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Principle of Pepper-pot device
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Charged particles

𝐿

𝑎 The rms spot size on the screen 𝜎 is given by

𝜎 𝑎12 𝜀𝛾𝐿 ,
where 𝜀 denotes the emittance and 𝛾 is the Twiss 
parameter.  The factor 1/ 12 comes from considering 
the rms of the flattop distribution created by the slit 
projection.

𝑥
𝜎 𝐿𝑎12

𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝜎Mask
Screen

High resolution → Small hole → Low intensity
↓

Limited resolu on ← Noise ← Micro-Channel Plate



Design considerations and issues
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Mask manufacturing
(Laser, Etching,…)

Noise subtraction
(Floor cut, + extrapolation 
sophisticated filters, …)

Design recipe
(hole size, distance,…)



Design considerations
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• Resolution calculation with hole size 
inaccuracyΔ𝜀 2Δ𝑎𝛾𝐿 2𝜎 𝜕𝜎𝜕𝑎 2𝑎12
• hole size inaccuracy Δ𝑎 (?)
• hole diameter 𝑎 (60~150𝜇𝑚)
• MCP-to-mask distance 𝐿 (40~150 𝑚𝑚)
• 𝛾 are the Twiss parameters

• For our beamline, the installation space 
is limited (less than 10 cm total)
• LEBT emittance: ~ 30 nm-rad

with 𝜟𝒂 𝟏𝟎 𝝁𝒎



Mask production
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Stainless steel
80 μmT

Phosphor bronze
50 μmT𝑎 𝟓𝟖𝝁𝒎Small and irregular holes Large diameter but clean

Controllable by 
Manufacturing procedure

𝑎 𝟏𝟓𝟎𝝁𝒎

Requirements
Diameter: less than 90𝜇𝑚
Mask size: 8.5 𝑐𝑚 8.5 𝑐𝑚
# of holes: 25 x 25 – 1 (*at center)

Laser-cutting        Photolithography

Laser-cutting Lithography



Mask production
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Scanning Electron Microscope 
- 5 cm x 5 cm sample



Background + noise subtraction
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ALGORITHM WORK-FLOW
For the spectrum analysis

1. find the lowest peak
2. Pick a sample point for fitting

around hilltop
3. make a curve fit
→ get std. deviation

4. subtract the threshold (~ 2.5σ)
5. Apply median filter (with a kernel of 5 pixels)

After Med.Filter
After B/G Cut

Original Image

BG noise cut and median 
filter affect the real signal



Background + noise subtraction
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ALGORITHM WORK-FLOW
For the spectrum analysis

1. find the lowest peak
2. Pick a sample point for fitting

around hilltop
3. make a curve fit
→ get std. deviation

4. subtract the threshold (~ 2.5σ)
5. Apply median filter (with a kernel of 5 pixels)

After Med.Filter
After B/G Cut

Original Image

BG noise cut and median 
filter affect the real signal

T. Yorita, et. al., Rev. Sci. Instr. 87, 02B928 (2016).



Algorithm test with virtual image
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• MC-GEN – MonteCarlo event generator
Gaussian Twiss beam Gen.
* Misalignment error + Dist. error

• SIM-DIGI – Transform and Digitization
Convert to a bitmap image

* MCP and CCD resolution-related error

• RECO – Reconstruction toolkit
• Mc level : comparing RECO to MC, Def. error bars
• RECO level : making production GUI console

intensity level of each pixel

Gaussian beam distribution model
applying Twiss parameters



Cluster removal algorithm
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Cluster removal algorithm
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G. Hahn, J.-G Hwang, et. al., IEEE Tras. Instr. and Mea. 70, 5015507 (2021).

The additional background cut (1.0𝜎) is necessary and the level was investigated to minimize the 

mismatching factor (𝑀 𝑅 𝑅 4/2 1) and emittance misreading 𝐷 𝜀 𝜀 /𝜀 . 



Perspective correction
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real size pixel size
must be matched

real center fake centerCenter Correction

Rotate Correction

Ideal optics



Control system
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To save budget,
Handmade Circuit 
was used 
instead of PLC



Beam experiments
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Tested at NFRI



4D emittance calculation
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RMS emittance

Statistical Twiss parameter

71.87 𝜋 mm mrad                49.21 𝜋 mm mrad



Summary
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The pepper-pot instrument is widely used at low-energy beams since it is capable
of a single-shot measurement of 4D emittance + coupling terms.

For gauging a beam emittance accurately, pepper-pot diagnostics have to be
carefully designed in terms of
• Precise mask production (lithography + SEM)
• Noise subtraction algorithm (cluster removal)
• Rotation correction (perspective correction)

In this study, we validated the mask fabrication process by SEM and the
effectiveness of the cluster removal algorithm by virtual images as well as beam
experiments. Contrary to other filters, the cluster removal algorithm is able to
suppress noise without distortion on the signal.

Thank you for your attention



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /All
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 40
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 40
  >>
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 40
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 40
  >>
  /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 true
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENG ()
    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)
  >>
  /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 /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /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 false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [540.000 960.000]
>> setpagedevice


