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1 Introduction

1.1 Background

The colour and appearance of any material is defined by three factors: the illuminat-
ing source, the object and the observer. If any of these three components changes,

the observed colour changes.

A standard observer refers to an ideal colorimetric observer with colour-matching
functions z, 7, zZ corresponding to a field of view subtending 2° (or 10°) angle on
the retina. The colour-matching functions are also tabulated for both 2° and 10°
standard observers. A defined standard illuminant refers to specific tabulated values
of spectral power distribution S(\). These standard illuminants try to define certain
illumination conditions such as e.g. typical domestic illumination based on tungsten-

filament lightning (illuminant A) or the daylight illumination (illuminant D65). [1-3]

When determining the surface colour of a solid opaque sample material, the most
important object related property is the total radiance factor Sr(A) of the mate-
rial which defines the spectral composition of the light reflected and emitted by the
sample. The total radiance factor is a sum of the reflection radiance factor and the
fluorescence radiance factor, the latter being zero for all non-fluorescent materials.
The reflection radiance factor is not sensitive to specific illumination conditions, but
the fluorescence radiance factor for a fluorescent material depends critically on illu-
mination. The actual light sources in practical measurement instruments differ from
the standard illuminants. However, the fluorescence radiance factor can be derived
for a specific illuminant from sample specific illumination independent bispectral
luminescent radiance factor data. If an object’s reflection radiance factors and bis-
pectral luminescent radiance factors, namely the Donaldson radiance factors [4],

are known, its colour properties can be calculated for any desired illumination and
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observer.

Reflectance and fluorescence measurements and the appearance of objects are im-
portant in several applications such as e.g. paper industry [5] and remote sensing [6].
For example, the colour of normal copying paper is crucially dependent on fluores-
cence. A more comprehensive review of the applications of fluorescence is given in

reference [7].

In order to determine the reflectance and fluorescence properties of a sample, most
applications measure relative to a calibrated reference standard. The uncertainty
of these measurements is naturally directly dependent on the uncertainty of the
reference standard. Therefore, it is vitally important to have calibration facilities

capable of more reliable absolute measurements.

The reflection radiance factor is well known to depend critically on measurement
geometry i.e. the illumination and viewing angles. However, the bispectral lumi-
nescent radiance factor of solid amorphous fluorescence standards is often taken to
be independent of the viewing angle. Furthermore, most instruments capable of
measuring bispectral luminescent radiance factors can measure only in one mea-
surement geometry and measurements of the bispectral luminescent radiance factor

as a function of the viewing angle have not been published.

1.2 Contents of the thesis

In this thesis calibration facilities for reflectance and fluorescence measurements are
developed and tested. Chapter 2 presents the basic principles of reflectance mea-
surements and an overview of the commonly used measurement methods. Then, the
significance of light scattering from source optics in goniometric diffuse reflectance

measurements is discussed (publication I). Also, the characterization of a gonioreflec-
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tometer for measurements at ultraviolet and near infrared wavelengths and results

of an extensive bilateral comparison are presented (publication II).

Chapter 3 first presents the basic principles of fluorescence as a physical phenomenon
and shortly discusses the existing measurement methods. Then, a new kind of fluo-
rometer capable of measuring in various measurement geometries is described (pub-
lication III). Measurement results obtained with this device are presented and a new

method for measuring fluorescence quantum yield is introduced (publication IV).

The final chapter presents a short summary and the most important results of the

work.

1.3 Scientific contribution

This thesis contains the following new scientific results:

1. Light scattering from source optics in goniometric diffuse reflectance measure-
ments can have a significant effect on the measurement results. Also, this
phenomenon may be partly responsible for the differences reported earlier

between goniometric and integrating-sphere-based diffuse reflectance scales.

2. One of the first reported comparisons of diffuse reflectance and bidirectional
radiance factor scales using goniometric methods over an extended wave-

length range

3. A new goniofluorometer has been developed capable of measuring bispectral

luminescent radiance factors in various measurement geometries.

4. The common assumption of Lambertian behaviour of fluorescence emission

from solid amorphous material has been studied and, surprisingly, found not
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to hold.

The theory and mathematics of a new method for measuring fluorescence
quantum yield based on goniometric measurements has been derived. This
method is not prone to the problems related to methods based on integrat-
ing spheres; namely sphere wall contamination leading to reduced through-
put / fluorescence in the UV-region and re-reflection of emitted light from the

sphere wall leading to re-absorption and distortion of the emission spectrum.
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2 Reflectance

2.1 General theory

In most applications that utilize reflectance measurements, the reflectance of a sam-
ple is measured relative to a known reflectance standard. For this reason, it is im-
portant to have reliable calibration facilities capable of measuring these standards

in absolute means.

Under uniform irradiance the geometrical reflectance properties of a uniform, isotropic,
flat surface are characterized in terms of the bidirectional reflectance distribution

function (BRDF'). The BRDF is defined by [8]

dLr(eia ¢i> era ¢ra Ez) o dLr(ew ¢i> era ¢r> Ez)

[r (b, 05,0, 6,) = dE;(6;, ¢;) - Li(6;, ¢;) - cos b; - dSY;”

(2.1)

where dL, is the differential radiance of the surface in direction (0, ¢,) when ir-
radiated by irradiance dF; from direction (6;,¢;), and L; is the total irradiating
radiance over a differential incident solid angle df2;. The directions and solid angles

are illustrated in figure 2.1.

