensity (candela).

5



2 Photometric and radiometric quantities and related calibration chains

Figure 2.1: Aims of PTB within the context of metrology. [PTB13a]

The SI unit candela is the base unit for photometry. Its definition is:

”The candela is the luminous intensity, in a given direction, of a source that emits

monochromatic radiation of frequency 540 · 1012 hertz and that has a radiant intensity

in that direction of 1/683 watt per steradian.

It follows that the luminous efficacy for monochromatic radiation of frequency 540 ·
1012 hertz is exactly 683 lumen per watt, K = 683 lm/W = 683 cd sr/W.” [BIP06]

This definition itself does not specify a spectral weighting function. In practice, this

weighting function is very important in photometry. Therefore, the Bureau Interna-

tional des Poids et Mesures (BIPM) stated the spectral luminous efficiency functions for

daylight vision (V (λ), [CIE24]) and for night vision (V ′(λ), [CIE70]) together with an

application instruction in 1983 [WBKM83a].

Hence, this definition is not a sufficient guideline for the realisation of this base unit.

Section 2.3 will give an overview over the practical realisation of the candela.

Further typical photometric units are derived from the base unit candela. These are

units for quantities like luminous flux, illuminance, and luminance.

The luminous flux Φ or Φv in lumen (lm) is ”derived from the radiant flux Φe (emitted,

transmitted or received radiant power) by evaluating the radiation according to its action

6



2.1 From fundamental metrology to photometry

upon the CIE standard photometric observer.”(e-ILV 17-738, [CIE13a])

Φv = Km

∫ ∞
0

dΦe

dλ
· V (λ)dλ (2.1)

The illuminance E in lux (lx) (at a point of a surface) is the ”quotient of the luminous

flux dΦv incident on an element of the surface containing the point, by the area of that

element dA.” (e-ILV 17-550, [CIE13a])

Ev =
dΦv

dA
(2.2)

The luminance L in candela per square meter (cd/m2) (in a given direction, at a given

point of a real or imaginary surface) is defined as ”the luminous flux transmitted by an

elementary beam passing through the given point and propagating in the solid angle dΩ

containing the given direction; dA is the area of a section of that beam containing the

given point; θ is the angle between the normal to that section and the direction of the

beam.” (e-ILV 17-711, [CIE13a])

Lv =
dΦv

dA · cos θ · dΩ
(2.3)

But an important note is given in the above-mentioned reference, saying that the equa-

tion shall not be interpreted as a derivation with respect to a solid angle or an area but

rather than a quotient of an elementary flux by an element of solid angle and an element

of area. Hence, as a general equation (2.4) shall be used with dG, the geometric extend,

representing the geometric boundary conditions of definition, the radiation transfer.

Lv =
dΦv

dG
(2.4)

Under far field conditions equation (2.4) can be written as

Lv =
∂Iv

∂A · cos θ
(2.5)

For the modelling used in uncertainty analysis, a raytracing procedure is advised.

Photometric quantities are used in the visible range of optical radiation, which is de-

fined from 360 nm to 830 nm weighted with the luminous efficiency function of the human

eye. Outside the visible range, and for detectors without this special weighting function,
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2 Photometric and radiometric quantities and related calibration chains

Figure 2.2: (a) Underfilled measurement mode for the determination of the power re-
sponsivity of a detector and (b) overfilled mode for the determination of the
irradiance or radiance responsivity of a detector.

photometry turns into radiometry. Radiometry is independent of the characteristics of

the human eye and also covers the wavelength range in the ultraviolet (UV) and the

infrared (IR). The related quantities are the radiant power in watt, the radiant intensity

in watt per steradian, the irradiance in watt per square meter, and the radiance in watt

per square meter and steradian.

Note: there is no such quantity like spectral illuminance or spectral luminance re-

sponsivity. For the response of a photometric detector to a monochromatic source, the

responsivity is described by radiometric quantities.

In photometry and detector based radiometry, the knowledge about the responsivity

of detectors plays an important role. The responsivity of a detector is the quotient of

its photocurrent and the respective input radiation. Depending on the sort of respon-

sivity, different measurement procedures and geometries are necessary to determine its

quantitative value.

The spectral power responsivity of a detector (filtered or unfiltered) is determined in

underfilled mode. Measurements in overfilled mode are used for the determination of the

spectral irradiance or radiance responsivity of a filtered or unfiltered detector. All these

measurements can be performed using a wavelength tunable band-pass limited source

like a laser system or a lamp/monochromator system. The luminous responsivity of a

photometer head is an integral quantity related to the illuminance of a source which

provides illuminant A, hence the detector is measured in overfilled mode. See Figure 2.2

for a demonstration of the measurement modes.

2.2 General definition of quantity and unit

Results of a measurement are commonly expressed as a quantity and a related value.

For example, in photometry a luminance can be expressed as L = 100 cd/m2. This can

also be written in the form: (DIN 1313,[DIfN78])

8



2.3 Traceability in photopic photometry

Text form Equation form Example

Unit of quantity [quantity] [L] = cd/m2

Number of quantity {quantity} {L} = 100

In photometry and radiometry, quantities are often expressed using a symbol like Xe,λ.

The index ”e” refers to an energetic quantity, i.e. in general terms a weighting function

with a value of one. The second index ”λ” indicates that Xe,λ is a density function, i.e.

Xe,λ =
dXe

dλ
. Photometric quantities can be indicated with the index v (for visual) and

are always defined using a weighting function, for example V (λ).

With the definition of the candela, which provides the weighting factor Km = 683 lm/W

for the photopic weighting function V (λ) and K ′m = 1700 lm/W for the scotopic weight-

ing function V ′(λ) [Sau, CIE24, CIE70, CIE51, CIE71], the visual radiation quantity can

be derived from the energetic one via Eq. (2.6) and (2.7).

Xv = Km ·
∫ λ2

λ1

Xe,λ(λ) · V (λ)dλ (2.6)

X ′v = K ′m ·
∫ λ2

λ1

Xe,λ(λ) · V ′(λ)dλ (2.7)

The value of a scotopic quantity can be derived from the photopic one using the ratio of

Eq. (2.6) and (2.7) wherein the unit of the quantity [Xv] ∈
{

cd, cd/m2, lx, lm
}

.

X ′v = Xv ·
K ′m
Km
·
∫ λ2

λ1
Xe,λ(λ) · V ′(λ)∫ λ2

λ1
Xe,λ(λ) · V (λ)

(2.8)

This means that the scotopic value of the quantity is simply the photopic one multiplied

with a factor with the unit one.

From this equation, it can be seen that the transfer from photopic to scotopic quantities

does not change the related unit. A quantity itself can get an addendum, such as scotopic

illuminance as illuminance for scotopic weighting.

2.3 Traceability in photopic photometry

The realisation of the candela, as carried out at PTB, follows a complicated traceability

chain that results in a low measurement uncertainty (see Figure 2.3 (a)) [Lin11, Lin99,

ES97]. A set of cw lasers at precisely determined wavelengths (SI unit meter) is used as

a radiation source. This source irradiates alternately a trap detector and a cryogenic ra-

diometer. By using a cryogenic radiometer, it is possible to directly compare the optical

power of a laser heating up a cavity with the electrical power (SI unit watt) applied to

9



2 Photometric and radiometric quantities and related calibration chains

Figure 2.3: Current (a) and new (b) traceability chain for the realisation of the SI base
unit candela and traceability chain for related measurements.

the electrical heater of that cavity. It is therefore also called an electrical substitution

radiometer. In the next step, the comparison of the measured electrical power with the

measured photocurrent of a trap detector (SI unit ampere) yields the power responsiv-

ity of the trap detector for one wavelength of the laser. This procedure is repeated at

several wavelengths and yields together with a physical model of the specific trap detec-

tor its spectral power responsivity function [WFJH00]. With a lamp/monochromator

based setup, the power responsivity of such a primary trap detector is transferred to

a transfer trap detector or a photodiode with known uniformity and equipped with a

known precision aperture [MKW+06]. This transfer detector is now used in a uniform

radiation field at another lamp/monochromator based setup, the DSR setup (see next

chapter) [WS06], to calibrate a photometer head regarding spectral irradiance respon-

sivity. Finally, this detector is then used at the photometric bench of PTB [PTB13b] to

determine the luminous intensity of a standard lamp at specified operating conditions,

via the illuminance it produces on the effective area of the photometer head in adequate

geometric conditions. In these last two steps, the transformation of the power related

quantity to the solid angle related quantity of luminous intensity takes place as requested

in the candela definition.

As also depicted in Figure 2.3, the traceability chain for the realisation of the candela

can in addition be used as a calibration chain for different other sources and detectors.

For example, at the DSR setup also different other filter radiometers or photodiodes are

10



2.4 Traceability of scotopic and mesopic measurement results: Theory

calibrated regarding spectral irradiance responsivity. A primary calibrated photometer

head at the photometric bench is also used to calibrate other photometer heads regarding

luminous responsivity or to determine the luminance responsivity of a luminance meter

using a luminance standard as a source.

As mentioned in the introduction, this traceability chain may not be sufficient in

modern photometry. Using the TULIP setup mentioned above, the traceability chain

can be modified to fit the new demands. Figure 2.3 (b) shows an advanced traceability

chain. The improvements do not only give the possibility to reduce the measurement

uncertainty in specific steps of the traceability chain, but also enable the determination

of the spectral radiance responsivity of detectors traceable to the cryogenic radiometer.

2.4 Traceability of scotopic and mesopic measurement results:

Theory

The traceability chain presented in the previous section (see Figure 2.3 (a)) is used

to calibrate a photometer head that is matched to the luminous efficiency function for

photopic vision. It can also be used for the calibration of a luminance standard for

photopic conditions and for the calibration of a photopic luminance meter. However,

e.g. for the subject of street lighting, it is necessary to develop a traceability chain for

scotopic and mesopic measurement devices, too.

In CIE 191:2010 [CIE10] the CIE recommends to calculate a mesopic luminance value

based on a linear combination of the measured photopic and scotopic values under consid-

eration of an appropriate adaptation level. Following this recommendation, a traceability

chain was developed that is separated into a photopic and a scotopic path. The single

steps are illustrated in Figure 2.4.

The photopic path follows the photometric guidelines for photopic vision [WBKM83b].

The origin of the presented calibration and traceability chain is a luminous intensity

standard lamp (LIS). The traceability from the cryogenic radiometer to the LIS has been

described in the previous section. A standard lamp calibrated in this way represents the

luminous intensity value Iv(T ) for a certain distribution temperature T for photopic

conditions. In the next step, the luminous responsivity sv of a photometer head (PM)

is calibrated. The responsivities of the photometer heads can be calculated via the

measured photocurrent y(T ) of the photometer head positioned at a distance d from the

standard lamp using

sv = y(T ) · d2

Iv(T )
· Fcc(T ) (2.9)
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2 Photometric and radiometric quantities and related calibration chains

Figure 2.4: Traceability chain for photopic and scotopic luminance meter. These lumi-
nance meters serve as reference devices for further calibrations.

with

Fcc(T )|PM
LIS =

∫∞
0 V (λ) · SLIS

rel (T, λ)dλ∫∞
0 sPM

rel (λ) · SLIS
rel (T, λ)dλ

/

∫∞
0 V (λ) · P (TA, λ)dλ∫∞

0 sPM
rel (λ) · P (TA, λ)dλ

(2.10)

As a photometer head is never ideally matched to V (λ), an additional mismatch cor-

rection Fcc(T )|PM
LIS has to be applied, where the knowledge of the spectral irradiance

responsivity of the photometer head sPM
rel (λ), the spectral distribution of the luminous

intensity standard lamp SLIS
rel (T, λ), and the Planck function P (TA, λ) is required. Pho-

tometer heads are normally calibrated at a distribution temperature of TA = 2856K,

according to illuminant A, and the mismatch correction is normalized to unity for this

temperature. For Planckian radiators, a simple approximation using a mismatch expo-

nent m can be given. This exponent can be determined by multiple measurements at

different distribution temperatures, from which one can conclude that [Sau, ES97]

F (T ) =
Fcc(T )

Fcc(TA)
≈

(
T

TA

)m

(2.11)

which finally yields

sv =

(
T

TA

)m

· y(T ) · d2

Iv(T )
(2.12)

It is important to note that the approximation for the mismatch correction presented

in Eq. (2.11) and (2.12) is only applicable if the used source has a spectral distribution

similar to a Black Body radiator. For the measurements of LEDs, the complete knowl-

edge of the spectral responsivity of the used detector and the spectral distribution of the

used source has to be considered.

In the following step, this photometer head is used to assign photopic luminance values

Lv(T ) to a luminance standard (LS) using defined apertures and geometric considera-
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2.4 Traceability of scotopic and mesopic measurement results: Theory

tions. In this particular case, the sphere based luminance standard with a diffuser on the

light exit port uses internally an incandescent lamp. The mismatch correction Fcc(T )|PM
LS

is calculated as shown in Equation (2.10) using the relative spectral irradiance responsiv-

ity of the photometer and the spectral distribution of the luminance standard SLS
rel (T, λ).

The approximation using the mismatch exponent m can be used instead, if the luminance

standard operates at a distribution temperature close to 2856 K and with a spectral dis-

tribution similar to standard illuminant A. Assuming that the luminance standard is an

ideal Lambertian source, measured at a sufficiently large distance, its luminance is given

by:

Lv = Fcc(T )|PM
LS ·

1

π
· d

2

r2
· y(T )

sv
(2.13)

where r is the radius of the circular reference surface of the luminance standard to be

measured. The determined luminance value is now transferred to a photopic luminance

meter (LM), measuring the previously determined luminance of the reference surface of

the luminance standard. In this case, a calibration factor is calculated for the displayed

luminance value of the device, based on the previously determined luminance value,

determined with the photometer head. To state the calibration factor cv for standard

illuminant A, a mismatch correction Fcc(T )|LM
LS has to be applied, using the spectral lumi-

nance responsivity of the luminance meter and the spectral distribution of the luminance

standard.

cv =
Ldisplay

Lv(T )
· Fcc(T )|LM

LS (2.14)

The calibration chain of the scotopic luminance meter basically follows the same steps,

but is slightly more complicated. According to its calibration procedure, a luminous

intensity standard has a luminous intensity value Iv(T ) for photopic weighting. For

the determination of the scotopic luminous intensity value I ′v(T ) of a lamp, its relative

spectral distribution SLIS
rel (λ) has to be determined to calculate the respective conversion

factor.

I ′v(T ) =
K ′m
Km

∫∞
0 SLIS

rel (λ) · V ′(λ)dλ∫∞
0 SLIS

rel (λ) · V (λ)dλ
· Iv(T ) (2.15)

With this standard lamp, now calibrated with respect to V ′(λ), a photometer head

with a scotopic filter can be calibrated.

s′v = F ′cc(T )|PM
LIS · y(T ) · d2

I ′v(T )
(2.16)
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2 Photometric and radiometric quantities and related calibration chains

Figure 2.5: Luminance meter with two channels (one photopic, one scotopic) directly
displaying the mesopic luminance value. This device has been developed by
Aalto University of Espoo, Finland, in the context of the EMRP Project
ENG05. [Sea14]

Moreover, the mismatch correction F ′cc(T )|PM
LIS must also be calculated using the scotopic

efficiency function V ′(λ), the relative spectral responsivity of the scotopic photometer

head s′|PM
rel , and the spectral distribution of the lamp S|LIS

rel . For Planckian radiators,

a mismatch exponent m′ and the approximation presented in Eq. (2.11) can be used

instead.

Following the procedure described above, a luminance standard must be calibrated

for scotopic luminance with this illuminance meter, to serve as a scotopic luminance

standard source.

L′v(T ) = F ′cc(T )|PM
LS ·

1

π
· d

2

r2
· y(T )

s′v(T )
(2.17)

To assign this value to the scotopic luminance meter, the relative spectral distribution

of the luminance standard and the relative spectral responsivity of the luminance meter

must also be determined. Thereof, the spectral mismatch correction F ′cc(T )|LM
LS can be

calculated, yielding the respective calibration factor of the luminance meter:

c′v =
Ldisplay

L′v(T )
· F ′cc(T )|LM

LS (2.18)

For mesopic applications, a true mesopic luminance meter (see Fig. 2.5 [Sea14] for an

example) would calculate the mesopic value directly by using the measured data of a

photopic and a scotopic measurement channel and applying internally the appropriate

adaptation level ”q” (according to CIE 191:2010). However, additional calculations and

investigations of the source will become necessary.
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2.4 Traceability of scotopic and mesopic measurement results: Theory

The CIE recommendation [HP11] for the calculation of a mesopic luminance uses

Lmes =
683 lm/W

Vmes(λ0)
·
∫
Vmes(λ)Le(λ)dλ (2.19)

and

M(q)Vmes(λ) = qV (λ) + (1− q)V ′(λ) for 0 ≤ q ≤ 1 (2.20)

In this calculation, M(x) serves as a normalising function for Vmes(λ0). According to the

recommendation, Vmes(λ0) is the value Vmes(λ) at 555 nm. Lmes is the mesopic luminance

and Le(λ) is the spectral radiance. [HP11] An iterative approach can be used [HP11] to

calculate the coefficient q and the mesopic luminance as follows:

Lmes,n =
q(n−1)Lp + (1− q(n−1))LsV ′(λ0)
q(n−1) + (1− q(n−1))V ′(λ0)

(2.21)

q0 = 0, 5, qn = a + b log10(Lmes,n) for 0 ≤ qn ≤ 1 with a = 0, 7670 and b = 0, 3334, n

being the iteration step. Here, Lp and Ls are the photopic and the scotopic luminance,

respectively. The scotopic spectral luminous efficiency function is V ′(λ0 = 683/1699) at

λ0 = 555 nm.

The first luminance meter for the mesopic range was developed within the project

”Metrology for Solid State Lighting” mentioned above. The determination of the adapta-

tion level is subject to ongoing discussions of the CIE technical committees JTC-1 and

TC 2-65.

The calibration of such a mesopic luminance meter can be carried out according to

the following three steps using mesopic reference sources:

1. Measurement of the luminance value of a mesopic reference source using photopic

and scotopic reference luminance meters calibrated according to the previously

described procedures.

2. Calculation of the adaptation level ”q” and the mesopic luminance value of source

according to CIE 191:2010 [CIE10] and the procedure to be determined by CIE

[CIE13b].

3. Comparison of the mesopic value displayed by the device under test and the calcu-

lated value from the two reference luminance meters.
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2.5 Traceability of scotopic and mesopic measurement results:

Realisation

For the practical realisation of this calibration chain, reference detectors and reference

sources must be selected and characterised. The characterisation is particularly impor-

tant for the determination of the uncertainty components of each step in the calibration

chain and for the determination of the resulting uncertainty for the calibration of a

mesopic luminance meter.

A WI41/G lamp was selected as luminous intensity standard for the photopic path,

and a quartz halogen lamp of type FEL for the scotopic path. The advantage of the

WI41/G is its low alignment uncertainty and low noise. But due to its deviation from

standard illuminant A in the blue wavelength range, the mismatch approximation using

the mismatch exponent for the correction of scotopic photometer measurements is unsuit-

able for the WI41/G. Without employing spectral measurements, this can be solved by

using a FEL type tungsten halogen lamp. Its spectral distribution in the visible spectral

range is very close to the Planckian function, making the use of the approximation model

possible. The disadvantage of this lamp is, however, that it does not have a flat filament.

Hence, a larger uncertainty component for the determination of the light emitting cen-

tre has to be considered. The selected luminance standard is based on an integrating

sphere with an incandescent lamp and a spectral distribution closely to standard illumi-

nant A. However, the used diffuser on the exit port and the spectral throughput of the

sphere itself slightly change the distribution in the blue wavelength range. Again, the

approximation for the mismatch correction can be used for the luminance meter in the

photopic path, but it cannot be used for the luminance meter in the scotopic path. Here,

the spectral responsivity of the device and the spectral distribution of the luminance

standard must be determined to calculate the mismatch correction. For details on the

sources used for calibration see [PTB13b].

The photometers and luminance meters selected for the traceability chain were built

by LMT Lichtmesstechnik Berlin GmbH, the industrial co-operation partner within the

EMRP [Eur13c] project ”Metrology for solid state lighting” (ENG05) [Eur13d]. The

illuminance meters have light-sensitive areas of 30 mm in diameter and are matched

to the luminous efficiency function for photopic vision and scotopic vision via mosaic

filtering. The devices are temperature stabilised at 35 ◦C and cosine corrected. With

mosaic filtering, the necessary mismatch correction is very small. The use of cosine

corrected detectors is recommended but not necessary for the boundary conditions used

here. Temperature stabilisation, however, is very important to reduce the uncertainty

introduced by the varying ambient temperature. The luminance meters are matched to
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2.5 Traceability of scotopic and mesopic measurement results: Realisation

the luminous efficiency functions via full filtering, because the diffuser that is necessary

for mosaic filtering cannot be applied to imaging devices. With full filtering, the spec-

tral match with respect to the luminous intensity functions depends on the availability

of appropriate stable filter glasses. The luminance meter is not temperature stabilised.

Therefore, an additional thermal characterisation of the luminance meters must be car-

ried out to determine the correction factors and to determine the thermal influence on

the measurement uncertainty.

The characteristics of the detectors were verified to be stable over the whole project

time of about three years by selected measurements [PTB13b]. The aging rate of the

detectors was about 1 % per year in the first and second year and less than 0,5 % per

year in the third year, making them suitable as reference detectors.

A change in ambient temperature of several kelvin should not affect the measurement re-

sults of the temperature stabilised illuminance meters significantly. However, to measure

the temperature coefficient of the sensor and to prove its functionality, the temperature

stabilisation can be disabled. The temperature coefficient was found to be -0,1 %/K for

both photometer heads. Although the luminance meters are not temperature stabilised,

no temperature dependency was recognised in the temperature range between 21 ◦C

and 35 ◦C. Hence, no corrections were applied for measurements within the laboratory.

However, the devices are also used for field measurements where much more extreme

temperature conditions are present. In this case, the possible temperature dependence

has to be determined and corrected.

To verify the reported value of the position of the effective entrance window of the pho-

tometer heads, the product of photocurrent and squared distance for different distances

between 2 meters and 8 meters was determined. It turned out that in both cases, the

original values had to be shifted about 1,5 mm behind the top of the diffuser.

