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1 INTRODUCTION

Integrating sphere instrumentation has historically been the
primary analysis tool for accurate quantitative characteriza-
tion of reflectance and absorptance of samples and materials
that exhibit a high degree of scattering. The four most
widely used types of instruments for performing reflectance
measurements of diffusing surfaces are biconical mirror
systems, gonio-reflectometers, 2p conic mirror reflectome-
ters, and integrating spheres. Spectrophotometer accessories
of biconical design (e.g. “praying mantis” type devices) are
the most commonly used for semiquantitatively characteriz-
ing the diffuse reflectance of powdered samples. However,
because of the restricted angular range of measurement, a
fraction of the reflected light that is dependent on the spe-
cific directional scattering properties of each sample will be
lost. This limits the degree of accuracy for these devices.
For quantitative measurements of hemispherical diffuse
reflectance, methods based on the 90C years of accumu-
lated knowledge on integrating spheres are preferred. Two
comprehensive reviews of absolute methods for integrat-
ing sphere-based reflectance measurements were published
in the 1970s by Budde1 and the International Commis-
sion on Illumination (CIE).2 Since that time, integrating
spheres for the mid-infrared have become commonplace,
and major advances have occurred in the areas of com-
putational optics modeling of integrating spheres, coupling
detectors to spheres with nonimaging concentrators, and the
development of new nearly Lambertian reflectors.

This is a US Government Work and is in the public domain in
the United States of America.

A single article must necessarily be focused on specific
aspects of integrating sphere reflectance spectroscopy. In
this article we will describe the integrating sphere instru-
mentation that is used in diffuse reflection spectroscopy:
how sphere systems function, what the various designs and
methods for reflectance and transmittance measurement are,
both absolute and relative, what the sources of measurement
error are, and why sphere systems are used in preference
to other techniques. We begin by defining the specialized
terms associated with diffuse reflectance measurement in
Section 2, followed by a short historical review of the
important developments in the use of integrating spheres
for reflectance in Section 3. The most important charac-
teristic parameter of an integrating sphere, its throughput
(efficiency), is discussed in Section 4. This provides an
introduction to a detailed description and comparison of
both absolute and relative methods that are used in sphere
systems in Section 5. Sources of error and measurement
uncertainty are addressed in Section 6. A sampling of cur-
rent commercial sphere reflectometer systems is described
in Section 7, followed by a summary in Section 8.

2 TERMINOLOGY

A clear set of definitions distinguishing the various possible
geometrical configurations for reflectance and transmittance
are a prerequisite to understanding the various methods and
sphere designs that are currently in use for measurement.
The terminology used throughout this article will be that
of the CIE,3 with a few minor modifications. Many of
the commonly used terms are defined in this volume’s
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glossary. More specialized terms relating to integrating
spheres and reflectance, not included in the handbook
glossary, are defined below. All the terms can have a
wavelength dependence that is usually implied, but can also
be made explicit through addition of the modifier “spectral”
to each term.

ž reflectance r: the ratio of flux reflected from a surface
to that incident on the same surface (this is the general
case, without reference to a particular incident beam or
collection geometry).

ž reflectance factor R: the ratio of flux reflected from
a surface to that reflected from a perfect reflecting
diffuser under the same incident beam geometry.

ž directional-hemispherical reflectance rh,d: reflectance,
where the incident flux is confined (in a narrow
range) to a single direction (q,f) and the reflected flux
is collected over the complete hemisphere above the
surface, where q and f are polar and azimuthal angles,
respectively, relative to the sample surface.

ž hemispherical-directional reflectance factor Rh,d: reflec-
tance factor, where the incident flux is uniformly dis-
tributed over the hemisphere above the surface, and the
measured reflected flux is collected (in a narrow range)
in a single direction (q,f).

ž hemispherical-hemispherical (bi-hemispherical) reflec-
tance rh,h: the ratio of reflected to incident flux on a
surface, where both the incident and reflected fluxes
are taken over the complete hemisphere.

ž bidirectional reflectance factor Rd,d: reflectance factor,
where both the incident and reflected fluxes are con-
fined and collected, respectively (in a narrow range) to
specific directions.

ž biconical reflectance factor Rc,c: reflectance factor,
where both the incident and reflected fluxes are con-
fined (in a narrow range) to cones with specific central
and width half-angles.

ž bidirectional reflectance distribution function (BRDF)
f�g; q, f�: the ratio of reflected radiance from, to inci-
dent irradiance on, a surface, where g represents the
input angle geometry, as, for example 8 degrees off
normal, and q,f the exit angles of the reflected light.
This quantity gives a complete description of the man-
ner in which a sample reflects light.
All of the terms above have analogous counterparts for
transmittance.

ž integrating sphere throughput (or simply, throughput),
t D d/0: the efficiency of the integrating sphere
system, where d is the flux incident on the detector,
and 0 the input flux.

ž measurement ratio, Vs/Vr, of sample, Vs to reference,
Vr signals or single beam spectra.

(a)

(c)

(e)

(d)

(b)

Figure 1. Reflectance measurement geometries. (a) Bidirectional:
single direction input and single direction detected; (b) direct-
ional-hemispherical: single direction input and detection over
all angles; (c) hemispherical-directional: uniform input over all
angles and single direction detection; (d) bi-hemispherical: uni-
form input over all angles and detection over all angles; and
(e) biconical: uniform input over a range of angles within a cone
of defined half angle centered on a single input direction and
detection over a second (usually similar) cone.

ž exchange factor of the ith sphere port fi, which, for
an integrating sphere, D Ai/Asp, the ratio of port area
Ai to sphere area Asp.

As an aid to the reader to understand the meaning of the
more important reflectance terms, graphical versions are
shown in Figure 1.

3 HISTORICAL REVIEW

In 1892, Sumpner4 presented a simple expression for the
throughput of a spherical enclosure coated with a diffuse
reflector. Although Sumpner’s work was motivated by the
need to predict the enhanced brightness of a room’s walls
due to multiple reflections, it became the seminal work
for the integrating sphere field. Within a decade, Ulbricht5

had developed a photometer for measuring the brightness
of lamps that was based on this principle. In 1916, Rosa
and Taylor6 developed the first technique for measuring
the absolute reflectance of a diffuse surface with an inte-
grating sphere. Four years later, Taylor,7 Benford8 and
Sharp and Little9 all published new sphere-based abso-
lute reflectance techniques. These early advances in the
integrating sphere field were later reviewed and added to
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by Karrer,10 Benford11 and Taylor.12 In 1928, the diffuse
reflectance and colorimetry fields leaped forward with the
development of the first recording spectrophotometer by
Hardy13 at MIT. Hardy’s instrument was based on a dis-
persive double-prism design and an integrating sphere, and
was subsequently commercialized by General Electric.14

