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Optical Radiation Measurement
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1. Introduction

Optical radiation bathes the world in which we live. The sun, moon and stars have provided
us with our primary sources of light since befo re the beginning of life upon the earth. Very
early in our history we observed that we could produce light by other means than
depending upon the daily rotation of the earth. As our societies developed, in addition to
creating intricate visual experi ences with light, we discovered new ways of using this light
to effect changes upon many of the materials we found in the world around us. As we
sought to control these effects, we realised that the light itself had many properties that
affected the outcome of our investigations and that we needed to untangle the
characteristics of the light and the properties of the materials in response to this light. We
discovered that there were effects caused by ‘light’ that we could not observe visually,
which led to the distinction between light and radiation. To evaluate these effects, to
discover new effects, and to produce (or reduce) them efficiently, we have come to depend
critically upon the accurate measurement of the optical radiation required in our endeavors.
In this chapter we will discuss some of the procedures and equipment necessary to obtain
accurate measurements of the amount of optical radiation that we have available for our
activities.

The measurement of optical radiation presents the practitioner with many opportunities and
challenges. These stem from various sources:the properties of the radiation itself
(wavelength, polarization), the geometrical configuration of the radiation field (direction,
solid angle), the interaction of the radiation fi eld with the detectors, devices and materials
under test (responsivity, reflectance, transmittance), and, not in the least, to the vocabulary
and definitions in use, locally and internatio nally, to describe the measurement process and
the results of the measurements.

There are two international organizations whos e work is particularly important for the
fundamentals of measurement and of optical radiation measurement in particular:

1. BIPM, the Bureau International des Poids et Mesures, (www.bipm.org ): “The task of
the BIPM is to ensure world-wide uniformity of measurements and their traceability to
the International System of Units (SI).”

2. CIE, the Commission Internationale de L’Eclairage, (www.cie.co.at ). “The CIE is
devoted to worldwide cooperation and the exchange of information on all matters
relating to the science and art of light and lighting, colour and vision, photobiology and
image technology.”
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2. Measurements, quantities, units and the Si

As our measurements become more precise ad more accurate, it becomes more and more
important that we define precisely what we are measuring and what we mean by the terms

that we are using to describe the measurements. We must also realize that the purpose of all
measurements is to convey information—either to ourselves for some later use, or to
someone else somewhere in the world. It is therefore critical that the meanings we associate
with the terms we use are the same as the meanings used by the rest of the world. There are
four documents that are of particular impo rtance in optical radiation measurements:

1. the VIM (JCGM 200:2008), which provides a vacabulary for the basic concepts and
terms of metrology,

2. the GUM (JCGM 100:2008), which provides a guide to the expression of uncertainty in
measurement,

3. the Sl brochure (BIPM, 2006), which provides a description of the International System
of Units, and

4. the CIE Vocabulary (CIE S017, 2011), which provides the vocabulary for optical
radiation, radiometry, photomet ry, lighting and colorimetry.

The concept of measurement involves several important aspects. The basic definition (VIM,
Section 2.1) gives measurement as “processof experimentally obtaining one or more

guantity values that can reasonably be attributed to a quantity”. In addition to the ‘process’

of the measurement, some examples of which we will discuss in later sections of this
chapter, there is the important requirement of a purpose or result to our process, and of a
certain form to this result. We must consider a quantity and some means of attributing a
value to this quantity. The definitions of quantity and quan tity values are given (VIM,

Sections 1.1 and 1.19) as:

A quantity is a “property of a phenomenon, body, or substance, where the property has a
magnitude that can be expressed as a numberand a reference”. In this chapter we will
discuss the measurement of several specific poperties of optical radiation that determine
the absolute amount of optical radiation that is available. In particular, we will consider the
most important geometrical configurations for the amount of optical radiation (flux,
intensity, irradiance, exitance, and radiance) and the spectral quantities associated with each
of these geometrical quantities. We will also consider the quantities of optical radiation that
are used to describe and measure the responseof the human visual system to optical
radiation (photometry, colorimetry). These latte r quantities are the basis for the design and
construction of lighting systems and facilities used for most human endeavors.

A quantity valueis a “number and reference together expressing magnitude of a quantity”.

In addition to stating that a quantity is someth ing that must have a value, it states the form
of a value as containing two parts: a number, and a reference. In all the examples we will be
considering, a reference will be an entity called a measurement unjtwhich is defined (VIM,

Section 1.9) as a “real scalar quantity, definel and adopted by convention, with which any

other quantity of the same kind can be compared to express the ratio of the two quantities as
a number”. It can be seen from this definiti on that measurement units are the basis of our
measurements. They are a quantty, just like the one that we are trying to measure (‘same
kind’), and they are the particul ar quantity that we use as the basis to obtain the magnitude
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of the quantity we are trying to measure. For example, the quantity of optical radiation flux
is measured in terms of a specific amount of optical radiation flux—the watt.

Note that these definitions of quantity and measurement unit contain one of the key parts of
a measurement process, which isto compare the two quantities, the unit and the quantity
we wish to measure.

The ‘defined and adopted by convention’ aspect of the definition of measurement unit leads
us to the SI (BIPM, 2006). Thisreference quantity (‘real scalar quantity...of the same kind’)
could be a quantity of any size that is convenient for our immediate use. However, if the
measurement is to convey any information to anyo ne else—our clients, an industrial factory,
another scientist—or even to ourselves at a late time, we need to put qualifications on the
properties of this reference quantity. As a mini mum, we can see that it needs to be stable
over time, and it needs to be accessible toany user of our data. The other users need to
either have access to the same unit that we usedor they need to be able to create (realize)
one of their own. For true universality, all measurements will need to be based upon
reference quantities that have been agreed upon internationally. The present basis of
international agreement on units of measurement is the Convention of the Metre
(Convention du Metre), which “is a treaty that created the International Bureau of Weights
and Measures (BIPM), an intergovernmental organization under the authority of the
General Conference on Weights and Measues (CGPM) and the supervision of the
International Committee for Weights and Me asures (CIPM)” (http://www.bipm.org/en/
convention/). The BIPM presently has fifty-fi ve member states, including all the major
industrialized countries. The present agreements upon the baic quantities and their units
are contained in the Sl brochure (BIPM, 2006).This agreement also contains information on
the general consensus on how unit symbols ard names, quantity symbols, and quantity
values should be expressed.

While all these definitions may seem pedantic, they clarify many concepts that we often take
for granted without realizing. The length of a piece of wood seems rather straightforward:
we have the quantity length (the property of the piece of wood), with its magnitude as a
number, such as 2, and a reference (measurema& unit), such as the metre. In optical
radiation we get into problems quickly becaus e there are so many measurements, quantities
and references (measurement units), that it isoften difficult to sort out which of the words
we are using applies to which of these conceps. The definitions in the VIM and in the SI
help us to understand the framework of the measurement process. The definitions in the
CIE vocabulary help us to standardize the terms and concepts in optical radiation
measurements.

3. Traceability chains and m easurement uncertainties

The Sl definitions of the basic reference quantties and their units provide the most accurate
basis for measurement that is presently available. Although the definitions of these units are
constructed such that the units may be realized in any laboratory with the required skills

and facilities, the realization of any of these units is not necessarily a simple matter. In
general, the primary realization is performed in dedicated national facilities, called National
Measurement Institutes (NMIs). At the NMI, this primary measurement standard is
established using a measurement procedure that obtains the measurement result, not by
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comparison with a reference quantity of th e same kind, but by a procedure where the
reference is the definition of the measurement unit through its practical realization. In this
manner, that primary measurement standard can be said to be “traceable to the SI”, rather
than to any other laboratory or NMI. For example, the Sl unit for luminous intensity, the
candela, is defined in terms of a specific amount of radiant intensity (Section 4.2.2).
Calibration of sources based upon the realization of the candela is discussed in Section 7.0.

