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Abstract: 

  X-ray magnetic circular dichroism (XMCD) is a useful tool to investigate 
magnetic properties because of an element specificity, electronic shell selectivity 
and angular-momentum sensitivity. In particular, unnecessary ultrahigh-vacuum 
in hard X-ray region is effective to measure the XMCD under multiple extreme 
conditions such as high-magnetic field, extreme low temperature, and high 
pressure. To measure XMCD spectra with high accuracy, a helicity-modulation 
technique has been developed at BL39XU. Although BL39XU is a hard X-ray 
beamline with horizontally linear polarization, circularly polarized X-rays are 
generated by using the diamond X-ray phase retarder (XPR). The helicities are 
alternated by changing the offset angle of the XPR.  
  For high-accuracy XMCD measurement, it is necessary to optimize the tuning 
of the relation among the undulator, monochromator, and XPR precisely; that is, 
the undulator gap and the XPR condition must be adjusted according to the X-ray 
energy. On the other hand, the helicity-modulation technique requires a 
combination of fast switching of the helicity and a phase-sensitive (lock-in) 
detection system. This technique provides a dichroic signal of less than 0.01% and 
with a good signal-to-noise ratio. Therefore, extremely high-quality XMCD 
spectra are obtained in a short acquisition time.  
  In order to understand polarization control using XPR and the basis of the 
helicity-modulation method, the following steps are performed in this study. 
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1. Synchronous control of undulator gap, monochromator, and XPR 
a) Undulator spectrum measurement by varying the gap value 
b) Polarization measurement using a simple polarimeter 

2. X-ray magnetic circular dichroism (XMCD) measurement: comparison of 
helicity-modulation, helicity-reversal, and magnetic field-reversal methods 

3. Element-specific hysteresis measurement using XMCD (optional) 
 

  Optimization of the beamline optics is achieved in step 1. The effectiveness of 
the helicity-modulation technique is established in step 2. Step 3 will illustrate the 
advantages of XMCD measurement using XPR. 

 
 
 
 
 
 
 
 
 
 
 
 
Time Table: 

09:00 – 11:30  Controlling the undulator source and beamline optics including 
X-ray phase retarder 

11:30 – 13:00  Lunch 
13:00 – 14:50  X-ray magnetic circular dichroism measurement (I) 
14:50 – 15:10  Rest 
15:10 – 17:00  X-ray magnetic circular dichroism measurement (II) 
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Beamline: 
  BL39XU is a hard X-ray beamline covering X-ray energy of 5 – 37 keV.[1,2]  Main 
optical components consist of the undulator, double-crystal monochromator, 
X-ray phase retarder, and higher-harmonics reduction mirror. Layout of the 
components of BL39XU is shown in figure 1.  
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Figure 1. Layout of the optical components of BL39XU. 
 
 
 
 
 
 

Undulator: 
  The light source of BL39XU is an in-vacuum undulator.[3] This undulator 
provides with extremely high-brilliance X-rays linearly polarized in the 
horizontal plane. The small X-ray source size and low divergence is perfectly 
compatible with X-ray diffractive phase retarder [4] for handling the polarization 
states. Table 1 summarizes the parameters of the undulator. 
 

Table 1. BL39XU undulator source parameters. 
Total length /Period /Number of period 4.5 m /32 mm /140 

Minimum gap /Kmax 8 mm /2.46 

Tunable energy range (1st, 3rd and 5th) 5 – 70 keV 

Peak brilliance 1.4 × 1020 photons/s/mrad2/mm2/0.1%b.w./100 mA

Total power /Power density 11 kW (K = 2.3) /470 kW/mrad2 

Polarization horizontal 
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 Let’s measure the undulator spectrum ! 
The undulator spectrum depends on the gap value (also, the K parameter). 

The energy of the maximum intensity (peak energy) is changeable by 
changing the gap value. Here, we investigate the relationship between the 
gap value G (mm) and peak energy E (keV).  
 

Gap value: G (mm) Peak energy: E (keV) 
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The relation of the peak energy E (keV) and the gap value G (mm) can be 

approximated by 

γβα +⎟
⎠
⎞

⎜
⎝
⎛ −= 1ln
E

G ,                          (1) 

where, α, β and γ are parameters dependent on the undulator property. We  
determine these parameters by a least-square fitting of our result. 

α =  
β =  
γ =  

In SPring-8 users are allowed to change the undulator gap anytime, 
without giving any influence of the stored electron beam (independent 
tuning of undulator). At BL39XU the undulator gap is tuned to follow the 
X-ray energy determined by the monochromator at each energy point while 
a spectral scan. As a result, very smooth incident X-ray (I0) spectrum is 
obtainable as if using a white source. This feature is important to record an 
EXAFS or XMCD spectrum in a wide energy range. 
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Put a graph of the undulator spectrum. 

 
 
 
 
 
 
 

Put a graph of the relation between G (mm) and E (keV). 
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X-ray phase retarder (XPR): 
The diamond X-ray phase retarder (XPR) provides us with a freedom of the 

X-ray polarization: the XPR is used to convert horizontal linear polarization of the 
source into either circular, vertical, or elliptical polarization.[4] At BL39XU a high 
rate of circular polarization of PC > 0.9 over 5 – 16 keV is achieved with the use of 
a synthetic diamond crystal of appropriate thickness.  
 