Reflectance standards are usually made to resemble Lambertian radiators as closely
as possible. These kinds of standards are commonly characterized by their re-
flectance factor. The reflectance factor is defined as the ratio of the flux reflected by
the sample in a given direction to the flux reflected by a perfect reflecting diffuser
(prd) identically irradiated and viewed. A prd reflects all light incident upon it like a
perfect Lambertian radiator. No real material has the exact properties of a prd. For

reflectance factors, the solid angle of viewing is defined in the interval |0, 27[. When
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Figure 2.1: Geometry of the incident and reflected radiation. The sample surface
is parallel to the x-y-plane.

the solid angle approaches 0 or 27 the reflectance factor approaches the radiance

factor or reflectance, respectively. [9]

Reflectance is also commonly referred to as the hemispherical reflectance factor and
it can be calculated from measurements of radiant flux over polar angles assuming
cylindrical symmetry. That is, the radiant flux reflected by the sample is only a
function of 6, and independent of ¢, (see figure 2.1). The flux reflected over a solid

angle 2 can be given by

¢2 b2 02
@T:/g)@(e)dﬂz/l /91 <I>T(€)sm9d9d¢=(¢2—¢1)/ ®,.(0)sin 6 db, (2.2)

01

where @/ (6) is the flux per unit solid angle reflected in direction € and {2 is the solid
angle of detection (reflection). For a prd we can write ®,,q(0) = o cos §, where P,
is the flux reflected in the direction of the sample normal (z-direction in figure 2.1).

Inserting this into equation 2.2 gives for the flux reflected by a prd
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02 . 02
D, pra = (2 — 1) / @ocosesin(e)d9:¢2 1 / ®; sin(20) db, (2.3)

61 27 61

where ®; is the flux incident on the sample and ®; = 7®,. The flux reflected by the

sample under measurement, @, ;, can be derived from equation 2.2 by [10]

2 P(h
Qs = (¢2— 9251)/9 77?(317()2)/[,2 sin 0 df
1 2

Og — ¢1/ 4L? |
et [ a0 sin(a0 s (2.4)

where ®(6) is the flux reflected by the sample in direction 6 over a solid angle defined
by an aperture of diameter D at distance L from the sample. The reflectance factor,

Rq, in solid angle € can be derived by dividing equation 2.4 by equation 2.3

P ) sin(26) df
RQ _ T8 f@ ) ’ (25)
(br,prd fgl 3111(29) d‘g

where (3(0) is the radiance factor

o(0) 4L’
®;, D2cosf’

B0) = (2.6)

In equation 2.6 the distance L must be sufficiently large and the diameter D suffi-
ciently small so that the corresponding solid angle is close to zero. If the integration
in equation 2.5 is carried out over the hemisphere (¢; = 0 and 0 = 7/2) the denom-
inator in the equation becomes one and the reflectance factor becomes the hemi-

spherical reflectance factor. If the specular component is excluded, the reflectance
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factor becomes the diffuse reflectance factor. Reflectance standards are commonly

characterized by the diffuse reflectance factor.

2.2 Reflectance measurements

An overview of absolute methods for reflectance measurements is given in refer-
ence [11]. Today, the most common methods used in the National Metrology
Institutes (NMI) are the methods based on the theory of the integrating sphere

and the goniophotometric method.

The theory of the integrating sphere states that, if the inner surface of the sphere is
made of a uniformly diffusing material having a constant reflectance everywhere, the
indirect illuminance caused by the reflected light is equal at all points on the surface
no matter how the wall of the sphere or any point of it is directly illuminated [11].
This theory has been applied since the beginning of the 20th century. Particularly
in 1920, several papers were published [12-14] describing methods based on the

integrating sphere that have been since then actively used and modified.

As an example of integrating sphere based methods, figure 2.2 illustrates a method
described in reference [13], namely the Taylor’s method. In this method, the sphere
has three small openings A, B and C at about 90° angles relative to each other and
a sample port opposite to opening C. The illuminating lamp is placed at opening
A and a detector alternatively at opening B or C. During the measurements, the
sample port is covered sequentially by I) nothing or a non-reflecting plate, II) a
plate of the same material as the rest of the sphere wall and I1I) the sample. In the
absolute method, light is incident on the wall opposite to opening A and the indirect
reflection of the sphere wall is measured at opening B. The sphere wall reflectance
is measured by comparing the signals between I) and II) after which the sample

reflectance is derived by comparing I) and III).
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Opening C

Lamp

Opening B Opening A

Sample port

Figure 2.2: Taylor’s method based on the theory of the integrating sphere.

During the decades after 1920, the integrating sphere methods have been expanded
and modified [15,16]. Today, integrating-sphere-based absolute methods for mea-

suring reflectance are widely used in many laboratories [16-21].

Goniophotometric methods have been gaining popularity in the NMlIs only during
the last couple of decades although they have been somewhat utilized already before
the 1990s [22]. The advantage of gonioreflectometers over integrating spheres is
the ability to measure not only diffuse reflectance factors but also radiance factors
in various bidirectional measurement geometries. Several NMIs have developed a

gonioreflectometer for calibration services and research [10,23-26].

