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We have designed and constructed a linear polarizer for use with visible and infrared radiation. The
broadband polarizer consists of four germanium plates arranged in a chevron geometry. Input radiation
is incident near Brewster’s angle for the first plate such that the reflected beam is preferentially s-wave
polarized. This reflected beam is steered subsequently to the successive plates, always intersecting near
Brewster’s angle. The beam polarization at the output of the device is almost completely s-wave
polarized. The ratio of the paraxial flux of the nearly extinguished p-wave polarized light to the s-wave
polarized light transmitted through the device is found to be less than 1025 for laser illumination at
wavelengths of 0.633, 1.32, 3.39, and 10.6 mm. Calculations predict that extinction ratios less than 1025

are achievable over the wavelength range from 0.4 mm to beyond 500 mm. Alternative design geometries
involving fewer plates are also described along with their advantages and disadvantages.

OCIS codes: 230.5440, 260.3060, 260.5430.
1. Introduction

High-quality linear polarizers spanning visible and
infrared wavelengths are generally not available.
Applications for broadband linear polarizers include
optical polarimetry, which can more completely char-
acterize optical materials than transmittance and re-
flectance measurements, especially for anisotropic
materials. We have been developing polarization-
resolved transmittance and reflectance measurement
capabilities over a broad spectral range including
visible and infrared wavelengths. Our primary
purpose for optical polarimetry is calibrating opti-
cal polarization components. We use Fourier-
transform spectrometers over the wavelength range
from 1 to 30 mm and prism- and grating-based spec-
trometers over the wavelength range from 0.190 to 28
mm. We also use lasers at various wavelengths
within this range. Specifically, polarization metrol-
ogy is under development for wavelengths less than 5
mm. For polarization metrology, we employ high-
performance chevron geometry Brewster’s angle
polarizers.1–4 These germanium-reflective polariz-
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ers are designed to operate over a broad wavelength
range, including the visible and infrared spectrum.

In this paper we discuss the design, construction,
and performance of chevron geometry polarizers. In
this section we define the pertinent performance
characteristics of the polarizers. In Section 2 we
discuss the wavelength range and extinction perfor-
mance of various types of polarizers. In Section 3 we
discuss device design and construction of the chevron
geometry germanium polarizers. In Section 4 we
describe the testing of the devices with laser light at
four wavelengths. In Section 5 we discuss the per-
formance of the polarizers, and in Section 6 we sum-
marize the paper.

Real optical polarizers do not completely extin-
guish the unwanted polarization component. A use-
ful performance parameter for linear polarizers is the
extinction ratio r, defined5 as the ratio k2yk1 of the
minimum transmittance k2 to the maximum trans-
mittance k1 for linearly polarized incident light.6
See Appendix A for further discussion of this defini-
tion. When referring to the extinction ratio r, less is
better. We refer to the minimum transmittance k2
and the maximum transmittance k1 as the minor and
major principal transmittances of the polarizers, re-
spectively. The principal transmittances of polariz-
ers depend on wavelength, often dramatically. To
perform polarization component calibrations, we
want master polarizers with extremely low extinction
ratios. In addition to the extinction ratio r and the



major principal transmittance k1, other polarizer per-
formance parameters are also important. These in-
clude optical beam displacement, optical beam
angular deviation, sensitivity to beam convergence7

and input angle, sensitivity to input power level, and
generation of multiple beams. We require that the
polarizers should be easy to use and align. Because
we mount them on motorized rotation stages for re-
peated mechanical rotations, the polarizers must also
be robust and rugged.

2. Performance Overview of Various Polarizer Types

Most linear polarizers are of one of the following
types: ~a! dichroic polarizers, ~b! wire grid polariz-
ers, ~c! anisotropic crystal polarizers, ~d! transmis-
sive, or ~e! reflective Brewster’s angle polarizers.
The performance varies for each type because of the
different underlying polarization mechanisms.
Each type is described below. We assessed each for
possible metrology application.

A. Dichroic Polarizers

Dichroic polarizers rely on anisotropic absorption.
These may consist of oriented polymers, oriented
metal particles, or anisotropic single crystals. For
research at visible wavelengths, a sheet of oriented,
dyed polymer preferentially absorbs light polarized
along one direction. Extinction ratios are typically
of the order of r ; 1023 over the specified wavelength
range. A typical usable wavelength range is from
400 to 800 nm for the dichroic sheet polarizers ~al-
though some are available from 900 to 2000 nm!.
The major principal transmittance k1 is typically 0.6
over the specified wavelength range. Dichroic sheet
polarizers can have a large acceptance angle, exceed-
ing 500 mrad.

For research in the near infrared, small needle-
shaped silver particles oriented within a glass host
slab8 preferentially absorb polarized light. A typical
version of these polarizers is optimized at 1330 nm
with an extinction ratio r less than 1025. These
have a fairly narrow wavelength range of utility, be-
tween 900 and 1700 nm in which the extinction ratio
is less than 1022. The major principal transmit-
tance k1 is approximately 0.9 over the narrow speci-
fied wavelength range. As with the dichroic sheet
polarizers, they are expected to have a large accep-
tance angle.

For research at very specialized wavelengths, par-
ticular anisotropic crystals can be used. Resonant
absorption can occur for electric-field vibrations along
a particular crystallographic axis. For example, cal-
cite has strong anisotropic absorption at 3.4 and 3.9
mm over a 0.1-mm bandwidth. The extinction ratio r
can be 2 3 1028 to 1 3 1029 at 3.39 mm.9 We used
a dichroic calcite polarizer for our 3.39-mm wave-
length He–Ne laser measurements. The major prin-
cipal transmittance k1 in the anisotropic absorption
band is approximately 0.73, depending on the thick-
ness. Crystallographic constraints restrict the ac-
ceptance angle.