In all these measurements, the establishment of the reference and our comparison to the
reference will be subject to some errors. It is not possible to establish a reference exactly to
definition, as it is not possible to compare two quantities exactly. These errors may be
systematic or random, leading to a measuremernt uncertainty, which is defined (VIM, Section
2.26) as a “non-negative parameter characterizingthe dispersion of the quantity values being
attributed to a measurand, based on the information used”. This definition leaves it open as to
the parameter used to describe the dispersion, aswell as noting that the value depends upon
the information used, implying that our information may not be complete and may include an
element of belief rather than absolute knowledge (JCGM 104:2009). As a consequence, a
measurement result becomes (VIM, Section 2.9) dset of quantity values being attributed to
a measurand together with any other available relevant information.”

Since most measurements are caied out using references that are quantities of the same
kind, and are not a primary measurement standard, these measurements and references
must somehow be related to the primary measurement standard. This leads to a sequence of
calibrations (calibration hierarchy, VIM Section 2.40) that leads from a reference to the final
measuring system, where each calibration depends upon the outcome of the previous

calibration. The metrological tr aceability chain is the sequerce of measurement standards
and calibrations that were used to relate the measurement result to the reference, and the
metrological traceability is the property of th e measurement result whereby the result can be
related to the reference through a documentedunbroken chain of calibrations, each
contributing to the measurement uncertainty. An example of a calibration chain used at an

NMI is discussed in Section 7.0.

4. Optical radiation quantities and units

Having set up this rather formal measurement structure, we can now consider in more
detail the measurement of several basic opticd radiation quantities used to determine

absolute amounts of optical radiation. Human beings have been dealing with light ever

since ‘the beginning’, so they have had a longtime to build up a large vocabulary of terms.

To understand these terms, we need to congder two important aspects of quantitative

optical radiation measurements: the geometrical configuration of the optical radiation that

we wish to measure, and the spectral componentsof this particular geometrical assembly of
radiation. Optical radiation is a restricted wavelength range of the electromagnetic spectrum

between X-rays and microwave radio waves, from approximately 1 nm to 1 mm (CIE S017,
2011). In this chapter, the focws of our discussions will be upon electromagnetic radiation
with wavelengths from approximately 100 nm to 2500 nm, which is an extension from the
visible wavelength range, which is approximately from 360 nm to 830 nm.

The basic quantity for the measurement of the amount of electromagnetic radiation is the
energy of that radiation, measured with the Sl re ference unit the joule. This quantity is most
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useful when considering pulses or bursts of radiation that have a time limited duration. In
this chapter we will deal with the continuous flow of radiation; hence the (energy per time)
quantity flux, or power, will be the appropriate basic quantity for the measurement of the

amount of radiation. The Sl unit fo r the quantity flux is the watt (W).

The flux of interest will be the flux that is contained within certain geometrical constraints.
There is a set of five geometrical configurations that can be used to form the basis of most
radiation measurement quantities: total flux, intensity, radiance, exitance and irradiance.
The first four of these quantities are characteistics of radiation emanating from a radiation
source, whereas the fifth, irradiance, is characteistic of radiation incident upon a surface.

4.1 Geometrical quantities and units
4.1.1 Solid angle

The geometrical configurations of intensity and radiance make use of the 3-dimensional
concept of a solid angle (:), which is analogous to the 2-dimensional plane angle (D. In
Figure 1,1 is the length of the arc of the circle subtended by the limits of the 2-D object at the
center of the circle of radius r. The definition of the plane angle Dis given by

D (1)

I
r

The SI unit for the plane angle is the radian (rad). A full circle is an angle of 2 Srad.

2-D object 3-D object

plane angle o solid angle Q

Fig. 1. Two dimensional and three dimensional angles

Similarly, for the 3-D angle, called a solid angle, A is the area of the part of the sphere of
radius r that is subtended by the limits of the 3-D object at the center of the sphere with
radius r. The definition of the solid angle : is given by

r% @

The SI unit for the solid angle is called the steradian (sr). The complete sphere is a solid
angle of 4 Ssr.
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4.1.2 Total flux ( ))

As indicated above, flux can be measured in many geometrical conditions. However, when
radiation sources such as the common incandescent lamps or general lighting service lamps
are measured, total flux is used to indicate the total flux output from the lamp into all
directions. Specialized equipment, such as integrating spheres or goniophotometers, is
required to collect the radiation output into all directions from the lamp (Ohno, 1997). The
principles of operation using an integrat ing sphere are illustrated in Figure 2.

The inside surface of the integrating sphere is coated with a uniformly diffusing material
(Lambertian  Surface will be discussed in Section 4.1.7.2), such as PTFE
(polytetrafluoroethylene) or BaSO 4, to provide at the exit port a spatially homogeneous flux
that is representative of the total flux output of the lamp. The purpose of the baffle is to
prevent radiation directly from the lamp to be incident at the output port, before the sphere
has had the opportunity to merge uniformly the radiation output from all directions from
the lamp.

Lambertian
Surface

Baffle”

Fig. 2. Total flux measurement using an integrating sphere.

4.1.3 Intensity ( 1)
Intensity is used rather carelessly in daily use, even in physics. However, in optical radiation
m&asurements it has a very specific meaning (Fgure 3). First, the direction from the source

(d) in which the intensity is to be defined mu st be indicated. Then the intensity of the
source in this specified direction is defined as the ratio of the flux ( )) leaving the source in
that particular direction and propagat ing into an element of solid angle ( :) containing that
specified direction, divided by the size of that element of solid angle. The radiant intensity is
defined as

I = 3)

with Sl unit of watt per steradian (W-sr -1).
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Point
Source
) “solid angle ©Q
\ direction d
- >

Fig. 3. Defining geometry for the quantity Intensity ( |) and origins of the inverse square law.

4.1.4 Irradiance ( E)

The quantity irradiance is a measure of the amount of radiation incident upon a surface, as
illustrated in Figure 4.

Surface of Receiver Surface of radiation Source
~ Flux ~

I’)\\

RN T SO

Element of area A

=2 w2
A A
Irradiance Exitance

Fig. 4. Defining geometries for the quantities irradiance (E) and exitance (M).

The irradiance at the surface is defined as:
)
E - 4
A (4)
where ) is the total flux incident up on the surface element of areaA. Irradiance is measured

in terms of the Sl unit of watt per square metre (W-m -2).

4.1.5 Exitance ( M)

Exitance is very similar to irradiance except that the direction of flow of the flux is
reversed—it is leaving the surface, as shownin Figure 4. The radiant exitance from the
surface is defined as:
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)
Mo (5)

where ) is the total flux leaving the surface element of areaA. Radiant exitance is measured
in terms of the Sl unit of watt per square metre (W-m -2).

4.1.6 Radiance (L)

This quantity is the most detailed of the five geometrical quantities we are considering. It
takes into account that a radiation source is na a point, but an extended surface, and that a
radiation source does not emit the same flux into all directions. Therefore we have a
quantity (Figure 5) that specifies the flux ()) emitted by a radiation surface from a specified
area (A) on the surface and in a specified direction (d ) from the surface, and into a specified
solid angle (:) containing the given direction d. The vector direction n~ is. the
pgypendicular to the radiation so urce element of area A, and Dis the angle between n~and
d.