The basic idea of the gonioreflectometer is illustrated in figure 2.3 which presents the
gonioreflectometer developed at the Helsinki University of Technology (TKK) [10].
The device employs two optional light sources, a xenon lamp for UV measurements
and a quartz-tungsten-halogen lamp for VIS and NIR, and a double monochromator
for wavelength selection. The light is collimated by an off-axis parabolic mirror and
steered towards the sample by a flat mirror. A small part of the beam is directed

onto a monitor detector which is used to compensate for possible fluctuations in
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the incident beam power. The sample holder is placed on a linear translator that
is used to move the sample into the beam path and out of the way so that the
full intensity of the illuminating beam can be measured at the reference position.
The detector is mounted on a cantilever which lies on a turntable that is used to
rotate the detector over the polar angles around the sample. Reflectance is measured
from 10° viewing angle relative to the incident beam to 85° in 5° step. Radiance
factors are calculated for each measurement angle by equation 2.6 and the rest of
the radiance factors needed for diffuse reflectance calculation by equation 2.5 are
interpolated and extrapolated.

Rotation

Detector
\\
/ Sample
~---- Reference

Incident beam | T --y-- position

' Translation /
i /
n

%
Figure 2.3: The gonioreflectometer at TKK.

The gonioreflectometers described in references [23-25] are basically similar to the
one in reference [10]. However, the goniometric measurement facility in reference [26]
is slightly different although the basic principle of integration over the hemisphere
is always the same. The most distinguishing features in the PTB (Physikalisch-
Technische Bundesanstalt) gonioreflectometer [26] are the sample holder and illumi-
nation. In the PTB measurement facility, the sample holder is a five-axis robot arm
which provides the necessary illumination and viewing angles together with a sphere
radiator mounted on a large rotation stage (diameter 1.5 m), and the detection side
is fixed. Whereas at NIST (National Institute of Standards and Technology) [23,25],
NPL (National Physical Laboratory) [24] and TKK [10] the detector is rotated in

order to measure the polar angles around the sample. Also, the PTB gonioreflec-
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tometer utilizes broadband irradiation and the wavelength selection is provided in
the detection side by a monochromator. Both, the new NIST gonioreflectometer [25]
and the PTB gonioreflectometer [26] have the ability to measure also in out-of-plane

configurations.

In the NIST, NPL and TKK measurements, the radiant beam incident on the sample
is shaped (focused or collimated) and when measuring full intensity all of the beam
incident on the sample is measured. Also, when measuring reflectance the detector
views all of the illuminated area of the sample. In the PTB system, the incident
beam is not shaped after it emerges from the sphere radiator, but the sample is
completely illuminated and the reflected light is measured from a well defined area
on the sample. These different kinds of beam geometry and propagation set different
demands on the illuminating beam quality. In the PTB setup, it is very important
that the illuminating light is spatially homogenous which is evoked by the sphere
radiator. On the other hand, in measurement facilities employing a shaped mea-
surement beam, light scattering around the irradiating beam may cause significant
problems as described in publication I. Figure 2.4 illustrates the situation when the
light incident on the sample is collimated and the full intensity is measured some-
where behind the sample like in the gonioreflectometer in figure 2.3. If the light is
scattering from the optical components of the measurement system, all of the light
that is incident on the sample at the sample position does not reach the detector
at the reference position (see figure 2.3). This effect can be taken into account by
determining a correction factor that tells how much light is missed by the detector
at each wavelength. Methods to determine this correction factor are discussed in

publication I.

Figure 2.5 presents the correction factors determined for the gonioreflectometer de-
scribed in reference [10] and in publications I and II. The figure presents correction
factors measured in 2004 and 2007. In the 2004 measurements, a different monochro-

mator suffering from astigmatism problems was used. The monochromator used in
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Aperture
Lens
Scattered
Light e
L Photodiod
Main beam

Figure 2.4: Light scattering around a collimated main beam.

2007 is astigmatism-free. Depending on the scattering properties of the source sys-
tem, the correction factor can be as large as 1.6 % as illustrated in figure 2.5 and
in publication I. The possibility of such a large error in the measured full intensity
signal can not be neglected. Although light scattering from source optics can induce
errors also in integrating sphere measurements when applying directional illumi-
nation, this kind of error, namely the "dark-sample reading error”, has been long
known and can be easily corrected [27]. Therefore, this effect may be at least partly
responsible for the differences reported earlier between goniometric and integrating

sphere based measurement techniques [28].

2.3 International comparison measurements

The verification of the absolute reflectance scales at National Metrology Institutes
is commonly performed through international comparison measurements [29-31].
Within the last four decades, there have not been many reported comparisons of
absolute reflectance scales realized by goniometric means [32,33] and even fewer
comparisons covering a wide wavelength range from ultraviolet to near infrared

region.
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Figure 2.5: The correction factor due to light scatter measured for the ultraviolet,
visible and near infrared spectral regions.