These three dichroic polarizers exhibit minimal
beam deviation and beam displacement because of
their thin-slab construction. Because the dichroic
polarizers absorb light of the unwanted polarization
state, heating can be a problem in high-power appli-
cations. But because it is absorbed rather than re-
flected, stray light of the unwanted polarization state
is advantageously quenched. Primarily because of
the limited wavelength ranges, dichroic polarizers do
not meet our needs for polarization metrology over a
broad spectral range.

B. Wire Grid Polarizers

Wire grid polarizers consist of parallel metallic lines
in a jail bar pattern and achieve their polarizing prop-
erties through anisotropic conduction. In contrast
to the anisotropic absorption of dichroic polarizers,
the light polarized with the electric field along the
wire direction is preferentially reflected; the orthog-
onally polarized light is preferentially transmitted.
The wavelength scale over which a wire grid device
functions is set by the wire size and spacing. At
large wavelengths compared to the spacing, the po-
larizer acts as an ideal anisotropic sheet conductor,
but as the wavelength decreases and approaches the
wire spacing, higher-order spatial modes are excited
and the extinction ratio increases. This effect is
demonstrated in Fig. 1, which shows the spectral
extinction ratio for a typical commercial wire grid
polarizer consisting of 0.25-mm Au wires on a BaF2
substrate. Extinction ratios can be less than 1023

for long wavelengths but usually exceed 1022 for
wavelengths less than 5 mm. The major principal
transmittance is limited by the substrate and is typ-
ically in the range of 0.5 to 0.9, although free-
standing wire grids can be used for sufficiently long
wavelengths. Acceptance angles can be greater
than 100 mrad, and beam deviation and displace-
ment are low because of the slab geometry of the
substrate. However, because of their generally poor
performance at short infrared wavelengths, wire grid

Fig. 1. Extinction ratio versus wavelength of an infrared wire
grid polarizer as measured with a Fourier-transform spectrometer.
The wire grid polarizer consists of gold lines patterned with a
0.25-mm period on a barium fluoride substrate.
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polarizers are not suitable as master polarizers for
broadband polarization metrology.

C. Anisotropic Crystal Polarizers

Anisotropic crystal polarizers consist of prisms of bi-
refringent crystals oriented such that the ordinary
ray and the extraordinary ray are steered away from
one another, allowing the unwanted polarization
component to be dumped. The most common types
use calcite crystals in a Glan or Wollaston configura-
tion. Extinction ratios less than 1025 are not un-
common over a spectral range from 300 to 2200 nm,
and the major principal transmittance k1 is approx-
imately 0.8 over this wavelength range. However,
acceptance angles are low, typically 50 mrad; beam
deviation may be 1 mrad or greater; and beam dis-
placement can be large for large angles of incidence,
making these polarizers difficult to use in a rotating
mode because the transmitted beam can move signif-
icantly on the detector. As with other transmissive
polarizers, front and back surface interreflections
generate multiple beams. Although the perfor-
mance is high at ultraviolet, visible, and near-
infrared wavelengths, calcite Glan polarizers are not
applicable for longer infrared wavelengths. Other
anisotropic materials ~e.g., AgGaS2! could in princi-
ple be used at longer wavelengths, but are expensive
and not readily available, and in any case would not
extend beyond approximately 10 mm before cutting
off because of multiphonon absorption. This type of
polarizer thus also fails to meet the high extinction
and broad wavelength coverage requirements for a
master infrared polarizer.

D. Transmissive Brewster’s Angle Polarizers

Brewster’s angle polarizers rely on the different
transmission and reflection coefficients for s- and
p-wave polarization at the interface between two ma-
terials. The light ray path for a dielectric plate is
sketched in Fig. 2. The incident irradiance
~ε0y4m0!1y2~Es

2 1 Ep
2! is partially reflected and par-

Fig. 2. Idealized detail of the radiation impinging on a dielectric
plate. The primary, first-surface reflected beam and the primary
refracted beam are represented by the darker dashed lines. The
lighter dashed lines show the first few secondary beams resulting
from second-surface reflections. These secondary beams become
continually lighter. When the angle of incidence is near Brew-
ster’s angle, the reflected radiation is almost entirely s-wave po-
larized.
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tially refracted at the first surface. The subscripts s
and p refer to electric-field vectors perpendicular and
parallel, respectively, to the plane of incidence. The
constant prefactor contains the permittivity ε0 and
permeability m0 of free space and assumes that the
refractive index of the surrounding medium is 1.
According to Fresnel theory, the first-surface re-
flected beam has irradiance ~ε0y4m0!1y2~aEs

2 1 bEp
2!,

where a and b are the reflectances for the s wave and
p wave, respectively. When the angle of incidence u
is near Brewster’s angle uB, b is nearly zero. That is,
at Brewster’s angle the p wave is entirely refracted at
the first surface. In a beam with finite convergence
~or divergence! the fraction b is nonzero because of
the distribution of incidence angles about uB. Figure
3 shows the reflectances a and b for the first surface
of a vacuum germanium interface as a function of
incident angle. Over much of the infrared, the ger-
manium refractive index of n 5 4.0 and Brewster’s
angle uB 5 76°. Two types of polarizers can be con-
structed with Brewster’s angle—transmissive or re-
flective.

