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A material with linear birefringence has different refractive 

indices for (orthogonal) linear polarized light beams passing 

through it.  Birefringence is an intrinsic material property.  

The integrated effect along a light path passing through a 

bulk sample is called retardation or retardance.

Figure 1 depicts a birefringent sample with the retardation 

axes marked as x and y for a light beam normal to the 

sample surface.

The two refractive indices are designated as nx and ny.  If nx 

< ny then the x axis is called the “fast axis” and the y axis is 

called the “slow axis” of the sample.  The retardation of the 

sample therefore must be described by two parameters: a 

magnitude and a direction.  The orientation of the fast axis is 

generally used to describe the direction of the retardation.

The magnitude of the retardation (in units of length) is given 

by

 R(nanometers) = (ny - nx )d(nanometers) (1)

where d is the thickness of the sample.  For many uses in 

optics, the retardation is required as a phase angle, related 

to the light wavelength.  Conversion to phase angle may be 

made by Equations 2 and 3.

    

                 (2)

  

or

     

    (3)

STRESS BIREFRINGENCE

Isotropic materials such as glass do not exhibit birefringence 

unless the material is subjected to stress.  The stress may 

be externally induced or it may be internal stress, induced 

in the manufacture of the material sample.  The photoelastic 

modulator (PEM) offers a very sensitive method of measuring 

low levels of retardation arising from stress in an optical 

material sample.

MEASURING RETARDATION WITH A PEM

An optical bench setup that may be used for measuring the 

retardation of birefringent samples is shown in Figure 2.  Use 

of a vertical optical bench setup is recommended since the 

sample may be supported on a shelf with a hole for the light to 

pass through.

Use of a laser for the light source simplifi es the optical setup 

since no collimating and focusing lenses need be used.1 The 
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laser is followed by a polarizer oriented at +45° with respect 

to the PEM retardation axis.  The PEM retardation axis 

defi nes 0° for the coordinate system of the setup.  

The modulated light passes through the sample to a second 

polarizer, then to a detector.  The detector output is split with 

one branch going to a lock-in amplifi er for detection of the 

2f AC signal and the other branch going to a DC voltmeter.  

Use of a low-pass fi lter before the voltmeter is advisable.  A 

Hinds signal conditioning unit will provide low-pass fi ltering 

and amplifi cation of the DC signal.

Two different orientations of the second polarizer are 

indicated: at –45° (Setup I) and at 0° (Setup II).  For setup 

I the retardation component at 0° (and 90°) is measured.  

(Reference 1)  For setup II the retardation component at 

+45° (and -45°) is measured.  (Reference 2)

For optimum performance the PEM retardation should be set 

to R = 0.383 waves = 2.405 radians.  For this retardation 

setting the “average” or DC voltage is constant, independent 

of the orientation of the second polarizer, the sample 

orientation and the sample retardation.

Two signals are detected: 1) a lock-in amplifi er detects the 

rms voltage V1f of the detector signal at the PEM frequency 

1f and 2) a digital voltmeter or other device records the 

average voltage or VDC of the signal.  It is convenient to 

form the ratio of V1f to VDC.  (Equation 2)  The quantity R 

is insensitive to fl uctuations in the light source intensity, 

changes in optical transmission, etc.    

       

         

                    (4)

The optical setups may be analyzed by using the Mueller 

calculus.  The signal amplitudes given in these analyses 

are in terms of peak voltages or voltage amplitudes.  Thus 

a correction factor of √2 will appear to convert from one 

quantity to another.  PEM theory shows that

  

                  (5)

Where  is the sample retardation in angle units (e.g. radians), 

J1(A) is a Bessel function of the PEM retardation A and R1f is 

the ratio of the 1f signal amplitude measured by the lock-in 

amplifi er and the average voltage (VDC).  Equation 5 is valid for 

both setup I and setup II.

Therefore 

      (6)  

or        

                                                                         

      (7)

DETERMINING RETARDATION MAGNITUDE AND FAST 

AXIS ORIENTATION

There are two methods of determining retardation magnitude 

and fast axis orientation.

1. Mount the sample on a rotation stage.  Rotate the sample 

until the ratio R1f is a maximum.  The retardation.magnitude 

is given by equation 7.  The fast axis of the sample is 

parallel to the PEM retardation axis.

2. With the sample in a fi xed orientation

 a. Measure the retardation using setup 1 (second polarizer 

at -45°) Call the retardation for this measurement 1.

 b. Rotate the second polarizer to 0°.  (Setup II)  Measure 

the retardation and call the result II.

 c. Calculate the magnitude of the retardation from  

  

                   (8)

 d. Calculate the fast axis angle from

        

      (9)

R1f =
  V1f

 VDC

2R1f = 2J1(A)sin

sin  =
    R1f

             2J1(A)

 = sin-¹[    R1f
2J1(A) ]

I
2 + II

2

 =
 1  

tan-¹ II

       2           I
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ADVANCED TECHNIQUES

Hinds Exicor® systems are designed for rapid measurement of 

retardation magnitude and fast axis direction.  They utilized a 

beam-splitting mirror and two polarizer/detector assemblies, 

one for Setup I and one for Setup II.  (Reference 3)

Equations 6 and 7 work well for small values of the retardation 

 (e.g.  << π/2).  For retardation  ≈ π/2 radians = /4 

waves the accuracy becomes poor.  Reference 4 gives 

techniques for measurements in these cases.
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© 2000, 2019 Hinds Instruments, Inc. All rights reserved. Printed in USA

www.hindsinstruments.com

REFERENCES

1. Oakberg, Measurement of low-level strain birefringence 

in optical elements using a photoelastic modulator, SPIE 

Proceedings 2873, pp 17-20, June 1996.

2. Wang, An improved method for measuring low-level 

birefringence in optical materials, SPIE Proceedings 3424, pp 

120-124, July 1998.

3. Wang and Oakberg, A new instrument for measuring both 

the magnitude and angle of low level linear birefringence, 

RevSciInstr 70, 10 pp 3847-3854, October 1999.

4. Oakberg, Measurement of waveplate retardation using a 

photoelastic modulator, SPIE Proceedings 3121, pp 19-22, 

July 1997.

Exicor 300AT



<<
  /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