Publication II presents the characterization of the gonioreflectometer described in
reference [10] and publication I for the UV and NIR regions and the results of an
extensive bilateral comparison between this instrument and the PTB gonioreflec-
tometer [26,34,35]. The comparison was performed for 0 : 45 geometry in the
wavelength range of 250 nm — 1650 nm in 10 nm interval and in the 0 : d geometry
in the wavelength range of 400 nm — 1600 nm in 100 nm interval. Altogether six
different samples were measured. The samples and their nominal reflectances for

the visible spectral range are presented in table 2.1.

The characterization of the TKK gonioreflectometer for UV and NIR measurements
was done similarly to the characterization for the visible range [10]. For UV mea-
surements, a 450 W Xenon arc lamp was installed to the measurement system
and an InGaAs detector was characterized for measurements in the NIR. Also,

the Si detector and the amplifier were changed from those described in [10] be-
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Table 2.1: The samples measured in the bilateral comparison between TKK and
PTB.

Nominal
Sample name | Sample material | reflectance (%)
SP1 Spectralon 99
SRS1 Sintered PTFE 99
GO2 OP.DI.MA 98
0G1 Opal glass 96
RO1 Russian opal glass 96
CERAM#39 Ceramic tile 50

cause of the malfunction of the previous devices. The silicon detector is used for
measurements between 250 nm — 1100 nm and the InGaAs detector is employed
between 950 nm — 1650 nm. The Xenon lamp is used for irradiation between
250 nm — 450 nm and a 50 W halogen-tungsten lamp is employed above 400 nm
in order to avoid the sharp peaks occurring in the Xenon power distribution above
450 nm [36]. An uncertainty budget is presented in publication II. All uncertainties

have been evaluated according to reference [37].

Figures 2.6 (a) and 2.6 (b) present the 0 : d diffuse reflectance factors measured
at TKK and PTB for samples SP1 and CERAM#39, respectively. The error bars
indicate expanded uncertainty with coverage factor k = 2. The figures show a good
correspondence between the TKK and PTB results. Apart from a few measurement
points, this is true for all sample measurements, but OG1, as can be seen in publica-
tion II. For OG1, the differences in the visible region and below 300 nm are outside

the measurement uncertainties.

For all samples, the differences increase in the VIS-NIR transition region and for all
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Figure 2.6: 0 : d reflectance factors measured at TKK and PTB for (a) SP1 and (b)
CERAM#39. The error bars represent the k = 2 uncertainties of the measurement
results.
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samples but the ceramic tile CERAM#39 the differences increase with increasing
wavelength in the NIR region. The sudden increase in the differences measured at
TKK and PTB in the VIS-NIR transition region is related to the amplifier gains used
in the TKK measurement facility and the smaller size of the InGaAs diode (5 mm)
compared to the Si diode (10 mm). The gains are different for the Si and InGaAs
detectors and the associated uncertainties can cause a discontinuity between the VIS
and NIR regions. Also, because of the small size of the InGaAs diode a relatively
small size of the sample is viewed by the detector, thus making the measurements
very sensitive to alignment. A slight misalignment may cause the InGaAs diode
to miss a part of the illuminated area on the sample and thus underestimate the
measured reflectance. The wavelength dependence of the differences is related to
sample translucency and its different effect in the different measurement facilities
of TKK and PTB as explained in publication II. The effect of translucency was
investigated by measuring 45 : 0 radiance factors in the PTB gonioreflectometer with
and without a black non-reflecting aperture on the sample surface. The purpose of
the aperture was to block the incident irradiation outside the measurement area on
the sample and thus eliminate the effect of subsurface scatter into the measurement
area as explained in publication II. A correction due to translucency was calculated
for the strongly translucent samples RO1 and OG1 and the correction was applied
to the 0 : 45 measurement results of these samples in the NIR range. At 1650 nm,

the magnitude of the translucency correction for OG1 was 0.016.

The radiance factor measurements down to 250 nm show that below 310 nm the
TKK values tend to rise relative to the PTB results. Below 300 nm isochromatic
stray light at the TKK facility and low signal-to-noise ratio in the UV region are
partly responsible for the effect. The correction for isochromatic stray light, dis-
cussed in publication I, has been evaluated only down to 300 nm. At shorter wave-
lengths it has been impossible to measure because of low signal-to-noise ratio. Other
possible causes for the phenomenon in UV are fluorescence from the samples, wave-

length accuracy and bandpass difference between the two facilities as explained in
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publication II. Because TKK uses monochromatic irradiation and polychromatic de-
tection and PTB employs polychromatic irradiation and monochromatic detection,
fluorescence would not show in the PTB results at the short wavelengths but would
be present in the TKK results increasing the measured radiance factor in the UV
range. Fluorescence is a probable contributing factor in the case of the opal glass
samples RO1 and OG1 and the ceramic tile CERAM#39, since for these samples flu-
orescence has been visibly observed when irradiated with intense short UV radiation
at 254 nm from a mercury lamp. Also, earlier studies of photoluminescence of two
different types of Russian Opal glass samples [38] and BCR opal glass standards [39]

support this argument as explained in more detail in publication II.
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3 Fluorescence

