
Integrating-sphere system and method for
absolute measurement of transmittance,
reflectance, and absorptance of specular samples

Leonard Hanssen

An integrating-sphere system has been designed and constructed for multiple optical properties mea-
surement in the IR spectral range. In particular, for specular samples, the absolute transmittance and
reflectance can be measured directly with high accuracy and the absorptance can be obtained from these
by simple calculation. These properties are measured with a Fourier transform spectrophotometer for
several samples of both opaque and transmitting materials. The expanded uncertainties of the mea-
surements are shown to be less than 0.003 ~absolute! over most of the detector-limited working spectral
range of 2 to 18 mm. The sphere is manipulated by means of two rotation stages that enable the ports
on the sphere to be rearranged in any orientation relative to the input beam. Although the sphere
system is used for infrared spectral measurements, the measurement method, design principles, and
features are generally applicable to other wavelengths as well. © 2001 Optical Society of America

OCIS codes: 120.0120, 120.3150, 120.5700, 120.7000, 120.3940, 120.4570.
1. Introduction

Integrating spheres have long been used for the mea-
surement of diffuse reflectance and transmittance of
materials in the UV, visible, and near-IR spectral
regions, as well as somewhat more recently ~since the
1970’s! in the mid- to far-IR regions. However, in-
tegrating spheres have been used infrequently for
specifically measuring specular materials. This is
true despite the fact that, according to integrating-
sphere theory, for an ideal sphere, a simple ratio of
two measurements should result in the absolute re-
flectance of a specular sample. The reason for the
lack of use of integrating spheres for specular mea-
surements of reflectance is that real integrating
spheres are not ideal. The sphere-wall coating is
never a perfect Lambertian diffuser, baffles perturb
the light distribution within the sphere, and all de-
tectors exhibit some angular dependence. These
and other deviations from an ideal sphere can dras-
tically affect the accuracy of the sphere equations.1
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Because of the deviations, all spheres have some
degree of nonuniformity of throughput. This means
that the detector signal will vary as the direction of
the reflected or the transmitted light ~and the regions
upon which the light is incident! within the sphere is
varied. The result may be errors in the quantities
derived from the measurements. For this reason,
measurements of reflectance of specular materials
are usually performed relative to a known specular
standard. When this is done, the regions of the
sphere wall upon which the reflected light of the sam-
ple and the reference falls usually have similar
throughputs.

For absolute regular ~specular! reflectance mea-
surements, various methods, including, V–W, V–N,
and goniometer-based methods, are typically used.2,3

These methods typically do not involve an integrating
sphere. They involve an input beam, several direct-
ing mirrors, and the detector. Some subsets of the
mirrors, the sample, and the detector are rotated and
translated between sample and reference measure-
ments. For the V–N and the goniometer methods, a
simple ratio of the two results produces the absolute
sample reflectance, whereas for the V–W method, the
square root is taken.

The primary sources of error in the methods just
mentioned are the result of alignment problems and
the spatial nonuniformity of the detector. These
problems can easily lead to errors of several percent
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or more. With considerable effort to achieve accu-
rate alignment, excellent results can be achieved for
standards quality samples. However, even in these
cases, characteristics of the sample surface can limit
ultimate measurement accuracy.5,6 For transpar-
ent materials, dealing properly with the transmitted
light and measuring the backsurface reflection accu-
rately pose additional difficulties.

An important application of integrating spheres is
their use as an averaging device for detectors. Be-
cause of the useful properties of the sphere, an aver-
aging sphere’s entrance port can be both significantly
larger and much more spatially uniform than a bare
detector. The trade-off made for these improve-
ments is a degradation of the signal-to-noise ratio.
The benefits of using the integrating sphere for more
accurate detection of light are used in the design of
the system and development of the method presented
in this paper. The measurement of absolute trans-
mittance (t), reflectance (r), and absorptance (a) of
pecular samples is described and demonstrated.
he inherent problems of sphere spatial nonunifor-
ity are overcome through judicious use of the sym-
etries of the sphere design to establish symmetries

n the measurement geometry. After describing the
pecifics of the integrating sphere in Section 2, the
ther components of the sphere system in Section 3,
nd the absolute measurement method in Section 4,
e present the sphere characterization measurement

esults for error analysis in Section 5. The achieve-
ent of measurement uncertainties of 0.002 to 0.004

re demonstrated in Section 6 for several common IR
aterials. Finally, Section 7 contains the discus-

ion of the results with conclusions about the useful-
ess of the sphere method for specular materials.