 

 Let’s change the X-ray polarization ! 
  Using the XPR, polarization states is controllable by changing the offset 
angle Δθ (crystal angle measured from the Bragg condition). The offset angle 
Δθ for circular (±π/2 retardation) or vertical polarization (±π retardation) 
depends on the X-ray energy (wavelength), thickness of the XPR crystal, and 
reflection plane; the phase retardation δ generated by an XPR is given by [4] 

tC B
hkl ⎥

⎦

⎤
⎢
⎣

⎡
Δ

⋅−=
θ

θλπδ 2sin
2

3

,                       (2) 

where, Chkl represents a constant related to a structure factor of hkl Bragg 
reflection, θB and t represent the Bragg angle and the path length of X-rays in 
the crystal, respectively. When δ = ±π/2 (±π) circularly (vertically) polarized 
X-rays are generated. 

X-ray polarization state can be determined using a simple polarimeter, 
which consists of Kapton scatter and two scintillation counters as shown in 
figure 2. When non-polarization component is negligible, the degree of 
linear polarization is determined by 

xy

xy
L II

II
P

+
−

= ,                          (3) 

where, Iy and Ix represent X-ray intensities scattered vertically and 
horizontally, respectively. In this case, PL = 1, 0, and -1 means horizontally 
linear, circularly, and vertically linear polarization, respectively.  
  Here, we measure PL at several X-ray energies using the simple 
polarimeter. Moreover, we determine the condition of generating circularly 
and vertically polarized X-rays by analyzing our result. 
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Thickness of a diamond XPR: t (mm) = 
E (keV) ΔθC (arcsec) ΔθV (arcsec) 
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Figure 2. Configuration of the simple polarimeter system. 

 
 
 

 
 
 
 
 
 
 

Put a graph of the result of XPR θ scan. 
 



- 8 - 

X-ray magnetic circular dichroism (XMCD): 
X-ray magnetic circular dichroism (XMCD) is defined by the difference 

between the X-ray absorption of a sample for right- and left-circularly polarized 
X-rays. XMCD is a powerful tool to study the electronic and magnetic states of the 
ferromagnetic materials.[5,6] In particular, its element-specific feature provides us 
with detailed information for the magnetic properties.[7]  
  The XMCD spectrometer consists of a magnet and X-ray detectors. The 
electromagnet and superconducting magnet are available at BL39XU. In XMCD 
measurement in the transmission mode, two ionization chambers are used before 
and after the sample to monitor the incident (I0) and transmitted (I) X-ray 
intensities. In the fluorescence mode, an Si drift detector (SDD) is usually used to 
monitor the fluorescence X-ray intensity from the sample, instead of the I 
ionization chamber. XMCD spectrum is obtained by measuring and subtracting 
the X-ray absorption intensities with switching the X-ray helicities at each energy 
point. 
 

 
Figure 3. The XMCD spectrometer using the electromagnet.  
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 Let’s measure the XMCD spectrum ! 
  Here, we measure an XMCD spectrum in pure Fe foil using a 
helicity-reversal (static) method. To avoid the demagnetizing effect, 
magnetic field is applied in-plane of the foil. XMCD spectrum is measured 
by the transmission-mode using two ionization chambers. 
 
 
Measurement condition 
   Applied magnetic field: H (T)= 
   Sample:  
   Sample thickness: t (μm) = 
   Gain of current amplifier: I0 @ 10   / I1 @ 10 
   Energy range: E (keV) =           ~ 
   Flipping times / Counting time:                  /         sec 

 
 
 
 
 
 
 

Put a graph of the XMCD spectrum measured by helicity-reversal method. 
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Helicity-modulation XMCD measurement: 
  To actualize XMCD measurement with high-accuracy, the helicity-modulation 
method [8] was developed. This technique allows a measurement of dichroic 
signals of the order of 0.01% with a good signal-to-noise ratio. Extremely 
high-quality XMCD spectra are obtainable in a short acquisition time. 
  The helicity-modulation technique requires a combination of fast switching of 
the X-ray helicity and a phase-sensitive (lock-in) detection system. Block diagram 
of the helicity-modulation technique is shown in figure 4. 
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Figure 4. Block diagram of the helicity-modulation technique. 
 
 

 Let’s experience the helicity-modulation technique ! 
  Here, we record an XMCD spectrum of the same Fe foil using the 
helicity-modulation method in the same condition of the helcity-reversal 
method. Then we compare the obtained spectra using the different methods, 
with respect to the statistic accuracy, signal-to-noise ratio, amd the 
acquisition time. 
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Measurement condition 
   Applied magnetic field: H (T)= 
   Sample:  
   Sample thickness: t (μm) = 
   Gain of current amplifier: I0 @ 10   / I1 @ 10 
   Energy range: E (keV) =           ~ 
   Modulation frequency: f (Hz) = 

Accumulation times: 
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Put a graph of the XMCD spectrum measured by helicity-modulation method. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


