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ABSTRACT

Since about five years, Lighting has become a partly required and partly elective course within the Energy p
the Master of Engineering Technology at KU Leuven. While the theoretical part of the course is lectured to 1
audience, an increased emphasis has been placed on an individual evaluation of the students for the laborat
In order to admit several students simultaneously to the laboratory, multiple constructions of the same labora
are requested. Therefore, cheap alternatives to the scientific metrology instrumentation, which still guarante
students get acquainted with optical metrology techniques and general radiometric and photometric quar
needed. In this paper, the design of an inexpensive integrating sphere setup is presented, enabling
characterization of light sources. Instead of using an expensive sphere with magnesium oxide or barium sulfate
cheap polystyrene sphere is employed. In combination with a low-cost USB spectroradiometer, the system e
direct measurement of the spectral radiant power of a light source. In addition, the luminous flux, luminous
colour coordinates, colour temperature, and colour rendering index can be determined. The equipment
experimental procedure, as well as some typical measurement results are presented.
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1. INTRODUCTION

KU Leuven is Belgium's largest university. Founded in 1425, KU Leuven has been a centre of learning for r
centuries, being one of the oldest universities in Europe. As a leading European research university and co-fou
League of European Research Universities, KU Leuven offers a wide variety of international master progra
supported by innovative, interdisciplinary research. Besides the faculties of Science, Engineering
Bioengineering Science, and Architecture, the Faculty of Engineering Technology is one of the five faculties v
Science, Engineering & Technology Group. It gathers all Industrial Sciences programmes at seven locations 1
Flanders.

Within the Energy programme of the Master of Engineering Technology, courses on Optics and Lighting &
required and partly elective. While the theoretical part of these courses is lectured to the entire audience, ar
emphasis has been placed on an individual supervision and evaluation of the students for the laboratory mc
way, students are able to gain a deeper understanding of specific topic areas of radiometry, photometry, and ¢
In order to admit several students simultaneously to the laboratory, multiple constructions of the same labora
are requested. Therefore, cheap alternatives to the scientific metrology instrumentation, which still guarante
students get acquainted with optical metrology techniques and general radiometric and photometric quar
needed. This paper reports on the design of an inexpensive integrating sphere setup, enabling the optical chat
of light sources. Besides the equipment used, the experimental procedure as well as some typical measuret
are described.

2. THEORETICAL BACKGROUND

The integrating sphere is the most common and widely used device for measuring optical ratiiiaiesigned t
achieve a homogeneous distribution of the optical radiation by means of multiple Lambertian reflections at the
inner surface. When used for measuring the radiant power and total luminous flux of a light source, the ir
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sphere behaves as the input optical element foetactbr of radiant power, placed at the exit pdrthe sphere.
Depending on the type of emission of the light seugr vs. 4t steradian), the source can either be positiondair of
the sphere’s entrance port or inside the sphespergively.

Under the ideal circumstances of a spherical gegnveth infinitesimally small entrance and exit pgrand a sphere
coating which behaves as a perfectly homogeneounshedian reflector with a total reflectanpebeing wavelength
independent, the relation between the light fluxhef source@s,.. and the receiver illuminandge e is defined as

1 »
Erecoiver =———— ———- =f : 1
receiver 477R2 1- 0 Rource Bource ( )

with R the sphere radiugpeing defined as the sphere factor.

Traditionally, specific coating materials such asilom sulfate (BaSg) or magnesium oxide (MgO) are utilized for the
sphere coating due to their high diffuse reflectaimcthe visible and near-infrared range of thecspen (up to 99 %),
and due to their thermal stability until elevatethperatures of up to 350 °C, depending on the @fjgeating’

Even by using this type of materials, in practice ideal conditions cannot be met. For examplerdfiectance value of
the bottom part of the sphere will usually be loweae to contamination of the sphere coating witkt.dMoreover, the
surface of the detector itself can be considered deviation of the uniform diffuse coating requient. Without any
adaptations to the sphere geometry, the receiger @gétects a part of the light emitted by the sewutitectly. This
contribution is not taken into account in the cldtion of Eq. 1, and it is dependent on the lum@saaf the light source
in the direction of the detector. As such, it wiliry with the orientation of the source in the gph@xcept for real
isotropic sources). Therefore, the detector mudidiied against direct irradiation by the lighusce. Finally, also the
light source under test and its accessories cassarae of measurement error.

It must therefore be concluded that accurate atesohdiant power and total luminous flux measuremén use of an
integrating sphere are not evident, since Eq.rotsvalid in practice, and corrections are requiréet, if the intensity
distribution of two light sources is more or ledsritical, one can expect that the proportionalgyween the measured
illuminanceE, v and the light fluxss,ce Still holds. As such, by application of the soledl‘substitution method’, in
which first a reference source with known lightdlgi¢ is measured, followed by the light source undst, tie flux of
the test sourceé.y can be derived according to

W =W .Etest (2)
est ef Eref '

with E¢ andEg representing the measured illuminance of the eefs source and test source, respectively.

In practice correction methods are introduced, sashthe use of an auxiliary lamp or more elaboratetdhods as
proposed by Ohno and Zofigh detailed description of these correction methfadls however out of the scope of this
paper.

3. EXPERIMENTAL SETUP

The goal of the integrating sphere laboratory asaint is for the students to characterize the aptod electrical
performance of a set of light sources. In ordeuriderstand the measurement procedure, the theddretickground as
briefly discussed in section 2 is instructed in theoretical course. Furthermore, students haveatal in a written
assignment, in which they are asked to calculatetarcompare the luminous efficacy of two differdight sources,
before and as a preparation for the laboratory.

