
HN22 sheet polarizer,
an inexpensive infrared retarder
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The popular sheet polarizer, Polaroid HN22, has been measured to be a nearly half-wave retarder in the
3.6–5.4-mm spectral band with a transmittance of approximately 20%. Tuning of the retardance value
between 60° and 260° has been demonstrated by tilting of the HN22 sheet with respect to the incident
beam. The material’s availability, relatively large aperture, large field of view, and low cost make it an
excellent candidate for use as an infrared retarder for systems operating in this wave band. Thus HN22
may be employed as an inexpensive half-wave linear retarder and used for rotating the plane of polar-
ization as well as for conversion between circular polarization states. © 1997 Optical Society of America

Key words: Polarization, Mueller matrix, polarizer, birefringence, retardance, infrared.
1. Introduction

Dichroic sheet polarizers are well known and typi-
cally employed for their high extinction ratios, low
scattering coefficients, large available apertures, rel-
atively broad fields of view, and extremely low
cost.1–4 Of particular interest is Polaroid HN22 mo-
lecular sheet polarizer, the most popular sheet linear
polarizer. HN22 exhibits a contrast ratio of as high
as 105 ~extinction value of '0.0009%! across most of
the visible spectrum.5–7 The overall transmittance
of this material decreases in the near infrared and
reaches a minimum near 2.9–3.0 mm. This absorp-
tion is due to a vibrational–rotational mode of the
OH2 radical in the polyvinyl alcohol matrix.8,9

HN22 has a transmission window between 3.6 and
5.4 mm where the transmittance is high enough
~'20%! to use the HN22 as an optical element. As is
shown below, HN22 is no longer a strong polarizer in
this region but does have significant retardance.
The retardance exhibited by HN22 results from bire-
fringence, arising from two sources. Molecular po-
larizers such as HN22 are formed by unidirectionally
stretching the polymer polyvinyl alcohol and impreg-
nating the material with iodine molecules. The
anisotropic structure resulting from the stretching
causes an underlying birefringence in the polyvinyl
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alcohol and has been called accidental birefringence.9
The iodine molecules bond to the matrix in a preferred
orientation to form polyiodine chains that are them-
selves anisotropic and hence birefringent, thereby
contributing to what is referred to as intrinsic birefrin-
gence.9,10 These two types of birefringence have axes
that are not only aligned with each other but are par-
allel to the dichroic axes of the sheet polarizer. The
HN22 polarizer is known to exhibit an overall positive
axial birefringence in the visible and to have an optical
axis that is perpendicular to the material’s transmis-
sion direction. Hence the transmission direction for
the sample is also the direction of its fast axis, since the
fast axis is perpendicular to the optical axis for a pos-
itive, uniaxial material.

2. Mueller Matrix Spectrum

A characterization of the infrared polarization properties
of HN22 was undertaken with the infrared spectropola-
rimeter at the University of Alabama in Huntsville ~Fig.
1!.11–13 This Fourier transform infrared spectropola-
rimeter measures the Mueller matrix spectrum of a sam-
ple, thereby determining the polarization characteristics
including linear and circular diattenuation and linear
and circular retardance of a sample.14 The University
of Alabama in Huntsville ~UAH! Fourier Transform In-
frared Spectropolarimeter is described in Section 4, and
the normalized Mueller matrix spectra presented here
are defined in Appendix A.

Figure 2 shows the normalized Mueller matrix spec-
trum measured for the HN22 polarizer at normal in-
cidence across the 3.5–5.5-mm waveband. The HN22
sample is oriented with the polarizer’s transmission
axis horizontal. The m00 element spectrum in the



Fig. 1. Infrared spectropolarimeter. Radiation from the source is collimated before introduction into the Michelson interferometer. A
dual-rotating retarder polarimeter employing two polarizers and two achromatic retarders is incorporated into the sample chamber of the
Fourier transform infrared spectrometer. The transmitted signal is acquired with a HgCdTe detector.
upper left corner contains the transmission spectrum
for HN22 when unpolarized light is incident. This
transmission spectrum has been enlarged in Fig. 3.
The highest transmission ~.24%! occurs between 4
and 4.6 mm, with additional peaks at 5.1 and 5.3 mm
and absorption bands at 3.6, 4.25, 5.15, and 5.5 mm.