3.1 General theory

Reflectance measurements are insufficient when determining the colour and appear-
ance of luminescent samples. When light is incident on non-luminescent material
part of the light is absorbed, part of it may be transmitted and the rest is reflected
with the same wavelength. When illuminating a luminescent material, part of the
absorbed light excites electrons in the sample from the ground state to higher energy
states. The ground state and the other energy states are divided into vibrational
states as depicted in figure 3.1 by a Jablonski diagram [40]. The ground state is
denoted by Sy and the higher energy states are denoted by Sy, Sg, and so on. The
vibrational levels are denoted by 1, 2, 3, etc. Before returning back to the ground
state, the electrons undergo internal conversions in the form of heat emission or
collisions and are usually relaxed to the lowest vibrational levels of the first excited
state S;. From there they often return to some of the higher vibrational levels of
the ground state Sy by emitting a photon of longer wavelength than the exciting
photon. [41] The change in wavelength is denoted by Stokes shift [42] and the phe-
nomenon is called fluorescence. The fluorescence life times (the time from excitation
to the higher energy state to the relaxing back to the ground state) are typically
between 1079 — 107 s [43].

Instead of internal conversions, the electron may undergo intersystem crossing by
changing its spin and thus going to a triplet state which is denoted by T} in figure 3.1.
As fermions, two electrons can not exist in the same quantum mechanical energy
state and thus the electron must change its spin before it can return back to the
ground state. This procedure takes more time than the straightforward relaxing

through the singlet states. The phenomenon is called phosphorescence and its life
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Figure 3.1: A Jablonski diagram. Sg, S; and Sy denote singlet energy states (no
change in electron spin) and T; denotes a triplet state where the electron spin has
changed. The solid vertical lines indicate photon absorption and emission and the
dashed lines indicate internal conversions. The letter h indicates Planck’s constant
and v, (v,) is the frequency of the absorbed (emitted) photon.

time is typically between 107 — 10 s, but can in some cases be even hours [43]. The
triplet states commonly have lower energy than the lowest excited singlet state and
therefore phosphorescence usually occurs at longer wavelengths than fluorescence.
Because the following discussion is limited to applications employing steady-state
illumination and therefore it is not possible to discern between the different life times
of fluorescence and phosphorescence, from here on the term fluorescence is taken to
refer to both fluorescence and phosphorescence unless otherwise indicated. Also, the

discussion is limited to opaque reflecting luminescent samples.

The reflectance of a fluorescent sample can not be determined in the same way as the
reflectance of a non-fluorescent material like e.g. the reflectance measurements de-
scribed in reference [10]. If a fluorescent sample is illuminated with monochromatic
radiation and the reflectance is detected polychromatically, the reflectance values in
the excitation range of the sample are increased because they include the emitted
radiation occurring on longer wavelengths. This effect is illustrated for example

in reference [44]. If the sample is illuminated polychromatically and reflectance is
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detected monochromatically, the fluorescence does not disturb the reflectance val-
ues in the excitation range. However, the contribution of emission is added in the
reflectance values in the emission range and it is impossible to discern which part
is pure reflectance and which is fluorescence. Moreover, contrary to non-fluorescent
material the total radiance factors for fluorescent samples are source dependent and

therefore it is vital to be able to discern between reflectance and fluorescence.

The total radiance factor of a fluorescent sample, (7, is a combination of the re-
flected radiance factor, Or, and the fluorescence radiance factor, (r, according to

equation 3.1

ﬁT(Av‘g) = BR()VQ) +6F()‘78)> (31)

where ) is the wavelength and 6 is the angle of detection. Parameter B is source de-
pendent and it can be calculated for a given light source from the source independent
bispectral luminescent radiance factors £y, (A, 8) by integrating over all excitation
wavelengths p giving emission at A and weighting by the relative spectral power

distribution of the source at excitation wavelength p and emission wavelength A

Br(1,0) = / gg’;i Buu(\0) d, (3.2)

where FEq(p) and Es(\) are the relative spectral power distributions of the source at
i and A, respectively. The bispectral luminescent radiance factor is defined as the
ratio of the emitted radiance from the sample per unit wavelength interval at A due to
excitation at u to the radiance of a perfect reflecting diffuser similarly irradiated and
viewed. The total bispectral radiance factor is the sum of the bispectral luminescent

radiance factor and the bispectral reflected radiance factor. The colour of a sample
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for a defined illuminant and observer can be calculated from the total bispectral

radiance factor.

Fluorescent pigments are widely used for example in paper, textile and plastic in-
dustry to brighten the colour or whiteness of products. In order to know exactly
how much of a certain pigment should be used to produce the desired effect on
the colour of a sample, it is helpful to know the fluorescence quantum yield of the

pigment. The fluorescence quantum yield, @, is defined by

The number of emitted photons — n(u)

Q= The number of absorbed photons - na(n)’ (3.3)

where n. () is the total number of photons emitted when irradiated at wavelength
1. The fluorescence quantum yield of a fluorophor is dependent on its environment

and therefore it is usually measured for a specific standard or a solvent-solute-pair.