The transmissive Brewster’s angle polarizer typi-
cally stacks m plates in a V geometry. The extinc-
tion ratio of refracted light through each interface is
~1 2 ay1 2 b! and after 2m interfaces, the extinction
ratio becomes

r 5
[~1 2 a!~1 1 b!]m

[~1 1 a!~1 2 b!]m . (1)

Equation ~1! sums multiple reflections in each plate,
ignoring walk-off, absorption, and interference, and
neglects multiple reflections between the plates.
Four germanium plates in such a configuration yield
an extinction ratio approximately 2 3 1024 over a
usable spectral range from 3 to 15 mm. Figure 4
shows the spectral major principal transmittance
k1~p wave! of a single germanium plate at Brewster’s

Fig. 3. Reflectances a and b for s and p wave, respectively, for the
first surface of a vacuum germanium interface as a function of
incident angle. These are shown for wavelengths of 10.6 mm ~sol-
id curve! and 0.633 mm ~dashed curve!. The 0.633-mm p wave
does not quite reach zero ~b ' 0.0038 at 80°! at the minimum
because of absorption. At 0.633 mm the complex index of refrac-
tion is given by n ' 5.5 and k ' 0.7.



angle and that transmittance raised to the fourth
power to approximate a four-plate device. A germa-
nium transmissive Brewster’s angle polarizer is spec-
trally featureless from approximately 2 to 12 mm,
exhibiting a major principal transmittance k1 ; 1.
Absorption does not permit use of the device below
1.8 mm. Because visible light is not transmitted, the
device is difficult to align in an optical system. A
similar ZnSe device can be used out to 14 mm and it
will allow visible transmission. Interference of the
reflected s-polarized radiation within and between
the stacked Brewster plates can be a significant prob-
lem for well-collimated, monochromatic light. This
can potentially yield order-of-magnitude variations
in the extinction ratio with wavelength, angle of in-
cidence, position, temperature, etc. Beam deviation
depends on unintentional wedging in the plates and
is typically less then 1 mrad.10 Acceptance angles
are less than 100 mrad. Germanium transmissive
Brewster’s angle polarizers present an attractive
potential for metrology because of the high quality
and the broad infrared range of utility. The diffi-
culty of alignment, potential interference problems,
and the spectral range limitation led us to seek
another polarizer type—the reflective Brewster’s
angle polarizer—for our metrology application.

E. Reflective Brewster’s Angle Polarizers

For transparent dielectrics, the p-wave reflectance
nulls at Brewster’s angle. Ideally, a single-surface
reflection provides complete extinction. However,
significant spectral variation of the index of refrac-
tion and spectral regions of high absorption affect the
p-wave reflectance. In the first case, variation of the
index of refraction shifts the Brewster angle of the
p-wave reflectance minimum. In the second case,
high absorption shifts the p-wave reflectance mini-
mum to a nonzero value. For germanium the real
component of the index of refraction n is nearly 4
from the ultraviolet, rising to a maximum near 6 in
the visible and is again nearly 4 far into the infrared.
The complex component of the index of refraction k is
approximately 2 from the ultraviolet, falling to nearly
0 in the near infrared and the far infrared. Brew-

Fig. 4. P-wave transmittance of a single germanium plate at
Brewster’s angle ~solid curve! and that raised to the fourth power
to approximate the major principal transmittance k1 of a four-plate
transmissive Brewster’s angle polarizer ~dashed curve!.
ster’s angle does not significantly change so that dif-
ficulties from the first case are minimal. Only in the
ultraviolet does the absorption in germanium become
substantial enough to yield poor extinction perfor-
mance because of incomplete null of the p-wave
reflectance. Figure 5 displays the calculated ex-
tinction ratio and calculated major principal trans-
mittance k1 for a four-germanium plate device
illuminated at Brewster’s angle with a 35-mrad
half-angle ~ fy14! beam. The chevron geometry
considered for these germanium plates is sketched
in Fig. 6~a!. The calculations demonstrate that
such a polarizer would be useful from 0.3 to 30
mm—over nearly the full spectral range of our spec-

Fig. 5. Extinction ratio ~solid curve! and major principal trans-
mittance k1 ~dashed curve! calculated with Fresnel theory for four
germanium plates reflecting at 76.5 deg. Only first-surface re-
flections are considered. The 0.22 sr ~ fy14! beam divergence used
in the calculation limits the extinction ratio from achieving com-
plete null. Though not shown, the curves extend nearly feature-
lessly to beyond 500 mm.

Fig. 6. ~a! Sketch of the chevron geometry considered for the four
germanium plates. There is no image inversion. ~b! Basic
K-geometry polarizer shown with two Brewster plates and one
plane mirror. Because three reflections are involved there is im-
age inversion. An off-center displaced input beam is displaced at
the exit to be parallel but not collinear with the input. An angu-
larly off-axis input beam is deviated angularly at the exit to be
nonparallel with the input beam.
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trometers. Such a polarizer should be useful at
even longer wavelengths out to 500 mm. The cal-
culated extinction ratio is less than 1025 over
nearly this entire range.

The calculated major principal transmittance k1 is
approximately 0.4 over this range. The acceptance
half-angle is 70 mrad ~ fy7!. Beam deviation can be
less than 1 mrad, depending on construction accu-
racy. Beam displacement can be less than 0.5 mm,
depending on construction accuracy and alignment.
For our metrology needs we also required that the
polarizers be robust, have collinear input and output
beams, and be simple to align. On the basis of the
expected performance, we designed, built, and tested
reflective Brewster’s angle polarizers for our metrol-
ogy needs.

3. Device Design and Construction

In this section we describe a prototype of the reflec-
tive Brewster’s angle polarizers, the final chevron
polarizer design, and its construction. Two primary
versions of the reflective Brewster’s angle polarizer
seemed to meet our needs: a chevron geometry ver-
sion and a K-geometry version. The K-geometry po-
larizer11,12 is shown schematically in Fig. 6~b!.
Ideally, light reflects through the device ~either ver-
sion! in a symmetric path and exits collinear to the
incoming beam.