Measurements were performed at four distribution temperatures (2856 K, 2600 K, 2366 K

and 2000 K) to determine the mismatch exponentm [Sau]. The mismatch correction func-

tion was found as a ”best-fit” for the measured photocurrents at the four distribution

temperatures. The mismatch exponents are very close to zero due to the used mosaic

filters.

The determination of the linearity was carried out by calculating the product of pho-

tocurrent and squared distance for different illuminance levels at the previously deter-

mined measurement plane in the range of a few millilux to several thousand lux while

varying the distance settings on the photometric bench. For luminance measurements,

the luminance values of various different and dimmed sources were determined. The

source had been calibrated by illuminance measurements. All devices were found to be

linear within 0,1 %.
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The luminous responsivities of the photometer heads were measured at the photometric

bench using reference photometers and standard lamps. The spectral responsivity of

the photometer heads and the luminance meters were determined using the laser-based

measurement setup TULIP.

The luminance meters use a full filter to match the responsivity to the luminous ef-

ficiency function, whereas the photometer heads use mosaic filters. The mosaic filters

show a much better match to the luminous efficiency functions than the full filtered de-

vices, at least in the spectral range from 420 nm up to 730 nm. Moreover, the full filtered

luminance meter for photopic measurements matches its respective luminous efficacy

distribution much better than the scotopic one.

For the calibration of the photopic and the scotopic luminance meters, the calibration

factors were determined by comparing the set luminance values of the source (accord-

ing to standard illuminant A and determined by illuminance measurements) with the

displayed values of the instrument.
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3 Well-established measurement methods -

their advantages and their limitations

Results and ideas presented in this chapter have previously been presented at conferences

([Kea13], [SNS11a], [SNSW10] and [SNS09]).

3.1 Determination of luminous responsivity

At PTB, photometric measurements are generally carried out at the photometric bench

[PTB13b]. This setup is used to align the light sources, detectors and reference devices

horizontally in relation to each other, and to vary the distance between them by means

of different precisely adjustable carriages. PTBs photometric bench has a total length of

40 m and is segmented into three parts. As light sources, different standard lamps of type

WI41/G, a 20 klx tungsten halogen lamp (illuminant A), a 100 klx arc lamp (daylight

spectrum), and a luminance standard can be used. The reference detectors are typically

high-performance photometer heads.

The bench system is used for the maintenance of the SI unit candela, the determina-

tion of the luminous intensity of different lamps, the luminous responsivity of photometer

heads, the luminance of luminance standards, and for the calibration of luminance me-

ters. Most of these measurements are carried out for standard illuminant A. Appropriate

corrections are applied if the distribution temperatures of the lamps differ slightly from

standard illuminant A. See section 2.4 for details.

If these detectors are used to measure light sources with a different spectral distribu-

tion like LEDs or OLEDs, a simple correction is no more valid. As mentioned above,

considerably large errors can occur. Instead of the simple approximation of the mismatch

correction, the complete mismatch F ′(T ) has to be determined according to eq. (3.1),

using the spectral distribution of the used light source S(λ) and the spectral responsivity
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of the detector srel(λ).

F ′(T ) =

∞∫
0

S(λ) · V (λ)dλ

∞∫
0

S(λ) · srel(λ)dλ

/ ∞∫
0

P (λ, TA) · V (λ)dλ

∞∫
0

P (λ, TA) · srel(λ)dλ

(3.1)

This implies that the needed relative spectral responsivity of the photometer heads, as

required in eq. (3.1), must be determined by a spectrally resolving measurement method.

The most common measurement method uses a light source combined with a monochro-

mator. Instead, a set of lasers or a tunable laser can be used for the determination of

the spectral radiance or irradiance responsivity of the detector.

3.2 Determination of the spectral responsivity using a

lamp/monochromator setup

The most evident way to produce quasi-monochromatic light necessary for the determi-

nation of the spectral responsivity of a detector is the use of a common broad-band light

source like a quartz halogen lamp in combination with a band-pass limitation method

like a monochromator. This method has been used for years in detector based radiometry

at various NMIs, research institutes and companies.

Typically, a combination of quartz halogen lamps for the visible and the infrared wave-

length range and xenon arc lamps for the blue and ultraviolet wavelength range is used.

This enables measurements over the whole silicon wavelength range and extends it also

to the mid infrared. For the band-pass limitation, customised monochromators with

different gratings are used. Typically, the output power of the radiation behind the

monochromator is only in the range of several microwatts per nanometer. Hence, the

usable bandwidth of the radiation strongly depends on the responsivity of the detector.

For filtered detectors, the minimum bandwidth is often in the range of 2 nm to 5 nm. A

further reduction of the monochromator bandwidth would result in an unacceptably low

signal to noise ratio and high uncertainty contribution.

Besides others, two main setups are in service for the calibration at PTB which are

described in more detail: the Differential Spectral Responsivity (DSR) setup [WS06] and

the Spectral Comparator Facility (SCF) [HHM+10]. The first is used for the spectral

irradiance responsivity calibration at the Braunschweig site of PTB, and the second

is used for the spectral radiance responsivity calibrations at the Berlin site. The two

different setups are directly used to validate the results of the laser-based measurements

within this thesis.
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Figure 3.1: Lamp/monochromator based differential spectral responsivity (DSR) setup
for the spectral irradiance responsivity calibration in Braunschweig [WS06].

Figure 3.2: Lamp/monochromator based spectral comparator facility (SCF) setup for
the spectral radiance responsivity calibration in Berlin [KAT+12].

21



3 Well-established measurement methods - their advantages and their limitations

The DSR setup is depicted in Fig. 3.1. It employs a xenon arc lamp, a quartz halogen

lamp, and a mercury lamp as alternative light sources. The radiation is focused on

the entrance slit of a double monochromator in substractive mode to reduce stray light

effects in the monochromator and to increase uniformity. Three different gratings are

used for the whole spectral range. Via a condenser lense, the radiation is directed in

the detector plane, overfilling the detector with uniform radiation. The bias radiation

shown in the figure is used to determine detector linearities if used e.g. for solar cell

calibrations. A calibrated photodiode is used as reference detector for the substitution

measurements.

The SCF setup is depicted in Fig. 3.2. It uses mainly a xenon arc lamp as light source.

The radiation is imaged on the entrance slit of a single monochromator with one preci-

sion diffraction grating. The uniform radiation is produced using an integrating sphere

with a precision aperture at the output port for the radiance measurements. The used

reference detector is a three-element reflection trap detector.

The advantages of these monochromator-based measurement methods are:

1. The methods are very cost efficient for spectrally resolved measurements.

2. The components are easy to purchase and the method can easily be automated.

3. The directly accessible broad spectral range enables the calibration of various filter

types and is therefore very multifunctional for photometry and radiometry.

4. The tunability of the radiation bandwidth enables the adaptation of the method

to different filter slopes without the problem of interferences in optical components

of the detector.

However, these methods also have limitations:

1. The low output power introduces large uncertainties due to a high noise level when

detectors with steep band-pass functions or with diffusers are measured. This is

especially a problem for the calibration of photometer heads. Here, the usable

spectral range is often limited to 400 nm to 750 nm depending on the design of

the device. Frequently only few orders of magnitude of a filter function can be

measured where a much higher dynamic range is desired.

2. Due to the lack of output power, measurements are often restricted to the radiant

power mode. For photometry, irradiance and radiance mode measurements are

preferred.
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3.3 Determination of spectral responsivity using tunable lasers

3. The spectral non-uniformity of the radiation, especially of single monochromator

setups, often introduces higher uncertainty components when detectors are mea-

sured with a non-uniform spatial responsivity.

4. The band-pass setting is, due to the low output power of the system, often restricted

by the responsivity of the detector. For filters with high slopes, it is in many

cases not possible to adjust the band-pass narrow enough for the required spectral

resolution.

Some of these drawbacks can be overcome by using high power light sources like a laser-

driven light source (LDLSTM) or a white light laser. The LDLSTM[Ene13] uses a cw laser

to heat up a xenon plasma to high temperature yielding high ultraviolet radiation output.

The usable spectral range extends from about 170 nm in vacuum up to the infrared with

an output power of several milliwatt per nanometer. The working principle of white

light lasers [Enc13c] is based on non-linear effects in special optical fibres. The usable

spectrum is in the range from about 450 nm to more than 2000 nm with an output power

of several milliwatt per nanometer.

Although the use of light sources with a higher power can optimise these measurement

methods by increasing the spectral output power from microwatt to the lower milliwatt

range, it cannot solve other limitations.

3.3 Determination of spectral responsivity using tunable lasers

If a light source with a considerable higher output power in the range of hundreds of

milliwatts per nanometer is used, the combination of the measurement possibilities for

irradiance and radiance measurements is possible. Besides PTB, also other laborato-

ries, including NMIs like NPL (UK) [AFN92], NIST (USA) [BEL06], MIKES (Finland)

[NTMI03], METAS (Switzerland) [Bla09, Zus08], have built tunable laser-based mea-

surement facilities for the calibration and characterization of radiometric detectors.

The use of cw lasers promises a metrological calibration source that is nearly ideally

narrow-band, and hence enables to sample the filter function of the detector without

introducing a convolution of the band-pass of the source with the filter function of the

detector. The possible high laser output power of up to several watts and the possibility

to waive the monochromator enables to build a highly uniform radiation source of high

brilliance which can be used to produce a uniform radiation field optimised for both

irradiance and radiance responsivity measurements.

The used laser sources are typically continuous wave lasers. In many cases, a combina-

tion of a spectrally tunable Ti:Sa laser in the wavelength range from around 700 nm to
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1000 nm with frequency doubling (SHG, 350 nm to 500 nm), and tripling (THG, 250 nm

to 350 nm) and different wavelength tunable dye lasers are used. Dye lasers within this

spectral range typically have accessible wavelength ranges of only about 60 nm to 80 nm.

Therefore, more than one dye has to be used to cover the whole spectral range from

500 nm to 700 nm. All lasers need to be pumped by a pumping laser. Wavelength and

power of this laser are dependent on the applied active media of the other lasers. Typical

dye lasers in the range from 550 nm to 700 nm as well as the Ti:Sa laser can be pumped

by a frequency doubled Nd:YAG laser or an Ar+-ion laser. Other dye lasers need dif-

ferent pump wavelengths. Wavelength conversion efficiency is very energy dependent,

and inefficient for cw lasers. Therefore, the output power of the doubled and tripled cw

Ti:Sa laser is only in the range of a few milliwatts. Often some lines of ion lasers like

Ar+-laser are used to bridge some of the gaps.

The advantages of the cw laser based measurement method are:

1. The high output power of lasers enables the combination of irradiance and radiance

measurements in one setup. Also more complex characterisations of the detector,

regarding e.g. straylight effects in array spectroradiometers, are possible.

2. A spectrally and spatially very uniform radiation field can be created with reduced

uncertainty.

3. The measureable dynamic range of a filtered detector can be extended from a few

orders of magnitude to about six or even eight orders of magnitude due to the high

signal to noise ratio.

4. The narrow-band radiation, similar to a dirac delta function, enables sampling of

filter functions without convolution effects.

5. The wavelength uncertainty is determined by an interferometer-based wavemeter,

and hence correlated uncertainty components due to wavelength offsets of the mea-

surements can be largely reduced.

However, this method also shows some limitations:

1. To span the whole silicon-detector wavelength range without any gaps, a large

number of lasers is needed, increasing cost and space problems.

2. The usable output power with frequency conversion is often, especially in the blue

wavelength range, too low to apply an optimum beam conditioning.
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3.3 Determination of spectral responsivity using tunable lasers

3. The narrow band radiation introduces interference oscillations between optical sur-

faces within the detector if no diffuser is used. This introduces either a large

measurement effort or a high uncertainty.

The limitation regarding the usable spectral range can be overcome using pulsed lasers.

Pulsed radiation with high pulse energies enables a much more efficient frequency conver-

sion than cw laser radiation. Using such a laser system, the spectral range from 250 nm

to over 2000 nm can easily be covered. However, pulsed lasers with pulse lengths in the

picosecond range don’t solve the interference problem. The pulse length needs to be

reduced to the femtosecond range to allow a reduction of interference artefacts.
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4 The Spectral Responsivity with Pulsed

Lasers (SRPL) method

Results and ideas presented in this chapter have previously been published in Applied

Optics [SNSV12] and Technisches Messen [SNS12], and also presented at conferences

([SLNS13], [SNS13], [Sch12], [SNS11b] and [SNSW10]).

4.1 Introduction

As mentioned in Chapter 3, the determination of the spectral responsivity of detectors

ideally requires a narrow-band source that does not show interference artefacts. The

necessary boundary conditions for photometers and radiomenters can be summarized as

follows:

• The bandwidth of the radiation needs to be small enough not to influence the

measured spectral responsivity of the investigated detector. For a larger bandwidth,

convolution will broaden the spectral responsivity to be measured.

• Beside the fact that the calibration source needs to be narrow-band whereas the

application source is mostly broad-band, the used narrow-band radiation needs to

have the same geometrical and optical characteristics as the radiation measured in

the application. Hence, measures need to be applied to convert the characteristics

of the calibration source to defined characteristics of the assumed ideal application

source.

At the Physikalisch-Technische Bundesanstalt (PTB), investigations on narrow-band

wavelength-tunable continuous-wave laser systems used for absolute radiometry over

limited spectral ranges started more than twenty years ago [SLGW05, NSW+08, SN08].

In 2003, the measurement facility Tunable Lasers In Photometry (TULIP) has been

developed for the calibration of large-area photometric and radiometric detectors regard-

ing spectral irradiance and spectral radiance responsivity. Because of the restrictions

of continuous-wave lasers which could not be solved satisfactorily in the setup, the cw

TULIP method needed to be upgraded. The aim was to improve the setup by using
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4 The Spectral Responsivity with Pulsed Lasers (SRPL) method

additional sources based on pulsed lasers.

The first hypothesis of this work therefore is: An advanced spectrally resolved

measurement method, based on the use of mode-locked laser radiation, is suitable to

measure, i.e. to characterize and calibrate photometric and radiometric detectors in

irradiance and radiance mode.

In addition, the setup shall not only be used for the spectral radiance and irradiance

calibration but also for the spectral characterization of different kinds of radiometric de-

tectors, regarding spectral straylight of array spectroradiometers and linearity of imaging

luminance measurement devices, such as cameras, in different wavelength ranges over a

high dynamic range with low uncertainties.

The developed Spectral Responsivity with Pulsed Lasers (SRPL) method uses a short

pulse laser system as radiation source in combination with a classical continuous-wave

laser system. In the supplementary laser system, the short pulses are achieved by super-

position of various laser modes in the laser cavity. This process is called mode-locking.

Mode-locking means that the phase relationship of these modes in the cavity is kept con-

stant resulting in a positive superposition, and hence in a high pulse intensity. The more

modes involved, the higher the pulse energy and the narrower the pulse in time. The

spectral distribution of each laser pulse is inversely proportional to the pulse duration.

This means that the shorter the pulses are, the broader is the distribution. For a short

pulse laser system with a pulse duration of about 120 fs, the spectral band-pass of its

radiation is in the range of a few nanometers. However, the peak energy of each pulse

is much higher than the energy of a continuous-wave laser, and therefore, it can be used

for effective frequency conversion over a wide wavelength range. It must also be noticed

that the laser band-width is wavelength dependent, i.e. the shorter the laser wavelength,

the smaller its bandwidth.

The high spectral power of the laser system, compared to a lamp/monochromator setup,

enables a better band-pass limitation coming more closely to the dirac delta function of

a free running continuous-wave laser system. However, the radiation of the short-pulse

laser system is also collimated, polarised, and coherent. Therefore, additional arrange-

ments in the setup needed to be applied to reduce these effects for radiometric detectors

e.g. a special spatial radiation conditioning unit was designed to treat unwanted laser

characteristics.

The wavelength and the band-pass of the radiation need to be monitored during the

measurements as well. The room temperature and the temperatures of the used detec-

tors (reference detector and device under test) are permanently measured during the
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4.2 Lasers

Figure 4.1: Sketch of the planned and realised Tunable Lasers In Photometry (TULIP)
setup for spectral characterisation and irradiance and radiance calibration
of large area photometric and radiometric detectors in the wavelength
range from 230 nm to 1600 nm (expendable to 3000 nm) with respective
characteristics.

calibration or characterisation process. For the measurements, Pt100 sensors, mounted

at suitable places and inside the detectors, are used.

The complete measurement setup is computer controlled using LabView.

The realised measurement setup is presented in Figure 4.1. All selected components and

changes in the configuration with respect to the old cw-laser setup will be explained in

the following sections.

4.2 Lasers

The TULIP facility comprises two tunable laser systems. A tunable cw laser system cov-

ers the spectral range from 360 nm to 960 nm, except for a spectral gap between 460 nm

and 565 nm. The optical output power of the laser system that is directly accessible with-

out extensive re-adjustments of the setup is shown in Fig. 4.2. The wavelength-tunable

lasers are pumped at 532 nm using a frequency doubled Nd:YVO4 laser. Dye-lasers with

DCM-Special and Rhodamine 6G (R6G) dyes are used to cover the spectral ranges from

565 nm to 700 nm. A Ti:Sa-laser with an additional intra-cavity frequency doubling setup

enable measurements over spectral ranges from roughly 690 nm to 960 nm, and 360 nm

to about 460 nm respectively. The gap between 460 nm and 565 nm is partly covered

by the single lines of an Ar+-laser and the pump laser itself (not shown in Fig. 4.2).

The shown data was measured directly behind the laser without amplitude stabilisation.

Figure 4.3 shows the optical table with the used cw lasers. The standing wave R6G dye

laser is located in the very left edge and is not visible in this picture.
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4 The Spectral Responsivity with Pulsed Lasers (SRPL) method

Figure 4.2: Output power of the tunable cw lasers used in the TULIP facility. Between
358 nm and 460 nm, the frequency of a Ti:Sa laser operating within the spec-
tral range from 690 nm to 960 nm is doubled using an intra-cavity resonator
with five different LBO crystals. Dye lasers are used in the spectral range
from 560 nm to 700 nm. Between 457 nm to 532 nm the usable spectral radi-
ation is complemented by single lines from an Ar+ laser and the Nd:YVO4

pump lasers (published in [SNSV12]).

The laser output power is not very stable. The instability is typically in the range of 1 %

to 10 %. Therefore, a laser power stabiliser was applied for metrological measurements.

The bandwidth of cw lasers is in the range of picometers. Steep slopes of the respon-

sivity function of detectors can be measured without the problem of convolution. The

laser radiation is highly polarised. The polarisation plane is different for every laser. For

polarisation sensitive detectors, additional optical components in the setup for depolar-

isation need to be applied. The coherence of the laser radiation leads to the so-called

speckle pattern in the detectors reference plane. This pattern is an interference pattern

resulting from positive and negative superposition of the modes reflected from a non-

ideally plan surface. This pattern results in a nonuniformity of the radiation field. A

different interference pattern can be observed as a wavelength dependent oscillation over-

laying the spectrally resolved measurement signal of detectors due to interreflections of

the coherent radiation within optical components of the detector if no diffuser is used.

Means for the reduction of these coherence effects need to be applied.

A short pulse laser system with pulse durations between 130 fs and 200 fs and a rep-

etition rate of 80 MHz is used to close the gap in the wavelength range of the cw laser

setup. It also extends the spectral range for the spectral calibration and characterization

of photometric and radiometric detectors throughout the spectral range from 230 nm to

3000 nm. The output power of this continuously wavelength-tunable system is shown in

Figure 4.4, where the measurements were made directly behind the laser components

without amplitude stabilisation. The laser tuning over spectral ranges from 680 nm to

1080 nm, 345 nm to 540 nm and 230 nm to 346 nm is successively facilitated by a mode-
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4.2 Lasers

Figure 4.3: Continuous wave laser system with pump laser, DCM Special dye laser and
Ti:Sa laser with intra-cavity frequency doubling, mounted on an optical table.
R6G dye laser not shown here. (Source PTB/Stork)

Figure 4.4: Output power of the quasi-CW laser system used in the TULIP setup. A
mode-locked Ti:Sa laser with OPO, frequency doubling (SHG) and tripling
(THG) is used to cover the spectral range from 230 nm to 1600 nm and from
1700 nm to 3000 nm (published in [SNSV12]).

locked Ti:Sa laser and its frequency doubling and frequency tripling. The spectral range

above 1000 nm is covered by an optical parametric oscillator (OPO) with a tunable sig-

nal range from 1000 nm to 1600 nm. The idler radiation is available from 1700 nm to

3000 nm. Finally, the spectral range from 525 nm to 720 nm is covered by frequency

doubling of the OPO signal (see also a picture of the setup in Figure 4.5). The short

pulses are achieved mode-locking resulting in a radiation bandwidth of 1 nm to 15 nm

(Fig. 4.6), depending on the wavelength.

The bandwidth of the laser radiation is between 2 nm at a wavelength of 400 nm and

9 nm at a wavelength of 900 nm, the bandwidth of the OPO in the IR is more than 10 nm.

However, the bandwidths can be limited down to 0,1 nm depending on the measurement

needs by an additional band-pass limitation method. Without this limitation, the con-

volution of the spectral distribution of the laser radiation with the filter function of the
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Figure 4.5: Short pulse laser system with Ti:Sa laser, frequency doubling and tripling of
Ti:Sa radiation, OPO with signal and idler option and frequency doubling of
OPO signal radiation, mounted on an optical table. (Source PTB/Stork)

Figure 4.6: Bandwidth (Full width at half maximum - FWHM) of the laser components
Ti:Sa laser, doubled Ti:Sa and doubled OPO signal.

32



4.3 Band-pass limitation

detector could lead to high uncertainties.

The laser instability is in the range of about 5 · 10−3. The instability increases with

each additional optical component installed in the optical path. The instability of the

frequency doubled OPO signal (OPO SHG) is about 5 · 10−2. An additional laser power

stabiliser is needed to improve metrological measurements.

Also with this laser system, the plane of polarisation is different for every laser compo-

nent and the radiation needs to be depolarised for polarisation sensitive detectors. The

speckle pattern is not observed with this quasi cw setup because of the larger bandwidth

of the radiation.