Prior to 1960, most near-infrared sphere measurements
utilized an MgO sphere coating,15 with BaSO4 becom-
ing more popular after that time. For many decades the
only option for performing spectral diffuse reflectance
measurements in the mid-infrared was a conic mirror
reflectometer,16 due to the absence of suitable mid-infrared
integrating sphere coatings. In 1966, Morris fabricated a
glass sphere with a roughened, aluminized surface for use
beyond 3.0 µm. About 10 years later, Egan and Hilgeman
tested a sphere coated with sulfur flowers for use in the
0.15–12 µm region. A major advance in instrumentation
occurred in 1976 with the introduction of the Willey 318
infrared (IR) diffuse spectrophotometer.17 Willey’s innova-
tive instrument, shown in Figure 2, utilized a Michelson
interferometer, an integrating sphere with a diffuse tex-
tured gold surface, and a double-beam geometry. In the
1980s Labsphere commercialized diffuse gold integrating
spheres. IR sphere accessories are now available for most
commercial Fourier transform infrared (FT-IR) spectropho-
tometers. The National Physical Laboratory (NPL) in the
UK provides a flame-sprayed aluminum diffuse reflectance
standard artefact.18 The National Institute of Standards and

Figure 2. Willey’s IR integrating sphere spectrophotometer with
internal components exposed. The integrating sphere can be seen
in the back left of the structure with a rectangular housed detector
mounted on its top. In the front area is the interferometer block,
with the moving mirror drive at the front right, and calibrating
laser just behind it. Also visible is the section of a large reflecting
chopper wheel to switch between sample and reference beams.
(Reproduced by permission of R.R. Willey.)

Technology (NIST) in the USA is also developing an IR
diffuse reflectance standard based on roughened gold.

Another significant development in the integrating sphere
field was the introduction19 of nonimaging concentrators20

for coupling detectors and sources to spheres. Most abso-
lute sphere designs depend on either a restricted field of
view (FOV) detector or a hemispherical FOV detector.
The combination of nonimaging concentrators and baffles
can be used21 to eliminate measurement errors associated
with unequal scattering of radiation from the sample and
reference into the sphere wall region viewed by the detec-
tor. Nonimaging concentrators also have the advantage of
returning rejected light into the sphere, which results in
significant enhancements in throughput22 compared with
baffling or collimating a detector’s FOV.

4 THEORY OF SPHERE THROUGHPUT

Integrating sphere accessories are the instruments of choice
for accurate quantitative spectroscopy of scattering mate-
rials. Their design allows measurement of directional-
hemispherical reflectance, hemispherical-directional reflec-
tance factor and/or hemispherical-hemispherical reflectance.
Two features of integrating spheres are critical to their abil-
ity to accurately measure reflected fluxes. The first is that
the interior surface has (ideally) a Lambertian coating of
high reflectance. This means that the radiance of the coating
is constant in all directions. The second important feature
is the spherical shape of the interior. For a Lambertian
scattering surface, light incident on it results in a constant
irradiance over any spherical shell that contains the surface.
Hence light incident anywhere on an integrating sphere is
immediately uniformly distributed over its entire surface.
A detector located on the spherical surface or viewing a
part of it will always receive flux that is directly propor-
tional to the light incident on the sphere, independent of
location. Even if the sphere surface is not perfectly Lam-
bertian, the high reflectance of the surface leads to a large
number of reflections around the sphere prior to absorption
of the incident light. This cavity effect further contributes
to the uniform flux distribution over the sphere interior.
Thus, when light is incident on a sample with arbitrary
BRDF, the sphere can be used to accurately collect all the
reflected flux.

For the measurement of sample reflectance, an approach
to analyzing the behavior of an integrating sphere is to
examine its throughput, or efficiency. There are several
approaches to calculating the sphere throughput. These
include (a) using conservation of energy, or “energy bal-
ance” within the sphere;23 (b) solving an integral equation
of the sphere irradiance;24–26 (c) summing up irradiance or
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absorbed flux components by following successive reflec-
tions within the sphere;27,28 and (d) solving a matrix equa-
tion with matrices of size n ð n determined by n, the
number of distinct regions of the sphere.29,30 Clare31 per-
formed a comparative analysis of all four methods and
established a consistency of results. The simple form for
the throughput for a simplified sphere (all ports curved to
match sphere) can be expressed as:

t D fd
rw

1 � Nrw
�1�

where fd is the exchange factor between the detector and
sphere wall, which is equal to (for a sphere), Ad/Asp, the
ratio of the detector area to the sphere area, rw is the sphere
wall hemispherical reflectance, and Nrw is the average sphere
wall reflectance, defined as

Nrw D rw

(
1 �

∑
i

fi

)
C
∑

i

firi �2�

where the summations are made over all ports or regions of
the sphere with hemispherical reflectance different from the
wall’s, fi is the exchange factor between the ith port and
sphere wall, which equals Ai/Asp, the ratio of the ith port
area to the sphere area, and ri is the ith port hemispherical
reflectance.

The throughput equations are derived based on the impor-
tant assumption that the sphere wall and all ports including
the sample are Lambertian diffusers. This allows each one
to be represented by a single reflectance value, i.e.

rd,h,j D rh,h,j D rj �3�

The throughput, denoted by equation (1), represents the
relative flux completely measured by an ideal detector
that has no angular variation in response. However, real
detectors have angular response variation, both due to the
inherent physics of the detecting element, as well as to FOV
restrictions such as windows, apertures or baffles. These
effects need to be included in integrating sphere calculations
to obtain more accurate results. Hanssen28 examined the
FOV effects and derived the throughput equation

t D fd

[
hs0 C fv Nrv

1 � Nrw

]
�4�

where fv is the exchange factor between the detector
FOV and the sphere wall, which equals Av/Asp, the ratio
of the FOV area to the sphere area, Nrv is the average
reflectance of the FOV, and hs0 is the fraction of the incident
beam falling within the FOV. Simplified forms can be
obtained from equation (4) for specific situations such as
a hemispherical detector FOV (hs0 D 1, Nrv D Nrw, fv D 1,
then t D fd/�1 � Nrw�).

5 REFLECTANCE TECHNIQUES

The implementation of the integrating sphere for reflectance
measurements of nonspecular or scattering samples has over
time taken a number of forms. These have been methods,
each employing a unique sphere design, for both relative
and absolute characterization of reflectance. The sphere
designs apply equally well to all spectral regions including
the near- and mid-infrared.

5.1 Absolute reflectance methods

Although relatively few in number when compared with the
more ubiquitous relative reflectance instruments, integrating
spheres designed for absolute reflectance measurement play
a very important role. This is because only absolute method
spheres (or other hemispherical measurement devices) can
be used to calibrate the standards that are required for
relative reflectance instruments. Seven traditional absolute
methods and a relatively new hybrid method developed by
one of the authors will be discussed briefly in this section.

Using a method for measuring absolute reflectance based
on an integrating sphere with minimal measurement uncer-
tainty is not a simple exercise. For most “absolute sphere”
methods, integrating sphere theory, including evaluation of
sphere throughput as described in Section 4, is used to
arrive at the final absolute results. A number of implicit
assumptions such as the ideal (Lambertian) nature of the
sphere coating, and omission of the secondary effects of
baffles exist in the basic versions of these methods. Some
of these methods over time have been refined and developed
into new variations that deal with these assumptions.