To evaluate more easily the general performance
characteristics of reflective Brewster’s angle polariz-
ers, we first constructed a prototype K-geometry po-
larizer with fused-silica plates and an aluminum
mirror. A beam block was placed between the fused-
silica plates to stop the p-wave flux transmitted
through the first plate. The fused-silica K-geometry
polarizer was tested with 0.633-mm wavelength light
from a He–Ne laser, a pair of Glan–Taylor polarizers,
and a silicon photodiode coupled to a polytetrafluoro-
ethylene ~PTFE! integrating sphere. Brewster’s an-
gle is 56° for fused silica at 0.633 mm. The extinction
ratio initially measured was larger than expected.
Multiple beams, at least three, were emitted from the
fused-silica K-geometry polarizer. These were sep-
arated from one another by approximately 0.2 mrad.
Two of these generated beams could not be com-
pletely extinguished by orienting the polarization
axis of the incident beam. We determined that the
multiple beams were generated by reflections from
the back surface of the fused-silica plates. The beam
deviation was consistent with unintentional wedging
in the plates. We postulate that birefringence gen-
erated elliptically polarized light in these secondary
beams. We replaced the original plates by fused-
silica plates with a roughened back surface that was
painted with black paint. This suppressed the back
surface reflections. With only first-surface reflec-
tions, the fused-silica K-geometry polarizer extinc-
tion ratio was measured to be less than 5 3 1025.

The major principal transmittance k1 was mea-
sured to be 0.013. The low value of the major prin-
cipal transmittance k1 results from the similarity of
the indices of refraction of fused silica and air. This
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contrasts with more acceptable values of k1 ; 0.4,
calculated for the four-plate germanium polarizer.
The high value of the germanium index of refraction
results in a tolerably high major principal transmit-
tance. Lower-index materials would achieve lower
values of the major principal transmittance k1.

The K-geometry polarizer inverts the input beam
because of the three reflections. Brewster’s angle is
alignment insensitive; small deviations from the op-
timum angle yield only small values of the p-wave
reflectance. However, tipping the input beam rela-
tive to the K-geometry polarizer optic axis deviates
the output beam. In addition, displacing the input
beam relative to the K-geometry polarizer optic axis
displaces the output beam. These serious alignment
effects do not exist in the chevron geometry polarizer.

We built two germanium chevron geometry polar-
izers. The germanium chevron geometry polarizer
construction is shown in Fig. 7. The basic structure
consists of two shallow V-shaped bars connected to
one another by a mounting plate at one end and by
cross members at the apex and at the other end.
The bars are parallel to one another and have parallel
faces inside and outside the V. These parallel faces
orient the first surfaces of the germanium plates13 in
the configuration depicted in Fig. 6~a!. Four frames
bolt onto the faces to hold the germanium plates flush
to the inside and outside of the V bars as shown.
The germanium plates straddle the gap between the
V bars. The optical path follows between the two
V-shaped bars. The basic structure was cut from a
single block of 303 stainless steel with a wire electric
discharge machine. We successively annealed and
cut three times to achieve a single piece with the
parallelism needed. The inside and outside V faces
are parallel to less than 0.1 mrad. Between the back
side of the germanium and the frame is a sheet of
rubber that serves to cushion the germanium plate
and to block transmitted infrared light. The mount-
ing plate on one end is contiguous with the rest of the
V-bar structure. A rectangular metal aperture bolts
onto the other end of the V-shaped structure. A fo-
cal point at the polarizer optical center and the ap-
erture limit the acceptance half-angle to be 3.5°.

Fig. 7. Germanium chevron polarizer construction.



The single-piece construction of the basic structure
ensures that the polarizer will remain aligned so that
the performance will be stable over a long time, even
after repeated rotations on a motorized rotation
stage. This structure was designed in the above
manner to have no adjustments for the germanium
plate orientation. This construction is practical
both because the performance is insensitive to small
deviations from Brewster’s angle and because the
nominally symmetric four-reflection path preserves
image orientation. In contrast to the K-geometry
polarizer, tipping the input beam relative to the chev-
ron geometry polarizer optic axis only slightly dis-
places the output beam. As discussed below, the
polarizer performance is limited by scattering, not by
alignment. Displacing the input beam relative to
the chevron geometry polarizer optic axis does not
displace or deviate the output beam. Rotation of the
polarizer, when aligned in an optical beam, results in
an output beam deviation of at most 1 mrad. Align-
ment of the chevron polarizer in an optical system is
quite simple and can be performed with visible light.

4. Germanium Chevron Polarizer Testing

The germanium chevron polarizers were tested ex-
tensively with four lasers—a 0.633-mm wavelength
He–Ne laser, a 1.32-mm wavelength diode laser, a
3.39-mm wavelength He–Ne laser, and a 10.6-mm
wavelength CO2 laser. The testing included mea-
surements of the extinction ratio and the major prin-
cipal transmittance. The polarizer was also rotated
in a polarized beam to check that the transmitted
irradiance was proportional to cos2 À ~Malus’s law!,
where À is the rotation angle that the chevron polar-
ization axis makes with respect to the beam’s polar-
ization. For most of the experiments, a laser was
followed by a chopper, a high-quality polarizer, the
polarizer under test, and a detector. Usually the
detector signal was fed into a lock-in amplifier. The
polarizers were mounted and aligned on motorized
rotation stages with an angular resolution of 0.03
mrad. The lock-in amplifier output was read by a
computer, and the motorized rotation stage angles
were controlled by the computer.