2. Description of the Integrating Sphere

The integrating-sphere system has been designed
and constructed according to the specifications de-
tailed in the following paragraphs. Figure 1 is a
photograph of the integrating sphere. Specific pa-
rameters of the sphere, including a description and
analysis of the detector–nonimaging-concentrator
system, have been described previously.7 The inside
wall of the sphere is coated with a material that is
nearly a Lambertian diffuser and at the same time
has a high directional hemispherical ~diffuse! reflec-
ance ~$0.9! for the IR spectral range: plasma-
prayed Cu on a brass substrate, electroplated with
u.
The sphere has entrance, sample, and reference

orts, all centered on a great circle of the sphere, as
hown in Fig. 2. There also is a detector port, with
ts center located along the normal to the great circle.
he white Hg:Cd:Te ~MCT! detector Dewar located
n the port can be seen mounted on the top of the
phere in Figs. 1 and 2. The detector’s field of view
s centered on the same normal and corresponds to
he bottom region of the sphere. The sample and the
eference ports are located symmetrically with re-
pect to the entrance port and can be seen in the
oreground of Fig. 1 ~the sample port has a KRS-5
ample mounted on it!. The exact location of the
ample and the reference ports is in general deter-
ined by the angle of incidence for which the reflec-

ance and the transmittance are to be determined.
n arrangement of ports could, in principle, be set up

or any angle of incidence from approximately 2° to
8° and from 32° to 75°, depending on the input-beam
eometry of the source ~or spectrophotometer!. For
his sphere, port locations have been selected for 8°,
hich is close to normal incidence, yet for which no
ortion of the fy5 ~6° half-angle! input beam will be

reflected back onto itself. ~For incidence angles in
the neighborhood of 30°, a variation of the design
would be required so that the reflected beam from the
sample port does not hit the reference port and vice
versa!. The entrance port is of sufficient size ~3.3-cm
diameter! to accept the entire input beam, and the
sample and the reference ports are also sized
~2.22-cm diameter! to accept the entire beam ~at the
focus, in a focused geometry!. All the ports are cir-
cular in shape, with the sphere’s inside and outside
surfaces forming a knife edge at the port edge where
they meet. In this sphere, as seen in Fig. 2, the
measurement of reflectance is designed for an inci-
dence angle of 8° ~in general u!; the sample and the
reference ports are located at 16° ~in general 12u!
and 216° ~in general 22u!, respectively, measured
from the center of the sphere and with respect to the
line through the sphere center and the sphere wall ~at

Fig. 1. Photograph of the integrating sphere for absolute IR spec-
tral transmittance and reflectance. The Hg:Cd:Te ~MCT! detector
Dewar ~white! is mounted on the top of the sphere. We view the
back side of the sphere that includes reference ~empty! and sample
~with a KRS-5 window! ports. A pair of rotation stages under-
neath the sphere is used to move the sphere into positions for both
reflectance and transmittance measurements.
1 July 2001 y Vol. 40, No. 19 y APPLIED OPTICS 3197
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a point directly opposite the entrance port!. Baffles
separating the detector port and the detector field-of-
view region from the sample and the reference ports
are shown in Fig. 2. The baffles are critical to the
sphere performance for characterization of diffuse
samples,8 but do not play a significant role for the
specular-sample case.

The arrangement of the ports described above re-
sults in the regions of the sphere wall illuminated by
the specularly reflected or transmitted light and the
reference beam being centered on the same great circle
as the entrance, sample, and reference ports. In ad-
dition, the regions are symmetrically positioned
around the entrance port. The reflected or the trans-
mitted light also will be incident at the same angle on
these regions. As a result, the reflected or the trans-
mitted light will have throughput to the detector that
is nearly identical. The procedure for orienting the
sphere for the reflectance, transmittance, and refer-
ence measurements is described in Section 3.

3. Sphere Mounting and Manipulation Hardware

The sample and the reference mounts, a pair of which
can be seen on the sphere in Fig. 1, are constructed to

Fig. 2. Diagram of sphere interior and arrangement of its elemen
reflectance measurement geometry. The sample and the referenc
the sample and the reference measurements, respectively. The b
critical for specular sample measurement.
198 APPLIED OPTICS y Vol. 40, No. 19 y 1 July 2001
hold the sample against and centered on the sample
port from outside of the sphere. During sphere
movement, the holders prevent the sample from mov-
ing or shifting relative to the sample port. This is
done in such a way as to leave the back of the sample
free and open, so that the beam centered on the sam-
ple can proceed through it ~for a transparent sample!
without obstruction. This is required for performing
either transmittance or reflectance measurements on
transparent samples. This arrangement can also be
used to check thin-film mirrors for optical opacity.