Instead of using an expensive research laboratsgd integrating sphere setup, five measuremenpssetere
constructed by use of cheap polystyrene spheresaaieter 50 cm. As an example, a picture of onthefsetups is
provided in Fig. 1, while a schematic overviewud £ntire measurement system is presented in Fig. 2

The lower part of the sphere is fixed to a tabli&dég while the upper part of the sphere can beeretd in order to
insert the light source. A hole is drilled into tiog of the upper half of the sphere, through witighwiring is allowed
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Specirometer

Figure 1. Picture of the polystyrene integratingesp setup, including the optical fibre (Ocean &ptype QP200-2-VIS-
BX) coupled to the USB-650 Red Tide spectrometer.
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Figure 2. Schematic overview of the experimentedgrating sphere setup.
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Figure 3. Inside the integrating sphere a baffimdzinted to prevent direct incident light to eriter optical fibre detector.
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for driving the light source electrically by use afpower supply. A voltmeter and ammeter resp. rcktioe voltage
across and the current through the source under tes

A second whole is drilled into the side of the gpehia order to act as an exit port. A 2 m optidatd with fibre core size
of 200 um (Ocean Optics type QP200-2-VIS-BX) is coupledHhis port via the table holder, through an SMA 905
connector. A second SMA 905 connector connect®ther end of the fibre to a spectrometer (Ocearic®tSB-650
Red Tide spectrometer, wavelength range 350 — X100 This preconfigured spectrometer is couplec tdesktop
computer through a USB cable. Inside the sphebaffte (diameter 8 cm) is mounted in front of thehere, preventing
direct incident light to enter the detector (seg Bi.

Eventually, a fibre splitter can be used to lowes tost of the setup. A fibre splitter is comprisdédhree fibres; two
fibre legs on one side which overlap in a junctigth a third fibre at the common end. This way, $ignal acquisition
of two sources, measured with two different intéigaspheres, can be performed with just one speter.

For the processing of the measurement data Loggemd&a-collection and analysis software is uselterAatively,
specific software tools for spectroscopy applicadigrovided by the spectrometer manufacturer maydes (e.g.
OceanView by Ocean Optics).

4, EXAMPLE MEASUREMENT RESULTS

As an example, the determination of the start-ogetand the total luminous flux of a low-energy cawtpfluorescent
lamp (CFL) denoted as ‘Carrefour 11W’ will furthbe discussed. To determine the total luminous @ifixhis test
source, the substitution method as described itiose2 is put forward. As such, a reference lightirse has to be
provided. In this case, an incandescent lamp (8v&LS 60W 240 E27 Clear) with a theoretic totahinous flux of
700 Im was chosen for the purpose. The effectiv@ taminous flux of the lamp was measured in-hobgaise of a
near-field goniophotometérYet, if there is no possibility to measure the imous flux of the reference lamp, the
product details as provided by the lamp manufacttwald still be used.

Since the intensity distribution of the referenigiat source and the test bulb is more or less id&inbne can expect that
the proportionality between the measured illumimaand light flux holds. At first, the pow&:.s and the illuminance
E.« Of the reference source with known total luminflug ¢+ are measured. Recorded values are presented i@ Tab
From these values, the luminous efficagy (Im/W) of the reference source can be calculatesd@ing to Eq. 3:

,7ref = Ifef .

ref

3)

This value numbers 11.6 Im/W.

Table 1. Determination of the powRr (W) and illuminanceE, (lux) of the reference lamp with known luminousx,
(Im).

¢ref (Im) Pref (W) Eref (IUX)
693.4 59.6 360

Afterwards, the test source is installed. The pdwygrand illuminanceE, of the test source are now recorded each 15 s
for a total period of 6 minutes. The measuremesitite are provided in Table 2. From these resitiltsin be concluded
that the illuminance increases for about 4 mirgrafthich it stabilizes. The final illuminance af@min numbers 336
lux. According to Eq. 2 and Eq. 3, this resultsiitotal luminous flux and a luminous efficacy oé tiest lamp of 647 Im
and 57 Im/W, respectively.
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Table 2. Determination of the powRgy (W) and illuminanceéE, (lux) of the ‘Carrefour 11W’ test source as a fimctof

time (s).
Time () Pies (W) Ees (IUX)

15 104 70

30 11.0 142
45 11.2 207
60 11.5 242
75 11.5 255
90 11.5 262
105 115 270
120 11.6 280
135 11.7 293
150 11.7 304
165 11.7 314
180 11.7 322
195 11.8 330
210 11.8 335
225 11.8 339
240 11.7 342
255 11.7 343
270 11.6 343
285 11.6 342
300 115 343
315 115 343
330 115 342
345 114 338
360 11.3 336

5. CONCLUSIONS

In this paper, the design of an inexpensive lalooyasetup for the measurement of the total luminfbus of light
sources has been presented. Instead of using amsxp laboratory-based sphere, a polystyrene sphas used in
combination with a low-cost USB spectroradiometéfter a brief consideration of integrating sphehedry, the
experimental design of the alternative setup wasugised. Finally, the measurement procedure wdaiegg by use of
some real measurement data.

While the uncertainty on the reported measuremesilts might be large, the goal of the describguegments is for
the students to get acquainted with applicationsadfometry and photometry, data collection, anth @alysis, as in a
professional context. A significant emphasis ig¢f@re also placed on the correct scientific repméstion of the results
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in a laboratory report, to be handed in after hgvierformed the experiments. With the describet getip, these
targets are fulfilled. Furthermore, in this papee teported optical properties of the light sounee restricted to the
start-up time, the total luminous flux and the lnois efficacy. Yet, it is clear that also radiorneeproperties, such as
the radiant power, the colour temperature, ancctheur rendering index, can be investigated with same equipment.
Depending on the type of students (bachelor orenatggree), the assignment can perfectly be madielaro
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