Figure 2 contains spectra of each of the 16 elements
of the normalized Mueller matrix. The spectra of
many of the elements are nearly zero, including m01,
m02, m03, m10, m12, m01, m13, m20, m21, m30, and m31.
The spectrum of m11 is nearly 1. Only elements m22,
m23, m32, and m33 are significantly different from 0 or
1; these are the Mueller matrix elements associated
with a linear retarder oriented with a horizontal or
vertical fast axis. In the visible, the normalized
Mueller matrix of HN22 is approximately
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Fig. 2. Normalized Mueller matrix spectrum of Polaroid HN22 consists of 16 Mueller matrix element spectra. The nonzero m22, m23,
m32, and m33 elements indicate a linear retarder.
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Fig. 3. Transmittance of HN22 from 3.6 to 5.4 mm for unpolarized light at normal incidence.
the Mueller matrix of a horizontal linear polarizer.
Since the matrix spectrum of Fig. 2 does not resemble
Eq. ~1!, HN22 clearly is not a horizontal linear polar-
izer in the 3.5–5.5-mm band. On examination of Fig.
2, particularly near 3.5 mm, the matrices seem to be
similar to the Mueller matrix for a half-wave linear
retarder with a horizontal fast axis, HWLR~0°!:
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At all wavelengths the Mueller matrix spectrum re-
sembles the Mueller matrix for a linear retarder
LR~Q, d! of arbitrary retardance d oriented with its
fast axis at 0°,

LR~0°, d! 3
1
0
0
0

0
1
0
0

0
0

cos~d!
2sin~d!

0
0

sin~d!
cos~d!

4 , (3)

as will be confirmed by the Mueller matrix decompo-
sition analysis in the Section 3.

In the regions of low ~i.e., ,7%! transmittance, the
signal-to-noise ratio of the spectropolarimeter is
small, and the data are less reliable. This is partic-
ularly evident in the noise of the Mueller matrix spec-
tra in the region below 3.7 mm, in a thin band near 4.7
mm, and above 5.4 mm. Accordingly, the most accu-
rate data lie between 3.7 and 5.4 mm except for a
small absorption band between 4.65 and 4.8 mm.
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3. Diattenuation and Retardance Spectra

The diattenuation spectrum and the retardance spec-
trum have been calculated from the Mueller matrix
spectrum by use of the Mueller matrix decomposition
algorithms of Lu and Chipman.15 Figure 4 shows
the magnitude of the diattenuation as a function of
wavelength. When the diattenuation is zero, all in-
cident polarization states have the same transmis-
sion; for a diattenuation of one, the element in an
ideal polarizer.15 The infrared diattenuation of
HN22 averages ;6%, so HN22 is a very weak polar-
izer across this spectral band. For comparison, the
visible diattenuation is nearly one, as is true of all
good polarizers. This small diattenuation in the in-
frared region should be considered when the HN22 is
used for precision work, as this diattenuation is not so
small that it can always be ignored. Neglecting this
effect would lead to measurement accuracy errors
that may become non-negligible. Knowing this di-
attenuation, however, allows for compensation of the
error it may introduce. For example, because of this
6% diattenuation, if one is seeking to generate circu-
larly polarized light from linearly polarized light,
then instead of placing an ideal quarter-wave re-
tarder with its axis at 45°, an 88.3° retarder with 6%
diattenuation should be inserted with its axis at 45°.
The ability to vary the retardance of HN22 to 88.3°
would allow the material to function as an ideal, in-
expensive quarter-wave plate with minimal errors
introduced by its nonzero diattenuation. This vari-
ability is in fact realized by tilt tuning the sample and
is discussed below.

Figure 5 shows the measured retardance magni-
tude for a normally incident beam onto a sample of
HN22 oriented with its transmission axis horizontal.



Fig. 4. Diattenuation spectrum of HN22 is small, ;6%. When the diattenuation is zero, all incident polarization states have equal
transmittance. Thus the sheet polarizer is a weak polarizer but a good retarder in the infrared.
The retardance magnitude is slightly less than 180°
for the short-wavelength end of the spectrum and
slowly decreases as the incident wavelength in-
creases. Therefore HN22 performance approaches
that of a half-wave plate at 3.6 mm.