The first four traditional absolute methods were, quite
remarkably, all developed nearly simultaneously and pub-
lished in 1920. These are described in papers by Benford,8

Sharpe and Little,9 and Taylor7 (two methods). The next
two methods were realized using spheres with samples cen-
trally located inside the sphere. These have been described
in publications by Korte and Schmidt,32 and Edwards
et al.33 The last traditional absolute method was devel-
oped in 1966 by Van den Akker et al.34 Common to all
these methods is the reliance on analytical sphere theory
and/or an effective limitation of applicability to only nearly
ideal sphere coatings and samples, i.e. nearly Lambertian
as well as with very high reflectance. This allows the use
of a single value for rd,h, Rh,d, and rh,h, as in equation (3),
and results in minimal differences between the sample and
reference or sphere wall reflectance. In fact two of the
methods (Benford and Van den Akker) require the sample
material to be used as the sphere coating itself. Recently,
Hanssen35,36 has implemented a method that avoids reliance
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(2)

(1)

Detector

(1)

(2)

Sample

Figure 3. Taylor’s rh,h absolute method and Benford’s absolute
method. Sample and reference measurements are indicated by (1)
and (2), respectively. The input beam is incident on the sphere
wall in the same location for both measurements, while a sample is
mounted on the sphere wall in (1) and removed for (2). Benford’s
method is identical to Taylor’s except that a curved sample section
is used that matches the rest of the sphere, resulting in simpler
equations.

on sphere theory, a sample’s ideal characteristics and asso-
ciated assumptions.

In his paper, Taylor described five methods for determin-
ing reflectance. Two of these are absolute in that they do not
entail comparison with a previously measured standard. The
procedure for one of the methods Taylor described in his
1920 paper is shown in Figure 3. This method determines
the bi-hemispherical reflectance of a material that is first
used to coat the integrating sphere as well as a flat sample.
The sphere has entrance, sample and detector ports, and is
coated with the material to be characterized. Measurement
#1 is made with a flat sample (of the same material as the
sphere coating) covering the sample port, the input light
incident on the sphere wall in one region, and the detec-
tor viewing the sphere wall in another region. A second
measurement, #2, is made with identical input and view-
ing geometry, except that the sample is removed, leaving
an open sample port. The measurement ratio can be used
to determine the absolute bi-hemispherical reflectance of
the sample. Additional relative measurements can be made
on samples of other materials not used to coat the entire
sphere. Further refinements of this Taylor method, includ-
ing more accurate formulations, were made by Preston,37

and Middleton and Sanders.38 As the relative sample port
size becomes very small,39 this method approaches that of
Benford, for which the bi-hemispherical reflectance can be

written as:

rh,h D
(

1 �
∑

i

fi

)
C fcap

Vs/Vr � 1
�5�

where fcap D Acap/Asp is the exchange factor between
the sample port or “cap” and the sphere wall, and the
summation is over all other ports (assumed to have “0”
reflectance). In Benford’s method, the sample is a section
of the sphere itself, so that when it is in place the spherical
shape is maintained. This allows the simple formulation
of equation (5), whereas the use of flat samples requires
the use of a more complicated equation. Refinements to
Benford’s method were made by Miller and Sant40 and
Hanssen,41 to include consideration of the detector FOV.

The second absolute method described in Taylor’s 1920
paper is shown schematically in Figure 4. The sample mea-
surement (#1) has incident light on the sample and the
detector viewing a separate sphere region (the detector
FOV) that is shaded from direct illumination from the
sample by means of an intervening baffle. The reference
measurement (#2) has the same detector viewing geometry,
but the input light is incident on a region that is not baf-
fled from the detector FOV. The directional-hemispherical
reflectance, as a function of the measurement ratio, is
given by:

rd,h D Vs/Vr

1 �
∑

i

fi

�6�

This equation assumes the implicit shading effect of the baf-
fle, but otherwise includes no further baffle effects. Taylor

Detector

Field
of view

Sample

Baffle

(2)

(1)

Figure 4. Taylor’s rd,h absolute method. (1) The input beam is
directed onto the sample which is baffled from directly scattering
into the detector FOV. (2) Then it is directed onto the sphere wall
in a location that is not baffled from the detector FOV.
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did not include any corrections to Vs/Vr in his description.
These were developed later by others, including Reule.42

After noting deficiencies in the application of equation (6)
to their Taylor method sphere, Sheffer et al.43,44 developed
additional corrections to account for secondary shadowing
effects of the baffle.

The method developed by Sharp and Little9 and later
refined by Budde and Dodd45 is an inversion of Taylor’s
directional-hemispherical method that produces an absolute
hemispherical-directional reflectance value,

Rh,d D Vs/Vr

1 �
∑

i

fi

�7�

This can be seen from Figure 5, which shows the mea-
surement geometries involved. The sphere has the same
arrangement as in Figure 4, except that the input source
and detector are switched. In the sample measurement (#1),
the detector views the sample, while the input beam is
incident on a region of the sphere that is shaded by the
baffle from direct illumination by the sample. For the ref-
erence measurement (#2), the detector views another sphere
region that is not baffled from the directly illuminated
region. Due to symmetry with Taylor’s method, the same
equation should apply, except for the reflectance quantity.
The Sharpe–Little method is currently used at the National
Research Council (NRC) in Canada for reflectance in the
ultraviolet–visible–near-infrared (UV–vis–NIR) spectral
region.

The Van den Akker (or “double sphere”) method34 was
developed as a means to calibrate a nearly ideal standard

Detector

Sample

(1)

(2)

(2)

(1)

Baffle

Figure 5. Sharp–Little’s Rh,d absolute method, the inverse (ex-
change source and detector) of Taylor’s rd,h absolute method.
(1) The input beam illuminates a region on the sphere that is
baffled from the sample, while the detector views the sample.
(2) Then the detector views another region on the sphere wall
that is not baffled from the input beam.

(1,t)
(2,s)

Detector

Primary sphere

Auxiliary sphere

Plate

Figure 6. Van den Akker’s double sphere rh,h absolute method.
(1) An initial measurement is made with a sample plate mounted
on the primary sphere with the input beam incident on it. (2) The
plate is then mounted on a secondary sphere (coated with the
same material as the sample plate), which is itself mounted onto
the primary sphere sample port. The input beam is incident on the
sample plate in the secondary sphere at the same angle as on the
primary sphere.

material and is used to determine the bi-hemispherical
reflectance, rh,h. Two integrating spheres are used as shown
in Figure 6. A comparison is made between a flat sample
plate in one measurement and a secondary sphere coated
with the same material mounted on the sphere’s port for a
second measurement. The arrangement shown in Figure 6
is used at NIST in the USA for the UV–vis–NIR spectral
range. From the measurements,

rh,h D 1 � f�Vt/Vs�[1/�1 � a�]

1 � f
�8�

where f is the ratio of sample port to secondary sphere
areas, and a is an additional term described by Venable
et al.46 in a more refined evaluation of the method. Supple-
mentary measurements of the relative angular dependence
of rd,h using a center-mount sphere, similar to one described
below, are used in combination with rh,h from equation (8)
to finally obtain absolute values for rd,h.