The integrating-sphere system includes two motor-
ized rotation stages stacked on top of each other. The
stages are mounted with their axes of rotation parallel
to each other. The rotation axes of the stages are
identified in Fig. 3. Stage 1 has its axis of rotation
oriented parallel to the normal of the great circle
formed by the entrance-, sample-, and detector-port
centers, as well as passing through the edge of this
circle. This base stage remains fixed to the optical
table. Its rotation axis is perpendicular to the input
beam and passes through the beam-focus position.
Stage 2 is mounted on the rotation table of the base
stage so that its axis of rotation is located a distance

Input and reflected beams are shown for a specular sample in the
cular regions of the sphere wall are the first to be illuminated in
s are positioned for measurement of diffuse samples and are not
ts.
e spe
affle
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away from the base-stage axis exactly equal to the
sphere radius. The integrating sphere is mounted to
the rotation table of stage 2 so that the stage’s axis of
rotation is along the sphere axis that includes the cen-
ter of the detector port and the sphere center.

The function of base stage 1 is to vary the angle of
incidence of the input beam on the sphere surface and
to switch between reflectance and transmittance
measurement geometries. The function of stage 2 is
to select upon which port, the entrance, the sample,
or the reference port, the beam will be incident.

4. Measurement Geometry and Method for
Reflectance and Transmittance

The arrangement of the input beam and the integrat-
ing sphere for absolute transmittance and reflectance
measurements is shown in Fig. 3. The sample re-
flectance measurement setup is shown in Fig. 3~a! ~as

ell as in Fig. 2!, the reference measurement in Fig.
~c!, and the sample transmittance measurement in

Fig. 3. Sphere measurement geometries for reflectance and
transmittance and rotation steps used to orient the sphere for each
~a! reflectance measurement geometry, ~c! reference measurement,
nd ~e! transmittance measurement geometry. ~b! and ~d! are

intermediate steps. Two rotation stages, stage 1 centered at the
input-beam focus and sphere wall and stage 2 centered at the
sphere center, are used to change geometries.
ig. 3~e!. In each diagram, the rotation required for
eaching the following diagram is shown as a curved
rrow around the appropriate rotation axis. In the
eflectance measurement geometry of Fig. 3~a!, the
nput beam passes from the spectrometer through the
phere entrance port and onto the sample surface
acing the sphere. This is the typical reflectance ge-
metry for directional-hemispherical sample reflec-
ance in most sphere systems. The only difference
n Fig. 3~a! is the empty reference port ~as opposed to
ne occupied with a standard for a relative measure-
ent!. On reflection off the sample, the beam trans-

erses the sphere and is incident upon a region we
enote as the sample specular region ~see Fig. 2!.
rom this point, the reflected flux is distributed
hroughout the sphere in an even fashion because of
he Lambertian coating and the integrating nature of
he sphere. In Fig. 3~a! a clockwise rotation about
xis 1 turns the back of the sample to the beam in Fig.
~b!. An additional clockwise rotation about axis 2
laces the ~empty! reference port at the input beam
ocus in Fig. 3~c!, where it continues on to strike the
phere wall at the reference specular region ~labeled
n Fig. 2!, producing the reference measurement.
nother counterclockwise rotation about axis 2 re-
ults in Fig. 3~d!, a repeat of Fig. 3~b!. A final coun-
erclockwise rotation about axis 1 positions the
phere in Fig. 3~e! for the transmittance measure-
ent, with the same angle of incidence as that of Fig.

~a! on the sample and incidence region on the sphere
all ~the sample specular region!.
The somewhat unusual geometry for the reference
easurement @Fig. 3~c!# is chosen in order to achieve

he highest degree of symmetry between the reflec-
ance and the reference measurements. The sample
nd the reference specular regions are symmetrically
ocated on either side of the entrance port. Because
f the symmetry of the sphere design, the throughput
s nearly equal for these two regions. Because the
nly other difference between the sample reflectance
nd reference measurements is the initial reflection
ff the sample, the ratio of sample reflectance and
eference measurements is equal to the absolute sam-
le reflectance ~for specular samples!. Various
ources of error, including the difference in the sam-
le and the reference specular region throughputs,
an be included in the expanded measurement un-
ertainty or can be corrected for.