Although ideally the measurements would be made
in a perfectly polarized beam, this was not always
practical. For the 3.39-mm wavelength laser exper-
iments, a calcite polarizer was determined to be of
such high quality, i.e., sufficiently lower extinction
than the germanium chevron polarizers, that this
ideal situation was approachable. For the 0.633-mm
wavelength laser experiments, the Glan–Taylor po-
larizers were found to have extinction ratios similar
to the germanium chevron polarizers. For the
1.32-mm and 10.6-mm measurements, no available
polarizer approached the extinction ratios of the ger-
manium chevron polarizers. Therefore, for the
0.633-, 1.32-, and 10.6-mm wavelength laser experi-
ments, two germanium chevron polarizers were used
in series. The polarizers were assumed to be iden-
tical, and we calculated the extinction ratio by mea-
suring the crossed pair transmittance H90 5 k1k2 and
the parallel pair transmittance H0 5 1⁄2~k1
2 1 k2

2! in
a nominally unpolarized beam. From these quanti-
ties, the extinction ratio can be given by

r 5
ÎH0 1 H90 2 ÎH0 2 H90

ÎH0 1 H90 1 ÎH0 2 H90

<
H90

2H0
. (2)

The approximation in Eq. ~2! holds in the limit as the
extinction ratio approaches zero. We measured the
major principal transmittance by setting the second
polarizer to the angle for maximum, parallel pair
transmittance and then removing the polarizer from
the beam. Except for the 10.6-mm experiments, sig-
nal drift over the time scale needed to remove the
polarizer was typically less than 0.5%. The follow-
ing subsections describe the specific details for the
measurements at the four different laser wave-
lengths.

A. Laser Experiments at the 0.633-mm Wavelength

The almost randomly polarized output beam of the
0.633-mm wavelength He–Ne laser was collimated
within a beam divergence of less than 0.2 mrad.
Corrections were made to Eq. ~2! to account for the
slight linear polarization of the beam. The detector
used for these experiments was a 10-mm-square sil-
icon photodiode. The Si photodiode was coupled to a
transimpedance amplifier that amplified the pho-
tocurrent to a voltage that was subsequently coupled
to the lock-in amplifier. Similar photodiodes oper-
ated in this photocurrent mode have demonstrated as
much as 14 decades of linearity.14 This photodiode
was mounted to the exit port of a PTFE-integrating
sphere. The 6-mm-diameter sphere entrance port
presented a polarization and position-insensitive de-
tection aperture that was underfilled by the beam in
these experiments. Two germanium chevron polar-
izers mounted on rotation stages were placed in this
beam, and the rotation angle À for the second polar-
izer was varied for measurement of the crossed pair
transmittance H90, the parallel pair transmittance
H0, and the cos2 À dependence. We checked the
lock-in amplifier zero level by blocking the laser and
we subtracted this from the detector signal for these
measurements.

B. Laser Experiments at the 1.32-mm Wavelength

The polarized output beam of the 1.32-mm-
wavelength diode laser was collimated by a lens in-
tegrated onto the laser head. The beam divergence
was approximately 10 mrad. The detector used for
these experiments was a thermoelectrically cooled
10-mm-diameter InGaAs photodiode. The InGaAs
photodiode was integrated with a transimpedance
preamplifier that was coupled subsequently to the
lock-in amplifier. Operated in the photocurrent
mode, this photodiode is also expected to be highly
linear. No integrating sphere was used; the beam
was focused to underfill the 10-mm-diameter In-
GaAs. The polarization axis of the first germanium
chevron polarizer was oriented at 45° to the polariza-
tion axis of the 1.32-mm wavelength diode laser’s
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chopped beam. An intermediate aperture was
placed between the laser and the first polarizer to
limit the beam size to be smaller than the polarizer
acceptance aperture. Again the rotation angle À for
the second germanium chevron polarizer was varied
for measurement of the crossed pair transmittance
H90, the parallel pair transmittance H0, and the cos2

À dependence. For the 0.633-mm and 1.32-mm light
the germanium plates were opaque; therefore the re-
flections from the second surface within each Ge plate
were suppressed.

C. Laser Experiments at the 3.39-mm Wavelength

The polarized output beam of the 3.39-mm wave-
length He–Ne laser was nearly collimated. An ap-
erture after the laser limited the beam size. The
beam divergence was approximately 4 mrad. The
detector used for these experiments was a 0.5-mm-
diameter InSb detector operated at 77 K. The InSb
detector was coupled to the lock-in amplifier with an
audio transformer. No integrating sphere was used;
the beam was focused with a lens to underfill the
InSb detector. The He–Ne laser’s polarized beam
was followed by a quarter-wave plate oriented to pro-
duce a circularly polarized beam. When a single po-
larizer was rotated 360° in this circularly polarized
beam, the detector signal output varied by less than
a few percent. Two dichroic calcite polarizers ~each
2 mm thick! were placed in this beam, and the ex-
tinction ratio for one of these was measured to be r ;
3 3 1028. When measuring the two polarizers in the
parallel configuration, we placed a filter with trans-
mittance T 5 0.0089 in the beam to avoid saturation
and to ensure linearity of the detector. When mea-
suring the two polarizers in the crossed configura-
tion, we removed the filter from the beam.

The second of these dichroic calcite polarizers was
then replaced with the germanium chevron polarizer
under test. Because the extinction ratio of the pre-
ceding dichroic calcite polarizer is so low, the chevron
polarizer is tested in a more nearly ideal polarized
beam. The extinction ratio of the germanium polar-
izer k2 is determined from the measured intensity
ratio H90yH0 5 ~k1 1 k2!y~1 1 k1k2!, which holds for
two polarizers in series in an unpolarized incident
beam. Because the extinction of the calcite polarizer
is ten times lower than the Ge polarizer, the differ-
ence between the measured intensity ratio and the
actual Ge polarizer extinction is approximately only
10%. Again, the rotation angle À for the germanium
chevron polarizer was varied for measurement of the
major principal transmittance k1, minor principal
transmittance k2, and the cos2 À dependence. The
filter was used again for the measurement of H0.

