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Abstract

Astronomical instrumentation is one of the areas were optics have seen recently a considerable

evolution, and spectroscopic observations of astronomical objects is one of the key subjects.

The goal of this thesis is to study integrating spheres, within the scope of astronomical

instrumentation, an optical component that will enable the integration of sunlight for further

injection into a spectrograph, by means of an optical fibre.

For this study, it is fundamental to define a model that can describe the properties of an

integrating sphere. Resulting in a radiometric model of the sphere, which allows to determine

the order of magnitude of the attenuation and the uniformity thus obtained.

Several Monte Carlo methods were studied bibliographically, however, it was verified that

they were complex and very time consuming, resulting in an accuracy that was not required for

this application. In order to create a simplified model, equations and the calibrated tables of

irradiance uniformity and radiance sphere were used by the manufacture of integrating spheres,

Labsphere[1].

Another important goal the main goals was to characterize the integrating spheres experi-

mentally, so as to validate the selected model.

Several step-ups and experimental tests were performed that it allowed to verify and char-

acterize the behaviour of integrating spheres in terms of uniformity, radiance, influence of the

incident angle of the source, influence of the incident f-number of the source, and varying the

distance from the detector to the sphere.

Overall, the experimental results demonstrate that the simplified model is valid for the

intended application, with an accuracy of 10% for the uniformity, and the tests validated the

use of an integrating sphere for astronomical spectrography.

Keywords: integrating spheres, radiometry, optical instrumentation
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Resumo

A instrumentação para astronomia é uma das áreas onde a ótica teve uma evolução considerável

nos últimos anos, e a observação espectroscópica de objectos astronómicos é um dos temas-

chave. O objectivo desta tese é o estudo de esferas integradoras, no âmbito da instrumentação

astronómica, para permitir a integração da luz solar para posterior injecção num espectrógrafo,

através de uma fibra óptica. Para este estudo, é fundamental definir um modelo que possa

descrever as propriedades e a esfera integradora.

Uma esfera integradora consiste numa estrutura esférica oca, coberta no seu interior por

um revestimento refletor, tendo entre duas a três pequenas aberturas. Estas aberturas são de-

nominadas por ”portos de abertura”, e dependem da utilização espećıfica da esfera. Quando

uma esfera oca é injetada com radiação eletromagnética, esta sofre várias reflexões pelas paredes

difusas. Estas paredes são superf́ıcies Lambertianas, o que produz uma irradiância e radiância

uniformes nas paredes da esfera, uma vez que o feixe, ao incidir nas superf́ıcies desta, se torna

totalmente difuso e deixa de ter uma direção definida. A função de uma esfera integradora é, pas-

sando a redundância, integrar espacialmente o fluxo incidente. Este fluxo pode ser determinado

através de um fotodetector, na sáıda da esfera.

Foi feito um estudo bibliográfico de vários modelos do Método Monte Carlo, que modelam

esferas integradoras para várias situações, mas, uma vez que esses modelos são para situações

em que o rigor é imprescind́ıvel, o processo seria demasiado demorado e complexo para o que

era pretendido atingir. Mais concretamente, como se pretende criar um modelo simples e direto,

que seja comprovável em contexto experimental, os modelos do Método Monte Carlo vão contra

o objetivo deste trabalho.

Para a aplicação astronómica, é importante ter um modelo radiométrico da esfera, que

permita ter uma noção da ordem de grandeza da atenuação e da uniformidade obtida com a

mesma. Isto tendo em conta que o instrumento pode sempre ajustar-se, desde que o erro se

encontre dentro dessa gama. Um dos objetivos principais será portanto caracterizar as esferas

integradoras experimentalmente, de forma a validar o modelo simplificado.

Foram escolhidas três esferas. Uma esfera da International Light Technologies, com 25 cm de

diâmetro, uma esfera da Thorlabs, com 5, 08 cm de diâmetro, e a última esfera, que não se trata

de uma esfera integradora “comercial”, mas sim de um globo revestido por dentro com tinta

mate de forma a recriar, de uma forma algo rústica, barata e artesanal, uma esfera integradora

com 25 cm de diâmetro. Esta última foi constrúıda com o propósito de comparar os resultados

obtidos aos resultados conseguidos com as outras duas mencionadas atrás. Cada esfera tem três

aberturas, sendo que uma está definida como sendo o porto de entrada, que será onde a fonte

de luz é injetada, e as outras serão os portos sáıda. A cada um destes portos está associado um

detector próprio.

Como será necessário utilizar equipamento de dimensão pequena, pelo menos até 100 mm,

não convém que a esfera ultrapasse essa dimensão, de forma a integrar a uma distância curta

do foco do telescópio. A esfera da International Light Technologies é denominada esfera de

referência, e a esfera da Thorlabs será então comparada com a de referência, visto que a esfera

da Thorlabs corresponde às dimensões da aplicação.

O sistema utilizado para a medição consistiu em duas mesas, cada uma com um eixo de

translação, conectadas entre si, acoplado às quais estava um detetor, a que chamámos detetor A.

Os detetores (acima mencionados para os portos sáıda), são iguais. No entanto, o detetor A tem
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uma área activa menor quando comparada relativamente à do outro detetor, a que chamámos

detetor B. Isto deve-se ao facto de que o detetor B irá servir como detetor de referência. O

detetor A, em conjunto com as mesas de translação, vai mover-se ao longo do porto de forma

sistemática. Esse movimento foi programado em LabVIEW, e consiste em fazer com que o

detetor A percorra uma matriz NxN , medindo várias vezes na mesma posição, e em todos os

pontos da matriz, que estão separados por um pequeno intervalo, devolvendo o valor médio de

cada posição (x, y) em que mede. Já o detetor B, enquanto o detetor A estiver em movimento,

estará parado no seu porto, a manter a referência. Assim, a cada medição este valor de referência

vai atenuar os valores obtidos pelo detetor A.

O modelo simplificado tem em consideração as equações de radiância, bem como da uni-

formidade da irradiância espećıficas da esfera. Estas foram retiradas do artigo de fabricante da

Labsphere[1]. Neste trabalho, a tabela de uniformidade do fabricante foi usada como referência,

para a comparação de resultados experimentais. Foi também utilizada para a interpolação de

resultados para a uniformidade teórica, de acordo com as distâncias escolhidas.

Foram usadas três fontes de luz diferentes, a fonte de luz branca que cobre o espectro v́ısivel, a

fonte de luz azul, com λ = 375 nm, e a fonte de luz vermelha, com λ = 660 nm. Foram realizados

testes diferentes para determinar a uniformidade experimental e a irradiância experimental para

cada esfera; Foi observada a resposta espectral da esfera da Thorlabs.

Para determinar a uniformidade experimental, foram efetuados os seguintes testes para cada

esfera. Primeiro, tendo apenas a fonte de luz branca a incidir na esfera, foi afastado, para várias

distâncias, o detetor A da esfera, de forma a recriar uma tabela de uniformidade. No segundo

caso foram utilizadas ora apenas a fonte de luz azul, ora apenas a fonte de luz vermelha a incidir

na esfera. Este teste foi apenas efetuado para uma distância do detetor à esfera. No terceiro

caso, apenas realizado com a esfera de referência, e mais uma vez para uma só distância, foi

testada a sensibilidade da injeção da fonte de luz branca, com várias posições e ângulos no porto

de entrada. No último caso, foi testada a sensibilidade do número de abertura da fonte de luz,

com a esfera da Thorlabs, e novamente para várias distâncias. Para cada teste foi calculada

a uniformidade, para cada distância relativamente à esfera, e para cada fração do diâmetro do

objecto, a dividir pelo diâmetro do porto.

Para calcular a irradiância experimental utilizou-se um radiómetro para medir a taxa de

transferência de cada esfera integradora, para cada fonte de luz. Este teste foi realizado várias

vezes, por forma a obter uma maior repetibilidade. Para obter a esposta espectral, utilizou-se

um espectroradiómetro para medir à sáıda da esfera da Thorlabs, quando a fonte de luz branca

era injectada.

Os resultados experimentais obtidos, relativos à uniformidade, estão dentro do esperado.

Para menos de dois terços do tamanho do objecto em relação ao porto, a variação máxima é de

5%, para todas as esferas, e essa variação diminui à medida que o detetor se afasta da esfera.

Como, para esta aplicação, há uma maior preocupação com as medições na parte v́ısivel do

espectro, o teste com as diferentes fontes monocromáticas só demonstrou que não existe grande

variação de uniformidade para um terço do diâmetro do porto. A sensibilidade da esfera para

a variação da fonte de luz, para vários ângulos e posições, não é pertinente, existindo uma só

variação, de até 3% no máximo, entre si. Alterando os números de abertura da fonte de luz

para a mesma distância, e variando o número de abertura da fonte, não foi detetada qualquer

variação apreciável entre estes para várias distâncias. A maior variação apresentou-se para um

diâmetro de mais de dois terços do porto.
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Os resultados da irradiância experimental demonstram que as esferas correspondem a cerca

de 30% do modelo teórico. Obviamente que este modelo, sendo simples e otimista, não tem em

conta os vários aspectos que fazem reduzir a taxa de transferência. E, futuramente, tem que se

ter em conta esta variação. Analisando a razão da resposta espectral da esfera da Thorlabs com

a fonte de luz branca, confirma-se de facto que, para a parte viśıvel do espectro, a reflectância

experimental é semelhante à do fabricante.

Palavras-chave: esfera integradora, radiometria, instrumentação ótica
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Chapter 1

Introduction

The motivation for this thesis was to study the radiometric model of an integrating sphere (IS).