3.2 Fluorescence measurements

There are two commonly used basic methods for measuring fluorescence emission:
the one-monochromator method and the two-monochromator method. In the one-
monochromator method, the sample is illuminated by polychromatic radiation and
the emitted signal is detected monochromatically whereas in the two monochroma-
tor method both the radiation incident on the sample and the radiation emitted
by the sample are determined monochromatically. It is possible, in principle with
either method, to measure accurately the total radiance factor of a sample. How-
ever, since the fluorescent part of the total radiance factor is source dependent
the total radiance factor will always be dependent on the source used with the
one-monochromator method. The source independent bispectral luminescent ra-

diance factors are possible to measure only with the two-monochromator method.
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Although the two-monochromator method was introduced already in 1954 [4] the
one-monochromator method is still much more widely used. The current status of
the standardization of surface fluorescence (solid samples) measurements for colori-

metric applications is discussed in more detail in reference [45].

In practical measurements of fluorescence, as with reflectance, the measurements
are made using a known reference standard. These fluorescence standards, in
turn, are calibrated absolutely using reference instruments based upon the two-
monochromator method. Most instruments capable of absolute measurements use
a fixed measurement geometry [46-48]. The recommended measurement geometries
in colour measurements are 0 : 45, 45 : 0, 0 : dand d : 0 or 0 : t and t : O [3].
Figure 3.2 presents the basic idea of a fluorometer using the two-monochromator

method and 45 : 0 geometry.
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Figure 3.2: The basic components in a fluorometer applying the two-
monochromator method. MC stands for monochromator. Monitor detector can
be used for recording the incident beam power.

Fluorescence standards should be calibrated in the same measurement geometry
as the application where they are used and therefore it is important to have a
measurement facility capable of calibrating fluorescence standards in various ge-
ometries. This kind of instrument, the goniofluorometer, is described in detail in
publication III. The basic principle of the measurement facility is presented in fig-

ure 3.3. The instrument is meant for calibrating solid fluorescence standards. A
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similar instrument has been built at the National Physical Laboratory (NPL) [49].
Also, a very versatile measurement device, "The Universal Spectrophotometer”, ca-
pable in e.g. goniometric fluorescence measurements has been previously designed
by a commercial company [50]. However, to my knowledge, no measurement results

by such an instrument have been reported before publications III and IV.

ceo| |
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Light
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Figure 3.3: The goniofluorometer. EMC stands for emission monochromator.

The emitted and reflected light is collected by a light collector comprising an aper-
ture and a lens which focuses the light into a fibre guide. The fibre guide takes
the light into the emission spectrometer comprising a monochromator (EMC) and
a CCD detector. The core element of the system is a turntable [51] whose axis
coincides with the sample surface. The light guide is mounted on a cantilever which
lies on the turntable. The turntable provides viewing angles from 10° to 90° relative

to the incident beam and the incident radiation is near normal.

Because in fluorescence measurements signals of different wavelength are compared
to each other, it is essential to calibrate the instrument for emission system re-
sponsivity. Four different approaches for the spectral responsivity calibration of a
fluorometer are listed in reference [3]. The goniofluorometer presented in publica-

tion III has been calibrated using the recommended method. This method employs
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a calibrated non-fluorescent reflectance standard and a calibrated detector. The

calibrated detector is referred to as the reference detector in figure 3.3.

3.2.1 Angular behaviour of fluorescence emission

Fluorescence emission from liquids and solid amorphous materials is commonly as-
sumed to be Lambertian [43]. Fluorescence emission from solid crystalline materials
has been studied extensively as a function of angle and polarization in order to
determine the orientation of the fluorophores [52-55]. Understandably, the emis-
sion from crystals is not Lambertian because the fluorophores coated on crystal
substrates have a defined orientation leading to angle dependent emission. On the
other hand, in amorphous material the fluorophor orientation would be expected
to be random and therefore the emission would also be Lambertian. However, this
has hardly been studied at all although many times fluorescence measurements from

amorphous samples rely on the assumption of Lambertian emission

The goniofluorometer described in publication III has made it possible to test the as-
sumption of Lambertian emission from solid amorphous material. Figure 3.4 shows
the angular behaviour of fluorescence emission from a Spectralon fluorescence stan-
dard [56] as discussed in publication IV. Figure 3.4 (a) presents bispectral lumines-
cent radiance factors measured for emission wavelengths 421 nm, 436 nm, 457 nm,
486 nm and 504 nm as a function of viewing angle and figure 3.4 (b) depicts the
same bispectral luminescent radiance factors and reflection radiance factors at wave-
lengths 350 nm and 380 nm scaled to unity at 10° viewing angle. The excitation
wavelength is 350 nm and the incident irradiation is near normal. Emission at
457 nm is close to the emission maximum. The error bars correspond to expanded

uncertainty with coverage factor k = 2.

It can be seen clearly from both figures 3.4 (a) and 3.4 (b) that the fluorescence emis-



—
Q
~

Bispectral luminescent radiance factor

Figure 3.4: (a) Bispectral luminescent radiance factors for emission wavelengths
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(b) the same bispectral luminescent radiance factors and reflection radiance factors
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sion is not Lambertian. If it were Lambertian the bispectral luminescent radiance
factors would be constant with respect to the viewing angle. Moreover, figure 3.4 (b)
shows that the angular pattern of fluorescence emission differs from the angular pat-
tern of reflection even though the pattern is, within uncertainties, the same for all
emission wavelengths. This is an important result concerning colorimetric measure-
ments, since it shows that the measurement geometry plays a very important role
when determining fluorescence radiance factors. In addition, it suggests that the
fluorophor orientation in the sample may not be as random as would be expected
for amorphous material even though figure 3.4 (b) shows that the reflection is very

close to Lambertian up to ~ 60°.