4.3 Band-pass limitation

Filtered detectors may have high slopes in their responsivity function. Hence, additional

components for the reduction of the radiation bandwidth down to 0,1 nm need to be

applied. This is also very important for the characterisation of straylight and band-pass

effects of array spectroradiometers.

Different techniques can be used to reduce the bandwidth of the radiation. The use

of a Fabry-Pérot Interferometer [FO05] enables the generation of a very narrow-band

radiation. However, to extract one spectral line within the bandwidth of the radiation,

two coplanar mirrors must be arranged in a distance of about 6 · 10−6 m, making an

adjustment very complicated. A second disadvantage is the fixed bandwidth in the range

of picometers. Such a small bandwidth would cause the same problems as the cw lasers.

A band-pass limitation can also be accomplished by customised acousto-optical tunable

filters (AOTF) [HW69]. However, they also provide only a fixed output bandwidth. A

bandwidth down to 0,3 nm is possible with high effort which is often not sufficient for

characterisation purposes. A limitation down to 0,1 nm would be needed, and up to now,

such a filter is not available in the UV range and IR range. Hence, it cannot be applied

over the whole spectral range of TULIP. The use of a Lyot filter, which is commonly used

in dye lasers for the selection of the modes, can only be used effectively in a laser cavity. It

has the same properties and disadvantages as a Fabry-Pérot Interferometer. The easiest

way for band-pass limitation, but also an inefficient one, is the use of a monochromator

behind the laser. The main advantage is that the band-pass of the radiation can be

adapted according to the measurement needs. We decided to use a single diffraction

grating directly in the beam line (Fig. 4.7, Table 4.1) because the input components of

a standard monochromator are optimised for non collimated sources.

As the laser beam is collimated, an entrance slit of the monochromator is obsolete. Two

plane mirrors are used to direct the laser beam into the monochromator. The radiation
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Table 4.1: Components and their properties for the monochromator shown in Figure 4.7

Gratings Size 50 × 50 mm2

Grating 1 1200 grooves/mm
Blaze wavelength 400 nm

Grating 2 1200 grooves/mm
Blaze wavelength 750 nm

Grating 3 600 grooves/mm
Blaze wavelength 1250 nm

Mirrors Coating Protected aluminium
Collimator mirror 1 Off-axis parabolic mirror 30◦

(COL 1) Diameter 1”
Focal length: 27,22 mm

Collimator mirror 2 Off-axis parabolic mirror 15◦

(COL 1) Diameter 2”
Focal length: 310,08 mm

Focusing mirror Off-axis parabolic mirror 15◦

(FOC) Diameter 2”
Focal length: 516,81 mm

Input mirrors Plane mirror
(INP 1, INP 2) Aluminium coating

Diameter 1”

Figure 4.7: Laser monochromator with input mirrors INP1 and INP2, collimator mirrors
COL1 and COL2, the diffraction grating and the focusing mirror FOC, and
the exit slit.
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Figure 4.8: Bandpass limitation of the short pulse laser radiation down to 0,08 nm
(FWHM) shown for the wavelength (a) 326 nm, (b) 346 nm, (c) 380 nm
and (d) 400 nm as an example. The original laser band-pass in this wave-
length range is about 2 nm if not limited.

is guided onto the grating via off-axis parabolic mirrors (collimator mirrors) and then

focussed on the exit slit. Three different gratings can be used to cover the spectral

range from the UV to the near infrared (NIR). The focal length of the monochromator

is 516,81mm with a linear dispersion of 0,64mm/nm for grating 1 and grating 2, and

0,32mm/nm for grating 3. The grating efficiency is strongly wavelength dependent.

The maximum efficiency at the blaze wavelength is about 70%. The average efficiency

in the used spectral range is about 50%. In combination with the reflection losses on the

mirrors, the maximum output power (exit slit open) is about 42% at the blaze wavelength

and about 30% at the other wavelength. The losses due to band-pass limitation are

dependent on the spectral range, i.e. on the bandwidth of the input radiation and on

the selected band-pass of the output radiation.

The bandwidth of the input radiation can be reduced down to below 0,1 nm as shown

in Figure 4.8 for the wavelengths of 326 nm, 346 nm, 380 nm, and 400 nm.

The bandpass limited radiation has been spectrally calibrated with the cw laser system

against a calibrated wavemeter and against a wavelength calibrated Echelle spectrograph.
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4.4 Pulse to cw conversion

Using a short-pulse laser to calibrate a device under test (DUT) which is used in ap-

plications with continuous sources needs additional information on the different impact

of these two irradiance conditions. An extensive analysis of the influence on the used

detectors would be necessary to be carried out to determine the additional uncertainty

contribution of pulsed radiation. Another way of dealing with this problem would be to

directly convert the pulses into nearly cw radiation, so that the radiation used for the

calibration or characterisation can be taken as continuous radiation.

In the literature, a few experiments regarding the influence of pulsed radiation on de-

tectors are known. All these investigations have been carried out using a photodiode

or a photodiode assembly like a trap detector as DUT. Gentile et. al. [GC96] found

no influence on the linearity of the NIST-trap detector when measuring the power re-

sponsivity with a mode-locked laser at 532 nm with a repetition rate of 100 MHz and a

pulse duration of 5 ps. Investigations from Stuik et. al. [SB02] on the responsivity of a

photodiode at pulse durations between 170 ns and 1,2 ms yielded no influence on pulse

duration within the uncertainty of their experiment of 2 %. The same results can be

found at pulse durations of 600 ps and 68 ps according to Seely et al. [SBHW02]. For

the investigation of pulsed radiation of the spectral power responsivity of a trap detec-

tor, Hartree et al. [HHF98] carried out an experiment with an Ar+-laser with a pulse

duration of 100 ps and a repetition rate of 100 MHz at 514 nm. No influence could be

detected. However, measurements of the same trap detector below 450 nm carried out

with a frequency doubled mode-locked Ti:Sa laser with a pulse duration of 5 ps against

a cryogenic radiometer and an uncertainty of 0,02 % showed a slight reduction of the

responsivity of 0,06 %. No investigations could be found for the influence of lasers with

even shorter pulse durations like the 120 fs used in the SRPL setup.

It can be concluded from these references that short pulse laser radiation, i.e. radiation

with a pulse duration below 5 ps, can show an influence on the detectors responsivity

if the uncertainty of the measurement is low. But it can also be presumed that the

influence gets more pronounced for shorter pulse durations and shorter wavelengths.

Hence, special emphasis has to be given on the treatment of the pulsed radiation in the

TULIP setup.

Due to the variety of detectors that should be characterised and calibrated at the

TULIP setup, investigations on the influence of the pulsed radiation on every type of

detector would be very time consuming and difficult. An ideal reference detector for

these investigations would be the cryogenic radiometer, but an investigation on this

kind of detector was not part of the used setup. Instead, it was decided to stretch the

laser pulses.
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Different methods for stretching laser pulses are known. Due to the high repetition

rate of the used laser setup, pulse stretching results in a nearly complete conversion

to continuous radiation. The pulse stretching typically results in a reduction of the

pulse peak power, ideally without reducing the average power of the radiation. Khare

et al. [KS10] proposed a procedure based on non-linear optical crystals that are directly

inserted in the laser cavity. The authors could show that a pulse stretching can also be

achieved electronically via the Pockels cell or Kerr cell that are used for the creation of

the pulsed radiation. These methods do not work for the SRPL setup, because on the

one hand it is not possible to do any changes within the sealed laser, and on the other

hand, the short pulses are necessary for the efficient frequency conversion in all other

components of the laser setup.

For short-pulsed lasers methods based on dispersion are often used. These methods

are very interesting for pulse duration in the femtosecond range because the spectral

band-pass of this radiation is broader than that of radiation with a pulse duration in

the nanosecond range. The used dispersive elements introduce a wavelength dependent

optical retardation. In a medium with positive dispersion, the short wavelengths are

retarded more strongly than the long wavelengths. An easy method is the use of opti-

cal fibres as dispersive elements [MSB+88]. Azuma et al. [AAT+01] achieved a pulse

stretching from 160 fs to 300 ps via a 50 m optical fibre. Also a configuration using two

diffraction gratings can be used [Mar87, SRM+05]. However, the use of this method is

difficult for tunable lasers because the gratings have to be adjusted for every wavelength.

Another possibility is the use of optical pulse stretching. Here, the pulsed radiation

is split and directed through several delay lines of different lengths. The differently

delayed single pulse trains are then re-combined resulting in a heavily stretched pulse if

the delays are chosen properly. In this way the repetition rate is increased, resulting in an

overlap of the single pulses yielding a continuous signal with a more or less pronounced

ripple. Depending on the integration time of the detector, the ripple will not be resolved.

The early optical pulse stretchers were based on mirrors in a ring cavity configuration.

Different planar mirrors with complete or partial reflection are arranged such that the

input laser radiation is multiply reflected in this circle where parts of that radiation

are coupled out via the partially reflecting mirrors. The different number of roundtrips

results in the stretching. This configuration is usable for pulse duration in the nanosecond

range. For shorter pulse durations, a cascade of these cavities is used [ALEM87, SKN95,

Mar77, BWSL04, KN02, BBTN10]. However, the use of planar mirrors results in an

increase in beam diameter. This results in a poor spatial superposition of multiple single

pulses. The use of confocal mirrors reduces this problem [KSM+09]. Although this

configuration has not been tested with pulse durations in the femtosecond range, it is
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Figure 4.9: Pulse stretching using multiple reflections in an integrating sphere. Measure-
ment setup (left picture) and measured results on the oscilloscope (right pic-
ture). In the right picture, the measured pulses before the integrating sphere
(peaked curve 1) and the stretched and overlaid pulses (straight curve 2) are
shown.

supposed that the losses due to the multiple reflections on the mirrors are so high that

it can not be used for the calibration setup.

The use of the multiple reflections in an integrating sphere is also a way to achieve

a stretched pulse. The convolution of a pulse train with the impulse response of an

integrating sphere yields the time response of that method. The impulse response of an

integrating sphere is e
−
t

τ , where t is the time and τ is the sphere time constant. From

the impulse response, the time constant [Lab13] can be calculated using the diameter

of the sphere dsphere , the reflection coefficient ρ of the sphere coating and the speed of

light c.

τ = −2

3
·
dsphere

c
· 1

ln ρ
(4.1)

For the fs-laser in the SRPL setup, a stretching to at least 12,5 ns has to be achieved for

an overlap of different pulses. The reflection coefficient of a typical integrating sphere is

about 0,98. Hence, a minimum diameter of 120mm should be used to achieve a pulse

overlap. The method was tested in the laboratory with a Ba2SO4 coated integrating

sphere with diameter of 200mm at 800 nm. An exemplary result is shown in Fig. 4.9

(right). A completely continuous radiation can be achieved in this way.

The same results can be achieved using two cascaded integrating spheres with a di-

ameter of 20mm each. The integrating sphere can also be used to achieve a uniform

radiation field necessary at TULIP (see below). However, this method cannot be used

if a well collimated beam is needed. Additionally, due to the multiple reflections in this

sphere, most of the power is lost. This method should only be used if enough power is
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Figure 4.10: Pulse to cw converter for high repetition fs-lasers developed by Stefan Win-
ter at PTB (source PTB/Stork) [Win10] (a) and working principle of the
pulse stretcher [FKW12] (b).

available or if the sphere is already used in the setup.

Another optical pulse stretching method is based on a fibre bundle consisting of sin-

gle fibres with different lengths. The laser pulse hits the fibre bundle and is spatially

segmented and guided through the different single fibres. At the output of the so-called

pulse-to-cw converter, the delayed laser pulses are recombined to a pulse train having a

higher repetition rate where the single pulses overlay. This method has been proposed by

David et al. [HM93], Toth et. al. [Tot95], Kundu et.al. [KKD+95], and others. Winter

[Win10] adopted this method and designed an optical pulse stretcher specially for the

PTB laser system with a repetition rate of 80MHz , i.e. 12,5 ns, and a pulse duration of

130 fs to 200 fs (Figure. 4.10). For this purpose, the fibre bundle consists of 100 single

fibres.

The time constant of most detectors is higher than that repetition rate and the radi-

ation appears as continuous. Additionally, the pulse duration is also stretched due to

dispersion in the fibre as described above. The continuous part of the radiation due

to the pulse overlap also minimises possible effects due to the pulse width and duty cy-

cle dependent balance between charge carrier generation, thermalisation and a minority

carrier diffusion in the semiconductor material.

From all mentioned solutions, the pulse-to-cw converter promises the best results for

a short-pulse laser setup. Thus, this converter is inserted in the TULIP setup if devices

show a dependency on the pulsed laser radiation or simply to ensure no influencing
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effects.

4.5 Spatial radiation conditioning

For the calibration and characterisation of large area detectors, specific properties of the

radiation field must be achieved. Typical characteristics are:

1. A sufficiently large radiation field which overfills the detectors active area is nec-

essary for irradiance responsivity calibration. A collimated beam must only be

used for power responsivity measurements. A defined uniform Lambertian source

is needed for radiance measurements.

2. The radiation should be unpolarised because many detectors are polarisation sensi-

tive, i.e. the responsivity must be measured in two polarisation states to determine

the influence on the detector if the radiation is polarised.

3. The uniformity of the radiation field is very important. This characteristic directly

interacts with the non-uniformity of the detector. The determination of the inter-

dependence between the uniformity of the radiation field and the uniformity of the

detector is necessary to evaluate the uncertainty contribution. This uncertainty

contribution can be reduced by increasing the uniformity of the radiation field.

4. Static coherent radiation fields that produce interference structures called a speckle

pattern should be avoided. Such a static pattern may introduce an additional error

if detectors of different size and uniformity are compared in the radiation field.

Coherent interreflections of the radiation in optical components of the detector

also introduce a wavelength dependent interference pattern on the detectors surface

that affects the determined responsivity function.

If these properties cannot be achieved for the measurement setup, either correction tech-

niques must be applied to correct for resulting errors or an extensive characterisation

with respect to the used detectors is necessary regarding the influence of a mal charac-

teristic of the field to calculate the resulting uncertainty contributions.

The easiest way to provide a large uniform radiation field is the use of an integrating

sphere. Due to the multiple reflections on the diffuse reflecting sphere surface, com-

monly PTFE or Ba2SO4, the radiation is totally scrambled resulting in a nearly perfect

depolarised radiation field. This method is used effectively in different setups at several

NMIs, eg at NIST [LSH98, BEL00] where a small sphere with a small port is used for

irradiance calibrations and a large sphere with a large port for radiance calibrations.

In the IR range, it is more efficient to use a gold coating. The depolarising effect of
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the sphere is emphasised. Also NPL [HFHD98] uses this technique. A disadvantage of

spheres is the appearance of fluorescence when irradiated with UV or deep blue radiation

[SO76, SL08, SS06, PSBS11]. Therefore, especially for monochromatic excitation, this

method can only be used in the spectral range over 450 nm where fluorescence typically

does not matter. The coherence effects can also not be reduced by using an integrating

sphere.

NIST solved the coherence problem by introducing a vibrating mirror in the optical

path [LSH98, BEL00]. This effectively suppresses the static speckle effect if the integra-

tion time of the detector is larger than the introduced vibration frequency. The method

is not sufficient for detectors with a short integration time like spectroradiometers or

camera systems. Due to the vibration, a beam instability may be introduced which

makes a proper alignment of the beam path difficult. This method is also not able to

solve the problem with interreflections in optical components [BEL00]. To reduce the

problem of alignment, NPL introduced a method where the vibration is introduced into

an optical fibre via an ultrasonic bath [AFN92, HFHD98]. This procedure was first de-

scribed by [IO78, OI79, IIO80]. This method was also adopted by NIST [BEL06]. It is

also possible to use a liquid light guide (LLG) as fibre and introduce the needed vibration

via an electromechanical vibrator. These methods cannot solve the interference problem

in subsequent optical components either [AFN92].

A different approach for the reduction of speckle is the use of multiple narrow-band

laser lines with a very low wavelength distance [GJ73]. In principle, the broad-band

nature of the short-pulse system exactly acts in this way, making additional means for

speckle reduction dispensable. Many publications focus on the reduction of speckle by

applying rotating diffusers, either one diffuser [GJ72, GJ73, LJA70], or multiple diffusers

[Ih77, LJ71], also with different rotation directions [Tiz67, Sch71]. The result is mainly

dependent on the material of the diffuser, not on the rotation behaviour [AL70, GJ72,

LJA70]. However, these solutions introduce high losses and are therefore not used in the

SRPL setup.

Besides using an integrating sphere for depolarisation as presented by NIST [LSH98],

different other techniques are known from the literature. The Hanle depolariser [Han31]

uses two wedged plates where one can be made of a birefringent material like MgF2.

The depolarisation arises due to the local superposition of differently tuned polarisation

states. Lyot also proposed a device to overlay circular, cylindrical and linear polarisation

states to get an non-polarised field [Lyo29, Moc84]. These devices effectively scramble

the polarisation even of a highly polarised input beam.

With the first version of the SRPL setup, components have been selected that are

successfully in use at other metrology institutes and have been combined to achieve
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optimum results with the setup.

At the TULIP setup, a uniform irradiance field was achieved by feeding the laser

beams either into a Ba2SO4-coated integrating sphere or into a tapered multimode fibre

(TMF). Because of the fluorescence problems, the integrating sphere was only used in the

wavelength range above about 500 nm. The laser radiation is guided into the integrating

sphere by selected liquid light guides (LLG) with entrance windows of 5 mm in diameter.

Such light guides have the advantage of simultaneously enabling high throughput and

easy adjustments of the different laser beams. Typically, the radiation leaving the output

port of the sphere produced speckle patterns at the measurement plane. The speckle

effects were effectively suppressed by an electro-mechanical vibration unit attached to the

liquid light guides. In the short wavelength range, where the tapered multimode fibre

(TMF) was used instead of the integrating sphere, the unwanted speckle effects were

counteracted by introducing additional interfering fibre-modes in a fibre coil stimulated

in an ultrasonic bath. The advantage of the TMF is the high and nearly fluorescence-

free optical throughput compared to an integrating sphere. A split fibre was inserted

with split ratio of 90 to 10, to direct a small part of the radiation on a photodiode as

a monitor. A holographic diffuser behind the TMF was used to reduce the spatial non-

uniformities of the radiation field. However, the resulting uniformity was not as good

as the uniformity of the sphere setup and, different from integrating spheres, the output

behind the TMF is still strongly polarised. Figure 4.11 (a) and (b) show sketches of the

setup.

A few drawbacks gave reason for an optimization of this part of the setup. The limi-

tation of the setup to a specific wavelength range gave reason for the re-organization of

the setup when typical photometric detectors were measured, because a re-arrangement

during the measurements was necessary to access the complete wavelength range. The

setup used with TMF show a larger non-uniformity than the setup with the integrating

sphere, leading to higher uncertainties in the respective spectral range. The use of an

integrating sphere has the disadvantage for detectors with a low responsivity that the

irradiance for the measurement is very low and the bad signal-to-noise ration increases

the uncertainty.

Therefore, an optimized setup with a higher throughput compared to a sphere setup

was designed that can be used over the whole wavelength range. Figure 4.11 (c) shows

the sketch of the new setup.

The pulse-to-cw converter was used to direct the radiation to the spatial radiation

conditioning unit. A LLG with attached vibrator or a TMF with ultrasonic bath was

inserted for the cw laser path. Due to the broader-band nature of the short pulse laser

radiation, the speckle pattern is averaged and thus no additional means for speckle
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4.5 Spatial radiation conditioning

Figure 4.11: Sketches of the measurement setup presenting different radiation condition-
ing methods and their integration in the setup TULIP. Setup (a) was used
for measurements at wavelengths above 500 nm, (b) the setup for measure-
ments at wavelengths below 500 nm as a first approach, and (c) the opti-
mised setup usable for measurements over the whole wavelength range.
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Figure 4.12: Optimised spatial radiation conditioning unit at the TULIP setup (left part)
and spectral radiation measurement unit (right part).

reduction need to be applied. In the spatial radiation conditioning unit (Fig. 4.12),

the output of the fibre is collimated onto a microlense array via a convex lense. The

microlense array is an assembly of many very small lenses with small spaces between

them. The incident radiation on the microlense array is split in multiple rays that

generate an image of the source in the reference plane. Through proper superposition

of the single images a uniform field can be produced. An additional diffuser was used

to scramble the output of the microlense array. A part of the radiation is reflected from

the surface of the holographic diffuser. This reflected part is directed onto the spectral

radiation measurement unit shown in the right part of Picture 4.12.

At the output of the pulse-to-cw converter, the remaining polarisation was determined

to be below 1 %. Hence, in most cases no additional means to reduce the polarisation are

needed. However, for polarisation sensitive detectors, a polariser can be inserted after

the microlense array.

The spatial radiation conditioning unit was built to produce a uniform and depolarised

radiation field. It is located on a 2-axis translation stage in a light tight chamber.

A straylight tube (SLT) can be additionally inserted to reduce the effect of reflections

from the walls of the light tight chamber. Although the walls of this chamber are black,

reflections can introduce unwanted effects. This is especially important if detectors with

a large field of view, like photometer heads with cosine correction, are measured.

The uniformity in the measurement plane at a distance of 550 mm was scanned using

a trap detector with a precision aperture of 2 mm diameter. Figure 4.13 shows the

measurement results for the wavelengths of 280 nm (a) and 450 nm (b), normalised to

the maximum of the measured values. The maximum measurement area was restricted

to a diameter of 100 mm. The uniformity within this area was typically better than
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Figure 4.13: Uniformity of the radiation field using the optimised spatial radiation condi-
tioning unit and measured at a distance of 550mm at 280 nm (a) and 450 nm
by scanning with a trap detector (aperture area 2mm). The uniformity over
a typical measurement area of diameter 10mm was around 0,03%.

0,5%. The diameter of the aperture of the used reference detector was 5mm, but the

diameter of the device under test can be larger. The uniformity over a measurement

area of 5mm diameter was better than 0,03% and over an area of 20mm diameter the

uniformity was still better than 0,12%.