The ratio of the sample reflectance measurement of
ig. 3~a! to the reference measurement of Fig. 3~c! is
qual to the absolute sample reflectance ~for specular
amples!. The ratio of the transmittance measure-
ent of Fig. 3~e! to the reference measurement of Fig.

~c! is equal to the absolute sample transmittance ~for
pecular samples!.
The absolute absorptance is indirectly obtained
hen the sum of the absolute reflectance and trans-
ittance is subtracted from unity. Kirchoff ’s law

pplies because the reflectance and the transmit-
ance measurements are made under identical con-
itions of geometry and wavelength~s!. The input
eam is incident upon opposite surfaces of a sample
1 July 2001 y Vol. 40, No. 19 y APPLIED OPTICS 3199
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for the reflectance and the transmittance measure-
ments. For a uniform sample with identical front
and back surfaces, the side of incidence is immaterial.
For samples with some asymmetry that is due to, for
example, a coating on one or both sides, the sample
can be reversed to make a pair of reflectance mea-
surements and to obtain the corresponding pair of
absorptance results.

5. Measurement Conditions and Sphere
Characterization

The integrating-sphere system is a measurement
component of a larger Fourier transform ~FT! spec-
rophotometer ~FTS! system described in more detail
lsewhere.9 The incident-beam geometry for all

measurements described in Sections 5 and 6 is an fy5
cone with an 8° central angle of incidence. The FTS
was configured with a W–halogen lamp and coated-
quartz beam splitter for the near-IR spectral region of
1 to 3 mm ~10,000 to 3300 cm21!, and a SiC source and
coated-KBr beam splitter for the mid-IR region of 2 to
18 mm ~5000 to 550 cm21!. The spectral resolution is
either 4 or 8 cm21 for all results shown.

Every plot of transmittance and reflectance is ob-
ained by the following procedure. A number of al-
ernating measurements of reference, sample
eflectance, and sample transmittance ~where appro-
riate! single-beam spectra are performed according
o Fig. 3 and are repeated between 8 and 24 times.
or each repetition, we calculate the transmittance
nd the reflectance by taking ratios of the correspond-
ng single-beam spectra and a reference single-beam
pectrum ~obtained by interpolation to reduce the
rror that is due to instrumental drift!. From the
esulting series of individual transmittance and re-
ectance spectra, the mean transmittance ~t! and re-
ectance ~r!, along with the standard deviation and
tandard error, spectra are calculated. Finally, the
bsorptance spectrum is obtained from 1 2 t 2 r.
We obtain each single-beam spectrum by coadding

12 or 1024 scans of the FTS. The total measure-
ent time for most of the results shown is several

ours ~from 2 to 10!. The long measurement times
re required for obtaining the lowest noise level in the
pectra. For less stringent requirements of 1% un-
ertainty, shorter measurement times of the order of
0 to 20 min will suffice.
In addition to the various potential sources of error

hat are due to the FT spectrometer,10,11 several other
sources of error may play a role in the sphere system
measurements. These are ~1! spatial nonuniformity
of the sphere-wall regions directly illuminated by the
input beam ~reference specular region! or sample first
reflection ~sample specular region!, ~2! nonuniformity
of the throughput of the sphere-wall region directly
illuminated by the input beam compared with that of
the region illuminated by the sample first reflection;
~3! overfilling the entrance port in the sample reflec-
tance measurement, and ~4! overfilling the sample
port in any of the measurements.

The spatial nonuniformity of the integrating-
sphere throughput has been evaluated at the
200 APPLIED OPTICS y Vol. 40, No. 19 y 1 July 2001
10.6-mm wavelength by use of a CO2 laser system.
The local spatial variation across the region illumi-
nated directly by the reference beam or indirectly by
a specularly reflected or transmitted beam is approx-
imately 60.4%.8 A translation of the light incident
upon the sphere wall of 0.5 cm through deflection or
deviation ~of 2°! should result in a 60.1% relative
hange in throughput. Thus a transmittance mea-
urement of a sample with an effective wedge of 1°
ould lead to a 0.1% relative error in transmittance.
ecause of the decrease in wall reflectance and cor-
esponding decrease in throughput with decreasing
avelength, the error that is due to spatial nonuni-