A

. n /~.
Radiance "/ N o

~
(o N}

__-- Surface of radiation Source

n
\\ //
\\\ 77777777777 ///<\‘ o
Elementof area A """ ---- >N\ T T—— ¢
~ y JU—
Projected area Ap \ N\ =7~
Projected Area

Fig. 5. Defining geometries for the quantity radiance and related projected area.

The radiance of the elemert of area is defined as

L) (6)

G
The projected area A, is the size of the area A as seen in the specified directiond :

A, A tosD (7)
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4.1.7 Quantity relationships

Several useful relationships between the quartities discussed above may be obtained by
adding specific geometric constructions and/ or source constraints to the measurement
configurations that use these quantities. These are particularly useful to change from a
radiation source of one quantity to provide a ra diation source of another quantity, such as
using an irradiance source to provide a source of radiance.

4.1.7.1 The inverse square law

This is the most common and useful relationship. In its basic form, it relates the irradiance (E)
of a surface due to the output of a radiant intensity source (I) placed at a known distance (r)
from the surface. The geometry is shown in Figure 3.

The same flux ) passes through each of the areas Aand A,. Since the sizes of these areas
are increasing with distance r from the source, it is evident that there will be less flux per
unit area on surfaces farther from the source. From the definitions of intensity ( 1), solid angle
(), and irradiance (E), we may derive the relation between E, I, and r:

. A .
) | Ir:—2 (8)

The irradiance on any of the surfaces is then obtained as
E DA (9)

This is a very useful concept, but some restrictions should be noted:

1. The source is a point source. A point source is a source that is so small that the inverse
square law is valid. If the source is extended, the distance r from the various points on
the source to any area element that is beingirradiated will change for all points on the
source. The simple equations above are onlyvalid for each point on the source to each
point on the irradiated surface. For an extended source, the irradiance will need to be
calculated as the sum from all points on the source. An example calculation (Grum &
Becherer, 1979) for the case of a circular sowe of uniform radiance shows the origins of
the ‘rule of thumb’: if the dist ance r is at least 10 times lar@r than the largest dimension
of the source or detector, the error will be less than 1%. However, if we depend on
changing r to adjust our required irradiance , good measurement practice would be to
test the inverse square behaviour in our actual measurement conditions.

2. The radiation beam considered is not collimated, nor focused by lenses, nor a laser
beam. It is the natural propagation of radiant energy from a point on the surface of a
radiating source. Any modification of the radi ation beam by lenses or the structure of
the source will result in the radiant intensity of the source to change with distance from
the source, or with the size of the solid angle, or with the direction of propagation with
respect to the source. This will invalidate the application of the inverse square law to
that particular source. As an example, the measurement of the radiation from LEDSs is
highly influenced by the geometrical struct ure in the output of these devices. As a
result, the CIE has recommended very specific geometrical conditions for measuring
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the intensity of these devices (CIE 127, 200y The recommended geometries prescribe
exact solid angles and distances from the LED, together with specific considerations for

the alignment of the LED with the measurement direction. Since the radiant intensity

from LEDs is not constant with distance or solid angle, the resulting quantities

measured are called Averaged LED Intensities, rather than true intensities as defined in

Equation (3) above for a point source.

4.1.7.2 Lambertian surface

A Lambertian Surface is an ideal surface whose raliance is the same in all directions of the
hemisphere above the surface. This very speci& surface has many useful properties. It is
basically a radiation source that looks equally bright when viewed from any direction. It can
be a radiation source itself, such as a black bodyradiator, or it can be a material that either
transmits or reflects the radiation incident upon it in such a manner. Such a material is also
called an isotropic diffusing surface. The basic concepts for such a reflecting diffusing
surface are shown in Figure 6.

There are no real materials that have the ideal properties of a Lambertian surface, but
pressed PTFE (polytetrafluoroethylene) powder or BaSO, may be used if corrections for
their non-ideality are made when required. The reflectance properties of these near-ideal
diffusing reflectors are critical to accurate reflectance measurements and their three-
dimensional reflection properties are extensively studied (Hope & Hauer, 2010).

Incident
Diffusing Radiation
Surface ™. ®

%

Area .-~

Reflected
Radiation

Fig. 6. An isotropic diffu sing reflecting surface

4.1.7.3 Irradiance to radiance

The Lambertian diffusing reflecting surface is very useful in obtaining a radiance source
from an irradiance source. When determining the relationship between radiometric
quantities it is very useful to consider th e flow of flux and then add the geometric
constraints, as we did in Secion 4.1.7.1 above. The geometric configuration shown in Figure
6 shows the conversion from the incident radiation from an irradiance source into the
output reflected radiation with the properties of radiance. If the known irradiance at the
areaA from our source is E, then the incident flux ); upon the areaA is:

)i EA T (10)
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The flux reflected from the area A is the incident flux times the reflectance () of A:
) i UBA (V. (11)

We can relate the radiance ) of A to the reflected flux ), using the definition of radiance
from Equation (6) and the assumption of a constant radiance in all directions (Lambertian
surface):

d/ L A"cos "®@ Z (12)

where d/ is a small element of flux emitted from A into the small element of solid angle d Z.
The total flux emitted from A by this constant radiance L is obtained by integrating d/ over
all the output directions from A:

), LAcosDd L A38ca8 d LA" Z - (13)
Combining Equations (11) and (13) we obtain:

UE
Lior ) (14)
Equation (14) is the basic equation relating the radiance of an isotropic reflecting diffuser
due to a known irradiance of the diffuser, wh ere we have introduced the subscript IDR to

indicate that this is the radiance from an Isotropic Diffuse Reflector with reflectance U

As indicated in the discussion of a Lambertian source, there is no perfect isotropic diffuser.
This means that the reflectance Uin Equation (14) will not be the same for all directions of
both the input irradiation and the output radian ce. For accurate conversions from irradiance
to radiance we will need to take account of this effect. We introduce a radiance factor (B
that is defined (CIE S017, 2011) agiadiance facto(at a surface element of a non self-radiating
medium, in a given direction, under specified conditions of irradiation): ratio of the radiance
of the surface element in the given direction to that of the perfect reflecting or transmitting
diffuser identically irradiated and viewed. The reflected radiance fact® denoted by £ . For

completeness in this description, we also show that the quantities we are discussing are
functions of the wavelength Qas well as angle.

For a perfect reflecting diffuser (PRD) illuminated by an irradiance E( @, ( U 1), so that
Equation (14) becomes:

E(®

Lero( @ ) (15)

Since this is a perfect reflectng diffuser, this equation is true for all directions of Lpry from
the diffuser.
For an imperfect reflecting diffuser (RD) surface,

gro( @-)

E) G (o)

(16)
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where - indicates the direction of the radiance L from the surface, for some defined
irradiation condition. From Equation (16) we obtain:
Lro( @) rE . Plerp( )7 Or(-, ) EprpO) - o (17)

with the second equality due to the fact that the PRD radiance Lprp( @ is independent of
angle.

Combining Equations (15) and (17) we obtain:

R PIE) O a8)

Lro( ©) - r(E ) Qro( ) &

In our application for converting from irradiance to radiance we usually have the irradiance
incident normally upon the diffuser, and the radiance observed at 45°. Therefore, the
specific reflectance factor we require is f,,5 ( @, where the term 0/45 indicates 0° incidence
radiation and 45° output radiance. The final equation relating the in put irradiance and the
output radiance for this 0/ 45 geometry is therefore:

G5 ( ) BEO) o

S (19)

Lrp( @45)
The radiance factor £,5( @ will need to be measured (H6pe & Hauer, 2010) for the
particular reflecting diffu ser that we are using.