D. Laser Experiments at the 10.6-mm Wavelength

The polarized output beam of the 10.6-mm wavelength
CO2 laser was limited by an aperture and a filter.
The beam divergence was approximately 4 mrad.
Two detectors were used for these experiments—a
liquid-nitrogen-cooled, 3-mm-diameter HgCdTe detec-
tor and a 14 mm 3 14 mm square pyroelectric detector.
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The HgCdTe detector was more sensitive, but the laser
was powerful enough that the less-sensitive pyroelec-
tric detector could also be used. No integrating
sphere was used; the beam was focused to underfill the
detector, but position sensitivity in combination with
beam displacement was a major contributor to mea-
surement uncertainties. The extinction ratio was
measured with the HgCdTe detector. A filter was
used to measure the parallel pair transmittance H0; no
filter was used to measure the crossed pair transmit-
tance H90. The major principal transmittance k1 was
measured with the pyroelectric detector. The CO2 la-
ser’s polarized beam was oriented at 45° to the first
germanium chevron polarizer as was done in the
1.32-mm wavelength diode laser experiments. Again,
the rotation angle À for the germanium chevron polar-
izer was varied for measurement of the cos2 À depen-
dence.

For both the 0.633-mm and the 1.32-mm light, the
germanium plates are opaque. But for both the
3.39-mm and the 10.6-mm light, the germanium
plates are transparent; reflections from the second
surface within each germanium plate are not atten-
uated. Therefore interference effects and multiple
beams are possible. At Brewster’s angle, a fronty
back surface wedging of 0.05° in a Ge plate deviates
the second-surface reflected beam 1.8° from the first-
surface reflected beam. The second-surface reflec-
tion can be suppressed either by volume absorption,
intentional wedging, second-surface roughening to
induce diffuse scattering, andyor second-surface coat-
ing to induce absorption. Another effect of trans-
mission in the germanium is that the p-wave
transmittance through the first and fourth plates
may allow the rubber sheet ~behind the Ge! material
transmittance to contribute to the minor principal
transmittance. At 3.39 mm the rubber sheet is
opaque, but at 10.6 mm the rubber sheet transmit-
tance is approximately 1024.

E. Measurements of the f-Dependence of
the Transmittance

In all four laser configurations, the polarizer under
test was rotated about the optical axis in the polar-
ized beam while we monitored the signal. Figure 8
shows the detector signal measured at 1.32 mm as a
function of the rotation angle À. This displays the
expected cos2 À behavior. Because the germanium
plates are opaque at 0.633 and 1.32 mm, the response
to a similar measurement at 0.633 mm yields a sim-
ilar result.

Figure 9 shows the detector signal measured at
3.39 mm as a function of the rotation angle À. The
dotted curve shows the first data taken when the
parallel germanium plates were unaltered. The
structure in the curve does not result from beam
wander off the detector while rotating. Rather, the
structure in the curve results from interference with
respect to the first and second surface reflections in
the plates. As the polarizer is rotated, slight mis-
alignment causes different optical path lengths
within the plates. Constructive or destructive inter-



ference was allowed for these different path lengths
for any of the plates. Only at the null orientation,
when the p wave is not reflected from either surface,
is the interference nonexistent. The measured
curves were generally not reproducible if any realign-
ment had occurred. However, the null value was
reproducible. In these conditions the maximum sig-
nal is not well reproduced; only an estimate of the
major principal transmittance k1 and the extinction
ratio could be made. Because the germanium plates
are transparent at 3.39 and 10.6 mm, the response to
a similar measurement at 10.6 mm yields similar in-
terference effects.

To suppress the second-surface reflection, we at-
tempted to absorb radiation at the second surface by
coating it with a black, graphite-loaded epoxy.15 If

Fig. 8. Detector signal ~open circles! measured at 1.32 mm and the
ideal cos2 f ~solid curve! as a function of the rotation angle f. The
inset shows the minimum of the data.

Fig. 9. Detector signal measured at 3.39 mm as a function of the
rotation angle À. We obtained the dotted curve data using the
uncoated germanium plates in the polarizer. The dashed curve
data were obtained when we used the germanium plates with the
back surface painted black. The solid curve data were obtained
with use of the wedged germanium plates and are nearly indistin-
guishable from the ideal cos2 À ~not shown!.
the radiation were absorbed at the blackened second
surface, no reflected beam would exist to interfere
with the first-surface reflected beam. This is similar
to the technique we used in the fused-silica
K-geometry polarizer prototype. The dashed curve
in Fig. 9 shows the data taken when the germanium
second surfaces were epoxy-coated black. The inter-
ference structure is not sharply structured as in the
previous parallel uncoated case, but it is not elimi-
nated. The black graphite-loaded epoxy did not ab-
sorb sufficiently to quench the interference effects.
This is probably because the poor match between the
high index of refraction of germanium and the index
of refraction of the black graphite-loaded epoxy; so
the reflectance at the interface is still appreciable.

To quench more completely the interference from
the second-surface reflections, we intentionally
wedged the germanium plates. We chose a 1° wedge
angle in the optical plane of incidence. The steel V
bars of the chevron construction still defined the first-
surface orientation at Brewster’s angle. But the sec-
ond surface was now no longer at Brewster’s angle
but rather at an angle greater than the critical angle
for total internal reflection. Subsequent reflections
were internal reflections. The internal rays ideally
reflect multiple times to the end and reflect back,
exiting in the backward direction. The solid curve in
Fig. 9 shows the data taken when the germanium
plates were intentionally wedged. Again, these data
are very nearly the cos2 À curve. The data were
quite reproducible; reliable measurements of the ma-
jor principal transmittance k1 and the extinction ra-
tio could be made.