This radiometric model would be simple, but it would cover the uniformity and homogeneity of

the IS and all the light’s properties at the exit port of the integrating sphere. This integrating

sphere will be used in an instrument coupled to a telescope and the model will be able to make

measurements with an accuracy of an error of 10% or 20%, such accuracy is fairly standard for

this type of characterization.

There are complex models[2][3], normally used in the metrology area where the IS are used

and require tolerances much tighter; those models normally are Monte Carlo Methods. It was

made a bibliographic study of some models, and it was verified that there was an increased

complexity associated with them. Implementing those models would be very difficult and also

challenging to validate experimentally. In this work, experimental validation is fundamental.

The idea is to work with a type of spheres that are not a perfect model, are smaller than what

is usually used in metrology and are not spheres used in the mentioned models.

An integrating sphere is an optical component that has a hollow spherical cavity with a few

openings, that are designed as the ports; these can be the entrance, exit, calibration, or the user’s

port. It depends on what the sphere is designed for. An integrating sphere collects electromag-

netic radiation from an external source into the optical device, usually for flux measurement or

for optical uniformity. The interior cavity is painted with a reflective or diffuse material, so that

when the radiation is introduced into the integration sphere, it strikes the reflective walls and

undergoes multiple diffuse reflections. After that, the radiation is dispersed in a highly uniform

state on the sphere’s walls. The function of an integrating sphere is to spatially integrate radiant

flux, which can then be measured using a detector.[1] The use can be simple, to homogenize or

integrate light, which is the application in this work. There are different sizes, it can go from

25mm to 2, 5m, figures 1.1 and 1.2.
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Figure 1.1: Image of an example of a small
integrating sphere is this model 819D-SL-2
from Newport. An IS with 3 ports, a diam-
eter of 5cm (PTFE).[4]

Figure 1.2: Image of an example of a big in-
tegrating sphere is this model BASO4 from
Opsytec Dr. Gröbel. An IS with 2 ports, a
diameter of 2, 5m (BASO4).[5]

The first thing that was done at the beginning of this thesis was to implement the Monte

Carlo models, and it was concluded that those models were complex and cumbersome: the

process of understanding, the development, the outlining, and alterations for the objectives set

to this work on different aspects. These works are really good and are normally associated

with applications where conditions are required to have a better accuracy (10%), which was not

intended in this work. The solution to this would be to focus on a simplified model.

The work described in this thesis is intended as simple application to study the light that

comes from the sun. The sun, as a star model, can be use as a proxy to discover new stars and

consequently new solar systems similar to ours. Nowadays, studies of the Sun have gained mo-

mentum as the scientific community turns toward the study and discovery of exoplanets[6]. For

example, HELIOS (HARPS Experiment for Light Integrated Over the Sun) is a solar telescope

feeding the HARPS (High Accuracy Radial Velocity Planet Searcher) instrument, which is at-

tached to the ESO 3.6-metre telescope[7]. HARPS is one of the most powerful planet hunters in

existence and spends most nights monitoring stars for minute signals that indicate the presence

of an exoplanet[7]. HELIOS will be able to feed sunlight into HARPS to achieve very high-

precision spectroscopy of the Sun for several hours per day. In addition to learning about the

Sun itself and in particular improving our understanding of stellar activity, the HELIOS project

will lead to an improvement of exoplanet detection techniques[7].

Another instrument that is currently being developed is the PoET (Paranal solar Espresso

Telescope)[6]. ESPRESSO (Echelle SPectrograph for Rocky Exoplanets and Stable Spectro-

scopic Observations)[8] was designed as a highly stable fiber-fed échelle spectrograph which may

simultaneously receive light from one or up to four Unit Telescopes (UTs) of the VLT. The

preliminary design concept of PoET is a two-telescope mount: The pointing telescope is used

to get an image of the full disk of the Sun, while the main/guiding telescope, with its higher

resolution, can spatially resolve a smaller area in higher detail. It is expected that with this

configuration, images of the Sun’s surface can be obtained with a spatial resolution better than

1 arc second[6].

The motivation of this thesis is to design an instrument based on a telescope that will be

connected by fiber to a spectrograph; therefore it’s the necessity of understanding the behaviour

of an integrating sphere when observing an extensive object who that possesses structures of

interest to develop further studies. The sun, our nearest star is a complex system capable of

producing many phenomenons which are rapidly becoming the focus of the scientific community,
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such as sunspots or solar flares . In a telescope, the light collected from the sun, uniform and

homogenize by the IS, can be made to be incident into a punctual object in the fiber optic. The

latter is connected with a spectrograph, which will interpret the incoming light. A spectrograph

is an instrument that separates incoming light by its wavelength or frequency and records the

resulting spectrum in some kind of multichannel detector, like a photographic plate.[9] The

examples presented before have a spectrograph implemented.

1.1 Objectives and Approaches

The objective of this work is to develop a simplified model using the equations that rule the

integrating sphere and to study, test, and validate that model in terms of uniformity. The

development of a complex model such as the Monte Carlo method falls outside of the scope of

the thesis since the tolerance is not fundamental.

This objective will be approached in the following way. Chapter one has the work introduc-

tion: the background is presented followed with examples and current work, and the motivation

of this work is clarified.

Chapter two has modeling the integrating sphere: the Monte Carlo models that were studied

are provided; and the simplified model with the corresponding equations are explained.

Chapter three has the experimental characterization: all the experimental work will be

described in order to characterise the integrating sphere with the objective to validate the

simplified model and characterise which level of accuracy this method has.

Chapter four has the experimental results: an example of how the collected data is analyzed

is demonstrated, and the experimental results for each test is presented with the respective

conclusions.

Chapter five has the recap of the objectives of this thesis and the description of the experi-

mental tests; has the conclusions for each test, the final conclusions and suggestions for future

work.
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Chapter 2

Modeling the Integrating Sphere

2.1 Monte Carlo Methods

As mentioned before, Monte Carlo methods fall outside of the scope set for this thesis. However,

for comparison purposes, it is worth mentioning a few studies as a reference for this type of

procedure.

The complex models that were studied were The design, construction, and calibration of

a spectral diffuse/global irradiance meter [2] and Computer modeling of integrating spheres [10]

from Blake G. Crowther; and Monte Carlo modeling of an integrating sphere reflectometer [3],

and Numerical modeling of an integrating sphere radiation source[11] from Alexander V. Prokhorov.

All of these models has an uncertainty in the range of 0, 1% to 1%

2.2 Simplified model

The goal behind this chapter is to use the general theoretical notions for the purpose of simpli-

fying while achieving results with an acceptable tolerance.

Integrating spheres produce illumination that has extremely uniform radiance and irradiance.

An integrating sphere is a hollow spherical shell coated on the inside with a highly reflecting

diffuse coating. The projected solid angle from any point on a sphere to any element of area on

the sphere is the same, regardless of location. This fact combined with the diffuse coating and

the multiple reflections cause any light introduced into the sphere to produce uniform irradiance

and radiance on the wall of the sphere. A hole or ’port’ in the sphere allows this uniform

illumination to be used in an optical system. [12]

2.2.1 Radiation exchange within diffuse surfaces

Having two diffuse surface, figure 2.1, they can be described succinctly by the differential form

of the equation of radioactive transfer.

4



Figure 2.1: Radiation exchange between two differential elements of diffuse surfaces.[1]

dFd1−d2 =
cos θ1 cos θ2

πS2
dA2 (2.1)

where the fraction of energy leaving dA1 and arriving at dA2 is known as the exchange factor

dFd1−d2. The angles θ1 and θ2 are measured from the surface normals.

If coating the inside of a sphere with a type of diffusive surface, figure 2.2.

Figure 2.2: Radiation exchange between two differential elements inside of an diffuse surface
sphere.[1]

The distance S is the same as from θ1 and θ2, hence S = 2R cos θ1 = 2R cos θ2. So, equation

2.1 becomes:

dFd1−d2 =
dA2

4πR2
(2.2)

Since it is independent of viewing angle and the distance between the areas, the result is

relevant. For this reason, the fraction of flux received by dA2 is the same for any radiating point

on the surface. So, if the infinitesimal area dA1 instead exchanges radiation with a finite area

A2 and because the result is also independent of dA1, then the equation 2.2 becomes:

dFd1−d2 =
1

4πR2

∫
A2

dA2 =
A2

4πR2
=⇒ F1−2 =

A2

4πR2
=
A2

AS
(2.3)

where AS is the surface area of the entire sphere. Hence, the fraction of radiant flux received

by A2 is the fractional surface area it occupy within the sphere. [1][13][14][15][16]
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2.2.2 The integrating sphere radiance equation

Radiance indicates how much of the power emitted or the amount of flux collected by an emitting

or reflecting surface will be received by an optical system looking at the surface from some angle

of view - the solid angle subtended by the optical system’s aperture.

If light incident on a diffuse surface creates a virtual light source by reflection, the light

emanating from the surface is best described by its radiance, L, the flux density per unit solid

angle, (W/m2/sr),

L =
Φiρ

πA
(2.4)

where ρ is the reflectance, A is the illuminated area, and π the total projected solid angle from

the surface.

To describe the radiance of an internally illuminated integrating sphere, the equation must

consider both multiple surface reflections and losses through the port openings needed to admit

the input flux and view the resulting radiance. Taking into account a sphere with input port

area Ai and exit port Ae, figure 2.3, the input flux is perfectly diffused by the initial reflection.