ormity is greater at shorter wavelengths, especially
n the near-IR region, approaching 1 mm.9 Spectral

evaluation of this error is currently in progress.
The difference in throughput between sample- and

reference-port measurement geometries can lead to a
small relative error, varying between 0% and 0.5%,
depending on wavelength. The direct measurement
of transmittance or reflectance for specular samples
will include this error, but an additional measure-
ment of the transmittance ratio of empty sample and
reference ports can be used to correct for the error.
This has been done with good reproducibility and
need not be repeated unless the optical-input-system
geometry or alignment is altered. A plot of such a
throughput ratio is shown in Fig. 4.

Besides the generally featureless spectral curve, a
sharp structure occurs at approximately 8.5 mm.
This structure occurs at the only wavelength at which
the incident beam from the FTIR beam is signifi-
cantly polarized. It is anticipated that a future test
of the sphere in which polarized light is used will
show increased throughput variation with polariza-
tion. At the same time, averaging s- and p-polarized
beam measurements is expected to eliminate the
structure seen at 8.5 mm.

The extent of overfilling the entrance, sample, and
eference ports can be examined by a measurement of
n empty sample or reference port in the reflectance
ode. Any light coming through the entrance port

nd overfilling the sample ~or reference! port will be
easured as a reflectance component with near-
nity reflectance of the sphere-wall region surround-

ng the port. In addition, any overfilling of the
ntrance port in that measurement will result in
ome light scattering off the rim of the entrance port
nto the sphere, resulting also in a reflectance com-
onent with high effective reflectance. A knife-edge
esign could be used to reduce the result of entrance-
ort overfilling, but it is preferable to be sensitive to
t in order to quantify it ~set an upper limit to it!. An
xample of the combined overfilling-error reflectance
easurement is shown in Fig. 5. This was obtained

fter careful alignment of the sphere system and the
nput FTIR beam. The level of this measurement is
ower than has been reported previously.9 The pre-

vious empty-port measurement was in error because
of a subtlety of the FT processing that produced a
rectification of the noise in the measurement. This
error was eliminated when the phase-error spectrum
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obtained in the reference measurement was used for
correction of the sample empty-port measurement.

The remaining important sources of error are re-
lated to the FTIR spectrometer, detector, electronics,
and FT processing, which are not discussed in detail
here. The combined measurement error for the
transmittance and the reflectance measurements in-
clude both FTIR-related errors and the integrating-
sphere system errors. A straightforward method of
evaluating the measurement accuracy of the system
is to compare measurement results with calculated
results for the optical properties of common IR optical
materials. Measurements of a few common materi-
als are presented in Section 6, and the results are
used to perform this comparison.

Fig. 4. Sample- and reference-port throughput comparison, the
result of an empty-sample-port transmittance measurement.
The curve represents the difference in detector signal for specu-
larly transmitted and reflected light from the sample compared
with light in the reference case. This spectrum can be used in
either of two ways: ~1! as a component to the systematic uncer-
tainty of r or t, or ~2! as a correction spectrum to divide into the
initially obtained spectra of r or t to eliminate the error.

Fig. 5. Sample-port overfill measurement, the result of an empty-
sample-port reflectance measurement. This is a characterization
of the baseline measurement capability of the integrating-sphere
system. The result can be used to apply corrections to a black
sample measurement.
6. Transmittance, Reflectance, and Absorptance
Results

A number of optical components have been charac-
terized by the integrating-sphere system, including
windows, filters, and mirrors. Several examples of
window materials are shown in Figs. 6 and 7. Both
transmittance and reflectance are measured with the
same geometry. From these two quantities the ab-
sorptance is simply determined by subtraction of
their sum from 1. Comparisons can be made with
calculated values from handbook indexes of refrac-
tion data.12,13 This can be done in two ways: ~1! A
omparison can be made with calculated transmit-
ance and reflectance, and ~2! a comparison can be
ade with calculated absorptance.
The calculated t and r values from the n and k

alues in handbooks have finite uncertainty values.
hese are based on the uncertainties of the original
ata and the mathematical processes with which the
ndex values n and k were obtained. Other sources
f error in this comparison include variations in the
aterial itself, such as the method of growth and

rocessing.
For specific spectral regions for many materials,

owever, the calculated absorptance can be deter-
ined, with insignificant ~,1024! error, to be 0. Be-