It is well known that the retardance of a retarda-
tion plate may be tuned by simply tilting the plate
with respect to the incident beam.16–19 We have
demonstrated this angle tuning for HN22 with a se-
quence of spectropolarimeter measurements in which
the HN22 was rotated in 10° increments about the
polarizer’s extinction axis. Figure 6 shows eight re-
tardance spectra acquired as the HN22 rotates about
the transmission axis in the visible, the fast axis of
Fig. 5. Retardance spectrum of HN22 at normal incidence varies from 140° to 170° making it nearly a half-wave linear retarder.
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Fig. 6. Retardance spectra as the sample is rotated about its transmission axis displays an increasing retardance. Thus the retardance
is readily tuned to a half-wave.
the retarder. The retardance steadily increases
with angle of incidence. This is potentially useful
for tuning the HN22 to a half-wave of retardance for
any wavelength in the measured band. For our
sample a half-wave of retardance was attained at
;30° for 3.8 mm, 40° for 4.5 mm, and 40° for 5.4 mm.
In Fig. 7 the HN22 was rotated about the extinction
5400 APPLIED OPTICS y Vol. 36, No. 22 y 1 August 1997
axis of the visible polarizer, and the retardance was
reduced. At large enough angles of incidence a
quarter-wave of retardance was attained for wave-
lengths greater than 4.75 mm. Figure 8 shows the
variation of retardance with angle of incidence at 4.5
mm. These curves are approximately quadratic for
angles of incidence below '30° as expected.16–18
Fig. 7. Retardance spectra as the sample is rotated about the extinction axis displays a decreasing retardance.



Fig. 8. Normalized retardance as a function of incident angle for 4.5 mm is approximately quadratic. The upper curve is for rotation
about the polarizer’s transmission axis, and the lower curve is for rotation about the extinction axis. Wavelength, 4.5 mm.
The functional dependence of the retardance on the
ray angle within the material is sometimes presented
in the literature and has a cosine dependence. The
exact equations relating these two parameters for
both the case where the optical axis is horizontal and
the vertical case may be found in Ref. 19.

4. University of Alabama in Huntsville Fourier
Transform Infrared Spectropolarimeter

These measurements were performed with the UAH
Fourier-transform infrared spectropolarimeter, a
modified spectrometer that is capable of measuring
the Mueller matrix spectrum of a sample. A dual-
rotating retarder Mueller polarimeter is incorporated
into the sample compartment of a Fourier transform
infrared spectrometer. By illuminating the sample
with a sequence of known polarization states and
analyzing the transmitted states, we can determine
the Mueller matrix.13 The sequence of states is gen-
erated in the spectropolarimeter by rotating the first
quarter-wave plate in 6° increments and the second
in 30° increments between spectra. This overdeter-
mines the 16 measurements necessary for a Mueller
matrix; the redundancy reduces the effect of noise on
the measurement. All equipment automation and
data acquisition are performed with a Nicolet 6000
Fourier transform infrared microcomputer, and data
reduction routines are carried out on an IBM com-
patible personal computer.

5. Conclusion

The popular sheet polarizer HN22 is a retarder in the
3.6–5.4-mm transmission band, where it functions
approximately as a half-wave plate. Mueller matrix
measurements over a range of incident angles veri-
fied that the HN22 is tunable to exactly one half-wave
of retardance for any given wavelength within the
3.6–5.4-mm band. Angle of incidence tuning to a
quarter-wave of retardance has been demonstrated
for 4.9–5.4 mm. Diattenuation measurements indi-
cate that HN22 is a very weak polarizer in the infra-
red.

Appendix A: Normalized Mueller Matrix

In this paper, Mueller matrix spectra are presented
in the form of normalized Mueller matrices to show
the polarization properties most clearly without the
superposition of the transmission spectrum. The
normalized Mueller matrix m is related to the Muel-
ler matrix elements Mij by

m 5 3
M00

M10yM00

M20yM00

M30yM00

M01yM00

M11yM00

M21yM00

M31yM00

M02yM00

M12yM00

M22yM00

M32yM00

M03yM00

M13yM00

M23yM00

M33yM00

4. (A1)

In a normalized Mueller matrix, all elements Mij ex-
cept M00 are divided by M00, so

mij 5
Mij

M00
, ~i, j! Þ ~0, 0!. (A2)

Normalized Mueller matrix elements are represented
with lower case m, and unnormalized Mueller matrix
elements are capitalized. Normalized Mueller ma-
trix elements are restricted to the range 21 # mij #
1. Normalized Mueller matrices are superior for
representing the polarization characteristics associ-
ated with a Mueller matrix spectrum. If a Mueller
matrix spectrum is not normalized, all other matrix
element spectra have the M00 spectrum superposed
~multiplied! on their polarization information. M00
is not normalized, as it is the transmission spectrum
1 August 1997 y Vol. 36, No. 22 y APPLIED OPTICS 5401



of the sample for unpolarized illumination, which is
commonly measured with spectrophotometers.
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