4.6 Spectral radiation measurement

Wavelength and band-pass of the radiation must be continuously monitored during the

measurement of the signal of the reference detector and of the DUT. For the wavelength

measurement of the cw laser radiation, a wavemeter [Enc13d, LS13] was used. The de-

vice is based on a Fizzeau interferometer and can determine the wavelength depending

on the characteristic of the laser beam with an uncertainty of down to 0,001 nm. For the

wavelength measurement a part of the radiation was coupled out behind the amplitude

stabilisation, as shown in Fig. 4.11. The wavelength of the short pulse radiation can

also be measured with this device. However, the band-pass of the laser monochromator

has to be limited down to 0,1 nm. In all other cases, the band-pass and the centre wave-

length have to be measured with a spectroradiometer. In general, the information over a

broad wavelength range is needed to detect possible spectral straylight. The information

of the band-pass is needed additionally with high resolution to detect anomalies in the

band-pass which might increase the uncertainty, and for deconvolution if necessary. The

measurement of the broad wavelength range characteristic was achieved using a spectro-

radiometer with a resolution of 0,7 nm. It spans the wavelength range from 250 nm to
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Figure 4.14: Mounted baffle with input optics of a medium resolution spectrometer and
a high resolution Echelle spectrograph. A monitor photodiode is mounted
right below the precision aperture. The backside of the mount is coated
with Ba2SO4. The back reflection of the coating is used as input signal for
amplitude stabilisation measured with a photodiode.

Figure 4.15: CAD plot of the optimised spectral radiation measurement unit with in-
put optics for the medium resolution spectrometer and the high resolution
Echelle spectrograph. A monitor photodiode is mounted above the photodi-
ode which generates the input signal for the amplitude stabilisation of the
laser radiation. (Source PTB/Taddeo)
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1080 nm. A special IR device can be used for the spectral range above 1080 nm. High res-

olution band-pass measurements were carried out using a scanning Echelle spectrograph

[Ber13]. The simultaneously measureable spectral range depends on the wavelength. It

is between 2 nm and 4 nm with a resolution of 0,01 nm. It spans the same spectral range

as the spectroradiometer. Figure 4.14 shows the baffle in front of the straylight tube

(SLT) with input optics for spectral measurements used in the setups 4.11 (a) and (b).

For the optimised setup in Figure 4.11 (c), a part of the radiation from a beamsplitter

or back-reflected from the holographic diffuser was used for the spectral radiation mea-

surements. The CAD plot of this configuration is shown in Figure 4.15. The input optics

of the medium resolution spectroradiometer and of the high resolution Echelle spectro-

graph and the monitor photodiode were assembled around a photodiode which generates

the input signal for amplitude stabilisation. A thin piece of translucent PTFE foil was

mounted in front of the monitor photodiode and in front of the optical fibres. The slice

of PTFE in front of the monitor diode was used to attenuate the signal and the slices

in front of the optical fibres mainly improved the beam guidance with the fibre. The

optimised spectral radiation measurement unit was mounted using a seperate 2” optic

mount to improve the alignment possibilities. Separating the measurement input optics

from the baffle ensures that no disturbance of the radiation field in the measurement

plane occurs.

4.7 Laser amplitude stabilisation

In contrast to the planned setup shown in Figure 4.1, the amplitude stabilization is

aligned directly behind the lasers and not behind the band-pass limitation. The reason

for this is that a collimated beam is needed which is not the case behind the band-

pass limitation. For the amplitude stabilization of the laser radiation, a feedback loop

as shown in Figure 4.16 was built. The laser radiation was guided through an electro-

optical modulator (EOM) [Enc13b]. Part of the radiation was coupled out and measured

with a photodiode. This photodiode generates the input signal for the laser power con-

troller. This controller generates the signal for the high voltage generator to drive the

EOM. The electro-optical modulator consists of a nonlinear birefringent KD*P (potas-

sium di-deuterium phosphate) crystal which is mounted between two polarization filters

in orthogonal polarization states. The KD*P crystal is arranged in longitudinal mode.

This means that the electric field applied to achieve a phase change of the electrical field

in the crystal is in the same direction as the laser beam which passes through holes in

the electrodes. This configuration enables large apertures, necessary to reduce losses.

Depending on the high voltage, the polarization of the laser radiation in the crystal is
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Figure 4.16: Sketch of the feedback loop for the amplitude stabilisation using an electro-
optical modulator.

Figure 4.17: The laser output stability before (blue) and after (red) amplitude stabilisa-
tion of the short pulse Ti:Sa laser (a) and of the SHG of the OPO signal
(b).

changed. This changes the intensity of the laser radiation after the modulator according

to the input signal of the controller due to the crossed polarisers.

This power stabilizer was used for the active compensation of drifts and fluctuations of

the lasers. In addition, a monitoring technique was used to account for source dependent

residual fluctuations and changes of the radiation field in the measurement plane during

the measurement run. Figure 4.17 shows the stability of the Ti:Sa short pulse laser at

700 nm and the SHG of OPO signal at 600 nm before and after the amplitude stabilisation

was engaged. The signal of the Ti:Sa is itself very stable and in the range of 0,5% during

600 s of operation. Depending on the laser, the external stabilisation of the amplitude

was in the range of 0,2%. Slow drifts in the laser output over a few hours were also

corrected by the stabilisation but remaining drifts will also be corrected via monitoring

technique. The amplitude of the frequency doubled OPO signal is the most critical of

the whole laser setup. The stability of the device itself was about 4% over a measured

period of 600 s. However, after stabilisation, the amplitude was also stable to 0,15%.
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Figure 4.18: CAD plot of the photodiode arrangement in a three-element reflection type
trap detector with indicated light path. (Source PTB/Taddeo, reworked)

4.8 Detectors - Reference and device under test

The reference detectors used in the TULIP setup are three-element reflection type trap

detectors. Three photodiodes of type Hamamatsu S1227 are assembled so that the

reflected radiation from one photodiode is passed on to the next diode. The reflection

angles of the radiation path are 45◦, 45◦, 0◦, 45◦, 45◦. The CAD plot of the arrangement

of the photodiodes of a trap detector used at TULIP is depicted in Figure 4.18 with the

typical optical path. Due to the multiple reflections, most of the radiation is trapped

in the detector and only a very small part can escape from the detector after the last

(5th) reflection. The typical reflection loss of a windowless photodiode is about 30 %

to 50 %. The residual radiation that leaves the trap detector is therefore much lower

than 0,5 %. This is a great advantage compared to the use of a single photodiode as

reference detector. Additionally, the trap configuration automatically leads to a nearly

polarization independent detection, as the incident radiation is multiply reflected into

different planes [PD05]. Typically, silicon photodiodes are used in the wavelength range

from 250 nm to 1080 nm, silicon carbide (SiC) photodiodes are used for the UV and

Germanium (Ge) or Indium-Gallium-Arsenide (InGAs) photodiodes are used for the

NIR. The photodiodes are without protective window to ensure that the signal is not

disturbed by interference effects. The trap detectors are calibrated against a cryogenic

radiometer regarding their spectral power responsivity, i.e. in underfilled mode. A

calibrated precision aperture for irradiance responsivity measurements with diameter of

c. 5 mm, mounted in front of the trap detector, also defines the reference plane of the

detector [CN07]. Hence, we use the trap in overfilled mode for the determination of the

spectral irradiance responsivity.

The DUTs can be very different types of detectors. Typical detectors used in photome-

try are photometer heads and luminance meters with filters that are matched to V (λ) or
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Figure 4.19: Detectors measured at TULIP facility. (a) Photometer heads for photopic
vision and scotopic vision. (b) Filtered radiometers with different filters.
(c) Luminance meters matched for photopic vision and scotopic vision. (d)
Imaging luminance measurement device. (e) Spectroradiometer [Sys13]. (f)
Hyperspectral imaging detector [Opt13].

V ′(λ). These devices are calibrated regarding spectral irradiance and spectral radiance

responsivity to further correct the mismatch for different light sources. Other detectors,

typically used in detector based radiometry, are filtered radiometers. As they are used

in different applications,they have different filters.

Imaging luminance or radiance measurement devices such as luminance cameras or

cameras used for temperature measurements can also be characterised at SRPL-TULIP.

Spectroradiometers and hyperspectral imaging devices can be characterised regarding

linearity or internal straylight. Hyperspectral imaging devices are spectrally and spatially

resolving instruments. With TULIP, a wavelength and amplitude calibration can also

be carried out. Typical devices which have been measured using the SRPL setup are

shown in Figure 4.19.

The detectors, i.e. DUTs and the reference detector, are positioned on a 3-axis trans-

lation stage in a light tight chamber as shown in figure 4.20. The DUTs are measured

by substitution method against a reference detector. Typically, up to four detectors can

be compared at a given wavelength one by one with a reference standard.

The photocurrents generated by the detectors are fed into current-to-voltage convert-

ers as transimpedance amplifiers. Up to five different detectors can be connected to the

in-house built photocurrent amplifiers. Twelve amplification levels with respective cali-

brated feedback resistors between 0,1MΩ and 30260MΩ yield amplification levels up to

3·1010V/A [LSM00]. The output voltage is measured with a calibrated digital multime-

ter type HP 3458 A. The monitor photodiode is connected via another transimpedance
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Figure 4.20: Two reference trap detectors and input optics of a spectrometer, mounted
on the translation stage. (Source PTB/Stork)

amplifier to a second digital multimeter of the same type. These two multimeters are

directly connected to the same trigger line, and hence the signal of monitor and detector

are measured simultaneously.

For the determination of the measurement uncertainty, a model of evaluation is re-

quired. This model describes the relationship between the input quantities, the deter-

mined output quantities, and their interdependencies. The model of evaluation with asso-

ciated correction factors and uncertainty contributions is described in detail in Chapter

6.

4.9 Conclusion

A measurement method was developed which uses the combination of a continuous wave

laser system and of a short pulse laser system. The latter laser system has, due the

short pulses generation, a rather high bandwidth of a few nanometers compared to

the very narrow-band radiation of the continuous wave laser system. This requires the

use of a subsequent band-pass limitation. A monochromator without entrance slit was

developed. It uses the collimated nature of the source radiation to reduce coupling

losses. In this way, a variable band-pass down to 0,1 nm is achievable. To ensure that

the pulsed radiation does not interact with the properties of the detectors, a pulse-to-cw

converter, developed at PTB, was inserted in the beam path. A uniform radiation field

was realised by the optimised radiation conditioning unit where a microlense array and a

holographic diffuser were used to achieve a highly uniform radiation field with a diameter
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of about 200 mm. The non-uniformity in the most important area of about 10 mm in

diameter is only about 0,03 % and in the area of 20 mm in diameter the non-uniformity

does not exceed 0,12 %. The residual polarisation of the resulting radiation field was

lower than 1 % and could be completely eliminated by installing a depolariser. The

coherent effects of the continuous wave laser system, resulting in a speckle pattern in

the measurement plane, were effectively scrambled using a vibrated liquid light guide or

by guiding the laser radiation through a fibre in an ultrasonic bath. Coherent effects are

not visible if the short pulse laser system is used because the speckle structure is already

averaged due to the various stimulated laser modes. However, interfering oscillation due

to multiple reflections of the coherent laser radiation in the optical components of a

detector are still present for continuous wave laser system and also for the short pulse

laser system with a high band-pass limitation. Wavelength and band-pass of the laser

radiation were continuously monitored during the measurement by the optimised spectral

radiation measurement unit using a wavemeter, a medium resolution spectroradiometer,

and a high resolution Echelle spectrograph. This unit also comprises a photodiode

that generates the input signal for a laser amplitude stabilisation. The stabiliser itself

was aligned directly behind the lasers. With the used electro-optical modulator, the

instability of the amplitude was less than 0,2 %. In addition, a monitor photodiode was

applied to correct for residual drifts and fluctuation of the measurement signal. The

spatial radiation conditioning unit was mounted on a two-axis translation stage in the

front part of a light tight chamber whereas the detectors were mounted on a three axis

translation stage in the back part of that chamber. The devices under test are measured

in substitution against a three element reflection type reference trap detector. The

reference detector is traceably calibrated against a cryogenic radiometer.

The developed Spectral Responsivity with Pulsed Lasers measurement method meets

nearly all necessary photometric boundary conditions. The most important conditions

are a large wavelength range to be able to characterise and calibrate most detectors used

in photometry and detector based radiometry, a high irradiance level in the measurement

plane to ensure a high signal-to-noise ratio, and a variable band-pass of the radiation to

select an ideal band-pass condition to reduce convolution effects with the detectors’ filter

function. Additionally, nearly optimal conditions for irradiance and radiance responsivity

calibrations like the large-area uniform and polarisation free radiation field are fulfilled.

However, some coherent effects of the radiation cannot be avoided in the measurement

setup. Nevertheless, it can be assumed that the SRPL method is well suited for the

calibration and characterisation of photometric and radiometric detectors. To prove the

suitability, a validation process has to be carried out against validated measurement

setups. This procedure is described in Chapter 7.
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without diffusers

Results and ideas presented in this chapter have previously been published in Applied

Optics [SNSV12] and [SNS14], and also presented at conferences ([SLNS13]).

5.1 The interference oscillation problem

When lasers are used for the calibration of detectors, the coherent radiation may interfere

in and between optical parts in front of the detector. This is due to multiple reflections of

the narrow-band coherent radiation within the optical components, such as filters or pro-

tective windows, of the optical radiation detector. The interference effects are typically

observed if the constructive and destructive interfering parts of the radiation field super-

impose as spectral oscillations (interference fringes) on the responsivity function of the

detectors. When a diffusing element is used as the foremost optical component of the de-

tector, the interference fringes vanish. Measurements using lamp/monochromator setups

(see Chapter 3) typically do not show these artefacts because the interference oscillations

are averaged over a bandwidth of a few nanometers. A reduction of the bandwidth be-

low 0,3 nm would also result in interference fringes, however, with a smaller modulation

depth than for measurements with lasers. The relationship between the coherence length

lc and the radiation bandwidth ∆λ at a certain wavelength λ can be approximated by

Equation (5.1) [Enc13a].

lc ≈
λ2

∆λ
(5.1)

Continuous-wave lasers with a radiation bandwidth of a few picometer typically have a

coherence length in the range of kilometers, whereas incandescent lamps have a coherence

length of a few micrometers. The coherence length of the short-pulse lasers system is in

the range of millimeters.

The coherent behaviour of the laser radiation cannot be reduced by the measurement

setup. However, different techniques are known to reduce the unwanted interference

fringes or to deal with them when measured:

1. The use of a diffusing element at the entrance window of detectors [Boi82], as

53



5 Effect of coherent radiation on detectors without diffusers

typically used with photometer heads, will remove or reduce interference effects.

However, such extensions in detector design are often undesired because of the

reduction of sensitivity resulting in a reduced signal-to-noise ratio, or are simply

not feasible, e.g. in case of imaging devices such as luminance and radiance meters.

2. The use of wedged filters or filters with antireflection coating [NTMI03] will also re-

move or reduce interference effects. An antireflection coating will typically reduce

the amplitude of the interference oscillation and is often used in filtered radiome-

ters. Wedged filters, where the capability of interference is continuously changing

along the filter, are rarely used because they are expensive and the change of the

extinction has to be taken into account.

3. Depending on the interference effect in the experimental data, a reduction of the

interference structure in the spectral responsivity data can be accomplished by

either an average over every single period of the fringes or a moving average with

an appropriately selected averaging period along the measured spectral responsivity

signal [NTMI03, ABL+07]. This procedure may be sufficient for some applications.

However, it is not a simple task to evaluate the detailed uncertainty contribution

caused for such a method. Due to the overlap of different interfering layers, such

fringes are typically not simple sine-waves with fixed periods.

The moving average is a common method of digital filtering. Such a filter is often used

to smooth data. In principle, the moving average is the simplest low-pass filter. By

averaging the data, mainly the high frequency components are suppressed. However,

the number of data points that are used for one averaging cycle has to be chosen very

carefully in the case of periodical oscillations. An average over exactly one period of

the interference fringes should be carried out. Otherwise, a large signal distortion may

occur, particularly if the amplitudes of the interference fringes are high. Moreover, the

algorithm using a fixed averaging period works well only if the interference period is also

constant over the whole averaging interval. In the case where the interference period

varies with wavelength, the period used for averaging should vary accordingly.

To account for that problem, the second hypothesis for this work is: Ap-

plying the SRPL measurement method described in the last chapter and mathematical

correction procedures where they are necessary, the interference effects in the spectral

responsivity data due to the coherent irradiation of detectors without diffusers can be

eliminated.

Because a simple averaging is not sufficient for the correction of the measurement signal
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5.2 Description of the algorithm that removes interference fringes

Figure 5.1: Block diagram of the digital filtering algorithm (published in [SNSV12]).
PSNR is the abrev. for Peak Signal to Noise Ratio.

determined with continuous-wave lasers and band-pass limited short-pulse lasers, a more

advanced method was used. The method is based on a digital filtering technique which

is typically used for digital signal processing purposes in radio engineering, acoustics

and other applications, and is based on discrete Fourier transform (DFT) [Wer03] tech-

nique. This method will be described in more detail in Section 5.2 and examples will

be given in Section 5.3. Although this technique is very powerful, the procedure is also

very time consuming. Therefore, a procedure is presented in Section 5.4 that reduces

measurement time for measurements where the continuous-wave laser system is applied.

The uncertainty contribution for this filtering method will be discussed in Section 5.5.

The SRPL measurement method applies a short-pulse laser system with a much higher

bandwidth than the continuous-wave laser system. However, as will be shown in Section

5.6 in more detail, this radiation is also coherent depending on the bandwidth and can

therefore result in interference problems when characterising detectors. A method for

finding the optimum bandwidth for this laser system will be presented that is able to

perform the smoothing of the interference oscillation varying with wavelength.

5.2 Description of the algorithm that removes interference

fringes

The main parts of the algorithm are shown in the block diagram in Fig. 5.1. It comprises

a band-stop filter for the Fourier-transformed signal, which selectively suppresses the

unwanted frequency components caused by the interference. Afterwards, a low-pass

filter is used to damp the remaining noise components to smooth the responsivity signal.

In a first step, the desired signal including the interference structure, i.e. the wave-

length dependent photocurrent-irradiance ratio, the responsivity, has to be sampled with
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5 Effect of coherent radiation on detectors without diffusers

a sufficiently high resolution. Hence, a sufficiently high number of data points should be

collected. According to the Nyquist-Shannon sampling theorem [Wer03], the sampling

frequency fs must be at least twice as high as the highest frequency component of the

signal fmax , i.e.

fs > 2 · fmax (5.2)

because under-sampling will cause aliasing effects also known as ghost frequencies. It

should also be noted that additional interference fringes at higher frequencies may appear

when a wedged filter is used in the beam path. In this case, the responsivity measure-

ments need to be carried out with even smaller wavelength steps causing additional

measurement effort. To obtain information about the various frequency components of

the determined spectral responsivity function, the discrete responsivity values have to

be transformed into the frequency domain. For the transformation of a discrete one-

dimensional signal, the discrete one-dimensional Fourier transform [Wer03]

Xk =
N-1∑
n=0

xn · e
j·

2πkn

N (5.3)

is used, where N denotes the number of data points,
2πkn

N
is the normalized angular fre-

quency and Xk is the Fourier transform of the determined values in the frequency domain.

The fast Fourier transform (FFT) with MATLAB R© is used as practical implementation

of the DFT.

The FFT of the responsivity function showed a broadened main peak at a wavenumber

of around 0 nm−1 (interference periods per nm) containing the constant part and infor-

mation about the spectral filter function of the detector. Additional higher frequency

components were caused by the interference effects (see example in Fig. 5.6 (b)). An

envelope detection algorithm was used to achieve information about the peak values and

shape of the signal components, their position in the frequency domain as well as their

bandwidths. As the interference frequencies have to be damped to the noise level, the

peak-signal-to-noise ratio (PSNR) was calculated for the selected values of the interfer-

ence peaks. This ratio enables the selection of the required damping of the filter. Based

on the position and the width of the structure caused by interference, the specific values

for the pass band, the transition band and the stop band of the digital filter have to be

determined according to the so-called tolerance scheme [Wer03] plotted in Figures 5.2

and 5.3. For the standard approximation of an adequate analogue filter, an appropriate

filter type has to be selected. The Chebyshev type II filter [Wer03] was chosen because

it is monotone in the pass band and in the transition band, and shows equi-ripple only

in the stop band. The Figures 5.4 and 5.5 show as an example the magnitude response
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5.2 Description of the algorithm that removes interference fringes

Figure 5.2: Tolerance scheme for a low-pass filter typically used in signal processing with
the pass band ranging from 0 Hz to the frequency Fpass, the transition band
ranging from the frequency Fpass to the frequency Fstop with a damping of
Apass and the stop band beginning with the frequency of Fstop with a damping
of Astop. The shown diagram was exported from the Matlab signal processing
Toolbox fdatools.

Figure 5.3: Tolerance scheme for a band-stop filter typically used in signal processing
with the pass band ranging from 0 Hz to the frequency Fpass1 and from the
frequency Fpass2, the two transition band range from the frequency Fpass1 to
the frequency Fstop1 with a damping of Apass1 and from the frequency Fpass2

to the frequency Fstop2 with a damping of Apass2, the stop band ranges from
Fstop1 to Fstop2 with a damping of Astop. The shown diagram was exported
from the Matlab signal processing Toolbox fdatools.
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5 Effect of coherent radiation on detectors without diffusers

Figure 5.4: Typical Chebishev Type II low-pass filter calculated by Matlab signal pro-
cessing Toolbox fdatools. The parameters of this filter were adapted for the
photodiode measurements in Sec. 5.3.

Figure 5.5: Typical Chebishev Type II band-stop filter calculated by Matlab signal pro-
cessing Toolbox fdatools. The parameters of this filter were adapted for the
photodiode measurements in Sec. 5.3.

of a low-pass filter and band-stop filter used for the example in Section 5.3.

In general, such a filter system can be described using a linear finite difference equation

(FDE) with constant coefficients. The solution of this FDE is determined using the z-

transform [Wer03].

X(z) =

∞∑
−∞

x [n] · z-n (5.4)

The transformation of the parameters of the analogue filter to the parameters of the

digital filter was performed using a bilinear transformation [Wer03]. This gives the filter

coefficients according to the equation

H(z) =

N∑
k=0

bk · z-k

1 +
M∑
k=1

ak · z-k
(5.5)

where bk are the numerator filter coefficients, ak are the denominator filter coefficients

(a0 = 1) and z-k is the operator of the z-transform. The calculation of the filter coef-

ficients and the filter degree can be carried out using a numerical calculation software
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5.3 Application examples for measurements carried out with continuous wave lasers

such as MATLAB R© or GNU Octave R©.