Two methods are based on “center mount” sphere designs
in which the sample is located at the sphere’s center.
Tingwaldt47 constructed a sphere with a fixed sample cen-
tered in the sphere and the source mounted internal to
the sphere. An external detector alternately viewed the
sample through a port, and then the sphere wall as a refer-
ence. The ratio obtained is Rh,d. To the extent that uniform
illumination could be received at the sample, this ratio pro-
vides a nominally absolute result. Toporets48 modified the
design by replacing the internal source with input from
an external monochromator. Korte and Schmidt32 signifi-
cantly improved upon Tingwaldt’s design by introducing
six sources baffled from directly illuminating the sample.
They were able to demonstrate uniform illuminance in their
sphere to within 0.1%. Further variations were introduced
by Erb,49,50 including location of a single source back to
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(1)

(2)

Sample

Interior/exterior
Source

Detector:

Detector:

Figure 7. Korte–Schmidt’s center mount Rh,d absolute method.
The source is located at the sphere center, mounted back to back
with the sample (with a reflective shield in between). (1) The
detector views the sample directly. (2) Then the sphere is rotated
so that the detector views the sphere wall in the hemisphere above
the sample, via a second port.

back with the sample (separated by a baffle). This is the
system currently in use at the Physikalische Technische
Bundesanstalt (PTB) in Germany. Erb’s design is shown
schematically in Figure 7.

Rh,d D Vs/Vr

1 � 4fe
�9�

where fe is the entrance port exchange factor, and the fac-
tor of 4 represents the increase due to the centrally located
sample. The reference measurement, which is denoted by
the bar, is averaged over several locations. The denom-
inator in equation (9) is the factor k1 in equation (11)
of Erb.50

Edwards et al.33 interchanged the detector and source
in Toporet’s design arrangement to obtain a method for
determination of rd,h. The input beam is switched between
incidence on the sample to incidence on the sphere wall
behind the sample. His design shown in Figure 8, has
become known as the “Edwards Sphere”, and is man-
ufactured commercially. The reflectance obtained for a
Lambertian sample, as in the case of the Korte method, is

rd,h D Vs/Vr

1 � 4fe
�10�

All of the absolute methods described above and their later
refined versions make use of nearly ideal sphere coatings,
such as poly(tetrafluoroethylene) (PTFE) and BaSO4 in the
visible (i.e. nearly Lambertian and very high (>0.98) in
reflectance) to obtain absolute reflectance values. In addi-
tion, the best materials for which the absolute reflectance
can be determined most accurately (and which become
standard artefacts) are those same sphere coating mate-
rials. These conditions allow integrating sphere theory
to be used with high accuracy. Even with nearly ideal
coatings and standard samples, corrections to the equa-
tions described above are required at each of the National

(1)

(2)

Sample

Detector:

Figure 8. Edwards’ center mount rd,h absolute method. (1) The
input beam is incident on the sample. (2) Then the sphere is
rotated about the entrance port so that the beam bypasses the sam-
ple and is directly incident on the sphere wall in the hemisphere
behind the sample.

Measurement Institutes (NMIs) (National Standards Lab-
oratories) to obtain the highest accuracy. For samples in
general with a potentially wide range of parameter val-
ues (including reflectance value and BRDF), and for the
IR spectral regions beyond 2.5 µm where available sphere
coating materials are less ideal, these absolute methods
do not work as well. Where some of these absolute
methods have been implemented for the IR, significant
(greater than several percent) errors and discrepancies can
be obtained.51

These factors motivated the development of an alterna-
tive absolute method that could be applied to the mea-
surement of arbitrary samples and spheres with nonideal
coatings by Hanssen and Kaplan36 for use in the IR beyond
2.5 µm. The method is not limited to any particular arrange-
ment of sample, reference, entrance and detector ports, or
the existence or location of baffles. It can be employed by
or adapted to most sphere designs. The method has been
applied to an existing sample-wall-mount sphere design
with symmetrically positioned sample and reference ports
shown in Figure 9.36 In the sample reflectance measurement
the input beam enters the sphere through the entrance port.
For a standard relative measurement, the reference mea-
surement beam would be incident on a standard located in
the reference port. To obtain a result that is as close as
possible to an absolute measurement, the reference beam
enters the sphere through the reference port and strikes
the sphere wall.36 For the specular sample case due to
the high degree of symmetry of this arrangement, the ratio
of these measurements gives a “raw” absolute reflectance



8 Diffuse Reflection Spectroscopy

Detector

(1)

(2,4)

(3)

(3,4)

(1,2)

Field 
of view

Baffles

Sample

Baffle

Figure 9. rd,h absolute method sphere geometry of Hanssen.36

The view is from above (in contrast to the previous diagrams).
(1) The input beam is incident on the sample, while the detector
views a FOV region that is baffled from the sample. (2) Then the
sphere is rotated about two axes so that the input beam enters
the sphere through a second port (that otherwise functions as a
reference sample port – see Figure 10), and is incident on the
sphere wall location not baffled from the FOV. After the sample
is removed, a second pair of measurements are made. (4) The
reference measurement is repeated, and (3) a measurement is
made with the beam entering the sphere through the sample
port after a pair of rotations. Additional measurements, including
sphere throughput variation mapping and sample BRDF, are
combined with the direct sphere measurements to obtain rd,h.

value that can be within a few tenths percent of the cor-
rect value.

For a nonspecular sample, if the integrating sphere
were ideal (i.e. had spatially uniform [constant] throughput
over the entire sphere), the sample to reference
ratio would be a direct measurement of the absolute
directional-hemispherical reflectance of the sample, for
any sample BRDF. The error (or uncertainty) in this
simple measurement of the reflectance is determined by the
extent to which the real sphere deviates from the ideal.
Other absolute methods apply corrections to the simple
ratio that are calculated using integrating sphere theory.
In contrast, the method described by Hanssen36 employs
directly measured values to determine the appropriate
corrections. In it the refined directional-hemispherical
reflectance value is obtained by combining four measured
quantities: (a) the ratio of sample (Vs) to reference (Vr)
measurements with the sphere system ((#1) and (#2) in
Figure 9), Vs/Vr; (b) the ratio of sample-removed (V0s) to
reference measurements (V0r) ((#3) and (#4) in Figure 9),
V0s/V0r; (c) the relative sphere throughput, as a function of
polar (q) and azimuthal (f) angles (relative to the sample
normal) obtained through measurement, ts�q, f�/ts0, where
ts0 is the throughput for the direction corresponding to the
sample-removed measurement; and (d) the relative BRDF

of the sample for the incidence (g) angle of the sphere
measurement, f�g; q, f�/f0, where f0 is an arbitrary
constant.

These four quantities are used to determine the absolute
directional-hemispherical reflectance as given by

rg,h D Vs

Vr

V0r

V0s

ð




∫ 2p

0

∫ p
2

0
f�g; q, f�/f0 Ð sin�2q� Ð dq Ð df

∫ 2p

0

∫ p
2

0
f�g; q, f�/f0 Ð ts�q, f�/ts0 Ð sin�2q� Ð dq Ð df




�11�
Details of the derivation and additional discussion are
presented in the Appendix. Simplified forms are obtained
for specific cases: if the sample is Lambertian, the bracket
term reduces to a denominator of ts/ts0 averaged over
the hemisphere; if the throughput is constant except for
empty ports, the bracket reduces to a denominator term of
(1 � fi) as in equations (6) and (7); and if the sample
is specular the bracket term equals 1, and the directional
reflectance

rg,g D Vs

Vr

V0r

V0s
�12�

The simplified direct specular case has been used for obtain-
ing high-accuracy measurements for windows, mirrors and
similar samples using the same sphere described herein.52

Other sphere arrangements can be used with this method.
The high degree of symmetry in the design shown in
Figure 9 is desirable to minimize error and uncertainties,
but is not a requirement for use of the method. The refer-
ence measurements (Vr, V0r) can, in principle, be made in
several ways (i.e. input beam on the sphere wall or a refer-
ence sample), provided the sample-removed measurement
(V0s) is aligned as shown in Figure 9.

