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APPLICATION NOTE

by Dr. Baolliang (Bob) Wang and Dr. Theodore C. Oakberg

When the photoelastic modulator (PEM) is used as a polarization
analyzer, it is generally useful to use a dual PEM system. A dual
PEM system can obtain all four Stokes vectors simultaneously.
By using a dual PEM system, the unparalleled high sensitivity,
spectral range, and stability of Hinds photoelastic modulators
(PEM) can be applied to study polarization.

One of the first uses for a dual PEM system was astronomical
polarimetry.  Applications can also be found in Stokes
Polarimetry and Optical Rotation. Other polarization analysis PEM
applications include laser light characterization and magnetic field
diagnostics in tokamaks through out the world.

The modulator axes of the two modulators are at 45 degrees, with
the polarizer passing axis at 22.5 degrees with each modulator.
The angular designations for each modulator are determined by
the angular direction of polarized light to which each modulator
subsystem is sensitive. The electronic block diagram corresponds
to the one given in Figure 1.
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Figure 1. Definition of the Stokes Parameter

A typical block diagram for a dual PEM set-up is shown in
Figure 2. This configuration would typically be used as a Stokes

polarimeter. F, denotes the frequency of the first modulator. F,

denotes the frequency of the second modulator. The symbol f,
denotes the reference frequency of the first controller and f2 denotes
the reference frequency of the second controller. 1 represents the
modulator frequency and 2f twice the modulator frequency.

The polarization state of a light source is represented by four
numerical quantities called the Stokes parameters. These numbers
represent the intensities and correspond to the fraction of the light
that is linearly polarized and circularly polarized. Light can develop
these characteristics after passing through certain devices such as
polarized prisms or films and wave plates or it can occur naturally as
in starlight. These are defined in Figure 2.
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Figure 2. Typical Dual PEM setup

The relationships between the electronic output voltages and the
appropriate polarization parameters are given in Table 1.

Hinds Instruments has five standard dual PEM systems
for applications that require different useful apertures and
measurements in different spectral regions. The dual PEM models

are:

I/FS50-60 I/FS47-50

lI/FS20-23 lI/FS42-47 11/ZS37-50

The 1/FS50-60 and the I/FS47-50 systems are made with fused silica
and use the Series | PEM. The Series | PEMs have a rectangular
shaped optic with a typical useful aperture of 16 mm. These

small systems are useful when the light source has a small beam
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Condition: when the peak-to-peak retardation of both PEMs is set at

Jy(81)) = Jy(62) =0 Q 1V,
—= Vo

Normalized Stokes parameters: N6 Vi
J, and J, are Bessel functions of the U U1V,

PEM retardation amplitudes S1 and S2 N J,82) Voo

_V_ 1Yy

W= T 6Ly Vo

Other polarizations parameters:

Degree of Polarization DOP = VQZ + U2 + V2
DOLP = VQZ + U2

DOCP = | Vy|

Degree of Linear Polarization

Degree of Circular Polarization

TABLE 1. RELATIONSHIPS BETWEEN THE ELECTRONIC OUTPUT VOLTAGES
AND THE APPROPROATE POLAIRZATION PARAMETERS

diameter. Therefore, if the application for the dual PEM involves a
light source consisting of a laser, this is a viable option.

If a larger aperture and/or operation in the IR is required Series ||
PEMs are preferred. The II/FS20-23 and the 1I/FS42-47 systems
also employ high quality fused silica as the optical material and
have a transmission range of 170 nm to 2.6 um. Both models are
completely functional in the UV, visible, and near IR light spectral
regions. However, the lI/FS20-23 system has the benefit of a
very large aperture. This is especially useful if the light source
has a large beam diameter or more than one light source is to be
observed. This dual PEM is typically used in a Stokes polarimetry
system to measure the orientation of the linear component of light
emitted from a beam of deuterium atoms injected into tokamak
plasma. The Il/FS42-47 is also used in Stokes polarimetry

measurements and provides a more compact optical head
configuration.

The 1I/ZS37-50 has ZnSe as the optical material. This provides

a transmission range from 514 nm to 18 um. This PEM has
applications in the infrared region of the light spectrum. It is used to
analyze either a broadband light source or an infrared laser such as
the CO, laser.

Like all Hinds PEMs, these systems provide the unique benefit
of a wide acceptance angle (+ 20 degrees or greater), a good
transmission for a wide wavelength range, high power handling
capabilities, and a high polarization sensitivity. Table 2 compares
the technical specifications for all of the Hinds dual PEM systems.