In the next step, the filter must be applied to the determined responsivity function.

This calculation can be done either in the wavelength domain or in the frequency domain.

For the calculation in the frequency domain, the filtered signal Y (z) is obtained by a

multiplication of the transfer function of the filter H(z) and the input function using

Y (z) = H(z) ·X(z) (5.6)

Finally, the inverse Fourier transform provides the filtered signal in the wavelength do-

main

yn =
1

N

N-1∑
k=0

Y (k) · e
j
2πkn

N (5.7)

For the calculation in the wavelength domain, the filtered responsivity yn is obtained by

the convolution of the input function xn and the impulse response function of the filter

hn using

yn = xn ∗ hn =
+∞∑

m=−∞
xn-m · hm (5.8)

The filtered signal still contains noticeable noise which can be damped using a low-pass

filter according to the explained algorithm. However, when using the low-pass filtering,

one has to take care that only the noise components are damped. Otherwise, the filtering

would lead to a distortion of the responsivity function.

5.3 Application examples for measurements carried out with

continuous wave lasers

Two different radiometric detectors were calibrated at the TULIP facility against the

reference trap detector to demonstrate the performance of the digital filtering algorithm.

First, the spectral irradiance responsivity of a silicon photodiode with a protective win-

dow and a 7 mm aperture was determined in the wavelength range between 630 nm and

680 nm. As a second example, the spectral radiance responsivity of a pyrometer with a

build-in interference filter was determined in the wavelength range between 620 nm and

680 nm.

The responsivity of the silicon photodiode was measured with wavelength steps of

0,03 nm. Figure 5.6 (a) shows the measurement results with strong interference fringes

(blue curve). On examining the transformed spectrum (blue curve in Fig. 5.6 (b)), a

broader peak around the wavenumber of 4 nm−1 is observed besides the main signal peak
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5 Effect of coherent radiation on detectors without diffusers

Figure 5.6: (a) Measured spectral irradiance responsivity of a silicon photodiode (Hama-
matsu S1337) with a protective window and a limiting aperture affected by
interference (blue curve). The interference-corrected data (green curve) and
the calibration data using a monochromator-based non-coherent source (red
curve) are also shown; (b) The FFT-transformed measurement data before
(blue curve) and after (green curve) applying the digital filtering algorithm
(published in [SNSV12]).

Table 5.1: Filter parameters selected for the photodiode measurements.

Filter Pass-band Transition-band Damping in stop band
Band-stop filter 3 nm−1 - 4 nm−1 2,5 nm−1 - 3 nm−1 20 dB

4nm−1 - 4,5 nm−1

Low-pass filter 0 nm−1 - 1 nm−1 1 nm−1 - 3 nm−1 30 dB

at around 0 nm−1. In this special case, the structures due to the interference fringes are

broadened. These structures were then damped to the noise level using a band-stop filter.

Furthermore, a low-pass filter was applied to damp the noise components in the resulting

responsivity curve. The parameters for the filters applied are presented in Table 5.1. The

magnitude responses of these filters are shown in Figures 5.4 and 5.5. The green curve

in Fig. 5.6 shows that the interference effects are removed successfully when the filter

algorithm is applied. The noise level is also reduced. The remaining fluctuation of the

responsivity values are within the estimated uncertainty of the measurement.

The radiance responsivity of a pyrometer of type LP3 was measured with wavelength

steps of 0,01 nm in the wavelength range between 620 nm and 680 nm. The measured

radiance responsivity with the interference oscillations and the associated measurement

uncertainty (see Section 5.4 and Chapter 6) are plotted in Fig. 5.7. The blue curve in Fig.

5.8 shows the measured responsivity transformed into the frequency domain. Besides

the fundamental peak at around 0 nm−1, two interference peaks at around 6 nm−1 and

22 nm−1 were detected. The undesired frequencies caused by the interference oscillations

were damped with two band-stop filters. Furthermore, a low-pass filter was applied to

damp the noise components. The calculated filter parameters are given in Table 5.2.
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5.4 Sampling requirements for a single responsivity value

Figure 5.7: (a) Measured spectral radiance responsivity of the pyrometer LP3 (blue curve,
left axis), the data filtered by applying the digital filtering algorithm (green
curve, left axis), and the associated measurement uncertainty (dashed black
curve, right axis); (b) Close-up of the measurement data within the spectral
range between 647,5 nm and 651 nm (published in [SNSV12]).

Figure 5.8: Spectrum of the measured radiance responsivity of the pyrometer before
(blue curve) and after (green curve) applying the digital filtering algorithm
for the interference correction (published in [SNSV12]).

The resulting output data in the frequency domain as well as the output data in the

wavelength domain are shown as green curves in Fig. 5.8 and Fig. 5.7 respectively.

5.4 Sampling requirements for a single responsivity value

In order to apply the digital filtering methods, the complete filter function has to be

measured with high resolution. This procedure is very time consuming. With monochro-

mator based measurements, the determination of the spectral responsivity is typically

carried out in steps of a few nanometers. In most cases, depending on the spectral

shape of the responsivity function, these steps are between 1 nm and 10 nm. To reduce

the measurement effort for digital filtering, it was tested whether it is possible to take

measurement data only in a small wavelength range around a single responsivity value

and to apply the presented filtering algorithm.
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5 Effect of coherent radiation on detectors without diffusers

Table 5.2: Filter parameters selected for the LP3 measurements

Filter Pass-band Transition-band Damping in stop band
Band-stop filter 5,5 nm−1 - 6,5 nm−1 5 nm−1 - 5,5 nm−1 20 dB

6,5 nm−1 - 7 nm−1

Band-stop filter 21,5 nm−1 - 22,5 nm−1 20,5 nm−1 - 21,5 nm−1 10 dB
22,5 nm−1 - 23,5 nm−1

Low-pass filter 0 nm−1 - 1 nm−1 1 nm−1 - 3 nm−1 30 dB

Figure 5.9: Measured laser-based data (blue curve), data based on incoherent reference
measurements (red curve) and the results of the filtering algorithm applied
only to the few periods of interference fringes shown in the figure (green
curve). The data selection for the digital filtering algorithm is optimal in (a).
In (b), data over too few periods of interference oscillations are chosen so that
only a low-pass filtering can be applied. In (c), the first and the last data
point used for the filtering are too far away from the mean value. The black
cross shows the mean value of the measured data at the mean wavelength
(published in [SNSV12]).

62



5.5 Uncertainty contribution of filter algorithm

It was shown that a measurement interval over at least four to five periods of the inter-

ference oscillations in the wavelength domain were sufficient to apply the digital filtering

algorithm and to yield a reliable value of the undisturbed responsivity function. For our

empirical approach, one can see that the sampled data interval should include a multiple

of a half-period of the interference oscillation. The data points should be chosen in such

a way that they lie symmetrically to the centre of the interval. Furthermore, the first

and the last value of the selected data points of the observation interval should approx-

imately match the mean of the maximum and the minimum values of the interference

fringes at the corresponding data point to avoid an overshooting of the filtered data.

This is necessary because the filtered values at the end points depend on the mean of

the left-side and right-side limits of the observation interval (Dirichlet condition of the

Fourier transformation at singularities) [KK02]. Under appropriate boundary conditions,

however, the deviation between the filtered laser-based responsivity data and reference

calibration data achieved with incoherent irradiation of the photodiode at the centre

wavelength was well within the uncertainty of the reference calibration (Fig. 5.9 (a)).

For the applied band-stop filter, the number of measured data points must be more

than three times the order of the filter. If less data points are measured, e.g. only two

interference periods, only a low-pass filter can be used. However, in our simple case,

also the low-pass filtering yielded a reliable result as shown in Fig. 5.9 (b). The results

of the filtering process in case of badly chosen data ranges are shown in Fig. 5.9 (c).

The figures also show the mean value of the measured responsivity data at the centre

wavelength to show that simply calculating the mean value may introduce large errors.

This procedure reduces measurement time by the factor of ten compared to the com-

plete method from Section 5.2. However, this method requires more experience, is very

error-prone, and the automation of the process is difficult. It should only be used if the

very accurate digital filtering method needs to be used and measurement duration has

to be reduced at the same time.

5.5 Uncertainty contribution of filter algorithm

The effectiveness of the digital filtering algorithm and the propagation of the uncertainty

of the input quantities through this algorithm were tested by simulations. As a first sim-

ple approach, the measurements of a photodiode with glass window and hence with

pronounced interference fringes (similar to that of Section 5.3 which was measured at

the TULIP facility) were simulated. Starting point for the simulation was the reference

data set achieved by the measurements in Section 5.3, which can be considered as inco-

herent. Then, artificial interference fringes were added by applying a cosine oscillation
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5 Effect of coherent radiation on detectors without diffusers

with a wavenumber of 4 nm−1 and relative amplitude of 2 % of the nominal irradiance

responsivity of the photodiode. This interference pattern closely follows the original

laser-based measurement data of the photodiode.

When the filtering algorithm was applied, the complete oscillation could be eliminated.

The increase of the amplitude of the oscillation from 2 % to 20 % did not show any effect

on the result either. Hence, in this case, there is no remaining uncertainty component

due to the interference fringes. Note that the associated uncertainty for a simple averag-

ing procedure would be strongly affected by the amplitude of the interference oscillation.

Moreover, the interference effects introduce a correlation between the discrete measure-

ment points. This correlation, which otherwise has to be taken into account in the

uncertainty analysis, was removed successfully. To examine the influence of the wave-

length stability on the digitally filtered signal, a wavelength variation of ± 0,001 nm was

introduced to the simulated data. The resulting deviation between the filtered curve

and the reference data was found to be about 0,005 %. Furthermore, the simulated

interference-affected signal was superimposed with white Gaussian noise with a relative

amplitude of 0,2 % of the simulated responsivity value. The deviation between the fil-

tered and the reference data was found to be within ± 0,05 %. By applying the Gaussian

noise with an amplitude of 0,5 %, the deviation increased to ± 0,1 %. It has to be noted

that signal noise of 0,5 % is really uncommon for detector measurements at the TULIP

setup within the band-pass of most detectors. The simulation results were in good agree-

ment with the results in [LE09] which shows that the major uncertainty component for

the digital filtering is the noisy input signal. Therefore, as a final test, the simulated

interference effected detector signal was simultaneously superimposed by Gaussian noise

(relative amplitude 0,2 %) and fluctuations of the laser wavelength (± 0,001 nm) to sim-

ulate instable laser sources. The relative amplitude of the interference fringes was set

to 5 % of the signal. Figure 5.10 (a) shows the measured data, the simulated data, and

the result of the digital filtering. Figure 5.10 (b) shows the signals in the frequency

domain. The deviation between the filtered signal and the original reference data was

about 0,05 % as shown in Fig. 5.10 (c).

5.6 Finding optimum bandwidth for short-pulse lasers

Besides its spectral range, the interference problem was one of the main reasons to apply

a short-pulse laser system. By using the broad-band nature of this laser system with

additional band-pass limitation, the bandwidth of the laser can be adjusted so that the

interference oscillations are completely averaged as with classical lamp/monochromator

setups. The method presented in this paragraph can be used for the calibration of most
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Figure 5.10: Simulated data (blue curve), incoherent measurement based reference data
(red curve) and the results where the filtering algorithm is applied (green
curve). Close-up of the measurement data (a), the data in the frequency
domain (b), and the deviation between the filtered data and the reference
data (c) (published in [SNSV12]).
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5 Effect of coherent radiation on detectors without diffusers

Figure 5.11: Algorithm for the estimation of the optimum bandwidth of the short-pulse
laser system used in TULIP (published in [SNS14]).

detectors. Only two requirements have to be met: The band-pass of the filter function

has to be much broader than the selected bandwidth of the laser radiation, and the slope

of the filter has to be small enough that the convolution of the radiation bandwidth with

the filter function yields an acceptable uncertainty component. If the slope of the filter

is too steep, this method causes high uncertainties.

The main task for the broad-band short-pulse laser system in conjunction with a

monochromator is to find the optimum bandwidth of the laser where both the inter-

ference oscillations are averaged out and the convolution error is minimised.

A two-part procedure (Fig. 5.11) is used to find this optimum bandwidth. First, the

interference oscillations have to be sampled with high resolution denoted as sampling

interval lscan. In a next step, the interference period length lperiod is determined from

the measured responsivity function. It is recommended to determine lperiod over more

than one period length, i.e. lreadout > lperiod and dividing by the number of used periods

nmin to reduce the influence of lscan, i.e. lperiod = (lreadout ± lscan)/nmin. The maximum

relative readout uncertainty component δread = lscan/lperiod directly depends on the

number of interference periods taken for readout and on the sampling interval. Hence,

if the relative readout uncertainty component is larger than the targeted value defined,

the number of periods for the readout has to be increased; alternatively, the sampling

interval can be decreased. Then, the resulting calculated bandwidth bwrad = nmin · lperiod
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5.6 Finding optimum bandwidth for short-pulse lasers

is used as a first estimate for the adjustment of the bandwidth of the laser beam. In a

next step, the spectral distribution of the short-pulse radiation is measured for several

wavelengths with a high resolution Echelle spectrograph, calculating the mean µbw.rad

and standard deviation σbw.rad of the full width at half maximum of the band-pass

function. The resulting relative uncertainty component for the band-pass fluctuation is

δbw = σbw.rad/µbw.rad. If the relative uncertainty component is larger than a previously

defined target value, then nmin has to be increased. Otherwise, nmin is the minimum

number of interference period lengths to properly average the interference oscillations.

Figure 5.12 shows the interference oscillation of a filtered radiometer made of three

stacked absorption filters in the wavelength range from 713 nm to 716 nm for monochro-

matic radiation for the chosen example. For an uncertainty component lower than 0,2 %

at the minimum bandwidth, δread was defined based on the uncertainty analysis in Sec-

tion 6.4 to be lower than 2,5 % and δbw to be lower than 4 %. The period length was

found to be 0,35 nm with a sampling interval of 0,01 nm. The band-pass fluctuation of

the short-pulse laser setup in the considered wavelength range was about 0,05 nm. The

application of the algorithm yielded a nmin of at least three interference periods for suf-

ficient averaging. Figure 5.13 demonstrates the influence of the radiation bandwidth on

the measured responsivity function.

With a bandwidth of 0,2 nm, the interference structure is not properly averaged. There-

fore, depending on the sampling interval, aliasing effects can still be observed. The bars

at the measurement points indicate the measurement uncertainties of the values. The

uncertainty component due to the insufficiently averaged interference structure is not

included. A complete arithmetic treatment of this uncertainty component is often im-

possible because of the lack of information about the interference effect. But if the

interference is known, it is subtle to directly correct for interference oscillation via digi-

tal filtering (see Section 5.2).

Part two of the algorithm in Fig. 5.11 is used to estimate the maximum acceptable

bandwidth of the radiation for the targeted maximum uncertainty contribution that can

be accepted if the convolution of the source radiation and the responsivity function of the

detector are not mathematically resolved. First, the responsivity function of the detector

srel has to be estimated. The derivative ∂srel/∂λ is the slope of the responsivity function.

The product of the maximum wavelength derivative of the responsivity function within

the wavelength range of interest and the mean of the band-pass for a number of interfer-

ence periods nmax is a measure for the uncertainty contribution due to convolution δconv

(δconv = max(∂srel/∂λ) · µbw.rad = max(∂srel/∂λ) · lperiod · nmax). If this component is

larger than the predefined value, then nmax needs to be decreased for the next iteration

until the uncertainty component becomes small enough. In the presented example, the
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5 Effect of coherent radiation on detectors without diffusers

Figure 5.12: Irradiance responsivity of a filter radiometer without diffuser measured
with a continuous-wave laser, therefore overlaid with interference oscillation.
From this interference pattern, the oscillations period can be determined.
For this detector, the period length is found to be about 0,35 nm (published
in [SNS14]).

aimed uncertainty component was 0,05% resulting in a maximum band-pass of 3,15 nm

(nmax = 9).

Hence, the optimum bandwidth is between the minimum and maximum number of

interference oscillations, where nopt is an integer.

As an example, in Figure 5.14 measurements with bandwidth settings between 2,1 nm

and 3,15 nm show comparable results as well as comparable measurement uncertainties,

whereas an increase in bandwidth to 4,9 nm indicates already a notable convolution effect

on the measurement results and measurement uncertainty in the left slope. In this case,

a deconvolution of the measurement data would be necessary to correct this error which

would increase the measurement uncertainty.
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Figure 5.13: Irradiance responsivity of a filter radiometer without diffuser measured with

a short-pulse laser system with bandwidth of 1 nm (red) and 0,2 nm (blue).

The bandwidth of 1 nm is the optimum bandwidth determined from the

measurements with the cw laser system. Measurements with 0,2 nm band-

width show a subsampling and wrong averaging of the interference structure

(published in [SNS14]).

Figure 5.14: Irradiance responsivity of a filter radiometer without diffuser measured with

radiation bandwidth of 2 nm (green), 3 nm (blue) and 5 nm (red), and respec-

tive uncertainties (bars) including uncertainty component due to band-pass

(published in [SNS14]).

5.7 Conclusion

Measurement results of filtered detectors without diffusers are overlaid with interference

oscillations when measured with a coherent source. This is independent of the type

of laser used, e.g. a continuous-wave laser or a short-pulse laser. The advantage of

a continuous-wave laser is the possibility to measure even steep filter slopes with low

uncertainty due to its small bandwidth. The complete interference oscillation can be

sampled with high resolution. This enables the application of a digital filtering algorithm

that selectively damps the undesired interference frequencies. This method introduces
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5 Effect of coherent radiation on detectors without diffusers

only a small uncertainty contribution. However, the procedure is very time consuming.

Applying the SRPL measurement method based on a short-pulsed laser system gives

the possibility to directly average the interference oscillation using a previously deter-

mined optimised bandwidth. This optimum bandwidth was determined by measure-

ments with the continuous wave laser system at a few sampling points. By this method,

the measurement time is reduced drastically.

Measurements of detectors with and without diffusers were carried out with the ad-

vanced measurement method supported by measurements using the conventional continuous-

wave laser system to determine the optional band-pass limitation. Measurements of de-

tectors with high slopes in their filter functions can be measured with the conventional

method, supported by measurements with the advanced method for the out-of-band re-

sponse where the bandwidth of the used laser is not as critical. The conventional method

is also advantagous for special characterisations, like the determination of internal stray-

light effects.
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6 Measurement uncertainty of SRPL

method

Results and ideas presented in this chapter have previously been published in Applied

Optics [SNSV12].

6.1 Principle of determination of uncertainty

If a measurement should be plausible, transparent, and comparable, a worldwide frame-

work for the determination of a confidence interval in which the measurand is enclosed as

the expected value of the measurement is needed. This interval based on measurement

statistics is commonly called the measurement uncertainty.

The Joint Committee for Guides in Metrology (JCGM) gives in its publication 104

the reasons for the development of an uncertainty framework as follows: ”Measurement

uncertainty enables users of a measured quantity value to make comparisons, in the con-

text of conformity assessment, to obtain the probability of making an incorrect decision

based on the measurement, and to manage the consequential risks” [BIP09]. The JCGM

also gives a distinction between the terms error and uncertainty in the Vocabulary of

basic and general terms in metrology (VIM). According to the VIM, the error (of mea-

surement) is the ”result of a measurement minus the true value of the measurand” (VIM

3.10, [BIP12]), whereas the uncertainty of measurement is the ”parameter, associated

with the result of a measurement, that characterizes the dispersion of the values that

could reasonably be attributed to the measurand” (VIM 3.9, [BIP12]). It should be

noted that a true value is ”consistent with the definition of a given particular quantity”

(VIM 1.19, [BIP12]) and that a true value ”would be obtained by a perfect measurement”

(VIM 1.19, [BIP12]).

The procedure for the determination of the measurement uncertainty used in this

chapter is based on the method described in the Guide to the Expression of Uncertainty

in Measurement (GUM) [BIP95] and its Supplement 1 [BIP08] provided by the Bureau

International de poids et Mesures (BIPM) [BIP09].

Some used basic terms and ideas will be explained here.
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6 Measurement uncertainty of SRPL method

The basic principles of the GUM uncertainty estimation [Eur08] are that the measure-

ment quantity X is regarded as a stochastic variable with a specific probability distribu-

tion, that the measurement result x is an estimate of the expectation value E(X), that

the standard uncertainty u(x) is calculated as the square root of the variance V (X) of

the estimate, and that the uncertainty evaluation is split in a type A and a type B eval-

uation. For the type A analysis, the expectation and the variance are estimated using

the statistics of repeated measurements, whereas for the type B analysis the expectation

and variance are estimated by assuming a probability distribution on the basis of special

knowledge about the measurement.

Following JCGM 104:2009 [BIP09], the determination of the uncertainty of a measure-

ment follows two main stages, the formulation stage and the calculation stage.

In the formulation stage, first the quantity to be determined, the output quantity Y

(measurand) needs to be defined. After that, the related input quantities X1, . . . , XN

need to be identified. Based on these two steps, a model is to be developed relating Y

to the input quantities, the measurement equation, Y = f(X1, . . . , XN). The last step is

to assign probability distributions to the input quantities based on the knowledge about

the measurement. ([BIP09], 5.2)

The second stage is the calculation stage. The probability distribution of Y is obtained

by inserting the probability distributions of the input quantities into the measurement

model and calculating the resulting probability distribution. Additionally, from this

calculation the estimation of Y (giving the estimate y of Y ), the standard deviation of

Y (giving the standard uncertainty u(y) associated with y), and the coverage interval

that includes Y with a defined coverage probability are derived. ([BIP09], 5.3)

To give an estimate y of the output quantity Y and the associated standard uncer-

tainty u(y), the best estimates xi of the input quantities Xi, their associated standard

uncertainties u(xi) and sensitivity coefficients ci are applied in the GUM uncertainty

framework (Figure 6.1).([BIP09], 7.2.1)

In many cases, the use of the classical GUM uncertainty framework is not applicable,

for example when the measurement function is not linear, when the probability function

of the input quantities is not symmetric, when the measurement model is complicated,

and for correlation between the input quantities. In these cases, the analytical model

presented in Supplement 1, the Monte-Carlo-method, can be used. This procedure is

depicted in Figure 6.2.
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6.1 Principle of determination of uncertainty

Figure 6.1: Measurement uncertainty evaluation using the GUM uncertainty framework.
([BIP09] p.12)

Figure 6.2: Measurement uncertainty evaluation using a Monte-Carlo-method. ([BIP09]
p.13).
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6 Measurement uncertainty of SRPL method

Figure 6.3: Some characteristics of the radiation source (a), the detector (b), and the
effects of their possible interdependencies (c). Geometry related characteris-
tics are marked in blue, spectral characteristics in green, and signal related
characteristics are marked in black.