5.2 Relative reflectance methods

For routine optical characterization of the vast variety of
materials that are used in industrial and other research
laboratories, as well as in processing and in the field,
relative reflectance method spheres are commonly used.
Sphere design considerations for these applications can be
quite different than those for the measurement of absolute
reflectance of nearly ideal standards. Relative methods start
with known reference standards, often both specular and
diffuse. Comparisons are made relative to these standards.
The primary goal of relative methods should be to treat
the reflected light from the standard and the samples under
test in the same way. Another way to state this is to have
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identical throughput for the sample and standard. For an
ideal sphere devoid of baffles and ports and having an ideal
Lambertian coating, this goal can be achieved easily. This
is because for an ideal sphere, the throughput is uniform
throughout the sphere and the detector receives the same
proportion of input flux (and an ideal detector will produce
a constant signal) independent of the scattering distribution
of the sample or reference. However, the ideal situation
as described above is not easily realized. Neither spheres
nor detectors are ideal, hence the detected signal observed
from a sample measurement will vary depending on the
sample’s scattering distribution and the sphere’s throughput
uniformity. A more detailed discussion of these effects can
be found in Section 6.

Relative reflectance integrating spheres can be divided
into two types: substitution mode and comparison mode
spheres. A substitution mode sphere is one with a single
mount or port that is used for both (alternately) sample
and reference. A comparison mode sphere is one that uses
two ports (or equivalent, such as a sample port and a
sphere wall location) to accommodate both sample and
reference simultaneously, and also a mechanism for mov-
ing either the sphere or input beam (or detector viewing
area for h/d reflectance factor systems) to switch between
sample and reference measurements. A substitution mode
sphere is the simplest design. It can be very compact and
requires no moving parts as well as no relative motion
between the input/output beams and the integrating sphere.
Its major drawback is that the sphere throughput changes
between sample and reference measurements as can be seen
from equation (4). The error can be partially corrected for
depending on the detailed knowledge of the sphere param-
eters such as the wall reflectance and relative port sizes.
For the comparison mode both the sample and reference
remain in the sphere for both sample and reference measure-
ments and no correction is necessary. A typical comparison
mode design, using ports in the sphere wall for sample
and reference locations, for relative reflectance, is shown in
Figure 10. The location of the ports and baffles is designed
to maximize the degree of symmetry between the sample
and reference measurements. As described in Section 6.2,
baffles play an important role in the design shown. They
are used to block direct interchange of light between the
sample and reference, and the detector and its FOV.

A second class of sphere designs for reflectance are the
“center mount” sphere designs, for which two absolute
methods were described in Section 5.1. This type of sphere
could be either substitution or comparison mode. Again
a substitution mode “center mount” design would involve
no moving parts, except as required to access the sample.
A comparison mode sphere might have the sample and

Detector

(1)

(2)

(1)

(2)

Reference

Detector

(1)

(2)
Reference

(1)

(2)

Baffle

Sample

Baffle

Field 
of view

Field 
of view

(a)

(b)

Baffle

Sample

Baffles

Figure 10. Typical relative reflectance measurement geometry.
Side (a) and top (b) views show the locations of entrance, detec-
tor, FOV, sample and reference ports designed for maximum
symmetry between sample (1) and reference (2) measurements. In
the collapsed side view of (a), the reference is hidden behind the
sample. Baffles are used to prevent any direct reflection between
any pair of the sample, reference, detector or detector FOV (except
only for the pair of the latter two). Baffle effects are discussed in
Section 6.2.

reference mounted back to back on a rotatable mount to
switch between sample and reference measurements.

6 DEALING WITH ERROR SOURCES:
SPHERE DESIGN CONSIDERATIONS

An ideal diffuse reflectometer can be defined as a reflec-
tometer with a throughput that is independent of the angle of
reflected radiation, as measured at the sample. Effects due
to ports, baffles, the sample’s BRDF, the detector FOV,
the sphere coating’s BRDF and the curvature of samples
can all introduce systematic measurement errors. The pur-
pose of this section is to review the sphere design features
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and principles that will minimize these sources of error.
We assume that the sphere considered has its sample and
reference simultaneously mounted on the wall and is oper-
ated in the comparison mode in a d/h geometry. The error
sources and effects described here also apply to “substi-
tution” mode spheres (with a single port for both sample
and reference). However, as discussed in Section 5.2, such
spheres have increased levels of measurement error and will
not be addressed specifically here. Detailed descriptions of
the substitution error can be found in Hardy and Pineo53

and others.24,25

6.1 Detector field of view and sphere symmetry

After the reflection of the input beam from the sample
and reference, the reflected light will be distributed on the
sphere wall according to the sample and reference BRDFs.
For accurate measurement results, an equal fraction of the
reflected sample and reference radiation must illuminate
the sphere wall region viewed by the detector.21 If the
radiation exchange factors from the sample and reference
to the sphere wall viewed by the detector are not equal, a
systematic measurement error will be introduced. After the
first reflection from the sphere wall, the residual radiation
that was reflected from the sample and reference will have
equal radiation exchange factors to the sphere wall viewed
by the detector if the sphere wall coating is Lambertian.
There are only three detector FOV–sphere geometries21,26

that guarantee (irrespective of BRDF) that equal fractions
of sample- and reference-reflected radiation is scattered into
the region of the sphere wall viewed by the detector. The
three geometries have detectors with a hemispherical FOV,
a FOV that includes exactly half of the sphere wall, and a
FOV that is restricted to a narrow angular region. These
three ideal sphere geometries can be implemented with
nonimaging concentrators54 and are shown in Figure 11(c),
(b) and (a), respectively. Analogous inverse geometries for
measurement of Rh,d are also feasible.21

6.2 Baffle design

Baffles are frequently required to prevent radiation ex-
change from one region of the sphere wall to another. For
this reason they can be found in most integrating sphere
systems, including several absolute methods. For example,
for sphere designs that employ a restricted FOV detector,
one or two baffles are required to prevent direct radiant
interchange between the sample or reference and the region
of the sphere wall viewed by the detector. An illustration
of the design principle of placing a baffle in an integrating

CEC and
detector

Baffle

Sample

(a)

CEC and
detector

Baffle

Sample

(b)

CPC and detector

Baffles

Sample

(c)

Figure 11. Three isotropic integrating sphere designs.21 Integrat-
ing sphere–detector FOV geometries that minimize measurement
errors related to the detector FOV and the sample BRDF. In design
(a), both sample and reference reflect no flux directly into the
FOV. In design (b), exactly half the flux from both sample and
reference is directed into the FOV (assuming that the sample and
reference BRDF are symmetric about the plane of incidence). In
design (c), (nearly) all of the reflected flux from both sample
and reference is directed into the FOV. The compound parabolic
and elliptical concentrators (CPC and CEC) are used to sharply
delineate the FOV in each design.

