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Abstract 
We adopted straightness measurement using a level for 

evaluating vertical aligning straightness of the alignment 
base plates for the 600-m-long KEK electron/positron 
injector linac (KEK injector). It measures tangential 
angles of the aligning straightness and obtains the 
straightness by integrating the angles without affected by 
any straightness references. 

Here, straight bar was put on between each center of 
the neighboring base plates and slope angles of the bar 
were measured sequentially by a level on it. A pair of 
contact feet was adopted under both ends of the bar for 
preventing plate distortions from affecting the 
measurements. Offsets and drifts of the angle 
measurement system were eliminated or reduced by 
reversal measurement. 

 As a result, aligning straightness with the average 
standard deviation () of 26 m for 71-m-long part of 
the KEK injector could be obtained. It was compared 
with the measurements by a telescope and our 
developing laser based alignment system. They agreed 
well with each other and it shows that they are fairly 
reliable. 

 Error estimation based on our error propagating 
model shows that straightness measurement with 
reproducibility (2) of 0.6 mm for a distance of 500 m, 
and that of better than 1 mm for a distance of 10 km can 
be achieved with this method. They are sufficient for 
aligning the KEK injector and expected for aligning 
linacs considered in the ILC project, respectively. 

INTRODUCTION 
 The KEK injector[1] having two straight sections, 

125-m-long and 483-m-long (figure 1) is expected to be 
aligned with its straightness (lateral aligning accuracies 

against its ideal beam line) of better than 1 mm for 
coming upgrade, while two linacs with length of over 10 
km considered in the International Linear Collider (ILC) 
project[2] are expected to be aligned with its straightness 
of better than 1 mm for distances from several 100-m to 
several km. 

On the other hand, straightness measurement by using 
a level has been applied for precise alignments from 
ancient. This method is considered to have advantages 
for long distance measurements, being hardly affected by 
straightness references. 

We have studied to apply this method for evaluating 
aligning straightness of large particle accelerators highly 
precisely. [3], [4] 

STRAIGHTNESS MEASUREMENT 
 Schematics of the straightness measurement using a 

level are shown in figure 2. Slope angles of each 
measurement points are obtained by a level. Straightness 
(profile) is derived by integrating the measured angles 
without affected by scanning error or error in straightness 

 

Figure 2: Straightness measurement using a level. 

Figure 1: Top view of the underground section of the KEK electron/positron injector linac in the accelerator 
tunnel. Two cross sections “p-p” and “q-q” are connected and form a 483-m-long straight section. 



reference: e(xi). The straightness fm(xn) at position xn is 
derived as 
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where h1, s, (xi) are arbitrarily defined straightness of 
the start point: x1, measurement interval, and slope angle 
at each measurement point xi. 

The KEK injector consists of accelerator units 
expressed in figure 3. Accelerator components are 
typically mounted on alignment base plates. The plates 
are considered as vertical position references. They are 
constructed on a 9-m-long steel pipe girder. 

We evaluated vertical aligning straightness of the base 
plates. The slope angles between the neighboring base 
plates were measured sequentially using a precise 
electronic level system, Talyvel 4 (Taylor-Hobson), 
having measurement range of +/-3 mrad and resolution 
of 0.5 rad. 

The level was put on a straight bar on between each 
center of the base plate as shown in figure 4. This is for 
ensuring continuity of aligning straightness between the 
discretely-aligned base plates. We used 3 kinds of 
straight bars, considering intervals of each plates. Two of 
them were 25-mm-high and 50-mm-wide aluminum 
rectangular-pipes with the pipe-thickness of 3 mm. They 
are 1998 mm and 2306 mm long, respectively. The other 
was a 25-mm-high, and 50-mm-wide aluminum solid-bar 
with the length of 1640 mm. 

We used two pairs of contact feet under both ends of 
the straight bars. The one is a pair of machined 
aluminum blocks with contact area of 50×160 mm and 
height of 50 mm. The other is a pair of optical parallels 
with contact area of 50×50 mm, thickness of 2 mm and 
flatness of better than 633 nm. The former was used with 
the solid bar and the latter was used with the pipe bars. 
They are for preventing plate distortions affecting the 
measurements and for avoiding obstacles in 
measurement. 

We eliminated offsets of the angle measurement 
system by reversal measurement shown in figure 5. 
Slope angle to be detected: r is obtained without 
affected by the offset: 0 as 
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where m and n expresses the measured angle for before 
and after the reversal measurement. They are expressed 
as m=r+0 and n=-r+0, respectively.  The offset 0 is 
delived as 
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Figure 6 (a) shows slope angles: r and offsets: 0 

obtained for between the 38 base plates in the 71-m-long 
part of the KEK injector. They are averages for the four 
times of repeat measurements during successive three 
days. Here the average measurement interval: s was 1.9 
m. It took 2 to 4 hours for each measurement. The 
magnitudes of the offsets 0 are comparable to those of 
the slope angles r. It expresses that the offsets must be 
eliminated and that the reversal measurement is effective 
to eliminate the offsets. 