6.2 Characteristics of source, detector and their

interdependencies

In photometry and detector based radiometry, and also for the TULIP setup, the mea-

surement uncertainty of the measurand is dependent on the characteristics of the source,

the detector, and their interdependencies. Characteristics of the source can be grouped

in:

1. geometrical characteristics of the radiation field like the spatial distribution or the

size of the source

2. spectral characteristics like the wavelength range or spectral distribution

3. signal related characteristics like the dynamic range or stability

(see Figure 6.3 (a)). The same classification can be used to describe the detector char-

acteristics:

1. geometrical: angular dependent reflectivity and absorption
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6.3 Measurement procedure

2. spectral: spectral responsivity or out-of-band response

3. signal related: linearity of the signal and aging

(see Figure 6.3 (b)). The combination of the respective characteristics of the source and

of the detector result in a specific combined behaviour when detector and source act

together influencing the uncertainty of the measurement (see Figure 6.3 (c)).

Therefore, to carry out a calibration, some knowledge about the source, i.e. the mea-

surement setup, is needed to characterise the detector or detectors inserted in this mea-

surement setup. Only with this information, the interdependencies which are indispens-

able to know for the determination of the uncertainty for this measurement can be

determined .

6.3 Measurement procedure

The responsivity of the DUT is compared to that of the reference detector with a sub-

stitution method. This procedure is backed up by a monitor technique where the ratio

of the signals of DUT and a long-term stable monitor detector are compared with those

of the reference standard and monitor detector under identical optical and geometrical

boundary conditions. After proper alignment of the detectors on the translation stage,

an automated measurement can be initiated. The wavelength setting of the lasers, the

settings of the amplifiers as well as the positioning of the DUTs and the reference detector

are computer controlled. For a typical measurement sequence, the signals of DUT and

reference detector are successively measured at every laser wavelength setting. However,

it might sometimes be advantageous to change this measurement sequence if measure-

ments at very small wavelength steps (e.g. every 0,01 nm to resolve the interference

fringes) are necessary. Since the responsivity function of the trap detector changes only

slowly with wavelength, it is often sufficient to carry out the reference measurements

every 0,5 nm rather than every 0,01 nm.

6.4 Uncertainty components for spectral irradiance responsivity

measurements

According to the GUM, the calculation of the measurement uncertainty is based on the

model of evaluation. The relationship between the input quantities and the determined

output quantity, the spectral irradiance responsivity, can be described by the measure-
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6 Measurement uncertainty of SRPL method

ment equation:

sDUT(λ) =
yDUT(λ)/yMon(λ)

yTrap(λ)/yMon(λ)
· sTrap(λ) ·ATrap · δtrans1(λ) · CF (λ), (6.1)

and

sDUT(λ) =
UDUT(λ)/UMon(λ)

UTrap(λ)/UMon(λ)
· RTrap

RMon
· sTrap(λ) ·ATrap · δtrans1(λ) · δun,rad(λ)

· δwl(λ) · δspatial straylight(λ) · δd · δstability · δspectral straylight(λ) · δspeckle
· δpolarisation(λ) · δfringes(λ) · δbw(λ) · δtemp(λ)

(6.2)

The symbols sDUT, sTrap, ATrap, and δtrans1 represent the spectral irradiance responsivity

of the DUT, the spectral power responsivity of the reference trap detector, the area of

the aperture used with the trap detector, and a correction factor that has to be applied

due to transformation from the spectral power responsivity to the spectral irradiance

responsivity respectively. The symbols y, U and R denote the photocurrents of the

detectors, the voltages displayed by the digital voltmeters, and the feedback resistances

of the current-to-voltage converters connected to the detectors respectively. The factor

CF is a product of the single correction and influencing factors that take into account

the non-uniformities of the radiant field and the detectors under test δun,rad, the set

fluctuation of laser wavelength δwl, the effect of the spatial straylight δspatial straylight, the

misalignments of the DUT and the trap detector δd, the stability and performance of

the monitor photodiode δstability, the effect of the spectral straylight e.g. due to the

fluorescence of the integrating sphere δspectral straylight, the influence of the remaining

speckle pattern δspeckle and the residual effect of polarization of the radiation δpolarisation,

the residual effects from interference fringes δfringes, the effect of the bandwidth of the

laser radiation δbw, and the temperature sensitivity δtemp of the detector respectively.

These are the most influencing uncertainty components known for TULIP. The correction

factors are close to unity for the measurements at the TULIP setup. In any case, every

quantity and correction factor is accompanied by associated uncertainties which are

propagated to the combined uncertainty of the measurement result by means of their

sensitivity coefficients.

Some of the uncertainty components vary with wavelength, depending on the properties

of the DUT and the reference detector. This introduces additional correlations among the

spectral responsivity values which cannot be handled by linear models used in classical

GUM method. Therefore, in order to include correlations and nonlinear dependencies

within Eq. (6.2), a Monte-Carlo simulation method was used for uncertainty analysis.

A dominant uncertainty contribution comes from the wavelength-dependent spectral
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6.4 Uncertainty components for spectral irradiance responsivity measurements

power responsivity of the reference standard which is traced back to the cryogenic ra-

diometer [WFJH00]. The relative standard uncertainty values of the responsivity of the

used trap detectors were in the range of about 0,04 % to 0,23 %, depending on the spec-

tral range. The aperture area is also a dominant uncertainty component. At PTB, the

apertures are measured using a multi-sensor coordinate procedure [CN07]. The relative

uncertainty of such calibrations strongly depends on the quality of the aperture edge

and the size of the aperture area. The precision apertures used with the reference trap

detectors are made of brass with nickel coating. They have a nominal diameter of 5 mm

and are calibrated with a relative expanded uncertainty of 0,07 %.

Since no detector is perfectly uniform, the responsivities of both the DUT and the

reference detector vary along their active area A, i.e. they are a function of the in-

plane coordinates (x, y). The irradiance at the measurement position varies along these

coordinates as well. Hence, the measured signal has to be described as the integral

of the two-dimensional product of the irradiance E (x, y, λ) and the responsivity of the

detector s (x, y, λ). Once the spatial distributions are determined, a correction factor for

the non-uniformity of the detectors and the irradiance can be calculated [WS06],

δun,rad(λ) =

∫∫
x,y

srel,DUT(x, y, λ)dxdy

 /

∫∫
x,y

srel,DUT(x, y, λ) · Erel(x, y, λ)dxdx


·

∫∫
x,y

srel,Trap(x, y, λ) · Erel(x, y, λ)dxdy

 /

∫∫
x,y

srel,Trap(x, y, λ)dxdy


(6.3)

where the normalized value srel,. . . (x, y, λ) and Erel(x, y, λ) can be used instead of the

absolute values. Equation (6.3) shows that the correction factor is unity if the DUT

and the reference trap detector are spatially uniform and their apertures are matched,

independently of non-uniform irradiance. The correction factor is also unity, if the

irradiance is perfectly uniform, so that measurements of even highly inhomogeneous

detectors do not need to be corrected.

In the TULIP setup, the irradiance uniformity of the first spatial radiation condition-

ing approach was measured by a trap detector with a 5 mm aperture at the measurement

plane at a distance of 700 mm from the sphere port. Figure 6.4 (a) shows the measure-

ment result at a wavelength of 570 nm. The typical irradiance variation was ± 0,05 %

within the central area with a diameter of 30 mm. The x,y scans at other wavelengths

did not show any noticeable wavelength dependencies of the uniformity of the radiation

field. Figure 6.4 (b) shows the irradiance uniformity at a wavelength of 410 nm gener-

ated by the output of the TMF (4.11(b)) at the same distance of 700 mm from the fibre

77



6 Measurement uncertainty of SRPL method

Figure 6.4: (a) Irradiance uniformity at the wavelength of 570 nm in the measurement
plane achieved by the output of the integrating sphere at a distance of
700 mm. The variation of the irradiance is ∆E ≤ ± 0, 05 % within the central
area with a diameter of 30 mm; (b) Irradiance uniformity at the wavelength
of 410 nm at the measurement plane caused by the output of the tapered
multimode fibre at a distance of 700 mm. The variation of the irradiance is
∆E ≤ ± 0, 5 % within the central area with a diameter of 30 mm (published
in [SNSV12]).

output. In this case, the irradiance varies within ± 0,5 % over the same area of 30 mm

in diameter. If non-uniform broad-band detectors, e.g. photometers with mosaic filters,

have to be calibrated, the respective uncertainty component will be increased.

The uniformity after the optimised spatial radiation conditioning unit (Fig. 4.11(c)) at

a distance of 550 mm within the central area with diameter of 10 mm could be reduced

to about ±0,03 %. At lower wavelengths, where the uniformity of the radiation field can

be a major component of the total uncertainty, the use of the optimised unit reduces the

uncertainty contribution especially below 500 nm.

For each wavelength setting, twenty readings of the measured signals are averaged. The

standard deviation of the averaged signal values, i.e. the standard uncertainty component

at every wavelength setting, typically was in the range of 0,01 %. The current-to-voltage

amplifiers, i.e. their effective feedback resistor, and the DVMs were calibrated with

associated uncertainties below 0,01 %.

The laser wavelength is measured simultaneously with the photocurrent measurements

using a wavemeter which was calibrated with a frequency-stabilized HeNe laser. There-

fore, the uncertainty of the measured laser wavelength values depends mostly on the

wavelength stability of the specific tunable laser in use. Typical absolute uncertainty

values were in the range of 1 pm to 0,01 pm. The wavelength of the band-pass limited

short-pulse laser system was determined using the Echelle spectrograph. The wavelength

scale of this device was calibrated with HgCd- and He-lines of a spectral line source. A

comparison against a wavemeter was carried out as a cross check showing a good match.

The wavelength stability of these measurements was in the range 0,01 nm. The effect of
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6.4 Uncertainty components for spectral irradiance responsivity measurements

the wavelength stability on the determined responsivity of the DUT depends on the slope

of the spectral responsivity of the DUT and that of the reference detector. If the laser

wavelength varies with time, the offsets from the nominal (measured) value at the time

instance of the DUT and the reference detector measurements are ∆λDUT and ∆λTrap

respectively. Then, the effect on the measured responsivity values can be expressed in

terms of the partial derivatives,

∆sDUT(λ) =
δsDUT(λ)

δλ
· δλ

DUT

sDUT(λ)
+
δ(1/sTrap(λ))

δλ
· sDUT(λ) ·∆λTrap (6.4)

The laser stability is a stochastic process. Therefore, the signal of the DUT and that of

the reference trap detector measured at the same laser wavelength setting but at different

time instances are not correlated by the wavelength uncertainty. Thus, even if the DUT

is calibrated against a reference detector of the same spectral responsivity shape, i.e. a

photometer calibrated against a photometer of the same type, the uncertainty caused

by laser wavelength stability component is not reduced, i.e. the two terms in equation

(6.4) do not cancel out each other. This is an essentially different behaviour compared

to typical monochromator-based measurements where at each wavelength setting λ, a

wavelength offset is fixed and stays the same both for the DUT and the reference detector

measurements. Thus, in classical monochromator-based substitution procedures, the

uncertainty component caused by the wavelength setting uncertainty is decreased if two

detectors of similar spectral responsivity curves are compared against each other. The

same is also true in the case of measurements using the short-pulse laser system combined

with band-pass-limiting apparatus. However, for the short-pulse laser measurements, like

in classical radiometry, effects of the extended spectral band-pass of such laser radiation

also need to be considered and included in the uncertainty analysis.

Spatial straylight is created by the radiant flux leaving the output port of the source

and is reflected by the walls and other parts of the setup onto the surfaces of the detectors

being measured. Its effect on the measurement results depends on the different viewing

angles of the DUT and the reference detector. As a result, the spatial straylight has the

largest effect on the calibration of photometers with diffusers. Such photometers typically

have viewing angles of almost 2πsr. Thus, they are exposed to all possible straylight

created by the source and reflected onto the diffuser. The reference trap detector has a

very narrow field of view (about± 3 degrees) and, hence, is little affected by the straylight.

In order to reduce the straylight for photometer measurements, a straylight limiting tube

is used with multiple baffles behind the radiation conditioning unit so that the source

irradiates only a small area around the optical axis in the measurement plane. The solid

angle of the radiant flux leaving the output of the TMF is limited by the numerical
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6 Measurement uncertainty of SRPL method

aperture of the fibre. The radiation condition depends on the numerical aperture of the

microlense array, but the spatial straylight is in general reduced because the walls of

the chamber are not directly irradiated. The effect of the straylight can be measured

by shielding the direct part of the irradiation at the output port of the sphere from the

field of view of the DUT so that only the straylight can incident onto the DUT. The

respective error might be of the order of several percent if no straylight limiting baffles

are used. In the TULIP, the respective component of the measurement uncertainty was

estimated to be of the order of 0,02 %.

In practice, it will not be possible to position the effective entrance window of the

reference detector and the DUT at the same distance to the source. The detectors are

set to be at the same nominal distance from the radiant source with the help of a test

gauge with an uncertainty of 0,1 mm. For a 700 mm distance between the sphere port

and the detectors, the distance setting uncertainty results in a respective uncertainty

component of 0,03 %.

If the monitor technique is used, the stability of the monitor photodiode and its time

constant is of the highest importance. Any drifts and instabilities of the monitor signal

due to the monitor detector itself can be detected as a change in the ratio of the reference

detector signal to the monitor detector signal, provided all the relevant settings are

unchanged and the reference detector is stable.

Under the excitation of a short-wavelength laser, an integrating sphere typically emits

fluorescence radiation of a rather broad spectrum. These fluorescence-caused spectral

emissions affect as spectral straylight. Hence, the respective uncertainty component

strongly depends on the integrating sphere coating, the laser wavelength and the spectral

responsivity of the DUT and the reference detector. To avoid this problem at the TULIP

setup, the optimised radiation conditioning unit with TMF rather than the Ba2SO4-

coated integrating sphere for the wavelengths especially below 500 nm was used.

As described in Chapter 4, the speckle patterns in the radiation field are removed

by scrambling them as a function of time. The effectiveness of the speckle removal

techniques, and thus the associated uncertainty component are dependent on the time

frame used for measuring the detector signals. For integration times of down to about

200 ms, no remaining speckle pattern could be measured. When measuring detectors

like CCD array spectroradiometers or ILMDs, with considerably lower integration time

settings, the corresponding uncertainty component has to be taken into account. The

speckle pattern for the use of the short-pulse laser system is completely averaged due to

the multiple modes of the short-pulse laser radiation.

The linear polarization of the laser radiation is typically completely destructed using

the radiation conditioning unit with the depolariser. If polarization dependent detectors
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6.4 Uncertainty components for spectral irradiance responsivity measurements

Table 6.1: Example of an uncertainty budget for a spectral irradiance responsivity mea-
surement of a diffuser-type photometer at a wavelength of 600 nm using the
TULIP facility (published in [SNSV12]).

Source of uncertainty standard Uncertainty in Degrees of PDF* Sensitivity Uncertainty
uncertainty responsivity (%) freedom Coefficient Contribution

(%) (%)
Responsivity of the reference 0,05 % 0,05 ∞ Gaussian 1 0,05
trap detector
Aperture area 0,07 % 0,07 ∞ Gaussian 1 0,07

Positioning 0,1 mm 0,04 ∞ Rectangle 1 0,02

Spatial stray light 0,02 % 0,02 ∞ Rectangle 1 0,02

Irradiance uniformity and 0,01 % 0,01 ∞ Gaussian 1 0,01
detector homogeneity
Photocurrent 0,01 % 0,01 76 Gaussian 1 0,01
measurement
Stability of 0,01 % 0,01 19 Gaussian 1 0,01
laser intensity
Laser wavelength < 0,001 nm 0,002 ∞ Gaussian 1 0,002

Combined uncertainty >> 1000 0,099

Expanded uncertainty 0,2

(k=2)*2

* PDF is the probability density function. See [SS06] for more details

*2 The probability distribution was found to be Gaussian and the effective degrees of freedom are >>100.
Therefore, a coverage factor k=2 was chosen denoting a level of confidence of 95,45 %.

are measured without depolariser, the remaining polarization must be taken into account

or the detectors have to be measured for both orthogonal polarization orientations.

The spectral band-pass of continuous-wave lasers is negligibly small. Therefore, no

spectral deconvolution of the measurement results for the band-pass of the laser radiation

is needed. The respective uncertainty contribution is negligible as well. When short-pulse

lasers are used, the deconvolution is indispensable and the uncertainty contribution must

be taken into account [ESW+13]. When the optimum bandwidth (see Sec. 5.6) of the

laser radiation is set to the band-pass limits, the deconvolution is often not necessary.

However, an uncertainty contribution arises due to the increased wavelength uncertainty.

When measuring detectors without diffusers with narrow-band laser radiation, the in-

terferences due to the multiple reflections within the optical components of the detectors

have to be taken into account. Different techniques can be used to deal with interference

fringes resulting in different uncertainty contributions. The uncertainty contributions of

the techniques used at the TULIP setup are discussed in Sec 5.

A typical uncertainty budget for irradiance responsivity calibrations at a wavelength

of 600 nm is presented in Table 6.1 summarizing the explained uncertainty contributions.

81



6 Measurement uncertainty of SRPL method

6.5 Uncertainty components for spectral radiance responsivity

measurements

The model of evaluation for the spectral radiance is set up similar to the one for spectral

irradiance responsivity. Therefore, only the measurement equation is explained here.

sDUT(λ) = G· yDUT(λ)/yMon(λ)

yTrap(λ)/yMon(λ)
·sTrap(λ)·ATrap ·δtrans1(λ)·δtrans2(λ)·CF (λ), and (6.5)

sDUT(λ) =
2π · r2Trap

r2Trap + r2S + d2 +
√

[r2Trap + r2S + d2]2 − 4 · r2Trap · r2S

· UDUT(λ)/UMon(λ)

UTrap(λ)/UMon(λ)
· RTrap

RMon
· sTrap(λ) ·ATrap · δtrans1(λ) · δtrans2(λ)

· δun,rad(λ) · δwl(λ) · δspatial straylight(λ) · δstability · δd · δspectral straylight(λ)

· δspeckle · δpolarisation(λ) · δfringes(λ) · δbw(λ) · δtemp(λ)

· δspatial distibution(λ) · δfocussing · δsize-of-source(λ)

(6.6)

respectively. The symbols G, sDUT, sTrap, ATrap, δtrans1 and δtrans2 represent the Ge-

ometry factor for the transformation of the spectral irradiance responsivity of the trap

detector to the spectral radiance responsivity, the spectral irradiance responsivity of the

DUT, the spectral power responsivity of the reference trap detector, the area of the

aperture used with the trap detector, a correction factor that has to be applied due to

transformation from the spectral power responsivity to the spectral irradiance responsiv-

ity, and a correction factor that has to be applied due to transformation from the spectral

irradiance responsivity to the spectral radiance responsivity respectively. The symbols y,

U and R denote the photocurrents of the detectors, the voltages displayed by the digital

voltmeters, and the feedback resistances of the current-to-voltage converters connected

to the detectors respectively. The radii of the apertures in front of the source and in front

of the detector are indicated with rS and rTrap, the distance between source and detector

aperture with d respectively. The correction factors δun,rad(λ), δwl(λ), δspatial straylight(λ),

δstability, δspectral straylight(λ), δspeckle, δpolarisation(λ), δfringes(λ), δbw(λ) and δtemp(λ) have

been explained in the previous section.

Three additional correction factors have been added here for the effect of focussing

δfocussing, the size of source effect δsize-of-source(λ) and the deviation of the spatial dis-

tribution of the light output of the source from that of an ideal Lambertian source

δspatial distribution(λ). The last component is especially important because the radiance is
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6.5 Uncertainty components for spectral radiance responsivity measurements

defined for a source with Lambertian distribution characteristics. If the spatial distri-

bution differs clearly from the ideal distribution, the uncertainty component can only

be determined via an angular dependent characterisation. This is not only valid for the

calibration of radiance measurement devices but also for field measurements where the

measurement conditions have to be precisely monitored.

To decrease the overall measurement uncertainty for irradiance and radiance respon-

sivity calibration the easiest way is to decrease the main uncertainty components. One

of these is the uncertainty of the reference detector calibration. It can be reduced by

direct calibration against the cryogenic radiometer diminishing additional comparisons.

The other large component is from the aperture mounted on the reference detector. The

reduction of uncertainty can be carried out by increasing the sharpness of the aperture

edges making the area determination easier and more precise.
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7 Validation of SRPL measurement

method, measurement results and

optimisation

Results and ideas presented in this chapter have previously been published in Applied

Optics [SNS14] and Technisches Messen [SNS12] and were also presented at conferences

([SLNS13], [NSS+13], [SLNS12], [Kea13], [Gea13], [ZLS+11], [SNS11b], [SNSW10] and

[SNS09]).

7.1 Practical processing of uncertainty analysis

In the previous chapters, the SRPL method, the handling of the interference problem,

and the analysis of the uncertainty components at the TULIP setup have been explained.

In this chapter the capability of the new method shall be demonstrated based on the

following hypothesis.

Third hypothesis for this work: The measurement uncertainty for spectral mea-

surements can be reduced by using the SRPL method or measurement capabilities can

be extended respectively.

The development of a promising measurement method by itself is not enough in a metro-

logical context. Probably, the most important task in this context for metrology is the

validation of this new setup or method.

Hence, it is not sufficient to define only the influencing factors for measurement un-

certainty but also to compare the measurement data and resulting uncertainty with the

data and uncertainty of validated measurement setups.

Chapter 6 explains the uncertainty components which must be taken into account dur-

ing the validation process. To corroborate the third hypothesis, first the validation for the

absolute spectral irradiance responsivity in a selected, representative wavelength range

will be presented. The validation for the other wavelength ranges and the validation re-

garding spectral radiance responsivity can be conducted in the same way and will there-

85



7 Validation of SRPL measurement method, measurement results and optimisation

fore not be presented here in detail. For the validation, a comparison of measurements

against at least two other validated measurement setups have been carried out. For this

purpose, measurements have been conducted against two different lamp/monochromator

based measurement setups and against integral measurements at the photometric bench.