sphere is shown in Figure 12. Fixed dimensions of the
sphere, sample, detector FOV, and input beam constrain the
baffle positioning to the region abcd in the figure. However,
use of baffling is also a trade-off with other induced errors
in the sphere behavior. Baffle shading cannot be restricted
completely to the intended regions, but occurs to some
degree for all areas of the sphere wall. Baffles also have
a finite absorption that decreases the throughput for light
redirected by the baffles. This is especially true for gold
spheres in the IR.36

Sphere designers have almost exclusively used baffles
with a diffusely reflective coating.55 However, an alter-
native design approach is to use high-reflectance specular
baffles. Especially in the IR beyond 2.5 µm, the absorp-
tance of specular baffles can be a factor of 5 or 10 lower
than for the diffuse alternative. In addition, if they are
aligned in a great circle plane of the integrating sphere,
then the sphere’s property of uniformly distributing radia-
tion over the sphere surface after each reflection tends to
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Baffle

a

db

c
CEC and 
detector

Figure 12. Baffle design geometry and selection. The baffle is
placed in a great circle and will be elliptical in shape. To achieve
its shading purpose, but not intrude into the input beam nor into
the line of sight of the detector, it must be confined to the region
abcd. The CEC provides a sharply delineated FOV, which in turn
enables a more optimum baffle arrangement.

be preserved. Light from one location that is blocked from
reaching a particular point on the sphere is compensated
for by light from a symmetrically located position on the
opposite side of the baffle. In selecting the position for a
specular baffle such as the one shown in Figure 12, one
should choose a location that prevents radiation originating
at the sample or reference from directly illuminating the
detector FOV or detector port. The baffle(s) should also be
positioned to avoid sample (reference) reflected light from
being redirected to itself or the reference (sample) after a
single reflection from the baffle.

6.3 Coating and sample BRDF

It is often assumed that reflections from an integrating
sphere’s wall are perfectly Lambertian. In practice, this
is frequently not the case. In 1987, Gindele and Kohl56

reported a strong tendency toward specular scattering in a
diffuse gold integrating sphere at longer (e.g. 15–20 µm)
wavelengths. Oppenheim et al.57 measured the BRDF of
five potential diffuse reference standards at 10.6 µm. Sulfur
was found to be the most Lambertian; however, flame-
sprayed aluminum was preferred for durability reasons.
The reflection of the only commercial diffuse gold inte-
grating sphere coating at the time was found to be highly
non-Lambertian. Newer commercial diffuse gold surfaces
fabricated with a plasma spraying process exhibit58 a near
Lambertian character at 10.6 µm. Hanssen and Kaplan36

have reported that the latest generation of plasma sprayed
integrating sphere coatings have a 10.6 µm BRDF that is
very similar to the BRDF of PTFE at 1.5 µm. Smith59 has
developed a similar rough gold coating with nearly Lam-
bertian behavior demonstrated out to 100 µm.

As described in Section 5.2, a technique for reducing the
error due to sample scattering characteristics is to charac-
terize the sample BRDF. An approach that is often taken
when sample BRDF and integrating sphere throughput uni-
formity data are not available is to separate the sample
reflectance into specular and nonspecular (diffuse) compo-
nents and perform measurements relative to specular and
diffuse standards. This approach can successfully reduce
the overall measurement error and uncertainty significantly.
However, Roos found it necessary to add a third category
of “near-specular” reflected light to the other two to reduce
discovered errors further.60,61 It indicates that the more that
is known about the scattering properties of the sample to
be characterized, the better.

Analytical and numerical techniques can be used to esti-
mate the impact of a non-Lambertian sphere coating on
the measurement of diffuse reflectance values. Habeger62

used a Fredholm integral equation to estimate the equilib-
rium distribution of light in an integrating sphere, given
a sphere wall coating with a hybrid specular-diffuse char-
acter. Hanssen63 has developed a Monte Carlo ray-tracing
routine that allows one to select both an arbitrary BRDF
for the sphere wall coating and an arbitrary detector FOV.
He found that both the specularity and the wall reflectance
value can affect the accuracy of diffuse reflectance mea-
surements. Additional Monte Carlo studies by Prokhorov
et al.,64 Crowther65 and Ohno66 have evaluated characteris-
tics of sphere performance in other radiometric applications
(e.g. characterization of sources) that provide insights useful
to the operation and design of spheres for spectrophoto-
metry as well.

6.4 Flat versus curved samples

For the application of integrating sphere theory to calculate
the absolute reflectance of samples, the sample shape plays
an important role. This is because the sample itself becomes
part of the sphere that handles the sample-reflected light.
The primary difference between a flat sample and a curved
one is that all of the reflected light leaving a flat sample
mounted on a sphere wall will be incident on other por-
tions of the sphere and encounter an average sphere wall
reflectance that does not include the sample. For a curved
sample, on the other hand, some of the sample reflected
light can immediately hit other parts of the sample, so that
the light will encounter an average sphere wall reflectance
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that includes the sample. One result of this effect, for exam-
ple, is that in spheres with a flat sample and reference, the
throughput for sample and reference is different because the
sample and reference see each other but not themselves.
One approach to counter this effect is to place a baffle
between the two. Numerous authors have evaluated these
effects, including Taylor,12 Jacques et al.,24,25 Tardy,30 and
Hisdal.29

6.5 Port design

Another critical feature of an integrating sphere is the
design of the ports. If one needs to use sphere theory then all
of the ports need to be nearly ideal. Then, for empty ports
such as the entrance port, light leaving the sphere will not be
reflected back into the sphere, e.g. off an external mounting
structure. For the sample and reference ports, all the light
reflected from the sample and reference will illuminate only
the spherical surface of the sphere interior, e.g. not the local
walls of a recessed port. For the detector port, its FOV
will be determined by the detector and its internal optics
and, for example, not additionally limited by the walls of
a recessed port design. This means that all ports should
have a “knife-edge” design, as illustrated in Figure 13.
This is straightforward to achieve in spheres with a thin
diffuse coating. For spheres with a volume diffuser coating
such as sintered PTFE, for which a finite travel distance
(e.g. >6 mm) is required to obtain diffuse scattering a
hybrid approach can be used. A tapered “knife-edge” of
the sintered PTFE sphere wall can be backed by a substrate
coated with BaSO4 near the edge where the PTFE starts to
become translucent. In the course of performing integrating
sphere angular response uniformity measurements for solar
monitoring applications, Milburn and Hollands67 found

(a) (b)

Figure 13. Knife-edge port design. Common integrating sphere
port styles featuring (a) a flange mount for convenient sample
and component mounting, which recesses the sample from sphere
wall and (b) a knife-edge design that minimizes occultation of
reflected radiation from sample. Design (a) can result in increased
measurement error, while design (b) allows the sphere to directly
collect all the sample reflected flux.

response roll-off attributable to the entrance port design.
They went on to characterize and analyze the port shape
effects in their sphere and demonstrate the advantages of
using knife-edge designs.