Figure 2.3: An integrating sphere with a input flux Φi, input port area Ai and exit port Ae.[1]

The amount of flux incident on the entire sphere surface will be Φiρ(AS−Ai−Ae

AS
). The quantity

in parentheses denotes the fraction of flux received by the sphere surface that is lost by the port

openings. It is better to write in terms of (1 − f) where f is the port fraction and f = Ai+Ae
AS

.

If there are more than two ports, then f is calculated from the sum of all port areas.

It must be taken into consideration, the reflections inside of the sphere. If the amount

of flux incident on the sphere surface after the second and third reflection are, respectively,

Φiρ
2(1− f)2 and Φiρ

3(1− f)3. For n reflections, the total flux incident over the entire surface

of the integrating sphere will be Φiρ(1− f)1 + ρ(1− f) + ...+ ρn−1(1− f)n−1. If it is expanded

to an infinite power series and since ρ(1 − f) < 1, the total incident flux (in Watts) is reduced

to
Φiρ(1− f)

1− ρ(1− f)
(2.5)

With that conclusion, the total flux incident of the sphere surface is higher than the input

flux because of multiple reflections inside the sphere.
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With equations 2.4 and 2.5, the surface radiance of the sphere will be:

LS =
Φi

πAS(1− f)
.
ρ(1− f)

1− ρ(1− f)
=

Φi

πAS
.

ρ

1− ρ(1− f)
(2.6)

The equation is used to predict the integrating sphere radiance for a given input flux as a

function of sphere diameter, reflectance, and port fraction. Although the radiance decreases as

sphere diameter increases. [1][13][14][15][17]

2.2.3 The sphere multiplier and the average reflectance

From the previous subsection, the multiple reflections inside the sphere are referred on the second

part of the equation 2.6, it has an unitless quantity which is called the sphere multiplier:

M =
ρ

1− ρ(1− f)
(2.7)

But equation 2.7 is for the case where incident flux affects the wall of the sphere, the re-

flectance of the wall is uniform, and the reflectance of all the ports areas is zero. The general

expression is

M =
ρo

1− ρw(1−
∑n

i=0 fi)−
∑n

i=0 ρifi
=

ρo
1− ρ

(2.8)

where ρo is the initial reflectance for incident flux; ρw is the reflectance of the sphere wall; ρi is

the reflectance of the coating when the port opening i is closed; fi is fractional; and finally ρ is

the average reflectance for the entire integrating sphere. [1][14][15][18]

Figure 2.4: Sphere multiplier in function of the reflectance of the integrating sphere.[1]

2.3 Design parameters

Using an integrating sphere for any application requires taking some considerations for the

parameters. It goes from the optimum sphere diameter based on the number and size of port

openings, to selecting the proper sphere coating considering the spectral range as well as the

performance required. Even the use of baffles are in consideration.

The work on this thesis was developed with IS diameters from 5cm to 25cm, with no baffles

and an output with no fibers. The characterization of the exit port is necessary before an

implementation with a fiber can be studied - this study was not conducted on this thesis. The
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application of a fiber to the exit port is a trivial procedure and the resulting output should

depend only on the fiber characteristics. It is recommended that a setup linking a sphere to a

fiber undergoes additional irradiance studies in order to accommodate and adapt the resulting

data described in this thesis to this additional optical component.

2.3.1 Integrating Sphere Diameter

Figure 2.4, shows that decreasing the port fraction has a dramatic effect on increasing the sphere

multiplier. Therefore, no more than 5% of the area of the integrating sphere can be consumed

by the port openings.

The integrated spheres are designed by initially considering the diameter required for the

port openings. The port diameter is driven by both the size of devices as well as the geometrical

constraints required by a sphere system.

In general, a small sphere produces a higher radiance. However, since the integrating sphere

is usually used for its ability to spatially integrate input flux, a larger sphere diameter with

smaller port fraction is a better choice. However, if the integrating spheres have a high reflectance

material, it can optimize spatial performance. [1][18]

2.3.2 Irradiance Uniformity

Any surface, real or imaginary, whose radiance is independent of direction is said to be a Lam-

bertian radiator, mainly because it obeys Lambert’s cosine law, which is that the irradiance

from an element of area in the surface varies as the cosine of the angle θ between that direction

and the perpendicular to the surface element[19][13][20]:

E(θ) = E(0) cos θ (2.9)

Radiance is the flux density leaving a radiant surface as viewed from a distance away from

the surface. If the integrating sphere has a Lambertian surface, it features a perfectly diffuse

radiance, independent of the viewing angle. Irradiance is the flux density that falls on a surface

and is measured in the plane of the surface.

Since the integrating spheres are mostly used to test an imaging system, it is desired that a

uniform radiance within the field of view is achieved for the system under test. If it is used to

test a nonimaging system –, then the desired effect is uniform irradiance, and the device under

test is, at some distance of the port, placed coaxial with the sphere. When this happens, two

important quantities are to be determined. The axial irradiance at the center of the object and

the irradiance at the off-axis edge.
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Figure 2.5: Scheme to determine the uniformity. [1]

Considering figure 2.5, the axial illuminance, Eo, is given by,[1]:

Eo = πLS sin2 θ (2.10)

Even for a perfectly Lambertian, the uniformity of the irradiance across a plane object at a

finite distance will vary with the angle of the off-axis θ. The uniformity is defined as the ration

of the irradiance at the edge of the object to the axial irradiance, Ee/Eo.

Figure 2.6: The uniformity is determined as both the distance and the dimension of the object
are expressed as multiples of the sphere port diameter, x/D and d/D respectively. [1]

Analysing fig 2.6, the uniformity is 100% at the plane of the port, and it decreases as

the object is moved away from it for a short distance and improves as the distance becomes

sufficiently long. Transforming the values in Fig. 2.6 into a graphic, we have Fig. 2.7.
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Figure 2.7: Figure 2.6 represented as a graphic. [1]

Figures 2.6 and 2.7 are based on theoretically calculated uniformity values for the perfect ideal

Lambertian source. For laboratory measurements of real integrating sphere sources correlate

extremely well with these predicted values. Therefore, the data provided can be used as design

guidelines to choose the correct uniform source for a particular application. [1]

Therefore, in this thesis, all the experimental uniformity results will be compared to the fig

2.6.
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Chapter 3

Experimental Characterization

In this chapter, all the experimental work will be described in order to characterise the integrat-

ing sphere with the objective to validate the simplified model - that use the formulae described

in section 2.2 - and characterise which level of accuracy this method has.

3.1 Experimental Set-Up

Before characterising the experimental tests, it is necessary to explain the experimental set-up

with the following components.

3.1.1 Integrating Spheres

In this thesis, it was used three different spheres. The first and big sphere was an INS250

Integrating Sphere from the International Light Technologies [21], fig 3.1; the second and smallest

sphere was an IS200 series, ∅2”, from Thorlabs [22], fig 3.2; and the last sphere it was a globe,

fig 3.3.

Figure 3.1: Pho-
tograph of the Big
Sphere: INS250 Inte-
grating Sphere from
the International Light
Technologies[21], used
in this work.

Figure 3.2: Photo-
graph of the Small
Sphere: IS200 series,
∅2”, from Thorlabs
[22], used in this work.

Figure 3.3: Photo-
graph of the Globe
used in this work.
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Sphere Diameter
(mm)

Port Diameter
(mm)

Port Width
(mm)

Sphere Reflectance
(@350 to 1500nm)

Big Sphere
(INS250)

250 37,6 12,3 98,5%

Small Sphere
(Thorlabs)

50,8 12,7 3,5 99%

Globe 251 30 2,7 Unknown

Table 3.1: Characterization of the integrating spheres from their respective technical sheets
[21][22] except the globe.

Figure 3.4: Plot showing white reflective coating of the INS250 integrating sphere[21].

Figure 3.5: Plot showing sphere material reflectance of the Thorlabs integrating sphere[22].

The INS250 sphere - that will be called Big Sphere or BS from now on - would serve as a
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reference, it was too big for what this work requires. But this sphere has features that makes

it the sphere reference, it is a good example to validate the model and also impose limits for

the desirable dimension. The Thorlabs sphere - that will be called Small Sphere or SS - was a

recent sphere and more ideal for this work.

It’s important to enhance that the BS has two decades whereas the SS has fewer years. The

use and wearing of the material are great factors that will reduce the reflectance over time. Even

though it was specified in table 3.1, it is not guaranteed it was still the same.

The globe was a rustic and simple attempt to recreate an integrating sphere. The globe was

painted with matte white, with the objective to understand how the homogeneity work. Even

though the reflectance is unknown, it can be calculated -in order of magnitude- comparing with

the BS since they are similar. The purpose of this sphere was a recreation of an IS, ’with the

same features’, simple and cheap, and in the future, it could be use in practical classes.

All these spheres have three ports and no baffles inside.

3.1.2 Light Sources

In this work it was used three light sources, to study the sphere sensibility to the light injection.

The first light source was a white light from LaboControle, Olympus Europe, Highlight 3100,

fig 3.6. This light source uses a projector lamp, tungsten halogen, from Sylvania, of 21V and

150W , fig 3.7. This light source has a bundle of fibers at the exit with a NA = 1, 37, and the

halogen bulb covers all the visible spectrum, 380nm to 700nm.

The second light source was a M375SF2 from Thorlabs, fig 3.9, is a Fiber-Coupled High-

Power LED with a nominal wavelength of 375nm, outputs more than 3, 2mW of power, and is

mounted to the end of a heat sink. The output is compatible with SMA fiber connectors and

has the spectrum presented in fig 3.10 [23].