4.1.7.4 Radiance to irradiance

The transfer of radiant energy or flow of radiant flux from a radiating surface to a receiving
surface is calculated in a general way for any geometrical configuration using elemental
beams of radiance from small areas of the source propagating to small elements of area at
the receiver (Grum & Becherer, 1979). The simplst configuration that is often used in
calibration laboratories is shown in Figure 7.

Source Receiver
(radiance)
Source Receiver
Aperture Aperture
Rs RR
# )
Optical
AXis
#
______________________ +

Distance D

Fig. 7. Irradiance from a Radiance Source

The source and receiver apertures are paralleland centered upon, and perpendicular to, the
optical axis. The source is again assumed tobe a Lambertian source with radiance L. The
apertures are circular with radii R sand R for the source and recever respectively. Under
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these assumptions, the spatial fraction f of the total flux emitted by the source radiance
aperture that is collected within the receiver aperture is given (Walsh, 1958) by:

201

f 2RR RS RZ D) (RS Rk D?)” 4R&R:,,

(20)

The radiant exitance of a Lambertian source is obtained by the integration of the constant
radiance L over the hemispherical solid angle to give (Grum & Becherer, 1979):

M SL (21)

Therefore the total flux emitte d by the source aperture is:
9 ( LERY 5 (22)
and the flux collected within the receiver aperture is:
) f o s"SREFL ~ 7T (23)
The irradiance at the receiver aperture is therefore:

2

e Je s R34 - - (24)
sR2 ~ Reo o

As we will discuss in Section 7, Equation (23) is the basis for the calibration of blackbody
sources, which are then used as absolute radance sources for the realization of spectral
irradiance scales using Equation (24).

4.2 Spectral quantities and units

The field of optical radiation measurements is often divided into three major categories:
radiometry, photometry and colorimetry. Our discussion to this point has been prim arily
centered upon radiometry, the measurement of the quantities associated with optical
radiation. However, human beings have been observing optical radiation for quite some
time with their built-in detector—the eye. This has resulted in a very large and important
field of radiation measurements. The difference between the three categories is basically that
between the characterisation of the electromagnetic radiation that is present in our
measurements (radiometry, which is essentially a detector that responds to all wavelengths
equally), and the evaluation based on what human beings think is present using their visual
detection system composed of the eye and the brain (photometry, colorimetry). Photometry
evaluates the radiation as a measure of thestrength or magnitude of the human visual
response, whereas colorimetry characterizes optical radiation in terms of the human ability
to distinguish radiation of different wavelengths, which we call colours.

4.2.1 Spectral concepts

The emission, reflection and absorption properties of the sources, detectors and other
materials used for optical radiation measurement are all dependent upon the wavelength O
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of the radiation under consideration. All the geometrical quantities considered above s hould
be considered to apply at each wavelength we use. The use of the agective spectral, when
applied to any of the quantities X, indicates (CIE S017, 2011) that either:

1. X s afunction of the wavelength Qwith symbol X( @, or

2. the quantity referred to is the spectral concentration, or spectral distribution, of X, with
symbol X .. This spectral distribution X ; is defined as the quotient of the radiant
quantity dX( @ contained in an elementary range of dO of wavelength at the
wavelength Qby that range:

dX o
Xo do

(25)

It should be noted that X ; is also a function of wavelength Qand to stress this fact, may be
written as X 4 @ without any chan ge in meaning.

As examples, the quantities reflectance () and radiance factor (B that we introduced above
are functions of wavelength, but not spectral distributions of wavelength. The quantities
that involve radiant flux are a Il spectral distributions. For example, spectral irradiance ( E )
is defined (CIE S017, 2011) as # quotient of the radiant power d)( @ in a wavelength
interval d Oincident on an element of a surface, by the area d\ of that element and by the
wavelength intervald O

dE( @ d*)( @
°© do dAd O (26)

The basic concepts are shown inFigure 8. The Sl unit for spectral irradiance is W-m-2-m-1, or
W-m-3. The unit W-m-2=nm-1 is also used since the wavelength of optical radiation is
conveniently measured with the unit nm.

L()-dh

AN

Spectral Irradiance

S

o] 0do Wavelength

Fig. 8. Spectral distribution components for spectral irradiance
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4.2.2 Photometry

The retina of the human eye contains two different types of photoreceptors called rods and
cones that produce nerve impulses that are passed on to subsequent stages of the human
visual system for processing (Ohta & Robertson, 2005). The cones are spread over the entire
retina, together with a large concentration within a small central area of our vision called the
fovea, which results our high visu al acuity at the center of the field of view of the eye. The
cones are responsible for our daytime colour vision. The rods are spread over the entire
retina except the fovea and are responsible fo our night-time, basically black-and-white,
vision.

The eye is sensitive to radiation over a rangeof approximately 11 orders of magnitude from
bright sunlight to a flash of light containing only a few photons. The change in size of the
pupil area is only capable of controlling the radiation input to the retina by a factor of 12.
The remaining adaptation is provided by the ro ds and the cones. The high radiation range is
mediated by the cones and is known as the photopic range. The low radiation range is
mediated by the rods and is known as the scotopic range. The intermediate range is
mediated by both the rods and the cones, and is known as the mesopic range.

Each human being will perceive differently the amount and colour of a given beam of
radiation. In order to simplify calculations and to provide international standards for the
measurement of quantities representing the strength of the human visual response to optical
radiation, the CIE has standardized spectral weighting functions to be used for each of the
three ranges of photometric measurements. The spectral weighting functions for the
photopic and scotopic ranges (Figure 9) are known as the spectral luminous efficiency
functions for photopic and scot opic vision, with symbols V( @ and V’( Q respectively (CIE
Standard S010/E:2004). The mesopic range regires a more complex weighting function
based upon a gradual transition between V( @ and V’( Q throughout the mesopic region that
depends on the visual adaptation conditions (CIE 191:2010).
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Fig. 9. CIE spectral luminous efficiency functions
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The CIE spectral luminous efficiency functions are relative spectral values with a maximum
value of one. Within the SI, photometric quantities and units are obtained by calculation
from radiometric quantities and units. This is facilitated with the definition of a quotient K
called the luminous efficacy of radiation and de fined as (CIE S017, 2011) the quotient of the
luminous flux, ), , by the corresponding radiant flux ) .. (The subscripts v and e are used
to indicated photometric and radiom etric quantities respectively.)

kK Lv 27)

The spectral luminous efficiency functions provide the relative spectral values for K( Q. In
order to obtain the absolute scaling, there needs to be adefined scaling factor between
radiometry and photometry at one of the wavele ngths of the luminous efficiency functions.
This is done in the definition (BIPM, 2006) of the SI base unit of luminous intensity, the
candela:

“The candela is the luminous intensity, in a given direction, of a source that emits
monochromatic radiation of frequency 540 x 10212 hertz and that has a radiant intensity in
that direction of 1/683 watt per steradian. It fo llows that the spectral luminous efficacy for
monochromatic radiation of frequency of 540 x 1012 hertz is exactly 683 lumens per watt, K =
683 Im/W= 683 cd sr/W.”