The results of the SRPL method TULIP compared to the classical lamp/monochromator

based measurement methods will be presented subsequently, using two different types

of detectors from radiometry and photometry. In Section 7.5, a selection of typical mea-

surements carried out at the TULIP setup will be presented in their respective context.

In the conclusion, future possible optimisations will be discussed.

7.2 Validation procedure in the visible range (400 nm to

700 nm)

For the validation in the visible wavelength range, two representative temperature sta-

bilised photometric detectors, a photopic and a scotopic one, were chosen. The filters of

the used detectors are mosaic filters. They match the respective CIE-defined functions

V (λ) and V ′(λ) well. In order to reduce non-uniformities due to the design of the filters,

cosine corrected diffusers are attached.

The validation of the measurements regarding the absolute spectral irradiance respon-

sivity was carried out against the validated Differential Spectral Responsivity (DSR)

measurement setup [WS06] (see also Chapter 3). Due to the diffusers in front of the

detectors, the signal-to-noise ratio for these measurements was poor, and the measure-

ments at the lamp/monochromator based setup had to be restricted to the wavelength

range from 400 nm to 700 nm. In order to improve the signal-to-noise ratio, first the

relative responsivity at a distance of 200 mm from the source was determined. The ab-

solute measurements were carried out at a few wavelengths settings at 600 mm distance

from the monochromator source. With SRPL-TULIP, the complete photometric range

defined in [CIE24, CIE70, DIfN04, CIE87], and additionally the out-of-band response

was measured at 600 mm distance. However, the signal in the wavelength range from

650 nm to 679 nm where the frequency doubled OPO signal was used as a source with a

low output power was too low to enable reliable measurements for these detectors.

To pass the validation, a test of equivalence was conducted. Therefore the EN ratio of

the two measurements must meet the criterion according to Equation (7.1). The criterion

defines a 95 % confidence limit. An explanation of the test of equivalence of measurement

data can be found in [KDP02],[KK10]. With this test, the responsivity determined at the

setup under test sDUT(λ) was compared to the responsivity determined at a validated

reference setup sRef(λ), considering also the expanded uncertainties (k=2) U(sDUT(λ))
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Figure 7.1: (a) Absolute spectral irradiance responsivity of a scotopic photometer head
measured with TULIP (light blue) and DSR (dark blue) (left axis) with
respective relative measurement uncertainties of the two measurements (right
axis). (published in [SNS14]); (b) EN ratio of the two measurements

Figure 7.2: (a) Absolute spectral irradiance responsivity of a photopic photometer head
measured with TULIP (light green) and DSR (dark green) (left axis) with
respective relative measurement uncertainties of the two measurements (right
axis). (published in [SNS14]); (b) EN ratio of the two measurements

and U(sRef(λ)) of these measurements.

EN =
|sDUT(λ)− sRef(λ)|√

U2(sDUT(λ)) + U2(sRef(λ))
≤ 1 (7.1)

Figure 7.1 (a) shows the result for the measurements at TULIP and the DSR setup for

the detector with the scotopic filter. The EN ratio of the two measurements is plotted in

Figure 7.1 (b). Most of the comparison results for the test of equivalence are well below

the EN criterion, two values being outliers. As a result, the measurements of both setups

can be regarded as equivalent with respect to their uncertainties. The measurements of

the absolute spectral responsivity of the detector with photopic filtering provided also

comparable results at both setups (see Figure 7.2 (a) and (b)). In the blue wavelength

range, the EN ratio does not meet the criterion.

The measurements at these two setups were performed at different times. The aging of
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7 Validation of SRPL measurement method, measurement results and optimisation

the detector has been corrected. However, the wavelength dependency of the aging has

not been considered. The detector uses a mosaic type filter. Small fluorescence effects

of the adhesive in this filter can be seen in the measured responsivity function around

400 nm. The specific aging effects of this adhesive are not known and can therefore

not be corrected between these two measurements, influencing the EN ratio in the blue

wavelength range.

The second validation route was carried out against integral photometric measurements

at the photometric bench [PTB13b]. In this case, the luminous responsivities of the two

detectors were compared against a reference photometer head and using an FEL type

quartz-halogen lamp. Prior to the comparison, the photopic luminous responsivities sv

and the scotopic luminous responsivities s′v were calculated according to Equation (7.2)

and (7.3) respectively, using the measured absolute spectral responsivities sλ and s′λ
resulting from measurements at the TULIP setup and at the DSR setup.

sv =
1

Km
·

∞∫
0

P (λ, TA) · s(λ)dλ

∞∫
0

P (λ, TA) · V (λ)dλ

(7.2)

s′v =
1

K ′m
·

∞∫
0

P (λ, TA) · s′(λ)dλ

∞∫
0

P (λ, TA) · V ′(λ)dλ

(7.3)

Km = 683 lm/W and K ′m = 1700 lm/W are the maximum luminous efficacies of ra-

diation for photopic and scotopic vision. P (λ, TA) is the spectral distribution of the

Planckian radiation at a distribution temperature of 2856 K, and V (λ) and V ′(λ) are

the respective photopic and scotopic luminous efficiencies.

For the determination of the combined uncertainty, a Monte-Carlo-method was used.

Correlations with respect to wavelength scale calibration are also taken into account.

For more details on the used model, see also Poikonen et. al. [PKM+09].

The results are illustrated in Table 7.1. All values of the luminous responsivity are in

good agreement to the combined uncertainties of the measurements, and all values for

the EN ratio are well below 1.
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Table 7.1: Luminous responsivity of photopic and scotopic photometer head with associ-
ated standard measurement uncertainty, measured at the photometric bench
and determined from absolute spectral responsivity measurements at TULIP
and DSR (published in [SNS14]).

Measurement setup Photopic photometer Scotopic photometer
Luminous Combined Luminous Combined
responsivity uncertainty responsivity uncertainty

TULIP 19,11 nA/lx ± 0,04 nA/lx 6,580 nA/lx ± 0,014 nA/lx

DSR 19,08 nA/lx ± 0,05 nA/lx 6,576 nA/lx ± 0,018 nA/lx

Photometric bench 19,09 nA/lx ± 0,05 nA/lx 6,573 nA/lx ± 0,021 nA/lx

7.3 Validation procedure in the red wavelength range (690 nm

to 780 nm)

Additionally, a validation of the setup in the range from 690 nm to 780 nm with a filtered

detector without diffuser was performed. The radiometer employs a narrow-band filter

and is used for the determination of the temperature of a high-temperature black-body

radiator. The measurements of the absolute spectral irradiance responsivity at the short-

pulse TULIP setup was compared with measurements at the DSR setup, carried out by

colleagues from the solar cell department, and with the results from the calibration

certificate of this detector determined at a second lamp/monochromator based Spectral

Comparator Facility (SCF) setup [KAT+12] (see also Chapter 3). The procedure was

the same as described in the previous section.

This detector shows interference artefacts when measured with coherent radiation. Ac-

cording to the considerations explained in Chapter 5, the optimum bandwidth for the

monochromatic source was set to 2 nm.

Figure 7.3 shows the EN ratio for the comparison of the short-pulse TULIP with the

SCF. The measurement results are in good agreement according to the associated un-

certainties. Only three values are outliers. This might be due to a wavelength scale

uncertainty of either of the two setups that was not included in the uncertainty calcula-

tion.

The results of the comparison against the DSR setup are plotted in Figure 7.4. Also

in this case, the results are in good agreement to the stated uncertainty, apart from two

outliers.
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7 Validation of SRPL measurement method, measurement results and optimisation

Figure 7.3: (a) Absolute spectral irradiance responsivity of a filter radiometer measured
with TULIP. (b) EN-ratio of the measurements at the SCF setup (reference)
and TULIP (published in [SNS14]).

Figure 7.4: EN-ratio of the measurements at the DSR setup (reference) and TULIP (pub-
lished in [SNS14]).
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7.4 Advantages of SRPL method

Figure 7.5: (a) In-band radiance responsivity of a pyrometer, type LP3, measured at the
TULIP setup with (blue curve, left axis, see also small figure) and without
(green curve, left axis, see also small figure) interference oscillations and asso-
ciated measurement uncertainty (black curve, right axis). The measurement
range of the SCF setup is depicted as rectangle to illustrate the reduced
dynamic and wavelength range (published in [SNSV12]). (b) Out-of-band
measurement of the same detector.

7.4 Advantages of SRPL method

The advantages of the SRPL method are the large usable wavelength range and simul-

taneously high output power. This becomes conspicuous by direct comparisons of the

measurements of different detectors using the SRPL method and the classical methods

based on lamp/monochromator setups or based on continuous-wave laser setups. The

advantages do often not appear, as expected, in a reduction of uncertainty over the whole

wavelength range but in the measurement capabilities such as a higher dynamic range

of the filter or in the possibility to determine the out-of-band response of a filter.

To highlight the advantages of the new TULIP method, two examples will be shown

here. The first one is a typical detector used for the determination of temperatures.

The spectral radiance responsivity has been measured at the TULIP setup and at the

lamp/monochromator based SCF facility. The second example is the measurement of

the two typical photometric detectors with cosine correction also used in the validation

process. The spectral irradiance responsivities of these two detectors have been measured

at TULIP and at the lamp/monochromator based DSR setup (see also above).

Example 1

The results for Example 1 are presented in Figures 7.5 (a) and 7.5 (b). The radiance

responsivity of a radiance meter, a pyrometer type LP3, has been measured in the wave-

length range from 620 nm to 680 nm at the two measurement setups. Figure 7.5 (a)

shows the measured radiance responsivity measured at the TULIP setup with interfer-
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7 Validation of SRPL measurement method, measurement results and optimisation

ence oscillations (blue curve) and without interference oscillations (green curve), and

the associated measurement uncertainty of this measurement. Additionally, the mea-

surement range of the SCF facility is indicated by a rectangle in the figure. Surprisingly,

the combined measurement uncertainty for this measurement at the SCF facility is in the

same order as the uncertainty at the TULIP setup. This is due to the use of a different

calibration method for the reference detector at the classical setup with lower uncertain-

ties than at the TULIP setup. However, the geometrical and signal specific uncertainty

components are larger than at the TULIP setup, resulting in a comparable uncertainty

of the measurement. The filter function has a dynamic range of about six orders of

magnitude. With the TULIP setup, this complete dynamic range can be measured. Due

to the lower signal at the SCF setup, only about four orders of magnitude of this filter

detector could be measured. This results in a maximum measurable wavelength range

from 638 nm to 668 nm. The measurement results of the out-of-band response measured

at the TULIP setup are shown in Figure 7.5 (b). Measurements at the SCF facility

showed no response outside the in-band filter function. Hence, it was expected that the

out-of-band response of the filter is zero. This is important because the spectral respon-

sivity over the whole silicon wavelength range is used to calculate the temperature for a

measured photocurrent at a temperature radiator like the copper or silver freezing point.

A non-zero response could lead to a wrong photocurrent, and hence to a wrong temper-

ature measurement. From the measurements at the TULIP setup, it can clearly be seen

that the filter response is not zero over the whole out-of-band range. The filter blocks in

the wavelength range above the in-band region of the filter. Below the in-band region,

the filter transmits one order of magnitude above the noise level. However, the resulting

difference in photocurrent of a temperature measurement is within the uncertainty of

this measurement. As the temperature change is below 0,15 K no further corrections

have to be applied.

Example 2

Figures 7.6 (a) and 7.6 (b) show the results for Example 2. The detectors used for

this investigation are photometer heads with photopic (a) and scotopic (b) filtering

and cosine corrections. In the figures, the relative spectral irradiance responsivity of the

respective detector measured at the TULIP (light colour, left axis) and at the DSR setup

(dark colour, left axis), and the associated measurement uncertainties (right axis) are

plotted. The dynamic range of these filters is about five to six orders of magnitude in the

wavelength range from 360 nm to 830 nm. Hence, like in the previous example, the signal-

to-noise ratio for measurements at a lamp/monochromator setup is lower, especially

when the detector is equipped with a cosine corrector. This leads to a measurable
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7.5 Some typical measurements at the TULIP setup

Figure 7.6: Irradiance responsivity of two photometer heads with photopic (a) and sco-
topic (b) filtering measured at the TULIP setup (light colour, left axis) and
at the DSR facility (dark colour, left axis) with associated measurement un-
certainty (right axis). The tabulated wavelength range defined by CIE for
these detectors and the measurable dynamic and wavelength range of the
classical setup are illustrated by the two rectangles.

dynamic range of about four orders of magnitude, and a wavelength range from 410 nm

to 670 nm at the DSR setup. However, also in the TULIP setup a few restrictions

appear. As mentioned in the validation Section 7.2, the signal in the TULIP setup in

the wavelength range from 525 nm to 579 nm and from 650 nm to 669 nm is low and can

result in a low signal to noise ratio when detectors with thick diffusers are measured

like in this case. Within the first order of magnitude from the peak of the filter, the

measurement uncertainty at the DSR setup is lower than at the TULIP setup. This is

due to the laser radiation being more noisy than the tungsten filament lamp. Outside

this range, the uncertainty at the TULIP setup is consistently lower than at the DSR

setup. The determination of the in-band response of a detector is only one part of

a whole characterisation. Besides others, additionally the out-of-band response, the

angular responsivity and the linearity has to be determined.

7.5 Some typical measurements at the TULIP setup

In this section, an overview of typical measurements carried out at TULIP will be given

in the respective application context. Three areas have been chosen to point out fields

of application of the advanced method TULIP. The selected examples are as follows:

• The spectral characterisation of detectors will be shown for wavelength dependent

angular responsivities of different photometer heads. From these measurements,

a new parameter for the angular responsivity was derived which can be used as
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7 Validation of SRPL measurement method, measurement results and optimisation

an extension to the parameter f2 given in the standard ISO/CIE 19476:2014(E)

[CIE14].

• The calibration regarding the spectral irradiance or spectral radiance responsivity

of photometric detectors will be shown for the responsivity of two photometer

heads and two radiance meters with photopic and scotopic filtering respectively.

From these measurements, the parameter for spectral mismatch and the mismatch

correction were determined.

• The calibration of the spectral irradiance or spectral radiance responsivity of ra-

diometric detectors will be shown for the responsivity of a filtered radiometer and

a pyrometer. Using such calibrated detectors, the temperature of a black-body

radiator or a temperature fixpoint can be determined.

Characterisation of detectors

The characterisation of photometric and radiometric detectors is essential in applied

photometry and radiometry. A characterisation allows the determination of correction

factors for specific applications and the determination of the uncertainty of a mea-

surement. Typical characterisations carried out with TULIP are the determination

of the wavelength-dependent linearity of spectroradiometers and of luminance cameras

[ZLS+11], or the determination of the wavelength-dependent angular responsivity of fil-

tered detectors like photometer heads [LLF12, SLNS12]. For the determination of the

angular responsivity of photometer heads, the quality index f2 of the standard CIE-S023

[DIfN04, CIE87] is calculated from the photocurrent y as a function of the angle to nor-

mal incidence on the detectors active area (ε) and as a function of the azimuth angle

(ϕ) in relation to the measured photocurrent for normal incidence (ε=0).

f2 =
y(ε, ϕ)

y(ε, ϕ) · cosε
− 1 (7.4)

However, f2 is wavelength-dependent, and the determination of the angular dependence

using a tungsten lamp is only useful if the detector is used for measurements with such

lamps. For measurements of other light sources like LEDs, the wavelength dependence

of this parameter has to be taken into account. Therefore, a wavelength-dependent f2

was defined. In addition, the complete angular dependence over the whole hemisphere

is often not needed. This is why also a weighting function B was introduced that

accounts for an application specific angular range. The classical parameter f2 does

not include such modifications. Hence, a modified parameter f ′2 is proposed which takes

these dependencies into account.
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7.5 Some typical measurements at the TULIP setup

Table 7.2: Selected photometer heads for the determination of the wavelength dependent
angular responsivity

Identifier Filter Diameter of Diffuser
active area

LV10 full 10 mm yes
P10 full 10 mm no
F30 mosaic 30 mm yes

The parameter f ′2 quantifies the deviation of the normalised actual angular dependent

responsivity to the ideal cosine m∗rel(ε, ϕ, λ) according to Equations (7.5) and (7.6) with

mrel(ε, ϕ, λ) being the measured angular dependent responsivity.

f ′2 =

∫∫
|m∗rel(ε, ϕ, λ)− cos(ε, ϕ)|dεdϕ∫∫

cos(ε, ϕ)dεdϕ
(7.5)

m∗rel(ε, ϕ, λ) = mrel(ε, ϕ, λ) ·
∫∫

B(ε, ϕ) · cos(ε, ϕ)dεdϕ∫∫
B(ε, ϕ) ·mrel(ε, ϕ)dεdϕ

(7.6)

The weighting function B is chosen according to the needs of the application. For

the measurement of a LED light bulb in a goniophotometer, B can for example be a

rectangular window with a width of 20◦.

For the determination of f ′2, three different photometer heads were selected according

to Table 7.2. The detectors differ in the diameter of the active areas, the type of filters

and the presence of a diffuser. The detectors were mounted on a rotation table along

the rotation axis, one over the other. The geometrical position of the limiting aperture

was centred on the rotation axis of the table. The rotation table itself was mounted on

the three-axis positioning system of the TULIP setup.

The detectors were measured in a range of azimuth angles from −45◦ to +45◦ at

different wavelengths within the visible wavelength range. For the determination of the

angular dependence, the measurements have to be normalized to the value at normal

incidence ε = 0 [DIfN04]. To reduce the effect of back-reflection from the detector to

the source, it is preferred to normalize the measured values to the normal incidence of

the fit function of the measured values for evaluation.

The results of the measurements for the three selected photometer heads are presented

in Figure 7.7. Here, the angular dependence is shown for the wavelength of 555 nm,

which is the peak of the filter function, and for 700 nm, in the tail of the filter function.

Additionally, the ideal cosine is also drawn for comparison as the solid black line. All

detectors differ from the ideal cosine function. Only a special cosine corrector can elimi-

nate this deviation. However, the two detectors with diffuser, LV10 and F30, only show

a small deviation from the ideal cosine. This small deviation is similar for every mea-
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7 Validation of SRPL measurement method, measurement results and optimisation

Figure 7.7: Angular dependence of the photometer heads LV10 (blue cross), P10 (red
plus) and F30 (green circle) at the wavelengths 555 nm (a) and 700 nm (b)

sured wavelength. It can be concluded that the use of a diffuser leads to a nearly perfect

cosine dependence that is not dependent on the wavelength above 555 nm. Photometer

P10 without diffuser shows a great deviation from the ideal cosine due to reflections and

shadowing effects that occur when the aperture is not much smaller than the photodi-

ode behind it. Hence, not all radiation hits the detector when irradiated out of normal

incidence. It can also be seen from the Figure that this deviation from cosine is also

wavelength dependent. This is due to the wavelength dependent reflectivity and absorp-

tion of the filter. The reflection loss is the lowest for 555 nm. For wavelengths lower

or higher than the peak wavelength, the interreflections in the filter are increasing, and

hence a larger part of the radiation misses the active area of the detector.

Figure 7.8 shows the angular responsivity of the three photometer heads for six mea-

sured wavelength expressed by the parameter f ′
2. Here, the weighting function is used

as described by Equations (7.5) and (7.6). The results derived from Figure 7.7 can also

be assumed here. The angular responsivity of the photometers LV10 and F30 are nearly

independent from wavelength whereas the angular responsivity of the photometer P10 is

highly dependent on wavelength and has its minimum, closest to ideal cosine, at 555 nm.

Hence, large corrections have to be applied if detectors without diffusers are used to

measure sources under a large field of view.

Calibration of photometric detectors

A second big task at the TULIP setup is the calibration of photometric detectors regard-

ing spectral irradiance and spectral radiance responsivity in the wavelength range from

360 nm to 830 nm. These measurements are often used to determine the parameter for

spectral mismatch f ′
1 [DIfN04, CIE87] or to determine the spectral mismatch correction

F ′(T).

The parameter f ′
1 for the estimation of the quality of the spectral matching is calculated

96



7.5 Some typical measurements at the TULIP setup

Figure 7.8: Parameter f ′
2 for the three selected photometer heads LV10 (blue cross), P10

(red plus) and F30 (green circle).

according to Equation (7.7) using V (λ) , the luminous efficiency function of the human

eye for daylight vision, and s∗rel, the weighted spectral responsivity from Equation (7.8).

f ′
1 =

∫
|s∗rel(λ)− V (λ)|dλ∫

V (λ)dλ
(7.7)

s∗rel(λ) = srel(λ) ·
∫
P (λ, TA) · V (λ)dλ∫
P (λ, TA) · srel(λ)dλ

(7.8)

The use of s∗rel(λ) accounts for the fact that, due to the Planckian spectral distribution

P (λ, TA), the deviation of the relative spectral responsivity srel(λ) from the luminous

efficiency has a greater influence in the red wavelength range according to illuminant A.

These two equations are used for photopic detectors. The equations have to be changed

for scotopic detectors, using the luminous efficiency function for night vision V ′(λ) and

the relative spectral responsivity of the detector with scotopic matching. This parameter

only gives meaningful information if the source under test is also a Planckian radiator.

Illuminant A is not well suited as a reference source for scotopic detectors. A source

with higher distribution temperature would be beneficial. Otherwise, the parameter

underestimates the deviation from the ideal luminous efficiency function especially in

the blue wavelength range, as in the case for measurements of LEDs.

The parameter f ′
1 itself cannot be used for corrections of the spectral mismatch. How-

ever, corrections are necessary, especially if light sources are measured with a different

spectral distribution SSource(λ) than the Planckian radiator, like LEDs. The respective

spectral mismatch correction F ′(T) is calculated using Equation (7.9). For scotopic

detectors, like in the previous equations, V (λ) is replaced by V ′(λ).