The third light source was a M660FP1 from Thorlabs, fig 3.11, is a Fiber-Coupled LED with

a nominal wavelength of 660nm, outputs more than 10, 6mW of power, and is mounted to the

end of a heat sink. The output is compatible with SMA fiber connectors and has the spectrum

presented in fig 3.12 [24].

To be able to use the last two light sources, it was used a M28L01 fiber[25], NA = 0, 39, ∅ =

400µm, SMA-SMA Fiber Patch Cable, Low OH, from Thorlabs. This fiber has the attenuation

shown in fig 3.13.

Figure 3.6: Photograph of the white light
source, Olympus Highlight 3100 from Labo-
Controle

Figure 3.7: Photograph of the tungsten
halogen bulb from Sylvania.
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Figure 3.8: Plot of the spectral radiation output for tungsten filament lamps.[26]

Figure 3.9: Image of the
M375SF2 Fiber-Coupled
High-Power LED from
Thorlabs[23].

Figure 3.10: Plot of the M375SF2
Spectrum[23].

Figure 3.11: Image of the
M660FP1 Fiber-Coupled
LED from Thorlabs[24].

Figure 3.12: Plot of the M660FP1
Spectrum[24].
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Figure 3.13: Plot of the M28L01 fiber attenuation curve[25].

3.1.3 Detectors

The uniformity was measured with the detectors PDA36A-EC Si amplified detectors from

Thorlabs[27].

Since the integrating spheres have three ports, one is chosen the input port and the other

two the exit ports with a respective detector. These detectors are the same except for the active

area. One detector, called detector B, fig 3.14, has an active area of A = 13mm2[27], and

the other detector, detector A, fig 3.15, has an active area of A = 0, 79mm2, imposed using a

diaphragm.

Figure 3.14: Photograph of the detector B
with an active area of A = 13mm2.

Figure 3.15: Photograph of the detector A
with an active area of A = 0, 79mm2, cre-
ated using a diaphragm.

These detectors are a good choice since they have a response curve, from 350nm to 1100nm,

that includes the three light sources, fig 3.16.
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Figure 3.16: Plot of the PDA36A responsivity[27].

The set-up scheme of the detectors with the integrating sphere was the same for all the

spheres. In figure 3.17, has the detector A represented by the movable detector and detector B

by the fixed detector.

Figure 3.17: Schematization of the detectors with the integrating sphere. The yellow circle is
the IS, the brown circles are the ports, the black rectangle is the tables and the little black
circles are the detectors.

The detector A is the movable detector because this one will be linked with two one-axis

translation tables, so it will allow the detector to scan the entire port; while the detector B will

be fixed to the port, it will monitor possible variations and serve as a reference, like a control

sampling.

3.1.4 Translation tables

Two one-axis translation tables were used with the detector A to capture all the light at the

exit port. The tables are from Physik Instrumente, model 126K002, with a range of 0 to 25mm,

fig 3.18. The tables were on top of each other, one table would make the movement in the

horizontal axis and the other in the vertical axis, see figure 3.19.
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Figure 3.18: Photograph of the translation
table from Physik Instrumente.

Figure 3.19: Photograph of the set-up in
the laboratory: two one-axis translation ta-
bles linked with the detector A (who’s hid-
den in the image).

It was programmed in LabVIEW a model into the tables so that they would make two paths:

the direct and inverted path. The direct path is the red one: when it departs from initial position

and ends at final position, and the detector will measure the light at the designed interval, or

what it was called, the step, fig 3.20. The inverted path, in green, will depart from the final

position to the initial, and the detector will measure the light at the same step, fig 3.21.

Figure 3.20: Image of the direct path made
by the tables. The yellow circle is the port
entrance.

Figure 3.21: Image of the inverted path
made by the tables. The yellow circle is
the port entrance.

The paths were graphically programmed in LabVIEW and the figures are in the appendix

??.

In fig A.1, it is shown the process of parking the tables, and it sends a message to the user

where he decides if it wants to park or not the tables. The parking is the reassurance that the

tables starts from x = 0, y = 0. This specific program of parking was constructed previously by

the professor Alexandre Cabral. The rest of the program was created by Andreia Domingos.

Fig A.2 is where the direct movement happens. The number N indicates the dimension of

the matrix and it is provided by the user. The i is the iteration. The number Step is also
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provided by the user and indicates which points will be measured. The xo and yo indicate

the coordinates where the measurement starts, and are themselves indicated by the user. For

example, since the BS has a bigger port diameter than the range of the table, the start positions

will be xo = 0, yo = 0. But the SS has a smaller port diameter, so the start positions will be

xo = 5, yo = 5, since the measurements before that wouldn’t matter. The input buffer size and

scan rate can be provided by the user, but they were never actually altered: these two decide

how long, and how many values, the detector will measure in that specific point. For example,

the input buffer size is 25 and the scan rate is 10, so the detectors will measure 25 times in 10

seconds, so it takes 2, 5 times per second, in every point for every measurement, throughout the

matrix. The distance along the axis is just an information for the user.

The function that makes the direct movement is the function of quotient and remainder.

The iteration i will be divided by the number N . The matrix within which the system will

move has a size NxN , and the iteration will run from 0 through to NxN − 1. The remainder

(x− y ∗ floor(x/y)) is multiplied by the Step, and this multiplication produces the x-axis. This

information is sent to table #1, that makes the movement across the x-axis. Whereas the

quotient (floor(x/y)), also multiplied by the Step, produces the y-axis. And this information is

sent to table #2, which stays still until the table #1 arrives at the final position of the x-axis

(or, equivalently, until the remainder reaches N − 1). After that, as i/N grows, the quotient

goes to the next value in the y-axis, that is the table #2, and the table #1 goes back to the

start. And so the table moves sequentially across the port until the end of the matrix. As shown

in fig 3.20.

Figure A.3, it is shown the graphical program of the inverted path. The function that makes

the inverted movement is the function of quotient and remainder, but difference is that, what is

divided by N is ((NxN)− 1)− i. The remainder, the table #1, starts at the end of the matrix,

(N,N), while the table #2 is at the end of the matrix as well. And the tables moves in inverted

way until they reach the origin, as shown in fig 3.21.

Figures A.4, A.5 and A.7 are related to each other and while the figures A.4 and A.5 shows

the program in the direct movement cycle, but it is the same in the inverted cycle after fig A.3.

In fig A.4, the program will send the information to the user through the display, fig A.7. It

has two waveform graphics, an array (array 0) with the values measured in every specific point

from detector A, another array (array 1) with the values from detector B. Both arrays are linked

at the end with a mean tool, and that mean value is sent to a waveform graphic as well.

Figure A.5, it is shown the graphical program that allows the information to be saved in an

excel file. The information is: time, scan rate, input buffer size, position in x, position in y with

the respective mean value 0 and mean value 1 for each position.

Figure A.6 it is shown the graphical program when it finishes running, and send the tables

back to (0, 0).

Figure A.7 is the user display: it shows the information inserted by the user in fig A.2; the

respective graphics and the values of the arrays from fig A.4; and where the user can save the

excel in the computer, fig A.5.

The information on the left side is the direct scan (’varrimento’) and the right side is the

inverted scan (’varrimento invertido’). What is edited by the user are the green and blue

rectangles: the first being the name and the location of the excel file, the latter is the information

shown in fig A.2.

As said before, with an input buffer of 25, the detectors measure 25 times in the same point.
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So in the yellow rectangles, for their respective scans, the waveform graphs presents the 25 values

for every position, while the plot 0 is the detector A and plot 1 is the detector B. The graphs

resets at the end of the measurement in that point.

Inside of the red rectangles are the arrays and mean values for their respective scans: the

first array shows the list of the 25 measured values and the respective mean value, for detector

A and second array and mean value is for detector B.

And inside of the black rectangle is the waveform graph, for each scan, with the mean values

along the axis, and it resets at the end of the measurement in that axis.

For a better description of the movements of the tables, the following example is provided.

Since the BS has a port diameter of 37, 6mm, the following procedure was made:

1. The tables would be positioned at (12, 5; 12, 5);

2. The center of the detector A would be positioned at the center of the port;

3. Since the range of the tables are smaller than the port diameter, the detector will measure

from 0 to 25, included, on both axis;

4. With this sphere, it was designed a step of 1mm.

5. After having the previously information, the program would start and park the tables at

position (0, 0).

6. The detector would measure (direct path) from (0, 0), (0, 1), (0, 2) ... to (0, 25), then it

comes back to (0, 0).

7. The table #2 goes up to (1, 0) and table #1 continues, (1, 1) ... (1, 25). This process will

be repeated until it reaches (25, 25). The direct path, fig 3.20.

8. Once it reaches the position (25, 25), it starts the inverted path, fig 3.21.

9. From (25, 25) table #1 continues (24, 25), (23, 25) ... (0, 25), and once it reaches (0, 25),

it goes back to (25, 25). Table #2 comes down to (25, 24).

10. The table #1 continues to make the inverted path until it reaches (0, 0).

3.1.5 Powermeter

The Powermeter was used to determine the sphere throughput. It was used a Compact Photo-

diode Power Head with Silicon Detector: S120C from Thorlabs[28], fig 3.24.

The S120C power head is designed for general purpose optical power measurements. The

high sensitive photodiode with large active area in combination with a reflective, diffused ND

filter enables power measurements of 50nW to 50mW in free-space and fiber-based applications.