This value of K is the scaling factor for all the luminous effi ciency functions. The value 683
was chosen to provide the best continuity between the size of the candela historically
established using candles and platinum blackbodies before the change in 1979 to link the
photometric units to the radiomet ric units. The definition is gi ven for a specific frequency of
radiation, which corresponds to approximatel y 555 nm in air (555.016 nm in standard air).
The definition in terms of frequency avoids wavelength problems caused by the different
index of refraction of different media of propagation. This does complicate slightly the
determination of the maximum luminous efficacy value K, that is used to obtain
photometric quantities from radiometric qu antities using the CIE spectral luminous
efficiency functions th at are given as functions of wavelength (CIE S017, 2011). From these
definitions we have (CIE S017, 2011): For photopic vision K, = 683 V(555 nm)/V(555.016
nm) Im-W -1=683.002 Im-W! § 683 Im-W-1. For scotopic vision K¢ = 683 V ¢507 nm)/
V ¢555.016 nm) Im-W:=1700.05 Im-W! § 1700 Im-W-i. For all other wavelengths

K(Q K V(@®and KEP K. VEP. ¢

From these definitions, all the geometrical photometric quantities may be determined
from the corresponding radiometric quantiti es discussed in Section 4.1 above. For
example,

v Kn3.(qV() "0
)v K3 .(9V())d = Oc )

(28)

where ), is the photopic luminous flux in units of lumens, ) ¢ is the scotopic luminous
flux, also in units of lumens, ).( @ is the spectral distribution of radiant flux in units of
watts per nanometre and d Gs the wavelength in units of nanometre.
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The relationships between the radiometric and photometric qu antities, units and symbols
are shown in Table 1. Although luminous exitance has the same unit (lumen per square
metre) as illuminance, the unit lux is reserved for illuminance only.

Radiometry Photometry
Quantity (symbol) Unit (symbol) Quantity (symbol) Unit (symbol)
Radiant Energy (Qe) joule (J) Luminous Energy (Q.) lumen second
(Im-s)
Radiant Flux ( ) .) watt (W) Luminous Flux (), ) lumen (Im)
Radiant Intensity (l¢) watt per steradian |Luminous Intensity ( I) candela(cd)
(Wisr)
Radiance (¢ watt per steradian per |Luminance (L) candela per square
square metre metre (cd/m 2)
(W/ (sr-m2))
Irradiance (Ee) watt per square metre |llluminance (E)) lumen per square
(W/m 2) metre (Im/m 2)
lux (Ix)
Radiant Exitance (M¢) | watt per square metre |Luminous Exitance (M,) | lumen per square
(W/ m2) metre (Im/ m2)

Table 1. Radiometric and Photometric quantities, units and symbols.

4.2.3 Colorimetry (Ohta & Robertson, 2005)

The ability of humans to distinguish radiation of different colours is due to the three type s

of cone cells that are present in the reina (Ohta & Robertson, 2005). Based upon
measurements of the human visual response, the CIE has standardized a system of
colorimetry (CIE 015:2004) that enables color to be specified precisely for any arbitrary color

stimulus. This XYZ color specification system is based upon the calculation of three

colorimetric CIE tristimulus values X, Y and Z of a radiation source or colour stimulus S( Q

as given in equation (29).

X Kn3(Ox()O O

Y Ky ®(OY( )0 O (29)
Z Kn3(Q2 )0 O

The spectral shapes of the thee CIE color matching functions X( @, y( @ and z( @ are

shown in Figure 10. A virtual observer having these color matching functions is called the
CIE 1931 Standard Colorimetric Observer or the CIE 2° Colorimetric Observer, where the 2°
indicates that the color matching functions ar e based upon those measured for a visual 2°
field of view. Similar values are available for a 10° field of view, called the CIE 1964
Standard Colorimetric Observer or the CIE 10° Colorimetric Observer.
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Fig. 10. CIE color matching functions

4.2.4 Correlated Colour Temperature (CCT)

Many of the radiation sources used as standards for radiometric and photometric
measurements are incandescent lamps whose relative spectral output closely resembles
that of a Planckian radiator or blackbody. Since the spectral radiation from a Planckian
radiator can be described with the single temperature variable, it is often convenient to
describe the colour of an incandescent source using only ae variable similar to the
absolute temperature used to describe the radiation from a Planckian radiator. For
example, the electrical operating variables (current, voltage) of incandescent lamps used
for many photometric standards and measurements are set such that the correlated colour
temperature of the radiation from the lamp is approximately 2856 K. This provides a
spectral distribution that is reasonably reproducible for use in many photometric and
colorimetric applications. The CIE Standard Illuminant A is a specified relative spectral
distribution equal to that of a blackbody at a temperature of approximately 2856 K (CIE S
014-2, 2006)

The definition of correlated colour temperature (CCT) is standardized by the CIE (CIE S017,
2011) such that it may be calculated from the measured spectral radiation. The complete
colour specification of a radiation source or color stimulus S( @ is three colorimetric
tristimulus values as given in Section 4.2.3 above. In addition, the CIE defined the y( @
colour matching function to be equal to the photometric V( @ spectral weighting function, so
that the Y tristimulus value holds all the information about the source brightness. This
enabled the definition (Equation 30) of two normalized quantities x and vy, called
chromaticity coordinates, that contain the colour information about the source.

X X/(X Y Z)

y Y/(X Y Z) (30)
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This enables the representation of colours in two-dimensional plots. Note that for
determination of the chromaticity coordinates, it is only necessary to know the relative
spectral distribution for S( @. The chromaticity coordinates are shown in Figure 11 for
several colour stimuli. The bounding curve for color stimuli is given by the spectrum locus,
which is composed of the chromaticity coordinates of all the pure monochromatic
wavelengths of radiation, and the purple boundary, which is the line joining the ends of the
spectrum locus. The chromaticity coordinates of blackbody radiators form a smooth curve
within the spectrum locus. This smooth curve gi ves us the basis for our single variable color
temperature definitions. If the source has a relative spectral distribution equal to a Planckian
radiator, its chromaticity coordinates will fall up on this curve and the source is said to have
a color temperature T_ equal to that of the corresponding blackbody radiator with the same
chromaticity coordinates. The radiation from most practical sources will have a chromaticity
that does not equal that of a blackbody. In this case their correlated colour temperature T,
is defined as the temperature of the blackbody whose chromaticity is nearest to that of the
radiation. There are several methods of determining T, from the relative spectral
distribution of the stimulus §( @ (Ohta & Robertson, 2005, Gardner, 2000).
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Fig. 11. CIE xy chromaticity diagram of th e XYZ color specification system. The points
indicated along the Spectrum Locus are monochromatic wavelengths in units of
nanometres. The points indicated along the Blackbody Locus are temperatures of Planckian
radiators in units of Kelvin.
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4.2.5 Spectral mismatch correction factor ( F')

The definitions of photometric and colorimetric quantities given above require knowledge

of the spectral distribution of the radiation th at we are measuring. Most of the instruments
in daily use for photometric and colorimetric measurements are simple devices that do not
contain the spectroradiometers necessary for the measurement of spectral distributions. The
simplest photometers and colorimeters are constructed from detectors, usually of silicon,
and transmitting color glass filters. The types and thicknesses of the 3-to-4 types of glasses
are chosen such that the relative spectral responsivity of the combination of the detector
plus filter is as close to the desired photometric or colorimetric functions (e.g. V( @, V'( Q,
X( @, y( @ or Z( @) as possible for the construction cost involved. These devices produce a
single-number result for the measurement. Since the output of a detector is a voltage or
current, this value must be converted to the corresponding photometric or colorimetric
guantity by a calibration of the device, which is usually performed by a measurement of a
known amount of the desired quan tity. This produces a calibration factor that is often built
into the electronics of the device.