F ′(T) =

∫
V (λ) · SSource(λ)dλ∫
srel(λ) · SSource(λ)dλ

/

∫
V (λ) · P (λ, TA)dλ∫
srel(λ) · P (λ, TA)dλ

(7.9)
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Table 7.3: Selected detectors for the determination of the mismatch parameter and the
spectral mismatch correction. The detectors are two photometer heads with
mosaic filter and cosine correction, one is matched to V (λ) and one to V ′(λ)
and two luminance meters with full filter without diffuser, also matched to
V (λ) and V ′(λ), and parameter f ′

1.

Type Filter Diffuser f ′
1

Photometer head photopic, mosaic Cosine correction 0,96± 0,10%
Photometer head scotopic, mosaic Cosine correction 1,83± 0,13%
Luminance meter photopic, full no 2,5± 0,4%
Luminance meter scotopic, full no 3,7± 0,3%

Figure 7.9: (a) Relative spectral irradiance responsivity of the scotopic (blue circles with
line) and the photopic (green triangles with line) photometer head (left axis),
respective luminous efficiency functions (solid lines) and expanded measure-
ment uncertainty of the two measurements (right axis). (b) Deviation of
the measured spectral responsivity from the defined luminous responsivity
functions (marked as reference).

As an example, the spectral responsivity of four detectors will be presented and their

respective parameters f ′
1 will be calculated. Two photometer heads which match the

luminous efficiency functions very well via a mosaic filtering were chosen. The detectors

are equipped with a cosine correction that is often used in field applications. One of the

detectors matches the luminous efficiency function for daylight vision, one for night vision.

Both heads have an active area with a diameter of 30mm and they are temperature

stabilised to 35 ◦C. The two other detectors used are luminance meters. These devices

have no diffuser, hence only a full filter can be used to match the luminous efficiency

functions V (λ) and V ′(λ). These detectors are not temperature stabilised but it was

checked that these detectors do not show any changes in responsivity if the ambient

temperature is changed between 20 ◦C and 30 ◦C. The used detectors are summarised in

Table 7.3.

The spectral responsivity of the photometer heads and the luminance meters are shown

in Figures 7.9 and 7.10.
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7.5 Some typical measurements at the TULIP setup

Figure 7.10: (a) Relative spectral radiance responsivity of the scotopic (blue circles with
line) and the photopic (green triangles with line) luminance meter (left axis),
respective luminous efficiency functions (solid lines) and expanded measure-
ment uncertainty of the two measurements (right axis). (b) Deviation of
the measured spectral responsivity from the defined luminous responsivity
functions (marked as reference).

The luminance meters are equipped with a full filter to match the responsivity to the

luminous efficiency function, whereas the photometer heads use a mosaic filter. The

mosaic filters show at least in the spectral range from 420 nm up to 730 nm a much bet-

ter agreement with the luminous efficiency functions than the full filters. Moreover, the

full filtered luminance meter for photopic measurements matches its respective luminous

efficacy distribution much better than the scotopic one. These results are also reflected

in their quality indices (see Table 7.3). The very good matching due to the mosaic filter

results in a low f ′
1-value, whereas the full filter leads to higher values. The value for

the scotopic luminance meter is higher than the one for the photopic detector which can

easily be understood by comparing the deviations of the filter function to the respective

luminous efficiency functions especially in the red wavelength range.

Calibration of radiometric detectors

Part three of the most important tasks at the TULIP setup is the calibration of radiomet-

ric detectors. Typical detectors that were calibrated at TULIP are UV detectors used as

reference detectors in water sterilisation, UV spectrometers for the determination of the

solar UV irradiance and the determination of atmospheric ozone [Gea13], and detectors

used for temperature measurement.

Two detectors were selected which are used in the field of radiation thermometry,

or contactless temperature measurements. The first detector is a radiance meter type

LP3, the second one is an irradiance filter radiometer named FD23. The first one is
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7 Validation of SRPL measurement method, measurement results and optimisation

Figure 7.11: Absolute spectral irradiance responsivity of the filter radiometer type FD23
measured in the wavelength range from 685 nm to 780 nm (red triangles, left
axis) and associated relative uncertainty (brown circles, right axis).

a pyrometer used in front of temperature fixpoints like the copper-fixpoint or the gold-

fixpoint for calibration transfer. The other one is used to determine the temperature of a

black-body radiator. The pyrometer has a filter peak wavelength of about 650 nm and a

bandwidth at FWHM of about 20 nm. The filter function and the measurement results

have already been presented in Section 7.4. Due to the very small band-pass of the

filter, the bandwidth of the radiation has to be very small in order to measure the filter

function. The presented results were measured with the continuous-wave laser system

in the in-band wavelength range. The digital filtering algorithm was used to eliminate

of the interference fringes. The in-band range can also be measured with the short-pulse

laser system with a radiation bandwidth of 0,1 nm or 0,2 nm. The radiation bandwidth

for the out-of-band response does not need to be that small.

The filter radiometer has a peak wavelength of about 720 nm and a filter bandwidth at

FWHM of 80 nm. The filter function was measured with a spectral bandwidth of 2 nm.

The results of absolute spectral irradiance responsivity for the in-band measurements are

shown in Figure 7.11 with associated relative measurement uncertainty. The periodic

structure is due to interpolation artefacts of the responsivity of the reference detector.

Using these spectral responsivity data together with the integral detector signal in front

of a Planckian radiator, the temperature of a fixpoint or of the black-body radiator

can be determined. This is due to the fact that the spectral radiance L(λ, T ) can

be calculated according to Planck’s law for a known temperature via the measured

photocurrent of the detector. Hence, if the photocurrent is measured, the temperature

and the related spectral distribution of the source can be calculated iteratively. For the

iteration, Equations (7.10) and (7.11) for the Planckian radiator and for the radiance

meters are used.

L(λ, T ) =
c1L
n2λ5

1

exp [c2/(nλT )]− 1
(7.10)
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Table 7.4: Results for the calculated thermodynamic temperature from the measured
photocurrent of the detectors pyrometer LP3 for the sources gold freezing
point and copper freezing point carried out by colleagues of PTB Thermome-
try, and filter radiometer FD23 for the source blackbody radiator BB3200pg
carried out by colleagues of PTB Radiometry.

Detector Source Photocurrent Resulting
thermodynamic
temperature

Pyrometer LP3 Au freezing point 6,4305E − 11 A 1337,58± 0,27 K
T90 = 1337,33 K

Pyrometer LP3 Cu freezing point 8,2342E − 11 A 1358,39± 0,26 K
T90 = 1357,77 K

Filter radiometer Blackbody radiator 70,6E − 6 A 2981,6± 2 K
FD23 BB3200pg

ε > 0,999

yc =

∫
sL · L(λ, T )dλ (7.11)

In these equations, L(λ, T ) is the spectral radiance given by Planck’s law describing

the spectral radiance of the black-body radiator, and T is the unknown thermodynamic

temperature. The radiation constants according to CODATA ([COD12], 2012) are c1L =

1, 191042869 ·10−16 Wm2sr−1 and c2 = 1, 4387770 ·10−2 m ·K, n is the refractive index of

air, yc is the measured photocurrent, and sL is the absolute spectral radiance responsivity

of the used detector.

For measurements with an irradiance detector, Equation (7.12) is used instead of (7.11)

for the calculation of the photocurrent with ε, the emissivity of the black-body, sE,

the absolute spectral irradiance responsivity of the detector, and L(λ, T ), the spectral

radiance of the black-body for a temperature T . G denotes the geometry factor that

converts the irradiance measured by the detector to radiance values as described in

Section 6.5.

yc = ε ·G ·
∫
sE · L(λ, T )dλ (7.12)

In this example, the calibrated pyrometer LP3 was used to measure two sources, the gold

(Au) freezing point at T90 = 1337,33 K and the copper (Cu) freezing point at T90 = 1357,77 K

by colleagues of PTB department Thermometry. The filter radiometer FD23 was used

to measure the black-body radiator BB3200pg. The results of the measured photocur-

rent of the detectors and the resulting thermodynamic temperatures are summarized in

Table 7.4. The measurements with the LP3 detectors were carried out by colleagues at

PTB department Thermometry and the ones with the FD23 detectors were carried out

at PTB department Radiometry (FD23).
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7.6 Conclusion and optimisation potential

To rate the performance of a measurement method, the method has to be validated.

To validate the SRPL method for the spectral calibration of detectors, measurements

of different detectors in different wavelength ranges were carried out. These measure-

ments have been compared to measurement results of the same detectors at at least

two different validated measurement setups. The presented comparison regarding abso-

lute spectral irradiance responsivity were carried out in the wavelength range between

400 nm and 780 nm and showed a good agreement according to the EN -number of the

stated measurement uncertainty for these measurements. Hence, the validation can be

regarded as successful. As the used measurement method is identical for the whole wave-

length range between 230 nm and 1100 nm, the presented results can also be taken as an

representative example for the whole silicon spectral range. Comparison measurements

regarding spectral radiance responsivity, for example the presented measurements of the

pyrometer LP3, showed also a good agreement of the measurement data according to the

uncertainty and its consistency. It is therefore expected that a validation of the absolute

spectral radiance responsivity would also yield satisfactory results. An additional valida-

tion process has to be carried out in the wavelength range above 1100 nm. Therefore, the

setup has to be updated with reference detectors and wavelength measurement device,

amongst others, for the IR wavelength range. In a following step, the method should

also be validated in an international comparison for spectral responsivity.

A comparison of the performance of the SRPL methods with the performance of classi-

cal methods based on lamp/monochromator setups showed that the quantifiable dynamic

range of a filter could be expanded from four to six orders of magnitude. This results in

a reduction of measurement uncertainty for measurements outside the peak region of the

filter and affects also the measurements of detectors with low responsivity. Additionally,

the measurement uncertainty is reduced for detectors with small and steep band-pass

filter functions due to the adaptable band-pass limitation of the probe radiation reducing

the convolution effects.

Merely in the region where the signal to noise ratio at the lamp/monochromator based

setup for the measured detector is high, a reduction in uncertainty using the SRPL

method is not achieved. In these cases, the main uncertainty components are the uncer-

tainty of the calibration of the reference detector and of the precision apertures and the

noise of the lasers. These uncertainty components can only be reduced using a differ-

ent calibration method for the devices. For the reference trap detector, the calibration

uncertainty could be reduced by changing the calibration chain from being calibrated

against a working standard to being calibrated directly against the cryogenic radiometer.

At the SCF setup, this procedure effectively reduced the resulting measurement uncer-
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7.6 Conclusion and optimisation potential

tainty. The selection of a different reference detector with a lower uncertainty would also

be possible. This possibility will be investigated in a future project using a predictable

quantum efficiency detector (PQED) [Sea13, Mea13] which can serve itself as a primary

standard for irradiance.

In summary, a reduction of uncertainty for measurements using the SRPL method

could successfully be achieved in a wide range of applications.
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8 Conclusion and Outlook

The usage of LEDs for lighting purposes introduced new challenges in photometry and

brought the two subjects photometry and detector based radiometry closer together than

ever. Additionally, new demands in detector based radiometry, due to the launch of detec-

tors like for example hyperspectral imagers, extended the requirements for measurement

techniques and capabilities.

Classical measurement setups did not account for all the appearing demands.

In this thesis a measurement method was developed to account for many of the newly

arisen challenges.

As a measurement basis, a spectrally resolving setup was refined that combines the ad-

vantages of classical lamp/monochromator setups and laser based setups. These benefits

are the broad tunable wavelength range with a variable bandpass and the high output

power even for a highly limited bandpass over a high dynamic range.

The use of a short-pulsed laser system in combination with a band-pass limitation

and concurrently a set of continuous-wave lasers enables a much higher output power

than classical systems. The complete tunable spectral range of the new system ranges

from 230 nm to 1600 nm and is extendable to 3000 nm. The high output power of the

lasers enables a tunable band-pass between several nanometers down to 0,1 nm. A radi-

ation conditioning unit allows for a large area uniform radiation field and a laser power

stabiliser assures a highly stable output power. A pulse to cw conversion tool can be

applied if the measured detector is sensitive to the pulsed radiation. This new measure-

ment method enables the characterisation and calibration of various photometric and

radiometric detectors, regarding for example spectral radiance responsivity, spectral ir-

radiance responsivity, linearity or internal straylight of spectro-radiometers, all in one

setup.

However, using lasers, i.e. a spectral line source, with a narrow band-pass, as a radi-

ation source coherence effects are getting important in detectors with optical filters or

protective windows if no diffuser is applied to homogenise the radiation received by the

detector. The resulting interference fringes overlay the measurement signal with ripples

and introduce a large uncertainty component if not corrected. A digital filtering algo-

rithm was developed that selectively damps the interference oscillation frequency in the

measurement data by means of a band-stop filter for higher frequencies and a reduction
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8 Conclusion and Outlook

of noise with a low-pass filter. It was shown that the resulting uncertainty component for

this correction is low. However, this procedure is time-consuming because the complete

oscillation pattern has to be sampled with high accuracy according to the sampling theo-

rem. Therefore, an alternative method for the determination of the optimum bandwidth

for the pulsed laser radiation was presented. It first samples a few interference periods

with high resolution using the continuous-wave lasers. This information together with

the wavelength derivative of the filter function is then used to determine the optimum

radiation bandwidth which can be used without the need of deconvolution but provides

a sufficient average over the interference oscillation for a specific detector.

The measurement setup together with the digital filtering algorithm and optimum

bandwidth determination gives the SRPL (Spectral Responsivity with Pulsed Lasers)

method.

With the above described tests, the second hypothesis was successfully proven. The

new measurement method SRPL together with a mathematical correction procedure is

able to correct interference oscillations present in measurement data, when detectors

without diffusers are measured.

A measurement value must to be accompanied by its associated measurement uncer-

tainty. Therefore, a complete uncertainty analysis for the measurements taken at the

TULIP setup in irradiance and in radiance mode was carried out. The resulting mea-

surement equation together with the most important correction factors are given in this

thesis. The results show that due to the higher signal-to-noise ratio, some uncertainty

contributions could be reduced compared to classical measurement procedures.

To verify the reliability of the new measurement setup, a validation procedure was

carried out. Measurement results at the SRPL-TULIP setup were compared with mea-

surements at two other validated measurement setups. The validation in the visible

spectral range was carried out against a lamp/monochromator based setup and against

measurements at the photometric bench. The validation in the red wavelength range

was carried out against two lamp/monochromator based setups. All comparisons show

a good agreement regarding their uncertainties and their reliability. Additional com-

parisons gave an indication of the potential and performance of the new method. The

usable spectral range was extended and also the out-of-band response could be measured.

The measurement uncertainty could be reduced due to the higher signal-to-noise ratio

especially in the slope of the filter function.

The described validation procedure proved the first hypothesis successful. The de-

veloped SRPL method is suitable for measuring different photometric and radiometric

detectors in radiance and irradiance mode. This validation procedure as well as the se-

lected measurement results showed that the measurement uncertainty was reduced with
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the SRPL method over nearly the whole wavelength range. Only when the frequency

double optic parametric oscillator signal is used, the measurement uncertainty could not

be reduced compared to the classical measurement methods. In return, the usable wave-

length range for the measurements and calibrations was significantly extended. These

results prove the third hypothesis successful.

The ability of the new measurement method was successfully used for the determination

of the wavelength dependent linearity of an imaging luminance measurement device

during a MNPQ project [ZLS+11]. It will also be used in future for the spectral and

spatial characterisation and calibration of such devices. In the project ”Traceability

for surface spectral solar UV radiation” of the European Metrology Research Program

(EMRP ENV03 ”SolarUV”) [Eur13b], the setup was used to determine the spectral

irradiance responsivity of UV detectors and it was afterwards used for the absolute

calibration of the QASUME UV spectrometer. As a part of this thesis, the setup was

used to practically realise the mesopic traceability chain within the EMRP ”Metrology

for solid state lighting” (EMRP ENG05 ”Lighting”) [Eur13d]. In another EMRP project,

”Metrology for earth observation and climate” (EMRP ENV04 ”MetEOC”) [Eur13a],

the methods described in this thesis were used for the determination of the internal

straylight of a hyperspectral imager which can also be used for its absolute calibration.

In the EMRP project ”New primary standards and traceability for radiometry” (EMRP

SIB57 ”NEWSTAR”) [Sea13], the SRPL method will be used for the characterisation and

calibration of a PQED, a predictable quantum efficiency detector. The PQED detector

can itself serve as a primary reference detector. If the project is successful, its usage

could shorten the traceability chain for the reference detector used with TULIP. This

will reduce the measurement uncertainty at this setup.
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List of Abbreviations

Abbreviation Definition

CIE Commission Internationale de l’Eclairage

DSR Differential spectral responsivity

DUT Device under test

NIR Near infrared

Ar+ Argon ion

Au Gold

Ba2SO4 Barium sulphate

BIPM Bureau International des Poids et Mesures

CAD Computer aided design

Cd Cadmium

Cu Copper

cw Continuous-wave

DCM 4-(Dicyanomethylene)-2-methyl-

6-(4-dimethylaminostyrol)-4H-pyran

laser dye

DFT Discrete Fourier transform

DIN Deutsches Institut für Normung

e-ILV International lighting vocabulary electronic version

EMRP European metrology research program

ENG05 ”Metrology for solid state lighting”

ENV03 ”Traceability for surface spectral solar UV radiation”

ENV04 ”Metrology for earth observation and climate”

EOM Electrooptical modulator

FDE Finite difference equation

FFT Fast Fourier transform

FWHM Full width at half maximum

GUM Guide to the expression of uncertainties in measurement

He Helium
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Abbreviation Definition

Hg Mercury

ILMD Imaging luminance measurement device

ILV International lighting vocabulary

IR Infrared

JCGM Joint committee for guides in metrology

KD*P Potassium di-deuterium phosphate

LBO Lithium triborate

LDLS Laser driven light source

LED Light emitting diode

LIS Luminous intensity standard lamp

LLG Liquid light guide

LS Luminance standard

METAS Eidgenössisches Institut für Metrologie

MIKES Mittatekniikan keskus

MNPQ Messen, Normen, Prüfen und Qualitätssicherung

Nd:YAG Neodym:Ytterbium Aluminium garnet

Nd:YVO4 Neodym:Yttrium vanadate

NIST National insitute of standards and technology

NMI National metrology institute

NPL National physical laboratory

OPO Optical parametric oscillator

PID Proportional-integral-derivative

PM Photometer head

PQED Predictable quantum efficiency detector

PSNR Peak-signal-to-noise-ratio

PTB Physikalisch-Technische Bundesanstalt

PTFE Polytetrafluorethylene

R6G Rhodamin 6G ; laser dye

SCF Spectral comparator facility

SHG Second harmonic generation

SI Système internationale d’unités

SIB57 ”New Primary Standards and Traceability in Radiometry”

SLT Straylight tube

TC Technical committee

THG Third harmonic generation
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Ti:Sa Titanium:Sapphire

TMF Tapered multimode fibre

TULIP Tunable lasers in photometry

UV Ultraviolet

VIM Vocabulary of basic and general terms in metrology
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List of Symbols

Symbol Definition

A Area

ak Denominator filter coefficients

ATrap Aperture area of reference trap detector

B Weighting function

bk Numerator filter coefficients

c Calibration factor

C0 Weighting factor

c1L Radiation constant c1L = 1, 191042869 · 10−16 Wm2sr−1

c2 Radiation constant c2 = 1, 4387770 · 10−2 m ·K
CF Correction factors

ci Sensitivity coefficients

d Distance

∆λ Radiation bandwidth

δbw Correction factor for radiation bandwidth

δd Correction factor for distance

δfocussing Correction factor for focussing

δfringes Correction factor for interference fringes

δpolarisation Correction factor for polarisation

δsize-of-source(λ) Correction factor for size-of-source

δspatial straylight Correction factor for spatial straylight

δspatial distribution(λ) Correction factor for spatial distribution of source

δspeckle Correction factor for speckle

δspectral straylight Correction factor for spectral straylight

δstability Correction factor for stability

δtemp Correction factor for temperature

δtrans1 Correction factor for transformation of spectral power

responsivity to spectral irradiance responsivity of

reference trap detector
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Symbol Definition

δtrans2 Correction factor for transformation of spectral irradiance

responsivity to spectral radiance responsivity of

reference trap detector

δun,rad Correction factor for uniformity of radiation field

and of detector

δwl Correction factor for wavelength

ε Angle to normal incidence on the detectors active area

E(x) Expectation value of x

E Illuminance

f ′1 Spectral mismatch of photometer head

f2 Angular responsivity of photometer head

f ′2 Wavelength dependent angular responsivity of

photometer head

fmax Highest frequency component

fs Sampling frequency

F ′(T )|detector
source Mismatch correction for a specific detector and source

G Geometry distribution

hn Impulse response of filter

Hz Transfer function of filter

K(λ) Luminous efficacy of radiation

Km, K ′m Maximum of luminous efficacy of radiation

lc Coherence length

L Luminance

λ Wavelength

m Mismatch index of photometer head

m∗rel(ε, ϕ, λ) Normalised angular dependent responsivity

N Number of data points

n Refractive index of air

Ω Solid angle

P (TA, λ) Plankian distribution at 2856 K

Φ, Φv Luminous flux

ϕ Azimuth angle

Φe Radiant flux

q Adaptation level

r Radius
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RDUT, RTrap, RMon Feedback resistors for detectors

r2S Aperture radius of source

r2Trap Aperture radius of reference trap detector

sDUT Spectral responsivity of DUT

srel Relative spectral responsivity of a detector

Srel Spectral distribution of a source

sTrap Spectral power responsivity of reference trap detector

sv, s′v Luminous responsivity for photopic and scotopic weighting

T Distribution temperature

TA Distribution temperature for standard illuminant A (2856 K)

θ Angle between the normal to the section dA and

the direction of the beam

UDUT, UTrap, UMon Measured voltage of detectors

u(xi) Standard uncertainties of xi

u(x) Standard uncertainty of x

u(y) Standard uncertainty of y

V (λ), V ′(λ) Luminous efficiency functions for daylight and night vision

V (X) Variance of X

X Measurement quantity

x Measurement result

Xe, Xv Quantity in radiometry, photometry

xi Estimate of Xi

Xi Input quantities

Xk Fourier transform of measured values

x[n] Measured values

Xz Transformed values in the z-domain

y Estimate of Y

Y Output quantity, measurand

y Photocurrent

yDUT, yTrap, yMon Measured photocurrent of detectors

yn Filtered signal in wavelength domain

Yz Filtered signal in z-domain

z−k Operator of z-transform
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