With a wavelength range of 400 to 1100nm, 9, 7mmx9, 7mm active detector area, ∅95mm for

input aperture, and a response less than 1µs, the responsivity is presented in fig 3.23[28].
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Figure 3.22: Im-
age of the compact
Photodiode Power
Head with Silicon
Detector: S120C
from Thorlabs[28].

Figure 3.23: Plot of the responsivity of the Compact Photodiode
Power Head with Silicon Detector: S120C[28].

3.1.6 Spectrometer

The spectrometer was used to test the spectral response of the integrating spheres. It was chosen

the USB4000 Fiber Optic Spectrometer from Ocean Optics[29], fig 3.24.

The USB4000 Spectrometer has a detector 3648-element linear silicon CCD array, with a

wavelength range of 200 to 1100nm, a fiber optic connection of SMA 905 to single-strand optical

fiber, NA = 0, 22, and an integration time of 3, 8ms to 10s[29].

Figure 3.24: Photograph of the USB4000 Fiber Optic Spectrometer from Ocean Optics[29].

3.2 Characterization Tests

Different experiments tests were made to test the simplified model and the characterization of the

integrating spheres. In tests A to D, the uniformity was measured with the detectors (subsec

3.1.3) and tables (subsec 3.1.4). The following tests will be described in their corresponding

subsections.

3.2.1 Test A: Irradiance uniformity

Test A was an attempt to recreate the table in fig 2.6. The uniformity was measured at the exit

port with different distances from the sphere while the white light source was at the center of

the input port, fig 3.25. This test was made with the three spheres, tab 3.2.
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Figure 3.25: Schematization of test A: the uniformity was measured at the exit port with different
distances x, while the white light source was at the center of input port.

Big
Sphere

Small
Sphere

Globe

x
(±0,025mm)

18,1 8,7 7,6
23,0 11,7 129,3
32,9 16,6 251,3
38,1 21,8 -
54,9 - -
77,1 - -
95,5 - -
113,3 - -
168,9 - -
249,1 - -
312,4 - -

Table 3.2: Distances x from the exit port for each IS in test A. The values have been rounded
to the first decimal.

Although it was not possible to cover all positions in fig 2.6 due to mechanical limitations,

those distances above tried to cover it. Since the BS is bigger, it was decided that more points

would be measured; the globe is similar to the BS but it is not a real sphere, so after the third

distance there were a lot of discrepancies.

3.2.2 Test B: Irradiance uniformity with a monochromatic Blue and a Red

light

In test B, the uniformity was measured at the exit port at the closest distance from the sphere

while a fiber was at the center of the input port, tab 3.3. This test was repeated twice for blue,

fig 3.26, and red light sources and was made with the three spheres.
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Figure 3.26: Schematization of test B: the uniformity was measured at the exit port at closest
distance, while the blue light source was at the center of input port. It’s reciprocal for the red
light source.

Big Sphere Small Sphere Globe

x(±0,025mm) 23,0 8,7 7,6

Table 3.3: Distances x from the exit port for each IS in test B. The values have been rounded
to the first decimal.

3.2.3 Test C: Irradiance uniformity sensitivity with light injection angle

The test C was only made with the BS with white light. It was intended to discover how sensible

the sphere was to the light injection with different angles, and it was only made with BS to study

the sphericity factor.

The uniformity was measured at the exit port at the same distance (23, 0± 0, 025mm) while

the light source had different positions at the input port, and with different positions with a

45◦ angle. It was measured on the left, right and up side of the port, fig 3.27, and was measure

with an angle of 45◦ , twice in the left and right side, and once in the up side of the input port,

fig 3.28.

Figure 3.27: Schematization of test C: the
little white circles are the different positions
of the white light source at the input source.

Figure 3.28: Schematization of test C: the
white rectangles are the different angles of
the white light source at the input source.
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3.2.4 Test D: Irradiance uniformity sensitivity to injection f-number

Test D was only made with the SS with white light. It was intended to discover how sensible the

sphere was to the light injection with different f-numbers. The uniformity was measured at the

exit port at different distances, table 3.4, from the sphere while the light source passed through

a lens and a diaphragm before reaching the IS. Hence, some calculations were necessary for the

assembly.

To test that sensibility, an optical set up was implemented. Every optical system is charac-

terized by an aperture stop, that determines the amount of light that passes through it. For a

given aperture diameter, d, and focal length, f, we can calculate the optics F-number[20]:

f/# =
f

d
(3.1)

Since the lens was used had a d = 55mm and a f = 200mm, the f-number of the lens was

f/# = 3, 6.

The magnification, M, of an optics describes the ratio between the image, s’, and the position

relative to the lens, s, and has an absolute value[20]:

M =
s′

s
(3.2)

The reason of magnification is already known because the image of the sun that is intended

to calculate is 3, 7mm and the object size, the light source, is 4, 5mm.

Knowing this, and it is important to note that s and s’ are not the same in the following

formula, we can use the Gaussian Lens formula to discover the distance of the image:

1

s
+

1

s′
=

1

f
⇔ 1

s
+

1

sM
=

1

f
⇔ 1

s
(1 +

1

M
) =

1

f
⇔ s = 443mm⇐⇒ s′ = 364mm (3.3)

Knowing the diameter of the lens and the image size, it can be calculated the f-number

minimum[20]:

f/#min =
s′

d
=

364

55
= 6, 6 ≈ 7 (3.4)

The maximum diameter that the diaphragm can reach is 46mm, so the focal distance can

be calculated

f = 46 ∗ 7 = 322mm (3.5)

A plane mirror (with 50mm of length) was added to the configuration, since the source beam

will be directed to the middle of the mirror with an angle of 45◦ , in order to do that the focal

distance needs to be calculated as well.

50√
2
∗ 6 ≈ 210mm (3.6)

All of these measurements were to create the scheme in figure 3.29 and the representation

in laboratory right beside it, figure 3.30.
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Figure 3.29: Schematization of the integrating sphere with imaging optics (mirror, diaphragm,
lens and light source) at the previously calculated distances.

Figure 3.30: Photograph o the set-up of the fig 3.30 made in the laboratory and the identification
of the imaging optics.

Since the minimum f/# that the diaphragm could give was 6, 3 and the maximum was 10, it

was decided to measured the uniformity for five f-numbers but not with all the positions. With

table 3.5, it is shown that the uniformity was measured in all positions at the minimum, middle

and maximum f-number; while at intermediate f-numbers were only measured at the closest

distance to the exit port.

Small
Sphere

x
(±0,0025cm)

0,02
0,36
0,87
1,36

Table 3.4: Distances x from
the exit port in test D.

x (±0,025mm)

Diaphragm
(mm)

f/# 0,2 3,6 8,7 13,6

49 6,3 X X X X
44 7 X - - -

38,75 8 X X X X
34,4 9 X - - -

31 10 X X X X

Table 3.5: The distances from the exit port and f-
numbers chosen to measure the uniformity in Test
D.

24



3.2.5 Test E: Integrating sphere throughput

A powermeter was used for calibrated power measurements. This test was made with all the

spheres and all the light sources.

It consists of using the powermeter (subsection 3.1.5) to measure the radiation: first at the

light source, then at the exit port of detector B, then back to the light source and then at the

exit port of detector A. And this process is repeated twelve times, a random number, to have a

better repeatability, having 24 points for each port.

Figure 3.31: The radiation was measured at light source, then on the port of Det B, back to
light and then on the port of Det A. This cycle was repeated.

The powermeter provides the maximum and minimum amplitude, and it has to wait for ≈ 5s

in the position until the value stabilizes, due to the light source oscillations. It was measured in

both ports only to have more points and to reassure that in every port, the output is the same.

It was considered the average value of the mean interval of oscillation before and the mean

interval of oscillation after. This means that the variation in oscillations has as little impact

as possible. This happens for the source as well as the port. And the sphere irradiance is

calculated.

In this test, it was used two small spheres to compare with themselves. They are identical,

the only thing that varies is that the new sphere is brand new, and it will be called the SS #2,

while the SS #1 being the ’old one’ that was used in the previous tests. So this will be a great

comparison between new and old equipment.

3.2.6 Test F: Integrating sphere spectral response

A spectrometer was used to verify what the integrating sphere filters and the spectral response

of the sphere was obtained.

In this test a spectrometer (subsection 3.1.6) was used to obtain the spectrum of the small

sphere with white light source. The white light was at the center of the input port, the spec-

trometer was at the exit port, and the spectrometer measured close to the sphere and far from

the sphere.

To recap, in the table 3.6 is a summary of all the tests.
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Test Name Description Spheres

A Irradiance uniformity
Determine the irradiance uniformity

of the spheres
BS, SS,
Globe

B
Irradiance uniformity with a

monochromatic Blue and Red light
Discover how sensible the

sphere was to the light source
BS, SS,
Globe

C
Irradiance uniformity

sensitivity with light injection angle

Discover how sensible the sphere was
to the position of light and to the angle

of the light injection
BS

D
Irradiance uniformity

sensitivity to injection f-number

Discover how sensible the sphere
was to the light injection with

different f-numbers
SS

E Integrating sphere throughput
Used to calibrate power

measurements
BS, SS#1

SS#2, Globe

F Integrating sphere spectral response
Verify what the integrating

sphere filters and the spectral
response of the sphere was obtained

SS

Table 3.6: Summary of the tests with the respective name, description and spheres.

3.3 Interpolation of the theoretical uniformity

As said before, the experimental values will be compared to the table in fig 2.6. But before

presenting the experimental results, is necessary to interpolated the theoretical uniformity values

for each experimental test with the values from fig 2.6.

