Abstract

This thesis is about measuring and modelling light reflected from paper by using goniophotometric
measurements. Measuring bidirectional reflectance requires highly accurate instruments, and a large part of the
work in this thesis is about establishing the requirements that must be fulfilled to ensure valid data. A spectral
goniophotometer is used for measuring the light reflected from paper and methods are developed for analyzing
the different components, i.e. the fluorescence, surface reflectance and bulk reflectance, separately. A separation
of the surface and bulk reflectance is obtained by inkjet printing and analyzing the total reflectance in the
absorption band of the ink. The main principle of the method is to add dye to the paper until the bulk scattered
light is completely absorbed. The remaining reflectance is solely surface reflectance, which is subtracted from the
total reflectance of the undyed sample to give the bulk reflectance. The results show that although the surface
reflectance of a matte paper is small in comparison with the bulk reflectance, it grows rapidly with increasing
viewing angle, and can have a large influence on the overall reflectance.

A method for quantitative fluorescence measurements is developed, and used for analyzing the angular
distribution of the fluoresced light. The long-standing issue whether fluorescence from turbid (or amorphous)
media is Lambertian or not, is resolved by using both angle-resolved luminescence measurements and radiative
transfer based Monte Carlo simulations. It is concluded that the degree of anisotropy of the fluoresced light is
related to the average depth of emission, which in turn depends on factors such as concentration of fluorophores,
angle of incident light and the absorption coefficient at the excitation wavelength.

All measurements are conducted with a commercially available benchtop sized double-beam spectral
goniophotometer designed for laboratory use. To obtain reliable results, its absolute measurement capability is
evaluated in terms of measurement accuracy. The results show that the compact size of the instrument, combined
with the anisotropic nature of reflectance from paper, can introduce significant systematic errors of the same
order as the overall measurement uncertainty. The errors are related to the relatively large detection solid angle
that is required when measuring diffusely reflecting materials. Situations where the errors are most severe,
oblique viewing angles and samples with high degree of anisotropic scattering, are identified, and a geometrical
correction is developed.

Estimating optical properties of a material from bidirectional measurements has proved to be a challenging
problem and the outcome is highly dependent on both the quality and quantity of the measurements. This
problem is analyzed in detail for optically thick turbid media, and the study targets the case when a restricted set
of detection angles are available. This is the case when e.g. an unobstructed view of the sample is not possible.
Simulations show that the measurements can be restricted to the plane of incidence (in-plane), and even the
forward direction only, without any significant reduction in the precision or stability of the estimation, as long as
sufficiently oblique angles are included.



Sammanfattning

Avhandlingen behandlar de teoretiska och praktiska aspekterna av att anvanda spektrala
vinkelupplosta reflektansméatningar for optisk karakterisering av fiberbaserade material sdsom
papper och kartong. En spektral goniofotometer anvénds for att mata det reflekterade ljusets
vinkelfordelning. En stor del av arbetet utgdrs av att utvéardera instrumentets noggrannhet,
samt utreda hur de vinkeluppl6sta matningarna skall utféras pa basta satt for att erhalla en sa
fullstandig karakterisering som majligt. Det reflekterade ljuset bestar av tre komponenter;
ytreflektans, bulkreflektans samt fluorescens. En fullstandig karakterisering forutsatter att
dessa tre komponenter kan analyseras separat, vilket i detta arbete gérs genom nyutvecklade
metoder.

En metod har utvecklats for separation av ytreflektans och bulkreflektans. Metoden bygger pa
att analysera hur den totala reflektansen forandras vid 6kande absorption i det reflekterande
materialet. Absorptionen kontrolleras genom inkjet-tryckning dar tryckfarg appliceras pa
substratet i sddan mangd att bulkreflektansen helt slacks ut. Genom att kombinera matningar
pa tryckt och otryckt substrat kan de bada komponenterna separeras. Trots att ytreflektansen
fran ett matt papper ar liten i forhallande till bulkreflektansen, s& visar resultaten att den dkar
markant med 6kande betraktningsvinkel och kan darmed ha stor inverkan pa den totala
reflektansen. Bidraget fran fluorescens kan kvantitativt analyseras genom att kombinera
maétningar utférda med respektive utan UV-filter. Vinkelupplosta métningar och Monte Carlo-
simuleringar av fluorescensens vinkelférdelning visar att dess anisotropi ar relaterad till det
medeldjup vid vilket fluorescensen emitteras. Resultaten forklarar observerade skillnader och
motstridigheter i tidigare rapporterade studier kring huruvida fluorescens kan anses vara
Lamberskt fordelad.

Samtliga goniofotometriska matningar &r utforda med ett kompakt, kommersiellt tillgangligt,
dubbelstraleinstrument. For att undersoka instrumentets lamplighet for absoluta
reflektansmatningar utférs en analys av dess méatnoggrannhet. Resultaten visar att
instrumentets kompakta storlek i kombination med den anisotropa reflektansen fran papper
introducerar systematiska fel av samma storleksordning som den totala matnoggrannheten.
Dessa fel uppstar pa grund av den relativt stora detektorapertur som maste anvandas vid
maétningar av diffus reflektans, vilket ar karakteristiskt for papper och kartong. Resultaten
visar &ven att felen ar storst vid flacka matvinklar och for prover med hog grad av
anisotropisk reflektans, och en geometrisk korrektionsmetod for denna typ av systematiska fel
foreslas.

Spektrala och vinkeluppldsta matningar medfor per automatik stora mangder matdata. Genom
att anvanda stralningstransportteori som en matematisk modell for hur ljus sprids i papper kan
maétdatat reduceras till en uppsattning beskrivande materialparameterar. Att uppskatta dessa
optiska parametrar utifran vinkelupplosta reflektansmatningar &r i sig ett komplicerat
problem, vilket dessutom ar kansligt for métfel och val av matvinklar. Detta inversa problem
analyseras i detalj, och speciellt hur valet av matvinklar kan reduceras utan att férsémra
forutsattningarna for estimeringen. Simuleringar visar att matningarna kan begrénsas till
infallsplanet, eller till och med enbart framatriktningen, sa lange tillrackligt flacka matvinklar
ar inkluderade i méatsekvensen.