ause of this, the indirectly measured absorptance in
hese spectral regions can be used as an accurate
valuation of the total measurement error, not just as
n estimate of uncertainty. If, in addition, a number
f materials with transmittance and reflectance val-
es spanning a significant fraction of their range ~0 to
! are measured, the measurement error can then be
sed with reasonable confidence for all transmittance
nd reflectance results.
Four common IR window materials were charac-

erized with the sphere system, with the results plot-
ed in Figs. 6~a!–6~d!. They are Si ~0.5 mm thick!
Fig. 6~a!#, ZnSe ~3 mm thick! @Fig. 6~b!#, KRS-5 ~5
m thick! @Fig. 6~c!#, and MgF2 ~5 mm thick! @Fig.

6~d!#. For each sample, the transmittance, reflec-
tance, and absorptance are plotted over a spectral
range of 2–18 mm @1–18 mm for Fig. 6~a!#. Each

aterial has a nonabsorbing spectral region over
ome portion of that range. The reflectance values
in the nonabsorbing range! for the selected materials
ange from 0.05 to 0.45, and the corresponding trans-
ittance values range from 0.55 to 0.95, in the non-

bsorbing regions. The MgF2 spectrum exhibits a
wide range of values for r, t, and a within the spectral
range. At 12.5 mm, both the reflectance and the
ransmittance are 0, at which the absorption coeffi-
ient is substantial ~t3 0! and the index n is close to

1 ~r 3 0!.
A closer examination of the indirectly measured

absorptance in the nonabsorbing regions is shown
in Figs. 7~a!–7~d!. For each material, an ab-
orptance close to 0 is observed in the spectral re-
ions with a nearly 0 k value. These are 1.2–5.5
m @Fig. 7~a!#, 2–13.5 mm @Fig. 7~b!#, 2–18 mm @Fig.
~c!#, and 2–4.5 mm @Fig. 7~d!#. In the results,
1 July 2001 y Vol. 40, No. 19 y APPLIED OPTICS 3201
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spectral features are seen that can be attributed to
contaminants, primarily on the surface, such as wa-
ter and hydrocarbon modes. Features from 6 to 7
mm, 9 to 10 mm, and 12.5 mm appear in the ZnSe

nd the KRS-5 spectra. These features could also,
n part, be associated with the input-beam nonuni-
ormity’s interacting with residual sphere spatial
onuniformity. In this way, the spectral structure
hat is due to the beam splitter and the detector can
e observed in the results, thus comprising a com-
onent of measurement error. Conclusive results
ill require further characterization.
The indirectly measured absorptance levels in

igs. 7~a!–7~d! over the spectral ranges cited above
an be interpreted as arising from cumulative mea-
urement error. The results exhibit an absolute
evel of error ranging from 0 to 0.002 for the struc-
ureless spectral regions up to a maximum of 0.004,
t which a structure is observed.
The evaluation of measurement error ~by use of

Fig. 6. Transmittance, reflectance, and absorptance ~obtained fro
from 3.4 to 1.3: ~a! Si, ~b! ZnSe, ~c! KRS-5, ~d! MgF2.
202 APPLIED OPTICS y Vol. 40, No. 19 y 1 July 2001
he zero-absorptance level! for reflectance of the
ransparent materials can be transferred with con-
dence to the opaque sample case ~for which a zero-
bsorptance test is not feasible!. An example is a
u mirror reflectance measurement, shown in Fig.
. In the opaque sample case, there is only a single
eflection, whereas for the transparent sample case,
ultiple reflections contribute to the reflectance re-

ult. The higher-order reflected beams will be dis-
laced ~because of the angle of incidence!, enlarged
because of focus shift!, and perhaps deviated ~be-
ause of sample wedge!. Hence the effects of spa-
ial nonuniformity of the sphere throughput will be
maller for the opaque mirror measurement, result-
ng in a smaller relative measurement uncertainty
or the sample reflectance. This is corroborated by
he relative lack of spectral structure below 16 mm
n the Au mirror reflectance in Fig. 8 ~the structure
bove 16 mm is due to the increased noise level at
he extreme end of the detector’s spectral range!.

r 2 t! of several common IR window materials, ranging in index
m 1 2
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7. Discussion and Conclusions

The benefits of using the integrating sphere for more
accurate detection of light are used in the design and
the development of a device for absolute measure-
ment of transmittance, reflectance, and absorptance
of specular samples. The method is demonstrated in
the case of IR windows and mirror characterization.
The ability to measure both transmittance and reflec-
tance in the same geometry is used to quantify di-
rectly the total measurement error for nonabsorbing
spectral regions, thereby also obtaining reliable un-
certainty values for results outside these regions.