According to figure 2.5, the distance x will be the sum of the port width, the detector width

and the distance from the port to the detector (l). And for each integrating sphere, it was made

an uniformity interpolation.

3.3.1 Big integrating sphere

First, for each distance lBS it was calculated the fraction x/DBS respectively, table 3.7:

lBS(±0,0025)cm xBS(±0,025)mm x/DBS

0,155 18,075 0,481

0,61 23,025 0,612

1,6 32,925 0,876

2,12 38,125 1,014

3,8 54,925 1,461

6,015 77,075 2,05

7,855 95,475 2,539

9,635 113,275 3,013

15,195 168,875 4,491

23,215 249,075 6,624

29,55 312,425 8,309

Table 3.7: x/DBS values calculated for big integrating sphere

After calculating the fraction x/DBS , it was interpolated the uniformity with the values in

fig 2.6 for each experimental x/DBS , and the result was, table 3.8:
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d/DBS—x/DBS 0,481 0,612 0,876 1,014 1,461 2,05 2,539 3,013 4,491 6,624 8,309

0,1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0,2 0,98 0,98 0,99 0,99 0,99 1.00 1.00 1.00 1.00 1.00 1.00

0,3 0,96 0,96 0,97 0,97 0,98 0,99 0,99 1.00 1.00 1.00 1.00

0,4 0,92 0,92 0,94 0,95 0,97 0,98 0,99 0,99 0,99 1.00 1.00

0,5 0,88 0,89 0,91 0,92 0,96 0,97 0,98 0,99 0,99 1.00 1.00

0,6 0,82 0,84 0,88 0,89 0,94 0,96 0,97 0,98 0,99 0,99 0,99

0,7 0,76 0,78 0,84 0,86 0,92 0,95 0,96 0,97 0.98 0,99 0,99

0,8 0,70 0,73 0,79 0,82 0,88 0,93 0,95 0,97 0,98 0,99 0,99

0,9 0,62 0,66 0,75 0,78 0,86 0,92 0,94 0,96 0,97 0,99 0,99

Table 3.8: Interpolated uniformity with the values in fig 2.6 for each experimental x/DBS

calculated in table 3.7. The uniformity values were reduced to two decimals like in fig 2.6.

3.3.2 Small integrating sphere

For each distance lSS it was calculated the fraction x/DSS respectively, table 3.9:

lSS(±0,0025)cm xSS(±0,025)mm x/DSS

0,055 8,675 0,231

0,36 11,725 0,312

0,85 16,625 0,442

1,365 21,775 0,579

Table 3.9: x/DSS values calculated for small integrating sphere

After calculating the fraction x/DSS , it was interpolated the uniformity with the values in

fig 2.6 for each experimental x/DSS , and the result was, table 3.10:

d/DSS—x/DSS 0,683 0,923 1,309 1,715

0,1 1.00 1.00 1.00 1.00

0,2 0,98 0,99 0,99 0,99

0,3 0,96 0,97 0,98 0,98

0,4 0,93 0,94 0,96 0,97

0,5 0,89 0,91 0,94 0,96

0,6 0,85 0,88 0,92 0,95

0,7 0,80 0,84 0,90 0,93

0,8 0,74 0,80 0,86 0,91

0,9 0,69 0,76 0,84 0,89

Table 3.10: Interpolated uniformity with the values in fig 2.6 for each experimental x/DSS

calculated in table 3.9. The uniformity values were reduced to two decimals like in fig 2.6.

3.3.3 Globe

For each distance lG it was calculated the fraction x/DG respectively, table 3.11:

lG(±0,0025)cm xG(±0,025)mm x/DG

0,025 7,575 0,253

12,2 129,325 4,311

24,4 251,325 8,378

Table 3.11: x/DG values calculated for the globe
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After calculating the fraction x/DG, it was interpolated the uniformity with the values in

fig 2.6 for each experimental x/DG, and the result was, table 3.12:

d/DG—x/DG 0,25 4,31 8,38

0,1 1.00 1.00 1.00

0,2 0,99 1,00 1,00

0,3 0,97 1,00 1,00

0,4 0,94 0,99 1,00

0,5 0,90 0,99 1,00

0,6 0,85 0,99 0,99

0,7 0,78 0,98 0,99

0,8 0,69 0,98 0,99

0,9 0,59 0,97 0,99

Table 3.12: Interpolated uniformity with the values in fig 2.6 for each experimental x/DG

calculated in table 3.11. The uniformity values were reduced to two decimals like in fig 2.6.

3.3.4 Small integrating sphere with f-number

For each distance lSSD it was calculated the fraction x/DSSD respectively, table 3.13:

lSSD (±0,0025)cm xSSD (±0,025)mm x/DSSD

0,02 8,325 0,656

0,36 11,725 0,923

0,87 16,825 1,325

1,36 21,725 1,711

Table 3.13: x/DSSD values calculated for the small integrating sphere with imaging optics

After calculating the fraction x/DSSD, it was interpolated the uniformity with the values in

fig 2.6 for each experimental x/DSSD, and the result was, table 3.14:

d/DSSD — x/DSSD 0,656 0,923 1,325 1,711

0,1 1,00 1,00 1,00 1,00

0,2 0,98 0,99 0,99 0,99

0,3 0,96 0,97 0,98 0,98

0,4 0,93 0,94 0,96 0,97

0,5 0,89 0,91 0,95 0,96

0,6 0,85 0,88 0,92 0,95

0,7 0,79 0,84 0,90 0,93

0,8 0,74 0,80 0,87 0,91

0,9 0,68 0,76 0,84 0,89

Table 3.14: Interpolated uniformity with the values in fig 2.6 for each experimental x/DSSD

calculated in table 3.13. The uniformity values were reduced to two decimals like in fig 2.6.
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Chapter 4

Experimental Results

In this chapter, the data was recollected through the LabVIEW program and saved in a excel file;

in that file the data was analysed through a Mathcad program where the experimental uniformity

was calculated. The results will be presented for every test in their respective section. But first,

here’s an example of that analysis.

4.1 Analyze

In figure 4.1, the experimental uniformity results for the big sphere, when x/DBS = 0, 4, is

presented in the excel file.

Figure 4.1: Experimental uniformity results for the big sphere, when x/DBS = 0, 4, presented
in the excel file. The image is not complete.

The direct and inverted scans are shown in their respective, right and left side. For each scan,

there are three arrays of values for each (x, y) position, and the step value. The detector A array

and detector B are shown with the respective graph. (The arrays goes on until the positions are

(25, 25) but that’s not relevant for the explanation.) The array A/B is the attenuation.
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This information, fig 4.1, is analysed before the data goes to the Mathcad program, because

the measure may need to be repeated. If the measure is approved it is carried into the program.

The data that goes to the program are the positions x and y and the arrays A and B.

Figure 4.2: Contour plots for each scan.

In fig 4.2 the contour plots are presented: D1 contour plot is det A and R1 contour plot

is det B, and DR1 contour plot is the fraction of A/B from the direct scan; and reciprocal for

inverted. The DR1−DR2 contour plot is the difference between direct and inverted scan. The

DR is the average of the direct and inverted scan.

Figure 4.3: Contour plot DR multi-
plied by a factor, DrxF1, e

Figure 4.4: Uniformity calculated with
DRxF2 for d/DBS = 0, 1, when x/DBS =
0, 4.

In figure 4.3 shows DrxF1 which is the real image, correspondent to DR, increased by a

factor of 10 with interpolation; DrxF2 is equal to DrxF1 but with the various diameters around

the centroid to help determine the uniformity. The centroid is where the center of sphere is.

In figure 4.4, InRad0 is the extraction of the complete circle of the uniformity Ee/Eo, from

fig 2.5, when the fraction is d/DBS = 0, 1. The maximum, minimum and average Ee/Eo is
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calculated. InRadd0 is the perimeter of d/DBS = 0, 1.

Another two examples for the determination of the experimental uniformity, when d/DBS =

0, 5 and d/DBS = 0, 9, are figures 4.5 and 4.6.

Figure 4.5: Uniformity calculated with
DRxF2 for d/DBS = 0, 5, when x/DBS =
0, 4.

Figure 4.6: Uniformity calculated with
DRxF2 for d/DBS = 0, 9, when x/DBS =
0, 4.

Figure 4.7: Experimental uniformity results of the big sphere, when x/DBS = 0, 4.

Figure 4.7 is the final data collection. For every d/DBS , has the respective maximum,

minimum and average Ee/Eo. The centroid is also collected; this also show the detector is

not exactly at the center of the port sphere, even though it was always reassured. The figure

also presents the variation between average Ee/Eo and, maximum and minimum Ee/Eo, i.e.

irradiance uniformity.
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4.2 Test A: Irradiance uniformity

4.2.1 Big integrating sphere

Figure 4.8: Interpolated uniformity results of the big sphere in test A, for the different x/DBS .

Figure 4.9: Experimental uniformity results of the big sphere in test A, for the different x/DBS .

Figure 4.10: The difference between the experimental and interpolated uniformity results of the
big sphere in test A, for the different x/DBS .
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The table in fig 4.8 is the same as table 3.8, the difference is just the way is presented: with the

colour gradient is visually better to compare with experimental uniformity results, fig 4.9. The

table in fig 4.10 is the difference between the experimental and interpolated results.

4.2.2 Small integrating sphere

Figure 4.11: Interpolated uniformity re-
sults of the small sphere in test A, for the
different x/DSS .