The relative sizes of integrating sphere ports are deter-
mined by a wide range of factors. These include the
instrument’s input (to the sphere) beam shape and size,
the throughput required for adequate signal-to-noise ratio,
sphere wall reflectance, spot size on samples, sample size,
reference size, sphere diameter, and level of measurement
accuracy. A sphere design must accommodate all of these
factors and their interrelationships to be successful. Addi-
tional discussion of sources of measurement error and
design issues can be found in Clarke and Compton.68

7 MODERN SPHERE
INSTRUMENTATION FOR
SPECTROSCOPY

A large number and variety of integrating spheres have been
incorporated into commercial spectrophotometers since the
first recording reflectometer was developed by Hardy69 and
manufactured by General Electric in 1933. In their book on
reflectance spectroscopy published in 1966, Wendlandt and
Hect70 provide a comprehensive review of contemporary
commercial reflectance spectrophotometers. An additional
survey of contemporary sphere instruments was conducted
by Frei and MacNeil in 1973.71 Since that time Fourier
transform instruments have essentially displaced their dis-
persive counterparts for IR spectroscopy beyond 2.5 µm and
are competing strongly for the near-infrared spectral region
as well. Additionally, diffuse gold coatings have extended
integrating spheres’ spectral range to beyond 20 µm. A large
number of sphere spectrophotometer systems, both for the
near-infrared and mid-infrared, are commercially available.
Integrating sphere accessories are available from many of
the spectrophotometer manufacturers as well as from ven-
dors of custom accessories and integrating spheres. We
present a partial list of near- and mid-infrared spectropho-
tometers, for which sphere attachments are compatible,
in Table 1. For the purposes of this table, near-infrared
is defined as the spectral region between the visible and
2.5 µm (2500 nm).

An example of a near-infrared dispersive double beam
spectrophotometer with an integrating sphere attachment
is shown in Figure 14. A Perkin–Elmer Lambda 19
UV–vis–NIR monochromator is equipped with an 8-in.
diameter integrating sphere designed for both reflectance
and transmittance. (The sphere details were designed
by Hanssen, the optics and motion mechanism by
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Figure 14. Photograph (a) and diagrams (b) of the Perkin–Elmer Lambda 19 UV–vis–NIR spectrophotometer with Spectralon

integrating sphere for reflectance and transmittance. The sphere can be rotated (and the optics (irises, I, mirrors, M, and lenses, L)
shifted) to switch the sample and reference ports from a reflectance measurement orientation to one for transmittance measurement. The
sample remains mounted on its port for both measurements. Plugs are used for the specular reflectance and entrance ports. (Reproduced
by permission of Labsphere.)
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Table 1. Manufacturers of spectrophotometers (and spheres) that are compatible with inte-
grating sphere attachments.

Company WWW site Instrument type Wavebanda

Agilent chem.agilent.com DISP NIR
Analect orbital-ait.com DISP, FT-IR NIR, MIR
Beckman beckman.com DISP NIR
Bio-Rad (Digilab) bio-rad.com FT-IR NIR, MIR
ABB Bomem bomem.com/ FT-IR NIR, MIR
Bruker bruker.com/optics/ FT-IR NIR, MIR
Hitachi hii.hitachi.com DISP NIR
Labsphere labsphere.com Sphere NIR, MIR
Mattson mattsonir.com FT-IR NIR, MIR
Nicolet thermonicolet.com FT-IR NIR MIR
Perkin–Elmer instruments.perkinelmer.com DISP, FT-IR NIR, MIR
Shimadzu ssi.shimadzu.com DISP, FT-IR NIR, MIR
Varian varianinc.com DISP NIR

aNIR, near-infrared; MIR, mid-infrared.

Kevin Carr of Labsphere, and the accessory manufactured
and commercialized by Labsphere.) Features of this design
include symmetrical arrangement of sample and reference
beam paths, knife-edge sample and reference ports, end-
on photomultiplier tube detector with improved spatial and
angular response, crossed beam paths to enable 6° incidence
on sample and reference, and rotation of the sphere to
switch samples from reflectance to transmittance geometry.

An example of a mid-infrared FT-IR spectrophotome-
ter with an integrating sphere attachment is shown in
Figure 15. A Bomem MB-100 FT-IR is equipped with a
diffuse gold integrating sphere accessory mounted on the
top of the FT-IR where access to the beam is available. A
purge enclosure (not shown) covers the accessory during
measurement. The sample is mounted on a holder in the
sphere center that is attached to a removable cover seen
on top of the sphere in Figure 15. Via rotation of the sam-
ple mount cover, the angle of incidence can be varied. The
beam is brought via a focusing mirror on the left side of the
accessory through an entrance port on the left of the sphere
to the sample. A pair of removable port plugs enables the
measurement of the diffuse components of reflection for 10°

and 60° incidence. A reference measurement can be made
either with (1) a reference sample that is mounted back-to-
back with the sample (and a 180° rotation), or (2) the back
sphere wall, by a 90° rotation of an off-center-mounted
sample to move it out of the input beam.

An example of an IR sphere that has been adapted to
several FT-IR spectrophotometers is shown in Figure 16. It
is the RSA-FT-IR-I diffuse gold sphere accessory manufac-
tured by Labsphere. This particular sphere is designed for
convenience and versatility. While perhaps sacrificing some
degree of measurement accuracy as compared with larger
spheres, the measurement of hemispherical reflectance has

Figure 15. Photograph of Bomem MB-100 w/gold sphere. The
gold integrating sphere is mounted in the standard sample
compartment area above the FT-IR. The sphere’s entrance port
can be seen on its left side facing the focusing mirror. The larger
port cover next to it can be removed for separation of diffuse
and specular (reflectance) components. The sample is loaded and
rotated from the top of the sphere and located at its center. An
ellipsoidal mirror (out of view) is used to focus the small exit port
underneath the sphere onto the detector (white dewar at the right)
detector. The reference measurement is made, after rotation of the
sample, with a reference standard mounted back-to-back with the
sample. (Reproduced by permission of ABB Bomem Inc.)

a significant advantage over the reflectance quantity mea-
sured with large solid-angle biconical devices. The small
size (10 cm (4 in.) diameter) allows it to fit in many FT-
IR sample compartments. The input beam is switched
between sample and reference via a mirror mounted in
the sphere center. Both transmittance (in substitution mode)
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Figure 16. Photograph (a) and diagrams (b) of Labsphere gen-
eric gold sphere for FT-IR spectrophotometers. The compact
4-in. diameter sphere design allows easy adaptation to most
sample compartments. Switching between sample and reference
measurements is achieved by flipping a small mirror located
inside the integrating sphere. Samples can be clamped to the front
for transmittance or mounted from underneath for reflectance.
(Reproduced by permission of Labsphere Inc.)

and reflectance can be measured for samples mounted on
the side and bottom of the sphere, respectively. A specular
subtraction port enables a diffuse component measurement.

The integrating sphere accessories shown here are
intended as a set of examples and represent only a small
portion of the many that are commercially available from a
variety of accessory and spectrophotometer manufacturers.

8 SUMMARY AND DISCUSSION

The use of integrating spheres for optical property charac-
terization of materials has a long history extending back to
the early 1900s. Despite the development of other methods
for evaluating diffusely scattering materials, for most users,
integrating sphere devices remain preferable for obtaining
more accurate results. Nevertheless, a wide array of poten-
tial sources of error can be encountered when working with
integrating spheres and their associated methods. Much of
the problem lies in the inherent difficulty and challenge
of uniformly measuring all of the scattered light from a
sample independent of scattering profile. The problems and
the size of the associated errors are significantly larger in
the mid-infrared than in the near-infrared. This is mani-
fested in numerous ways, from discrepancies in round-robin
measurements,51 to the order of magnitude larger uncertain-
ties on available standard artefacts available from NMIs for
the mid-infrared as compared with the near-infrared.