On careful study and consideration, it can be
observed that use of the integrating sphere sig-
nificantly reduces several important sources of
measurement error, enabling the levels of accur-
acy demonstrated in this paper. These error
sources include sample–detector and detector–
interferometer interreflections, detector nonlinear-
ity, detector spatial nonuniformity, and sample–

with absorptance near zero: ~a! Si, ~b! ZnSe, ~c! KRS-5, ~d! MgF2.
bination of ~1! cumulative measurement error from all sources in

ue to volume or surface contaminants such as hydrocarbons and
ance and reflectance at longer wavelengths.
Fig. 8. Au electroplated mirror reflectance. The spectrum is a
combination of near-IR ~2–3.5 mm, circles! and mid-IR ~3.5–18 mm,
quares! spectra taken with different source–beam-splitter com-
inations of the FTIR. This accounts for the reduced noise near 2
m in comparison with Fig. 6.
Fig. 7. Expanded plot of spectra shown in Fig. 6, highlighting regions
The spectra, in regions where k should be negligible,12 result from a com
ransmittance and reflectance, and ~2! additional absorption that is d
ater. The MgF2 spectrum also shows regions of near-zero transmitt
1 July 2001 y Vol. 40, No. 19 y APPLIED OPTICS 3203
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beam geometry interaction ~beam deviation,
eflection, and focus shift!.11

The integrating-sphere system is not suitable for
high-sample-throughput applications. For these ap-
plications other instrumentation designed for fast rel-
ative measurements can be used. Such instruments,
in turn, can be calibrated with transfer standard sam-
ples that are characterized with the sphere system.
This approach has allowed us to improve the accuracy
of measurements made on all our FTS instrumenta-
tion,9 including those designed for variable sample
temperature and variable incidence-angle character-
ization, not directly feasible with the sphere system.

For accurate characterization of specular samples,
direct mounting onto the sphere is not an absolute
requirement. Effective systems have been built, es-
pecially for the UV–visible–near-IR spectral region,
that incorporate integrating spheres with detector~s!
in the standard averaging mode. However, there are
at least two important advantages of mounting the
sample directly onto the sphere as shown in this paper.
Both of these relate to the characterization of nonideal
samples. The first is that this design can better han-
dle the worst samples and allow for the greatest
amount of beam deflection, deviation, distortion, and
focus shift. The second is that one can measure sam-
ples that are not perfectly specular, but that also
exhibit some degree of scatter. The sphere measure-
ment is a hemispherical measurement and will collect
all or most of the scattered light in addition to the
specular component.14 Through use of a compensat-
ing wedge to achieve normal incidence on the sample,
for reflectance, and the sphere oriented in the position
of Fig. 3~b! for transmittance, supplementary mea-
surements can be made to sort out the scattered com-
ponent from the specular. For important IR window
materials, such as ZnS and chemical-vapor-deposited
diamond, some scatter is unavoidable and typically is
wavelength dependent. The ability to detect and
evaluate scattered light is important in understanding
IR materials, in quantifying their behavior, and in
determining how they can be used appropriately in
optical systems.

The sphere system and method presented in this
paper is one that can be reasonably easily reproduced
and implemented on, or adapted to, most FTIR spec-
trophotometers in near- to far-IR regions. In addi-
tion, the method can be readily implemented in the
UV–visible–near-IR regions for use with monochro-
mator instrumentation. A duplicate system of the
one described herein would entail a moderate cost.
A less expensive version with a simpler rotation stage
mechanism and detector arrangement, smaller
sphere, etc., although perhaps not yielding the high-
204 APPLIED OPTICS y Vol. 40, No. 19 y 1 July 2001
est accuracy results ~approaching 0.1–0.3%!, should,
if well designed, be expected to produce consistently
measurements with uncertainties of the order of 1%.
This expectation is reasonable because many of the
inherent benefits of using the sphere would remain,
even for a simpler version. Such uncertainty levels
would compare favorably with most, if not all, com-
mercial accessories currently available. At the
same time, improvements to the current sphere sys-
tem, including the development and the application
of a more spatially uniform coating, should result in
better performance and potentially higher-accuracy
data.
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