Figure 4.12: Experimental uniformity re-
sults of the small sphere in test A, for the
different x/DSS .

The table in fig 4.11 is the same as table 3.10; with the colour gradient is visually better to

compare with experimental uniformity results, fig 4.12. The table in fig 4.13 is the difference

between the experimental and interpolated results.

Figure 4.13: The difference between the experimental and interpolated uniformity results of the
small sphere in test A, for the different x/DSS .
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4.2.3 Globe

Figure 4.14: Interpolated results of the
globe in test A, for the different x/DG.

Figure 4.15: Experimental results of the
globe in test A, for the different x/DG.

Figure 4.16: The difference between the experimental and interpolated results of the globe in
test A, for the different x/DG.

The table in fig 4.14 is the same as table 3.12; with the colour gradient is visually better to

compare with experimental uniformity results, fig 4.15. The table in fig 4.16 is the difference

between the experimental and interpolated results.

4.2.4 Conclusions from test A

For the big sphere, the experimental results shows that for closer distances, when the object

occupies 50% of the port, the model does not have good uniformity predictions. When x/DBS =

0, 5, the uniformity is better than expected, comparing with fig 4.8; after that, the uniformity

decreases having a 14% of error only to improve to 1% with the increase of the distance to the

source.

The big area in red in fig 4.10, gives credence to the model, specially if the object does not

exceeds two thirds of the port, to ensure that the error is no greater than 10% of what the model

predicts in terms of uniformity. A typical situation for the current application.

At first sight, comparing figures 4.11 and 4.12 from the small sphere with figures 4.8 and 4.9

from the BS, the values obtained are really similar to each other. But looking at fig 4.13, the
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uniformity is better than in the BS, having an error of 11%. It was impossibly for the detector

to be closer to the sphere and for bigger distances the uniformity would be closer to 100%, so

these distances were good choices to observe the behaviour of the sphere.

In theory it is assumed that the coating is behaving in a Lambertian, i.e. perfect, way, but

that doesn’t mean that it still is. The sphere is insensitive, its variation is very small, so it is

presumed to be doing its job. If the sphere were not Lambertian, the model might not be valid.

Because closer to the sphere, there is an angular issue with respect to the light beams. While

for farther distances, this problem is not critical, because the beam distributes more to larger

angles, i.e. reflects more.

It only demonstrates that, even though the BS is older and bigger than SS, the degradation

wasn’t extreme and the size of the SS maintains the characteristics of uniformity.

For the globe at a closer distance is more homogeneous, and in terms of uniformity, the

globe almost behaves like a sphere. The results were better than expected, and it was possible

to measure distances closer to the sphere than with the others. And in this case, the influence

whether the surface of the sphere is Lambertian or not is noticeable.

4.3 Test B: Irradiance Uniformity with a monochromatic Blue

and a Red light

4.3.1 Big integrating sphere

Figure 4.17: In-
terpolated results
of the big sphere
in test B, when
x/DBS = 0, 6.

Figure 4.18: Experimental results
of the big sphere in test B, when
x/DBS = 0, 6.

Figure 4.19: The difference be-
tween the experimental and in-
terpolated uniformity results of
the big sphere in test B, when
x/DBS = 0, 6.
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4.3.2 Small integrating sphere

Figure 4.20: Inter-
polated results of
the small sphere
in test B, when
x/DSS = 0, 7.

Figure 4.21: Experimental results
of the small sphere in test B, when
x/DSS = 0, 7.

Figure 4.22: The difference be-
tween the experimental and in-
terpolated uniformity results of
the small sphere in test B, when
x/DSS = 0, 7.

4.3.3 Globe

Figure 4.23: Inter-
polated results of
the Globe in test B,
when x/DG = 0, 3.

Figure 4.24: Experimental results
of the Globe in test B, when
x/DG = 0, 3.

Figure 4.25: The difference be-
tween the experimental and inter-
polated uniformity results of the
Globe in test B, when x/DG =
0, 3.

4.3.4 Conclusions from test B

When a monochromatic blue and a red light is injected in the big integrating sphere, it had

much better results than with white light injected, fig 4.18. Comparing with the interpolated

results, the uniformity varied 11% and 4% with blue an red light, respectively, fig 4.19.

With the small sphere, the results weren’t so better than with big sphere, although the

monochromatic Blue and a Red light had better results than the white light, fig 4.21. However,
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the uniformity varied less than the big sphere, having a error of 5% for each light, fig 4.22.

From the spheres, the globe had the best experimental results, fig 4.24. But the uniformity

had the worst error, with variation of 39%, fig 4.25. Since it must lose light and is not as efficient

as the other spheres.

The conclusion is that, when the spectral part is concerned, it is necessary to have in account

the size of the object. Since for the first one third, the variation was around 2% and deteriorated

as the size increased. If using the full size of the output port, care must be taken with the spectral

part, because the behaviour at the extremes is different in the visible, compared to the rest of

the spectrum.

4.4 Test C: Irradiance Uniformity sensitivity with light injection

angle

The interpolated results for this case is figure 4.17.

Figure 4.26: Experimental uniformity results, with different injection angles,of the big sphere in
test C, when x/DBS = 0, 6.

Figure 4.27: The difference between the experimental (with different injection angles) and ex-
perimental center uniformity results of the big sphere in test C, when x/DBS = 0, 6.
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Figure 4.28: The difference between the experimental (with different injection angles) and in-
terpolated uniformity results of the big sphere in test C, when x/DBS = 0, 6.

In this test the experimental results, fig 4.26, were compared to the experimental values when

the light source was at the center of the input port, fig 4.27; and compared to the interpolated

results, fig 4.28.

And the conclusion is straight forward, the sensitivity of the injection of light source does

not depend of the angle. The error is less than 2%, something that is not relevant for this work.

4.5 Test D: Irradiance Uniformity sensitivity to injection f-number

Figure 4.29: Interpolated uniformity results of the small sphere in test D, with different x/DSS .

The table in fig 4.29 is the same as table 3.14; with the colour gradient is visually better to

compare with experimental uniformity results, figures 4.30, B.1, B.3 and B.5. The tables in

figures 4.31, B.2, B.4, and B.6 are the difference between the experimental and interpolated

results.

The white light source has a f/# = 1, 37 and in this test the f-number was increased to test

the integrating sphere’s sensitivity.
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Figure 4.30: Experimental uniformity re-
sults of the small sphere in test D for all
f-numbers, when x/DSS = 0, 7.

Figure 4.31: The difference between the ex-
perimental and interpolated uniformity re-
sults of the small sphere in test D for all
f-numbers, when x/DSS = 0, 7.

The results when f/# = 6, 3, f/# = 8 and f/# = 10 are in appendix B.1.

At x/DSS = 0, 7, comparing the experimental uniformity with the different f/# themselves,

the values do not vary much; see fig 4.30. And comparing with the interpolated results when

x/DSS = 0, 7, the uniformity only varies 1% to 2%, fig 4.31.

Comparing the figures B.2, B.4 and B.6, the same conclusion is reached. The uniformity

only varies 1% or 2% from each f/# for every x/DSS . This only indicates that the influence of

the f-number on uniformity is at most 1%, which may be negligible.

4.6 Test E: Integrating sphere throughput

Full results from this test are in the appendix B.2.

4.6.1 Big integrating sphere

Figure 4.32: Big integrating sphere
throughput for white light source in port
A, in test E.

Figure 4.33: Big integrating sphere
throughput for white light source in port
B, in test E.
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Figure 4.34: Big integrating sphere
throughput for blue light source in port A,
in test E.

Figure 4.35: Big integrating sphere
throughput for blue light source in port B,
in test E.

Figure 4.36: Big integrating sphere
throughput for red light source with port
A, in test E.

Figure 4.37: Big integrating sphere
throughput for red light source in port B,
in test E.

4.6.2 Small integrating sphere

SS#1: ’old’ SS

Figure 4.38: Small integrating sphere #1
throughput for white light source in port
A, in test E.

Figure 4.39: Small integrating sphere #1
throughput for white light source in port
B, in test E.

Figure 4.40: Small integrating sphere #1
throughput for blue light source in port A,
in test E.

Figure 4.41: Small integrating sphere #1
throughput for blue light source in port B,
in test E.
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Figure 4.42: Small integrating sphere #1
throughput for red light source in port A,
in test E.

Figure 4.43: Small integrating sphere #1
throughput for red light source in port B,
in test E.

SS#2: New SS

Figure 4.44: Small integrating sphere #2
throughput for white light source in port
A, in test E.

Figure 4.45: Small integrating sphere #2
throughput for white light source in port
B, in test E.

Figure 4.46: Small integrating sphere #2
throughput for blue light source in port A,
in test E.

Figure 4.47: Small integrating sphere #2
throughput for blue light source in port B,
in test E.

Figure 4.48: Small integrating sphere #2
throughput for red light source in port A,
in test E.

Figure 4.49: Small integrating sphere #2
throughput for red light source in port B,
in test E.
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4.6.3 Globe

Figure 4.50: Globe throughput for white
light source in port A, in test E.

Figure 4.51: Globe throughput for white
light source in port B, in test E.

4.6.4 Conclusions from test E

In case of the BS, comparing the experimental and theoretical irradiance results from detector

A and B: with white light there is no variation, figures 4.32 and 4.33; with blue light there is

also no variation, figures 4.34 and 4.35; and with red light there is a variation of 0, 01%, figures

4.36 and 4.37.