These CIE spectral functions are not easy to reroduce in this physical form and there will
always be errors or uncertainties in measurement using these devices. An estimate of the
error involved can be determined by calcul ating what is called a Spectral Mismatch
Correction Factor (F'). To derive this factor we compare the quantity that we wish to
measure with the quantity that we are actual ly measuring, using illuminance as an example
as shown in Figure 12. The photometer in this case is called an illuminance meter or
luxmeter.

______________________ >
S !
Ev lc’
S — & -
E" i
v
Input ¢
Source Aperture Photometer
Standard (S) Arg; h (detector)
or
Test (T)
Fig. 12. Basic measurement and calibration configuration
The variables that describe the measirement shown in Figure 12 are:
Required value: EJ , the illuminance produced by the test source.
Known value: Ef the illuminance produced by the standard source.
Measured values: i*, the photometer output for the standard source.

iT, the photometer output for the test source.

Note that the output of the ph otometer is a single number.
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We use the material properties of the source output and the photometer components to
determine the origin of our measured photometer outputs. The variables are:

PeT( @, the relative spectral irradiance produced by the test source,
Pes( @, the relative spectral irradiance produced by the standard source, and
R( @, the relative spectral responsivity of the photometer.

The geometrical factors that convert these relatve values to absolute values may be written
asa, b and r respectively. The photometer outputs for the two sources can then be written:

T ~ 1 T |
| U g,ll wavelengths (@ R() O (0 o
S - . s i
! b ¥ g,ll wavelengths Pe( Q@ R() d (0]
The measurements we require are the two illuminances:
E\-/r av §3ODm Fe)T( @ V( ) O 0
360 nm
S b v oS v ) D 5 (32)
X V' Zeomm (@ V()

Note that V( @ is exactly zero outside the 360-830nm range, whereas the sources and the
photometer might very well be contributing a sign al outside this range. By taking ratios of
the equations we may eliminate the geometrical constants and scaling factorsa, b, r and v to
obtain the desired illuminance of the test source:

830 nm _ - - S ~
E\'/I' ES i 360 nm Pe~( ) VO)d %wavelengthgje(.,op( ) W o
S T ~ 0~m - ~ (33
! g’ll wavelengths Pe ( ) R(O) d (§§0 nm Pes( q V(O) d O ( )O
CFi' F -~ -

where CF is a photometer Calibration Factor that is stored in the electronics of the photometer
when the photometer is calibrated with the stan dard source. This CF converts the measured
i" into E; when the test source is measured. However, the F~ term is not included in the
photometer measurement or calibration. It can only be determined at the point of measuring
the test source, since PJ ( @ is required. In general, PJ( @, P3( @ and R( @ are not known
for most photometers and measurements. A standard source that approximates CIE Sairce A
is usually used for the calibration of photomet ers. The CIE functions are defined, and generic
values for PJ( @, P>( @ and R( @ may be used to obtain an estimate of the F~ for the
photometer or colorimeter and radi ation test source in use. The F~ can approach 1.0 under
one or both of two conditions: 1) if the relative spectral distri butions of the standard source
and the test source are thesame or proportional, i.e. PeT( Qv Pes( @. This equivalence is one of
the bases for the incentive in measurement or calbration to compare ‘like- with-like’. 2) if the
relative spectral responsivity of the photometer is proportiona | to the CIE function (V( Qin our
example above). This requires some effort on the part of manufacturers and
photometers/colorimeters of many different qualities and cost are available. The evaluation of
the quality of photometers and colorimeters has been documented by the CIE in various
publications (CIE 179:2007, CIE 069:1987).
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5. Measurements and calibrations

In Section 2 we noted that one of the key pats of a measurement process was to compare
two quantities, the quantity we wish to measure and the quantity unit. For most
measurements the quantity unit is embodied in a calibrated measurement standard whose
guantity value is a multiple or submultiple of the base unit. For example, a standard
luminous intensity lamp may produce a luminous intensity of 219.2 cd. To measure the
luminous intensity output of another (test) light source, we will need some means of
comparing the output luminous intensity of the te st source with that of the standard source.
This involves the introduction of a third device, that of a transfer device. In our example,
this device must be able to compare the luminous intensity of both sources and return
values for each lamp that are proportional to the luminous intensity of the lamp, or a value
that is the ratio of the luminous intensities of the two sources.

For accurate measurements, it is imperative thatthe transfer device be capable of comparing
the exact quantity that we wish to measure. This includes both the geometrical aspects and
the spectral aspects that we discussed in Sectin 4. The general schematic for this process is
shown in Figure 13.

geometric spectral detector
Source resolution resolution
Standard (S) \ J
or Transfer device
Test (T)

Fig. 13. Measurement Transfer Device

The spectral resolution component indicated for the transfer device is not necessarily the
only spectrally important component. In the case of photometric and colorimetric
measurements the spectral resporsivity of the complete transfer device must be equal to the
desired CIE function. If this is not the case, an F will need to be determined as indicated in

Section 4.2.5 above.

If the transfer device is only used to measure the output of the test source by comparison
with the standard source, the measured value of the test source is simply:

it . S% ; .
st o &= i (34)
| |

where ST and S° are the desired quantities for the test source and the standard source, and
i" and i° are the signals from the transfer device when measuring these sources. An F is

to be applied to Equation (34) as necessary If the standard source is a measurement
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standard with accompanying uncertainties, and the uncertainties of the transfer process are
accounted for, the test source is now said to be calibrated. (VIM, Section 2.39).

If the intent is to use the transfer device for subsequent measurements of the same quantity,
S

S . o :
the factor — may be considered a calibration factor for the transfer device, to be used to
[

convert the subsequent i’ measurements into the corresponding S' . If the uncertainties of
the standard and the process of measurement ofthe standard by the transfer device are
considered and included, the transfer device may now be said to be calibrated for the
measurement of the quantity of the standard. The calibration factor will have units of the
ratio of the units of the standard source to the units of the signal. In the case of an
illuminance meter calibration using the configuration of Figure 12, the units of the
calibration factor for the photometer would be lux per ampere.

Figure 13 shows the transfer device as a detectorunit. It is also possible that a radiation
source be a transfer device. For example, ifwe wish to transfer a calibration between two
photometers, from a calibrated standard photometer to a test photometer, we would use an
incandescent lamp as the transfer device. Although it would not be necessary that this lamp
be calibrated, the lamp should produce a geometric and spectral radiation field that is
appropriate for the measurements to be performed by the photometers and the quantity
calibration to be transferred between the photometers.

There are many measurement configurations possible that depend upon the type of
measurement standard that is available and the required measurement. We will discuss
several of the common configurations in the following subsections.

5.1 Total flux

The measurement transfer device for total flux is the integrating sphere and detector unit
shown in Figure 2, where the detector could be a spectroradiometer for spectral radiant flux
measurements. The standard source and the tessource are sequentially placed at the center
of the sphere and the signal from their flux output is recorded at the detector. The
measured/calibrated total flux for the test so urce is given by Equation (34), with an
F" applied for photometric measurements. In addit ion to the detector, the integrating sphere
walls and all the interior components such as baffles and lamp supports must be considered
as part of the responsivity R( @ of this transfer device. If the standard source and the test
source have different output spatial distributions, any geometrical differences in the
responsivity of the sphere may need to be considered. A detailed consideration of
integrating sphere measurements has been given by (Ohno, 1997).