For a perfect wedge, the radiation meanders back
and forth and is ultimately backscattered. Our
wedges have cut but unpolished ends. These unpol-
ished ends, surface imperfections, and volume defects
all tend to scatter the internally reflected light in
directions other than in the backward direction.
However, the amount of scattering in the detector
acceptance cone is small. The internal path length
for these reflections can be more than 100 mm so
absorption is more likely. Intentionally doping the
germanium may help if absorbing the scattered ra-
diation is important. Although wedging the plates
in another direction is also feasible, the performance
suffices with this wedging. The extinction ratio was
lower ~Table 1! than in the parallel and epoxy-coated
germanium plate cases.

F. Extinction Ratio and the Major Principal Transmittance

Table 1 shows the extinction ratio r and the major
principal transmittance k1 of the germanium chevron
polarizers at the four laser wavelengths. The re-
sults at 3.39 mm are shown for three different cases:
the parallel plates, the plates with the second surface
epoxy-coated black, and the wedged plates. The ex-
tinction ratio and principal transmittances for wave-
lengths below 1.8 mm, where the germanium is
opaque, are unaffected by the wedging of the plates.
Misalignment and scattered radiation always tend to
yield a higher value of the extinction ratio. We ob-
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Table 1. Extinction Ratio r and the Major Principal Transmittance k1 of the Germanium Chevron Polarizers at the Four Laser Wavelengths

Laser Wavelength
Germanium Plates

Installed in Polarizer

Extinction Ratio r
Major Principal

Transmittance k1

Calculated Measured Calculated Measured

0.633-mm He–Ne Uncoated second surface 3.7 3 1027 4.0 3 1026 6 0.8 3 1026 0.51 0.50 6 0.02
1.32-mm diode Uncoated second surface 4.8 3 10210 1.5 3 1027 6 0.4 3 1027 0.41 0.40 6 0.02
3.39-mm He–Nea Uncoated second surface 3.6 3 10210 1.2 3 1025 6 0.3 3 1025 0.38 0.60 6 0.15
3.39-mm He–Nea Blackened second surface 3.6 3 10210 2.0 3 1024 6 0.5 3 1024 0.38 0.60 6 0.15
3.39-mm He–Ne Wedged Ge plates 3.6 3 10210 3.3 3 1027 6 0.5 3 1027 0.38 0.37 6 0.01
10.6-mm CO2 Wedged Ge plates 3.1 3 10210 3.0 3 1028 6 0.6 3 1028 0.38 0.35 6 0.05

aThe data in this row were compromised by interference problems rectified by wedging the germanium plates.
tained the measured extinction ratios shown in the
table after performing the measurements with
various-sized apertures at the source or detector and
realigning the measurement system. The expanded
uncertainties16 shown in the table are estimated from
this aperturing and realignment. In general, the
measured extinction ratio was always larger for
larger apertures. The extinction ratios measured at
the laser wavelengths all fall above the extinction
ratios of the Fresnel calculations. Although the
0.633-mm measured extinction ratio is close to the
calculated extinction ratio, the other measured ex-
tinction ratios are well above the calculated extinc-
tion ratios. The discrepancy is significantly above
the noise limitation for these measurements.

We surmise that the measured extinction ratio
does not achieve the Fresnel calculated performance
because light scatters from imperfect first surfaces of
the germanium plates into the detector. A calcula-
tion17 was made of the amount of light scattered into
the acceptance cone of the detector. We assumed a
surface roughness similar to that found on silicon
wafers for this calculation. The scattering estima-
tion would give a result of the order of 1028 for the
extinction ratio. The surface quality is quite likely
not as good as that for silicon wafers so this is an
underestimation of the extinction ratio limited by
scattering. The measurements of the extinction ra-
tio are also an upper bound because scatter off the
V-bar construction or any of the other optical compo-
nents contributes to the signal. This is not uncom-
mon at the 1028 level.

Another possible contributor to light scattering in
the polarizers is dust or other surface particles on the
Ge plates. The polarizers have not been kept in a
clean room environment, but were covered with plas-
tic and stored in a purged enclosure when not in use.
We do not believe that dust is the dominant source of
scattering, because cleaning the surfaces with alcohol
and lens tissue and dusting with dry nitrogen did not
have a noticeable effect on the measured extinction.
Microscopic examination of the Ge plates at moderate
magnification ~303! revealed some scratches and pits
from the polishing process, but no noticeable parti-
cles. However, we plan to perform bidirectional re-
flectance distribution function measurements on at
least one wedged Ge plate to characterize the distri-
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bution of scattered light from both the front surface
and the internal reflections.

The major principal transmittances measured at
the laser wavelengths agree with the values of the
Fresnel calculations. Only the results at 3.39 mm
shown for the first two cases of the parallel plates and
of the plates with the second surface epoxy-coated
black are not reliable because of the above-mentioned
interference problems. These two cases yield mea-
sured major principal transmittance k1 values
greater than expected from the Fresnel calculations.
This corroborates our interpretation of interference
difficulties in these two geometries; the excess of the
major principal transmittance results from construc-
tive interference. For the wedged plate geometry,
the agreement of the measured values of the major
principal transmittance k1 with the Fresnel calcula-
tions at 3.39 and 10.6 mm confirms that the wedged
plates correct the interference problems. The ex-
panded uncertainties of the measured major princi-
pal transmittance also stem from the alignment
repeatability of removing and replacing the polarizer
in the optical beam. For the 10.6-mm wavelength
laser measurements, the laser drift over the time
scale of removing and replacing the polarizer in the
optical beam contributes significantly to the major
principal transmittance measurement uncertainty.18