Recent developments in materials development as well
as computer modeling of integrating sphere systems should
result in lower uncertainties for standard artefacts, as well
as spheres with improved performance, thus leading to
more accurate optical property measurements and data. As
computer processor power continues to increase, computer
simulation models of integrating sphere behavior should
become more sophisticated, precise and accurate. Studies
using better computer modeling tools should lead to con-
sistently optimized sphere designs. New design concepts
will be able to be thoroughly evaluated without the cost
and effort of constructing the actual device and performing
extensive laboratory tests. Among other potential improve-
ment benefits, greater sphere throughput (efficiency) could
expand the use of integrating spheres relative to devices
that have a throughput advantage (but are less accurate)
such as biconical mirror systems.

DISCLAIMER

Certain commercial equipment, instruments, and materials
are identified in this paper to foster understanding. Such
identification does not imply recommendation or endorse-
ment by the NIST.
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ABBREVIATIONS AND ACRONYMS

BRDF Bidirectional Reflectance Distribution
Function

CEC Compound Elliptical Concentrator
CIE International Commission on Illumination
CPC Compound Parabolic Concentrator
FOV Field of View
NIST National Institute of Standards

and Technology
NMIs National Measurement Institutes
NPL National Physical Laboratory
NRC National Research Council
PTB Physikalische Technische Bundesanstalt
PTFE Poly(tetrafluoroethylene)
UV–vis–NIR Ultraviolet–Visible–Near-infrared
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1 APPENDIX

Details of the absolute reflectance method developed by
Hanssen are provided here. A sphere measurement geo-
metry for which the method has been applied is shown in
Figure 9 and described in Section 5.1. Additional sample
BRDF and integrating sphere throughput mapping mea-
surement results are performed and used in the method.
The directional-hemispherical reflectance value is obtained
by combining four measured quantities: (1) a ratio of sam-
ple (Vs) to reference (Vr) measurements with the sphere
system, Vs/Vr; (2) a ratio of sample-removed (V0s) to refer-
ence (V0r) measurements with the sphere system, V0s/V0r;
(3) the relative sphere throughput, as a function of polar (q)
and azimuthal (f) angles (relative to the sample surface),
ts�q, f�/ts0, where ts0 is the throughput for the direction
corresponding to the sample-removed measurement (gener-
ally, the specular direction); and (4) the relative BRDF of
the sample for the incidence (g) angle of the sphere mea-
surement, f�g; q, f�/f0, where f0 is an arbitrary constant.

The sample and reference single beam measurements can
be expressed as

Vs D tavg Ð rg,h Ð k Ð 0 �13�

Vr D tr0 Ð k Ð 0 �14�

V0s D t0s Ð k Ð 0 �15�

and

V0r D t0r Ð k Ð 0 �16�

where k is the instrument function, 0 is the incident
flux, and

tavg D 1

rg,h

ð
∫ 2p

0

∫ p
2

0
f�g; q, f� Ð cos�q� Ð ts�q, f� Ð sin�q� Ð dq Ð df �17�

is the average sphere throughput for the flux distribution
reflecting off the sample. For a Lambertian diffuser,

tavg D 1

2p

∫ 2p

0

∫ p
2

0
ts�q, f� Ð sin�q� Ð dq Ð df �18�

If in addition, the throughput is uniform, i.e. ts�q, f� D ts0,
(except for ts�q, f� D 0, for (q, f 2 sphere ports, i) then

tavg D ts0

(
1 �

∑
i

fi

)
�19�

where the summation is made over the empty ports of
the sphere, fi is the exchange factor between the ith port
and sphere wall, which equals Ai/Asp, the ratio of the ith
port area to the sphere area. The directional-hemispherical
reflectance can also be obtained through integration of the
BRDF of the sample over the hemisphere:

rg,h D
∫ 2p

0

∫ p
2

0
f�g; q, f� Ð cos�q� Ð sin�q� Ð dq Ð df �20�

The ratios of sample and reference measurements, Vs/Vr

and sample-removed and reference measurements V0s/V0r

are obtained by ratioing equations (13) and (14), and
equations (15) and (16), resulting in

Vs

Vr
D tavg

tr0
Ð rg,h �21�

and
V0s

V0r
D t0s

t0r
D ts0

tr0
�22�

The difference between tx0 and t0x is due to the change
in the sample contribution to the average sphere wall
reflectance from equation (2). The difference is propor-
tional and drops out of the ratios in equation (22). If we
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solve equation (21) for rg,h, and substitute for tr0 from
equation (22), we obtain

rg,h D Vs

Vr

Vr0

Vs0

ts0

tavg
�23�

We substitute rg,h from equation (20) into equation (17),
and finally substitute the result tavg into equation (23). We
obtain the following formula for the reflectance:

rg,h D Vs

Vr

V0r

V0s

ð




∫ 2p

0

∫ p
2

0
f�g; q, f�/f0 Ð sin�2q� Ð dq Ð df

∫ 2p

0

∫ p
2

0
f�g; q, f�/f0 Ð ts�q, f�/ts0 Ð sin�2q� Ð dq Ð df




�11�
Equation (11) puts the absolute directional-hemispherical
reflectance rg,h in terms of the four measured quantities:
the direct sample and reference measurements ratio, a sec-
ond measurement ratio with sample-removed, the relative
throughput, and the relative BRDF.

One way of looking at the measurements of Vr0 and V0r

is that they are used to account for drift between measure-
ments as well as the change in overall sphere throughput
that occurs with the removal of the sample for the mea-
surement of Vs0. Effectively, the four measurements that

form the term outside the brackets of the right-hand side
of equation (11) reduce to a ratio of the sample-in sig-
nal to the sample-out signal (properly corrected for sphere
throughput change). This means that the particular arrange-
ment of the Vr’s is not critical since their absolute level
ratios out. Because of higher-order effects, it is neverthe-
less preferable to use a highly symmetric arrangement as
in Figure 9. Measurements of V0s/V0r in Hanssen52 for an
IR sphere with this geometry vary from 1 by only 0.2%
to 0.5%. In this case the sample-removed measurement
becomes unnecessary for diffuse samples where the other
sources of uncertainty may be significantly larger. For spec-
ular samples, the sample-removed measurement is useful to
obtain the highest accuracy.

By combining BRDF and integrating sphere measure-
ments, this method appears to combine redundant informa-
tion, since a complete BRDF measurement over a hemi-
sphere of output angles can also be used to obtain rg,h.
However, it is difficult to obtain sufficiently accurate BRDF
over a sufficiently large fraction of the hemisphere (to view-
ing angles near grazing) to obtain an accurate rg,h value.
For the method described above, however, only relative
BRDF are required. Since equation (11) contains a ratio of
integrals over the same hemispherical angular range, if the
measured data are not complete or require extrapolation,
the ratio effectively removes a significant part of the error
that would remain in both individual components.