5.2 Intensity and irradiance/illuminance

These two geometric quantities are often casidered together since the measurement
configuration, shown in Figure 12, is the same for both. The analysis of the measurement
equations is based upon the observation that the output of a radiation detector is directly
dependant upon the total flux that is incide nt upon the sensitive area of the detector,
which will be assumed in this chapter to be the area of the input aperture. Therefore, the
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basic equation relating the two detector signals and the radiation from th e sources is
simply:

'i—s s (35)

:T )T

The geometric resolution components placed before the detector, such as shown in Figure
13, are designed to ensure that only the desiredflux is input to the detector. In the case of
intensity and irradiance/illuminance measuremen ts, the geometrical factors are the distance
d and the aperture areaA. Although the intensity of a (poi nt) source does not change with
distance, the flux ) that is incident upon a detector with a fixed input aperture A varies

with the square of the distance as we discussea in Section 4.1.7.1. Tlerefore any comparison
of two intensity sources (or irradiance/illuminance sources) will depend upon the distance

at which we measure their output using a detector. If we allow the distances of the test and

standard intensity sources from the detector aperture to be different, d' and d°
respectively, the detector signal ratio is given by:

T T Sy\2 * S§ .
N
i @n” 15A 1° d'g 5
from which we obtain the test source intensity as
Tg2 T
Togs A8 - 37)

To reduce errors and uncertainties, we usually try to set up our measurements such that
d" | d®and that this distance is large enough that the inverse square law is valid.

If we combine Equations (8) and (9) together with Figure 12, we see that an intensity source
may be used to calibrate an irradiance/illuminance meter:

)S IS

ES
A (dS)Z

(38)

The input aperture area of the detector has cancelled out of the equations.

5.3 Radiance/luminance

A very convenient method used to produce a standard radiance or luminance source uses
an isotropic diffusing reflecting surface to produce a known radiance from a known
irradiance incident upon the surface, as discussed in Section 4.1.7.3 above. A schematic for
the measurements is given in Figure 14. Notethat the known irradiance at the diffuser may
be produced by either a standard radiant intensity source (Equation (38)) or a standard
irradiance source. For luminance, the known sources may also be either a standard
luminous intensity source or a standard illuminance source.
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Source
Standard (S)

Diffuser

Radiance
Meter

Fig. 14. Radiance source derived from an irradiance source with diffuser

5.4 Optical radiation measurement standard sources

The standard radiation sources discussed in the above examples are generally incandescent
lamps. Since their output cannot be calculated directly from the properties of the lamps,
these sources must be calibrated from primary measurement standards traceable to the Sl as
indicated in Section 3 above and discussed in Section 7 below. However, with care,
incandescent lamps are excellent secondary, reference and working measurement standards
that can be used to transfer calibrations from the primary standards realised in NMiIs to the
working standards used in many calibration la boratories. The choice and use of these lamps
as standards requires consideraton of their spectral, geometrical, electrical, mechanical and
recalibration characteristics (CIE 149:2002).

5.4.1 Spectral characteristics

The output spectral distributions of incandesce nt lamps are particularly suitable for use as
standards because the spectral distribution is a smooth and continuous function of the
wavelength such as shown in Figure 8. This reduces the errors and uncertainties associated
with measurements of their spectral distri butions in narrow wavelength bandwidths. There
are three main types of incandescent lamps chagcterized by the different gas fillings. Bulbs
with no filling, or vacuum bulbs, can be used up to a maximum CCT of approximately 2400
K before the effects of filament evaporation become unacceptable. General lighting service
bulbs filled with nitrogen and an inert gas at approximately atmospheric pressure may be
used from approximately 2000 K to 2900 K CCT before the evaporation becomes excessive.
Tungsten-halogen lamps, which operate with a gas filling pressure between 7 to 10 times
atmospheric pressure and with a hot quartz envelope, may be used up to CCTs of
approximately 3400 K.

5.4.2 Geometrical characteristics

The construction of the bulb and the filament characteristics of these lamps can be somewhat
adjusted to facilitate their application to th e different geometrical quantities discussed.
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The lamps used for total flux in integrating spheres are usually designed with spherical
bulbs and circular or distributed filament shap es to provide a uniform spatial output for a
uniform illumination of the sphere walls.

The lamps used for intensity and illuminance are designed with planar filaments that
enables the distance between the lamp and deéector to be determined reproducibly and
accurately. The bulb of the lamp is also shaped such as a triangular shape, to reduce the
inter-reflections inside the bulb that will caus e scattered light errors in the measured output
of the lamp. Spectral irradiance lamps are usudly of the tungsten-hal ogen design operating
with a CCT of approximately 3200 K to increase the amount of UV radiation. The deviation
of the irradiance from these lamps from the inverse-square-law should be measured if they
are to be used at different distances fiom that at which they were calibrated.

Sources used for luminance and radiance standards are often the irradiance/diffuser
combination described in Section 5.3. If a higher radiance is required, ribbon or strip-
filament lamps can be used. Present lamps of this type are limited to approximately 2900 K.

5.4.3 Electrical characteristics

The filament of the incandescent lamp is heated by passing an electrical current through it.
For measurement standard lamps, this is usudly a direct current. The same polarity of the
electrical current must be used each time thelamp is operated. To avoid thermal shock to
the filament, this current should be applied gradually, over times on the order of a minute
or more. When the lamp is calibrated, the current or voltage is adjusted until the spectral
radiant output of the lamp reaches the desired operating CCT. This electrical operating
point, either a defined operating current or vo Itage, must be applied whenever the lamp is
used to obtain the same radiant output each time the lamp is used. Since all incandescent
lamps will age with use, the second of the two electrical quantities (voltage, if the lamp
current is the defined operating variable) may be used as a monitor of the ageing of the
filament and consequent degradation of the lamp output calibration.

The electrical quantities must be measured accurately since the radiant output of an
incandescent lamp depends strongly upon the electrical power applied to the lamp. Since
the electrical power causes a change in tempeature, the spectral distribution of the radiant
output changes as well as the absolute amountof output. For lamps operating with a CCT of
approximately 2856 K, it has been observed (CIE149:2002) that the luminous output of the
lamp changes approximately 4% for a 1% change in lamp operating voltage and
approximately 8% for a 1% change in lamp operating current.

5.4.4 Mechanical characteristics

Incandescent lamps are sensitive to vibration and shock. In addition to breakage of the glass
envelope or the electrical feed-throughs, the filament structure is particularly fragile. As
indicated above, electrical power should be applied gradually to avoid thermal shock.

The electrical and mechanical properties of a lanp change rapidly when a lamp is first used.

Before a lamp is calibrated, it is usually aged by operating at the desired CCT for a period of
time to enable the components of the lamp to stabilise, and to determine when the aging rate
has stabilised. If measurements are made of the lamp output over time at a constant
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electrical operating current or voltage, the data may be used to estimate the change in the
lamp calibration with later use.

5.4.5 Recalibration

Every lamp is an individual. Although an estimated aging rate may be determined as
indicated above, the lamp may change suddenly for no apparent reason. The best method to
monitor the behaviour of a single lamp is to keep records of every use and to check for any
change in the electrical behaviour of the lamp. In a laboratory where accuracy is paramount,
measurements should be made with more than one standard to ensure agreement between
measurements. When the difference between sandards becomes larger than acceptable,
consideration must be given to a recalibration of the standards. If the lamps have been used
extensively and are changing rapidly, it may be necessary to discard the lamp. However,
since standard lamps are costly, sometimes difficult to obtain, and the calibration process is
costly, a recalibration of existing lamps should be a first consideration.