5. Discussion

The interference problems encountered in the trans-
parent spectral range of the germanium were evident
from the cos2 À experiments. For parallel plates of
thickness t and index n irradiated at a wavelength l,
these interference problems are expected only from
monochromatic sources where the fractional band-
width dlyl obeys

dl

l
,

l

nt
. (3)

We suppressed the interference problems in the
Brewster’s angle germanium chevron polarizers by
wedging the plates. We expect that similar interfer-
ence problems may be encountered with other slab
geometry polarizers used with narrow-band sources.
We may need to limit the resolution of our spectrom-
eters to avoid these problems when measuring other



polarizer types. If interference is suspected, the po-
larizer should be rotated in a polarized beam to check
for the cos2 À dependence.

The choice of germanium as the reflecting material
for the Brewster’s angle chevron polarizers was dic-
tated by the high and nearly constant index of refrac-
tion over the broad wavelength range. The high
index of refraction yields a satisfactory value for the
major principal transmittance. A similar device of
glass or fused silica would have a major principal
transmittance k1 of only 1024.

The germanium chevron polarizers have not yet
been tested over the entire spectral range. We plan
to measure the spectral extinction ratio and major
principal transmittance of the germanium chevron
polarizers. Preliminary measurements indicate
that, over much of the intended spectral range, the
extinction ratio is lower than our spectrometers can
measure. This is partly because of the small éten-
due of the polarizers. This would not be a problem if
the polarizers were scaled up.

We will measure the spectral extinction ratio and
major principal transmittance of some of the dichroic,
wire grid, and Glan polarizers by incorporating the
germanium chevron polarizers into our spectrome-
ters for spectral polarimetry. We plan to repeat
some laser-based measurements similar to those de-
scribed in this paper on these other polarizer types.

6. Summary

We have described new reflective Brewster’s angle
polarizers using germanium plates in a chevron ge-
ometry for visible and infrared metrology uses.
Their performance has been presented in the context
of other polarizer types. Table 2 summarizes the
performance parameters of the germanium chevron
polarizers and the other polarizer types discussed.
The major parameters presented in the table are the
wavelength range of operation, the extinction ratio,
and the major principal transmittance. From the
table it is evident that the reflective Brewster’s angle
polarizers can be used over the range of our spectrom-

Table 2. Summary of the Major Performance Parameters of the
Germanium Chevron Polarizers and Other Polarizer Types

Polarizer Type

Wavelength
Range
~mm!

Extinction
Ratio r

Major
Principal

Transmittance
k1

Dichroic polymer
sheet

0.4–0.8 1022–1023 0.6–0.7

Dichroic metal parti-
cles in glass

0.9–1.7 1022–1025 0.8–0.9

Dichroic calcite crystal 3.35–3.45 1028–1029 0.7–0.8
Wire grid 2–15 1021–1023 0.5–0.9
Glan prism 0.3–2.2 1024–1025 0.6–0.8
Ge transmissive Brew-

ster’s angle
2–15 1023–1024 0.5–0.99

Ge chevron-reflective
Brewster’s angle

0.4–50 1025–1027 0.4–0.5
eters as master polarizers for characterizing the
other types of polarizers.

The robust construction of the chevron geometry
polarizer satisfies many of our metrology goals. The
ability to align the polarizers with visible light and
the insensitivity to slight misalignment are signifi-
cant advantages over other Brewster’s angle polariz-
ers. However, the Brewster’s angle chevron
geometry polarizer may be cumbersome for some ap-
plications in which a compact, slab geometry is more
desirable. The Brewster’s angle chevron geometry
polarizer offers the further metrology advantage that
the polarization direction of the beam exiting the
polarizer is unambiguously defined. By retroreflect-
ing a beam off one of the plates, the plane of the
extinguished p wave can be located accurately. This
feature can be used to define the polarization axis of
other polarizers that could be calibrated with the
chevron geometry polarizers.

Appendix A

The literature is somewhat divided on the definition
of the extinction ratio. Our definition of k2yk1 as
measured by exposure to linearly polarized light fol-
lows the Commission Internationale de l’Eclairage
definition5 and that of other authors.18–20 A second
set of authors21,22 define the extinction ratio to be
H90yH0 as measured by crossing two identical polar-
izers exposed to unpolarized light. A third set of
authors12,23,24 refer to its inverse, k1yk2 or similar
quantities as the extinction coefficient or extinction
ratio. Our preference against the inverse definition
~third set of authors! stems in part from
linguistics—we believe full extinction should ap-
proach zero, in analogy to the biological usage.
However, our preference against the inverse defini-
tion is largely practical. For extremely low minor
principal transmittance k2, detector noise and stray
light errors contribute only minimally to the extinc-
tion ratio of our definition but contribute enormously
to the inverse definition. We refer to the inverse of
the extinction ratio as the contrast ratio.

Our preference against the definition of the extinc-
tion ratio as H90yH0 is more subtle. We believe it is
difficult to verifiably produce an unpolarized beam
and to trust the similarity of a pair of polarizers.
These are the prerequisites for measurement of H90y
H0. Rather, it is often more practical to find a po-
larizer of negligible k2 to act as a generator of
polarized light. This is the prerequisite for the mea-
surement of the major and minor principal transmit-
tances k1 and k2. In practice, our preferred
definition and the definition of the second set of au-
thors often differ by a factor of approximately 2. For
many of the chevron polarizer measurements, an-
other polarizer type of negligible k2 was unavailable.
Therefore our measurement technique was often sim-
ilar to that proposed by the second set of authors,
taking into account the factor of 2.
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