APPLICATIONS FOR DUAL PEM SYSTEMS

Polarization Analysis and Stokes Polarimetry

The most common use for a dual PEM system is to analyze the
state of polarization of a light source. There are different ways to
represent light polarization. One of these is to use Stokes vectors or
parameters (I, Q, U, and V). Using the 1f and 2f signal from each of
the modulators, a dual PEM system is able to provide all four of the
Stokes parameters simultaneously. In this representation, I=(l, + 1)
is the total light intensity. Q is known as the linear preference and is
represented Q=(l,-,). The 45° linear preference is known as U and
is shown by U = |, - 1,. The last component of the vector is V = IGC

MODEL OPTICAL MATERIAL NOMINAL 1F SPECTRAL RANGE RANGE OF »/4 USEFUL
FREQUENCY RETARDATION' APERTURE?
11/2537-50 ZINC SELENIDE 37 & 50 kHz 550nm - 18um 2um - 18um 14mm
II/FS20-23 FUSED SILICA 20 & 23 kHz 170nm - 2.6um 170nm - 2um 45mm
II/FS42-47 FUSED SILICA 42 & 47 kHz 170nm - 2.6um 1.6um - 2.6um 23mm
I/FS50-60 FUSED SILICA 50 & 60 kHz 170nm - 2.6um 170nm - 2um 16mm
|/FS47-50 FUSED SILICA 47 & 50 kHz 170nm - 2.6um 170nm - 2um 16mm
J,=0

2 Aperture with =90% average efficiency (diameter), as per B. Wang “Useful Aperture” Hinds Instruments
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— I, Meaning the right circular polarization preference. Any light

polarization can be characterized by using these four parameters.

Astronomical Polarimetry

One of the first uses of the photoelastic modulator (PEM) was
astronomical polarimetry. Dr. James Kemp, late Professor of
Physics at the University of Oregon, used PEMs to study the
polarization of light from nearby stars and features on the sun,
such as sunspots. The four Stokes parameters (I, Q, U, V) give a
complete description of the polarization state of an astronomical
object. Dr. Kemp was able to measure degree of polarization down
to 10°.

PEM-based polarimeters typically use a ll/FS42-47 PEM system.
Detection of the two linear components is made at 2f, and 2f, while
the circular component is detected at 1f, or 1f,.

Tokamak

Hinds Instruments manufactures a dual PEM system specifically
designed for Motional Stark Effect (MSE) diagnostic polarimeters
associated with tokamaks. Two octagonal optical element/
transducer assemblies, one operating at 20 kHz and the other

at 23 kHz, are mounted in a single optical head enclosure. The
retardation axes of the two assemblies are at 45 degrees with
respect to each other, as required for a PEM-based Stokes
polarimeter.

FIGURE 3. DUAL PEM MODEL II/FS20-23
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Optical head enclosures are made either from aluminum or from a
non-conductive plastic material (e.g. Delrin). This material eliminates
eddy currents and strong forces occurring in conductive materials

in rapidly changing strong magnetic fields. The head enclosure

is made like a clam-shell, with one optical assembly mounted in
each half. The two optical elements are separated by only 10 mm.
This and the large aperture (100 mm) allow use of a wide range of
sighting angles through the PEM optical head.

Dual PEM systems are in use in these tokamaks: TFTR in Princeton,
NJ, DIII-D in San Diego, CA, JT-60 in Naka, Japan, JET Joint
Undertaking in Abingdon, UK, the Institute for Plasma Research in
Gandhinagar, India, and ASDEX Upgrade in Garching, Germany.
For more information on this application, please see Hinds
Instruments PEM Newsletter #11. A picture of this PEM system can
be seen in Figure 3 .

Dual PEM systems provide the capability to make real time
polarization analysis measurements. These systems are available
in a wide variety of materials and configurations to support many
diverse applications. A Hinds sales engineer or application scientist
will be glad to explain in more detail any of these options. Please
contact us with any questions or comments that you may have.

REFERENCES

1. Kemp, James C. Polarized Light and its Interaction witih
Modulating Devices : A Methodology Review, Hinds International,
Inc., January 1987.

2. Kliger, Lewis and Randall. Polarized Light in Optics and
Spectroscopy, Academic Press, 1990.

Technology for Polarization Measurement 3




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