If the standard lamps are extensively used in the measurement laboratory, consideration
should be given to using the purchased calibrated sources as reference measurement
standards to calibrate a set of working measurement standards that can be calibrated in the
measurement laboratory and used for internal calibrations.

6. Spectroradiometry

One of the basic characteristics of a radiant souce is the spectral distribution of the radiant

output. As we have seen, even the accurate determination of photometric and colorimetric

guantities requires knowledge of the spectral distribution of the radiation. The spectral

distribution of the radiation in each of the ge ometrical quantities th at we have discussed
may be determined. Since the spectral technques will be similar in each case, we will

illustrate the methods using spectral irradiance as the example. In addition, since spectral

irradiance can be used for a large majority of the calibration requirem ents, it is the most

commonly available facility in a laboratory . Several references available for more
information concerning spectroradiometric measurements are (CIE 063-1984, Grum &
Becherer, 1979, Kostkowski, 1997).

The basic instrument for spectral measurements is a spectroradiometer, which is an instrument
for measuring radiometric quantities in narrow wavelength intervals over a given spectral
region (CIE S017, 2011). An example of a spctroradiometer measurement configuration for
spectral irradiance measurements is shown in Figure 15. The monochromator shown is a
grating instrument with a prism predispersor input to remove the high-order wavelengths
that would be passed by the grating components. There are two detector output ports with
manual switching that allows several wavele ngth regions to be measured during one
measurement set. Detectors suchas photomultiplier tubes (PMT), and Si, Ge, InGaAs and InSb
photodiodes are available to allow measurements covering the wavelength range from 200 nm
to 2500 nm. Various manually interchangeable gratings with different dispersions and blaze
are available for use in measuring the same wavelength range. The purpose of the conical
radiation trap is to remove radiation emitted in the back direction from scattering back in to the
input. The aperture defines the spatial region at the spectral irradian ce source from which
radiation is accepted at the input to the integrating sphere.
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Fig. 15. Spectroradiometer and sgectral irradiance measurement

A spectroradiometric measurement system may be considered to be composed of seven
basic components (Figure 16): i) the radiation source, ii) the input optics that couples the
desired radiation into the monochromator, iii) the monochromator, iv) the output optics that
couples the radiation from the monochromator into the detectors, v) the detector, vi) a
measurement control system, and vii) some signal processing equipment.
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Fig. 16. General configuration for spectroradiometric measurements
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For simplicity, in Figure 16 and other figures, le nses (refractive elements) are used to show the
focusing of radiation. In most cases, mirrors (reflective elements) are preferable since they will
focus all wavelengths of radiation to the same physical spot, whereas lenses do not. For
example, the monochromator in Figure 15 usesmirrors in the collimating and focusing optics.

6.1 Monochromator

The basic components of a monochromator areshown in Figure 16. The disperser may be a
grating or a prism. The limiting aperture serves to define the size of the radiation beam that
passes through the monochromator, and limits the size and shape of the input beam that
passes through the monochromator. The collimating optics transforms the diverging input
beam from the input slit into a parallel beam of radiation incident upon the disperser. The
focusing optics focuses the dispersed beam fromthe disperser onto the output plane at the
position of the output slits. The optical and wavelength dispersion properties of a
monochromator are best understood by noting that there are two kinds of optics in a
monochromator. One kind forms images of the source (input slit) at the output plane
(output slit), as shown by the dashed lines inside the monochromator of Figure 16. The
optical magnification of the system is usually one, so that the image of the input slits
produced at the output plane is the same size as the input slits. The second kind of optics
disperses the radiation. For gratings and prisms, this dispersion is spatial with the beams of
different wavelengths effectively propagating into different directions from the disperser.
As a result, there are many images of the input slits produced at the output plane, one for
each of the wavelengths presentin the input radiation. Due to the finite width of the input
slit and the image, and the continuous wavelength range of most radiation sources, the
images of different adjacent wavelengths will partially overlap and there will be a range of
wavelengths that are passed through the output slit. This effect gives rise to the bandwidth
property of a monochromator.

6.2 Spectroradiometer input optics

The purpose of the spectroradiometer input optics is to couple the desired radiation flux
from the source into the monochromator as efficiently and accurately as possible. The type
of coupling used should take into account the characteristics of the complete system that
influence the accuracy of our measurements. Some issues to consider are:

i.  Any non-uniformity in the tr ansmission of any of the optical components, or in the
spatial responsivity of the detector, will caus e an incorrect ‘weighting’ of different parts
of the spatial radiation distribution. This non-uniformity could depend both upon the
direction of the incident radiation, as well as the position of the input radiation. To
reduce this effect, the radiation that is input to the monochromator is usually made as
spatially uniform as possible.

i. Some of the system components will be afected by the polarization of the radiation.
This is particularly important when using grating monochromators. The responsivities
of some detectors are also affected by thepolarization of the incident radiation. This
effect will cause an incorrect ‘weighting’ of different polarization components of the
radiation beam. These issues can be resolvedy measuring the radiation separately for
each polarization, or by spatially mixing the input radiation to provide a uniformly
polarized beam.
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Fig.

Imperfections in the optical components will cause scattering of some of the radiation
from its ideal trajectory. This causes both a loss in signal and stray radiation problems.
The efficiency of our optical design and components will affect our signal-to-noise and
accuracy. Since the signals we are usuallymeasuring with a spectroradiometer are
small, one of the prime considerations is to collect as much radiation as possible, and to
use it as efficiently as possible, without undu e loss anywhere in the optical path. To this
end, we should use as much of the optical system, particularly that of the
monochromator, as possible. The basic ideas of filing the input optics of the
monochromator are shown in Figure 17.

Stra
Radiaﬁ’on

source monochromator source monochromator

overfill underfill

17. Source size and monochromator optics

If the radiation from the source overfill s the monochromator optics, the overfill
radiation will become stray scattered radiation within the monochromator. The
problem with this stray radiation is that ra diation of wavelengths other than those we
are measuring can enter our detection system and cause an erroneous addition to our
output signal. A small source, or a source placed at a large distance from the
monochromator, will underfill the monochro mator optics. In addition to being
inefficient, this underfilling of the optics is susceptible to any non-uniformity in the
optics. Any motion of the source will caus e the radiation to pass through a different
part of the spectroradiometer optics, which may result in a different response from the
monochromator. This will become more of a problem if another source is used to
calibrate the spectroradiometer. This other source will probably be a different size and
therefore pass through different optical paths in the system.

An input optic lens or mirror system that coll ects more radiation from the source and is
sized to fit the monochromator input is ofte n used. The schematic of Figure 16 shows
this configuration. In this case the filament of the lamp is focused onto the input slits of
the monochromator. There are two problems with this arrangement: 1.) Since an image of
the filament is produced on the slits, any vibration of the radiation source or
spectroradiometer components will cause a dramatic variation in the amount of radiation
that passes through the slits and enters the maochromator. 2.) The spatial structure of the
radiation at the input slits will be imaged onto the output slits of the monochromator, and
then into the detector. If there is any non-uniformity in the detector spatial responsivity,
our output signal will not be representative of the amount of input radiation.

There are, however, instances when we douse this type of input optics. These are
usually when the source is a uniform source, such as a Lambertian diffuser, or when we
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