3.2.2 Fluorescence quantum yield measurements

Apart from the corrected spectral emission and excitation curves, two other impor-
tant characteristics of a fluorophor are the fluorescence quantum yield and lifetime.
The fluorescence lifetime is defined by the average time the electron spends in the
excited state prior to return to the ground state. Both fluorescence quantum yield
and lifetime depend on the radiative and non-radiative decay rates of the fluorophor.
The greater the radiative decay rate is relative to the non-radiative decay rate the
larger the quantum yield. Larger quantum yield means brighter emission. It is use-
ful to know the fluorescence quantum yield of a fluorophor in order to estimate how
much of the fluorophor is needed to produce desired emission. In the following, the

discussion concerns solids. Liquid solutions are not discussed.

Most fluorometers that measure fluorescence quantum yield measure relative to a
known fluorescence standard [57-59]. The uncertainty of the relative measurements
is proportional to the uncertainty of the standard and therefore it is important to
have calibration facilities capable of more reliable absolute fluorescence quantum

yield measurements.
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In order to measure the fluorescence quantum yield, the total number of emitted
and reflected photons must be known. Because of the non-Lambertian nature of
all physical samples, measurements in one geometry are insufficient. An integrat-
ing sphere can be used to measure the absolute fluorescence quantum yield [60-62].
However, integrating spheres are easily contaminated resulting in significantly re-
duced throughput and fluorescence in the UV-region [63-65] where many commonly
used fluorophores have their excitation spectrum. Goniometric measurement devices

do not have this problem.

The theory and mathematics for determining the absolute fluorescence quantum
yield is presented in the appendix of publication IV. Without the need to make
any assumptions of Lambertian behaviour of fluorescence emission, the fluorescence

quantum yield can be calculated from goniometric measurements by

fﬂﬂ [sm (20) f)\zs (12,1,6) ﬁstd(,u, )d)\} do

Ispa(p,0)

Mfo sin(20) [1_ [s4n0) ﬂstd(/b )} df

Ista(p,0)

Qu) =

, (3.4)

where 1 and \ are the excitation and emission wavelength, respectively, and @ is the
viewing angle. Parameters I, I ;4 and i, are the reflected signal from the sample, the
reflected signal from a non-fluorescent reference and the fluorescence signal from the
sample per unit wavelength interval, respectively, and S is the reflection radiance
factor of the non-fluorescent reference standard. The factors is/Isq- Bsta and Is/Lsq-
Bstq are the bispectral luminescent radiance factor and the reflection radiance factor
of the sample, respectively. The equation assumes cylindrical symmetry from the
reflectance and fluorescence emission and the #-integration is done over polar angles.
The assumption of cylindrical symmetry has been confirmed by measuring bispectral
luminescent radiance factors of a Spectralon sample [56] with azimuth angles 0° and
90° and comparing the results. The A-integration is carried out over the whole

emission spectrum.
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3.3 Measurement uncertainty

The uncertainty budget for the measurement of the bispectral luminescent radiance
factor is presented in table 3.1. The uncertainty depends on the measurement geom-
etry and excitation and emission wavelengths. In table 3.1 the uncertainty is given
for 0 : 45 geometry with excitation and emission wavelength close to the excitation

and emission maximum.

Table 3.1: Uncertainty in the measurement of the bispectral luminescent radiance
factor, Gr, (A, 0) (publication IV).

Standard | Rel. uncert. in
Source of uncertainty uncertainty | Gr.(A, 6) (%)
Repeatability 0.28 % 0.28
Random noise 0.5 % 0.71
Calib. repeatability 0.2 % 0.2
CCD uniformity 1.0 % 1.0
CCD linearity 0.1 % 0.1
Ref. det. responsivity 0.3 % 0.3
[lum. and viewing angles 0.2° 0.12
Radiance factor of reference 0.8 % 0.8
Ref. sample holder alignment 0.75 % 0.75
Stray light 0.4 % 0.57
Wavelength (excitation) 0.15 nm 0.1
Wavelength (emission) 0.17 nm 0.2
Slit scattering functions 0.2 % 0.2
EMS dispersion 2% 1.7
Combined standard uncertainty 2.5
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The first three uncertainty components in table 3.1 are of type A and the rest are of
type B. The first component is calculated as the relative standard deviation of the
mean of several independent measurements of the bispectral luminescent radiance
factor, 51, (A, 0). The second component represents the random noise of the emission
spectrometer (EMS) and it has been calculated as the relative standard deviation of
the mean of several consecutive signal readings of the CCD. The third component in
the table represents the repeatability of the emission system responsivity calibration

and it has been derived similarly to the first uncertainty component.