 Figure 6 (b) shows their standard deviations. The 
standard deviations of the slope angles r are smaller 
than those of the offsets 0. It expresses that the long 
time fluctuations of the offsets (drifts) are effectively 
reduced by each reversal measurement. 

The aligning straightness of the base plates is shown in 
figure 7 (a). It is expressed with the measurements by a 
telescope and our developing laser based alignment 
system for comparison. [5], [6] They agree well with 
each other and it shows they are fairly reliable. Figure 7 
(b) expresses standard deviations for the 4 times of 

 

Figure 3: Side view of the typical accelerator unit. 

 

Figure 4: Straightness measurement using a level with 
straight bars and pairs of contact feet. 

Figure 5: Reversal measurement for the angle 
measurement system consists of a level, a 
straight bar and a pair of contact feet. 



repeat measurements. They have average of 26 m and 
maximum of 49 m, respectively.  
 

 

ERROR ESTIMATION 
Assuming that error in each (xi) for the equation (1) 

is random and that it propagates to the error in the 
derived straightness fm(xn) as the error propagating rules, 
error in the derived straightness p can be estimated as 
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where s, l, ma expresses the measurement interval, the 
measurement distance and the error in each slope angle 
(xi). 

Estimated errors for two measurement intervals, s=1.9 
m (open circles) and 20 cm (triangles) are shown in 
figure 8. Here, 1.9 m is the average measurement interval 
in our measurements. They are the two standard 
deviations (2) obtained by using equation (4) with 
ma=9 rad, that is the average standard deviation in our 
measurements. 

The achieved (filled circles) are better than the 
estimated one (s=1.9 m). The reason has not yet 
resolved; however, the tendency that achieved one is 
better than estimated one is not a problem in practical 
usage. 

The error estimation shows that straightness 
evaluation with the reproducibility (2) of 0.6 mm for 
the distance of 500 m, which is sufficient for aligning the 
KEK injector, can be achieved, using the measurement 
interval s of 1.9 m. Moreover, it shows that straightness 
evaluation with the reproducibility (2) of better than 1 
mm for the distance of 10 km, which is expected for 
aligning the over 10-km-long linacs planned in the ILC 
project, can be achieved, using a measurement interval s 
of 20 cm.  
 

 

CONCLUSION 
We adopted straightness measurement using a level for 

evaluating aligning straightness of the 600-m-long KEK 
injector.  

(a) 

(b) 
Figure 6 (a): Average of the slope angles: r and the 

offsets: 0 and (b): their standard deviations. 
They are for the four times of repeat 
measurements. 

(a) 

(b) 
Figure 7 (a): Average of the straightness obtained from 

the 4-times of measurements with results of a 
telescope and our developing laser based 
alignment system. (b): standard deviations of 
the derived straightness for the 4-times of 
measurements. 

Figure 8: Accuracy in straightness as a function of the 
measurement distance. 



Reversal measurements are effective for eliminating 
offset and reducing drift of our angle measurement 
system. 

Straightness measurement with the average standard 
deviation () of 26 m for 71-m-long part of the KEK 
injector was demonstrated. The straightness agreed well 
with the measurements by a telescope and our 
developing laser based alignment system and it shows 
that they are fairly reliable. 

Error estimation shows that straightness evaluations 
for aligning both the KEK injector (0.6 mm-2 for 500 
m) and linacs planned in the ILC project (better than 1 
mm-2 for 10 km) can be achieved with this method. 

ACKNOWLEDGEMENTS 
Authors thank Yukinori Kobayashi and members of 

the Accelerator Division 7 in Accelerator Laboratory in 
KEK and Masahiro Katoh of Institute of Molecular 
Science for providing us Talyvel 4. Authors also thank 
Yohsuke Iino, Kunihiko Sakai and members of Toyama 
co., ltd. and Mitsubishi electric system & service co., ltd. 
for providing us measurements by a telescope and 
supporting our studies. 
 

REFERENCES 
[1] I. Abe, et al., “The KEKB injector linac”, Nucl. 

Instr. and Meth. A 499, (2003) 167. 
[2] http://www.linearcollider.org/ 
[3]   T. Kume et al., "Straightness alignment of linac by 

detecting slope angle,“ IPAC10, Kyoto, 
WEPEB055. 

[4] T. Kume et al., "Long distance straightness 
measurement using a level, “ ISMQC 2010, Osaka, 
F6. 

[5] M. Satoh et al., "Experiments on laser-based 
alignment at the KEKB injector linac,“ IPAC10, 
Kyoto, WEPEB056.  

[6]  T. Suwada et al., "New laser-based alignment system 
for the 500-m-long KEK electron/positron injector 
linac",  IPAC10, Kyoto, WEPEB057. 



<<
  /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