The experimental measurement corresponds to 33% of the theoretical model. This difference

of variation is due to the model which is simple and optimistic and does not take into account

the various aspects which make it reduce the throughput of the IS. It was tested what would

be the reflectivity of the coating so that the variation was zero, and it gave 94%, which is a

considerable reduction, which means that the sphere is quite degraded, however it must be due

to the model that has to be adjusted.

For SS #1, comparing the experimental and theoretical irradiance results from detector A

and B: with white light there is no variation, figures 4.38 and 4.39; with blue light there is a

variation of 0, 01%, figures 4.40 and 4.41; and with red light there is a variation of 0, 02%, figures

4.42 and 4.43.

For SS #2, comparing the experimental and theoretical irradiance results from detector A

and B: with white light there is no variation, figures 4.44 and 4.45; with blue light there is also

no variation, figures 4.46 and 4.47; and with red light there is only a variation of 0, 01%, figures

4.48 and 4.49.

Comparing the results from SS #1 with SS #2, the conclusion is that the degradation of

the material is not as relevant as one might think, having a maximum error of 0, 05% between

them. Assuming then that the coating has not changed, i.e. the reflectance is 99%, for a smaller

spheres, the model the results give an excess of about 29%, for larger spheres it gives an excess

of 33%, approximately. However, for this work is sufficient.

In the case of the globe, the sphere reflectance was compared with big sphere, with white

light, and using the order of dimension from the variation between experimental and theoretical

irradiance results, a reflectance of 90% was the best estimation. So for a classroom application,

these results are more than sufficient, for uniformity it gave good results but for the irradiance

they were not very good, but for the efficiency that it is, it works.
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4.7 Test F: Integrating sphere spectral response

Figure 4.52: Small integrating sphere and white light source spectral response, in test F: in blue
is the white light source and in orange is the small sphere.

Figure 4.53: Experimental reflectance: small sphere spectrum divided by the white light spec-
trum, in test F.

The goal of this test was to confirm that the IS was not spectral filtering the light source,

specially in the visible spectrum. The spectral response from the small sphere and white light

source were obtained, fig 4.52. And the rate of the SS and white light is shown in fig 4.53,

with this it can be compared with fig 3.5, and the sphere has a plane response in the visible

spectrum, as expected. And outside of the visible spectrum, it is shown and influence as see in

the previous test, but it is not relevant for the application.
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Chapter 5

Conclusions

The goal of this thesis was to study integrating spheres, within the scope of astronomical in-

strumentation, to enable the integration of sunlight for further injection into a spectrograph,

by means of an optical fibre. For that it was necessary to define a model that can describe the

properties of and integrating sphere.

Several Monte Carlo Method models were studied. However, it was verified that they were

complex and very time consuming, resulting in an accuracy that was not required for this

application.

The search for a simplified model led it to the work developed by Labsphere[1], a known

manufacturer of integrating spheres, where simplified versions of equations rule the behaviour

of the light inside of the IS, presenting tables of irradiance, uniformity radiance and radiance

response. That way, it was possible, in the scope of this thesis, to define a model and test it

experimentally. The required accuracy for this application was 10% and this model was able to

achieve that.

The experimental part was defined with different six tests to test the simplified model and

the characterization of IS.

The test where the uniformity table in fig 2.6 was recreated, test A, the irradiance uniformity

was measured at the exit of the exit port with different distances from the sphere while the white

light source was at the center of the input port; this test was made for the three spheres. This

test led to the following conclusions: the results of the BS and SS were a good comparison. Even

though, it was possible to measure the uniformity for more distances with the BS, the results

with SS overlap when the large sphere has its worst results; but comparing these two, the SS

presents a better result. And although the BS is older, the variation between the two is not

significant. The globe almost behaves like an IS, and the results were better than expected, and

in this case it can be observed if the surface of the spheres is Lambertian or not.

In test B, the irradiance uniformity was measured at the exit port at the closest distance

from the sphere while a fiber was at the center of the input port; this test was made for the

three spheres and with blue and red light sources. And the results show that, when the spectral

region is concerned, it is necessary to have in account the size of the object. Since for the first

one third, the variation was around 2% and deteriorated as the size increased.

Test C consisted in testing the irradiance uniformity sensitivity with white light injection

angle at the input port, and it was only made with big sphere. And in test D, it was tested

the irradiance uniformity sensitivity with white light injection f-number at the input port, and

it was only made with small sphere. With tests C and D, the results show that the irradiance
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uniformity sensitivity does not depend of the injection angle and the injection f-number.

In test E, the integrating sphere throughput was determined for the three spheres and with

each light source; and to determined the experimental irradiance. The conclusions are: with the

BS, the experimental irradiance measured corresponds to 33% of the theoretical model. This

difference of variation is due to the model which is simple and optimistic and does not take into

account the various aspects which make it reduce the throughput of the IS, e.g. the coating

reflectance. With the SS, assuming that the coating has not changed, the model the results give

an excess of about 29%, for larger spheres it gives an excess of 33%, approximately. However,

for this work is sufficient. The globe was compared to the BS, and the best estimation for the

reflectance was 90%. So for classroom application, the results are sufficient.

And in test F, the spectrum of the small integrating sphere was calculated with white light.

The results correspond to the expected values and it was confirmed that the small IS was not

spectral filtering the light source, specially in the visible spectrum.

It is concluded that, the simplified model works and gives the pretended accuracy about an

order of magnitude. There is 30% correction factor that must be applied to both large and small

spheres when the reflectance is known. In terms of irradiance uniformity, the model for inferior

object, about less than two thirds of the port, manages to characterize with a correction below

10%, which is what is necessary and more than enough.

The experimental part was very important, as it allowed to validate the model and charac-

terize the sources, and experimentally verify and understand how the spheres varied with sources

at the extreme end of the spectrum.

And with all of this information, it is possible to use this optical component within the system

with the telescope, to integrate the sunlight into a fibre, that is connected to a spectrograph.

And to understand what is the impact of the integrating sphere in the middle of the system.

A possible future work is to measure the reflectance uniformity of the sphere -to be able to

validate more accurately the model in terms of radiance- and not to rely only on manufacture

information; and to extend this work to smaller integrating spheres and more spheres with

medium size, to compare the parameters with the variation of the sphere diameter.
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Appendix A

Translation tables: block diagram in

LabVIEW

Figure A.1: Schematic of the graphical program that parks the tables.
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Figure A.2: Schematic of the graphical program that makes the direct movement as explained
in 3.1.4 and shown in fig 3.20.

Figure A.3: Schematic of the graphical program that makes the inverted movement as explained
in 3.1.4 and shown in fig 3.21.
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Figure A.4: Information is sent to the display for user purposes as explained in 3.1.4

Figure A.5: Schematic of the graphical program that saves the chosen information in an excel
file as explained in 3.1.4
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Figure A.6: Schematic of the graphical program that sends the table to the position (0, 0) as
explained in 3.1.4

Figure A.7: Schematic of the graphical program of the user display as explained in 3.1.4
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Appendix B

Results

B.1 Test D: Irradiance uniformity sensitivity to injection f-number

Figure B.1: Experimental uniformity re-
sults of the small sphere in test D, when
f/# = 6, 3.

Figure B.2: The difference between the ex-
perimental and interpolated uniformity re-
sults of the small sphere in test D, when
f/# = 6, 3.

Figure B.3: Experimental uniformity re-
sults of the small sphere in test D, when
f/# = 8.

Figure B.4: The difference between the ex-
perimental and interpolated uniformity re-
sults of the small sphere in test D, when
f/# = 8.
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Figure B.5: Experimental uniformity re-
sults of the small sphere in test D, when
f/# = 10.

Figure B.6: The difference between the ex-
perimental and interpolated uniformity re-
sults of the small sphere in test D, when
f/# = 10.

B.2 Test E: Integrating sphere throughput

B.2.1 Big integrating sphere

Figure B.7: Big integrating sphere through-
put for white light source in port A, in test
E.

Figure B.8: Big integrating sphere through-
put for white light source in port B, in test
E.
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Figure B.9: Big integrating sphere through-
put for blue light source in port A, in test
E.

Figure B.10: Big integrating sphere
throughput for blue light source in port B,
in test E.

Figure B.11: Big integrating sphere
throughput for red light source in port A,
in test E.

Figure B.12: Big integrating sphere
throughput for red light source in port B,
in test E.
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B.2.2 Small integrating sphere

Figure B.13: Small integrating sphere #1
throughput for white light source in port
A, in test E.

Figure B.14: Small integrating sphere #1
throughput for white light source in port
B, in test E.

Figure B.15: Small integrating sphere #1
throughput for blue light source in port A,
in test E.

Figure B.16: Small integrating sphere #1
throughput for blue light source in port B,
in test E.
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Figure B.17: Small integrating sphere #1
throughput for red light source in port A,
in test E.

Figure B.18: Small integrating sphere #1
throughput for red light source in port B,
in test E.

Figure B.19: Small integrating sphere #2
throughput for white light source in port
A, in test E.

Figure B.20: Small integrating sphere #2
throughput for white light source in port
B, in test E.
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Figure B.21: Small integrating sphere #2
throughput for blue light source in port A,
in test E.

Figure B.22: Small integrating sphere #2
throughput for blue light source in port B,
in test E.

Figure B.23: Small integrating sphere #2
throughput for red light source in port A,
in test E.

Figure B.24: Small integrating sphere #2
throughput for red light source in port B,
in test E.

55



B.2.3 Globe

Figure B.25: Globe throughput for white
light source in port A, in test E.

Figure B.26: Globe throughput for white
light source in port B, in test E.
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