The CCD uniformity means the response uniformity between different pixels in the
CCD array when illuminated with the same irradiation. The uncertainty compo-
nent has been derived from measurements of the CCD signal when the emission
monochromator is scanned and the excitation monochromator is kept at a fixed
wavelength setting. The CCD linearity is the linearity of the CCD response with
respect to integration time and the value has been given by the manufacturer [66].
The uncertainty due to reference detector responsivity comes from the reference de-
tector calibration [67]. The detector has been calibrated in a reference spectrometer

setup [68].

The uncertainty of the illumination and viewing angles comprises the uncertainty of
the precision and alignment of the fluorescence sample holder and the turntable that
is used to rotate the light collector. The standard uncertainty of the radiance factor
of the reference is given in 0 : 45 geometry and it comes from the reflectance scale of
the gonioreflectometer discussed in publication II. The component of the reference
sample holder alignment represents additional uncertainty in the radiance factor of
the reference due to the poor stability and accuracy of the reference sample holder.
The component is evaluated by calculating the effect of increased uncertainty in
aperture-to-sample distance and illumination and viewing angles when determining

the uncertainty of the radiance factor.
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Uncertainty due to stray light has been estimated from the CCD signal when the
emission monochromator wavelength setting is above the excitation monochromator
wavelength setting. The uncertainty of the wavelength scale of the excitation and
emission monochromators has been estimated by calibrating them against mercury

emission lines.

The uncertainty due to slit scattering functions represents the uncertainty caused
by the broadening of the fluorescence spectrum. It has been estimated by measur-
ing the width of the reflection peak of a non-fluorescent reference standard at the
emission spectrometer (full width at half maximum) and the width of the fluores-
cence spectrum of a fluorescence sample. The measured fluorescence spectrum is
a convolution of the true fluorescence spectrum and the slit scattering function of
the excitation and emission monochromators obtained from the reflection measure-
ment. An estimate for the true fluorescence spectrum and the associated relative
uncertainty due to the broadening has been calculated by using a simple model
that the fluorescence spectrum and the reflected signal are of Gaussian shape. The
last component in table 3.1 represents the uncertainty in the emission spectrome-
ter dispersion. It has been estimated by setting the emission monochromator at a
fixed wavelength and calculating the positions of two different mercury lines on the
CCD. Then this measured dispersion value has been compared to the value obtained
from the manufacturer given parameters that define the theoretical dispersion of the

emission spectrometer [66,69].

The uncertainty of each component in the bispectral luminescent radiance factor,

Bru(A, 8), has been evaluated according to reference [37].
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4 Conclusions

In this thesis, goniometric calibration facilities for reflectance and fluorescence mea-
surements have been designed and developed (publications II-IV). Also, the sig-
nificance of light scattering from source optics in goniometric diffuse reflectance
measurements has been studied (publication I) and the theory and mathematics for
a new method for determining the absolute fluorescence quantum yield has been

developed (appendix of publication IV).

Light scattering from source optics can have a significant effect in the goniometric
diffuse reflectance and bidirectional radiance factor measurements leading to errors
of the order of 1 % as shown in publication I. Also, this effect may be at least
partly responsible for the differences reported between goniometric and integrating

sphere-based diffuse reflectance measurements [28].

The gonioreflectometer described in [10] and publication I has been characterized
for measurements in the ultraviolet and near infrared spectral ranges. Also, an ex-
tensive bilateral comparison has been carried out between the gonioreflectometers at
the TKK [10] and the PTB [26]. The comparison was carried out in the wavelength
range 250 nm — 1650 nm. Such extensive goniometric comparisons are quite rare
even though they provide valuable information on the reliability of the absolute re-
flectance scales of National Metrology Institutes. The agreement of the reflectance
scales at TKK and PTB was found to be satisfactory between 300 nm — 1400 nm.
Below 300 nm isochromatic stray light, low signal-to-noise ratio, wavelength ac-
curacy and possible fluorescence from samples cause additional uncertainty to the
measurements. Above 1400 nm the discrepancies can be mainly explained by sample
translucency. Overall, sample translucency was found to have a significant effect on
the reflection measurements, particularly for opal glasses in the near infrared region

(publication II).
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A goniofluorometer capable of measuring bispectral luminescent radiance factors in
various measurement geometries has been designed and tested (publication III). To
my knowledge, no measurement results of such an instrument have been previously

published.

The theory and mathematics of a new method for measuring absolute fluorescence
quantum yield has been developed (appendix of publication IV). The new method
is based on goniometric measurements. It does not have the problems related to in-
tegrating sphere wall contamination leading to reduced throughput and fluorescence
in the UV range or the problem of re-reflection of emitted light from sphere walls
and re-absorption to the sample causing additional fluorescence and distorting the

emission spectrum.

One of the most significant results of the thesis is the discovery of the non-Lambertian
nature of fluorescence emission from solid amorphous material and the fact that the
angular pattern of emission is not very tightly linked to the angular pattern of
reflection (publication IV). In the future, this result can not be neglected in the col-
orimetric measurements and the measurements of fluorescence quantum yield, but
measurement geometries must be carefully considered when making measurements
or calibrations for high-accuracy applications. In this thesis, fluorescence emission
from one standard amorphous material, namely Spectralon, has been studied. It
is likely that the angular pattern of fluorescence emission depends upon the mate-
rial properties of the used fluorescence standard and the preparation process of the

standard which also affect the goniometric reflection properties [70].
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