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Abstract 
Beam-based alignment and feedback systems are essen-

tial for the operation of the Free Electron Lasers (FELs). 
Cavity BPMs having the advantage of high position reso-
lution are widely used in the field of accelerators. System-
atically analyze the impact of the key parameters of each 
subsystem on the performance of the whole system, so that 
the key technical indicators of each subsystem can achieve 
the optimal and balanced allocation, is the primary issue to 
be considered when designing a CBPM system. In this pa-
per, the relationship between the relative amplitude extrac-
tion uncertainty of the CBPM system and the key parame-
ters of each subsystem is proposed based on theoretical 
analysis. And this method has also been applied in the de-
velopment of the CBPM system for the Shanghai High rep-
etition rate X-ray Free Electron Laser and Extreme Light 
facility (SHINE). Based on the beam test bench in the 
Shanghai Soft X-ray FEL facility (SXFEL), the position 
measurement uncertainty of the CBPM system can reach 
40 nm at the bunch charge of 100 pC, which is consistent 
with the theoretical analysis results and better than the re-
quirements of the SHINE. 

INTRODUCTION 
Cavity BPM (CBPM) adopting a resonant cavity struc-

ture and using the characteristic modes excited by the elec-
tron beam to measure the beam parameters, has the ad-
vantage of high resolution and is widely used in FEL facil-
ities and Linear Colliders. A typical CBPM system is com-
posed of a cavity pickup, a radio frequency (RF) signal 
conditioning front end, and a data acquisition and pro-
cessing electronic. This is mainly limited by the Effective 
number of bits (ENOB), sampling rate, analog bandwidth 
of the Analog-to-Digital Converter (ADC), it is difficult to 
directly sample the high-frequency signal output by the 
cavity pickup. And the factors that affect system perfor-
mance mainly include the signal-to-noise ratio (SNR) of 
the cavity pickup, crosstalk between different modes, beam 
trajectory with a finite angle, noise figure of RF front-end, 
performance of ADC and digital signal processing algo-
rithms. Various institutes have completed the research and 
development of the CBPM systems after years of research 
and experience accumulation, and got good results. But 
there is no clear guiding formula so far for the design or 
optimization of the system, how to systematically analyze 
the impact of the key parameters of each subsystem on the 

performance of the whole system, and how to achieve the 
optimal and balanced allocation of the key technical indi-
cators of each subsystem. 

In response to these issues, in this paper, based on theo-
retical analysis, the guidance formula about the impacts of 
key parameters of each subsystem on relative amplitude 
extraction uncertainty of the CBPM system is discussed. 
And this method applied in the research and development 
of the CBPM prototype of the SHINE is also introduced[1]. 

THEORETICAL ANALYSIS 
By following the analysis as given in the Reference [2], 

the relationship between the amplitude extraction uncer-
tainty (Rs) and the relative noise-to-signal ratio (σ), sam-
pling rate of data acquisition and processing system (Fs), 
and the decay time of the cavity pickup (τ) can be obtained, 
expressed by: 
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Taking into account the typical structure of the CBPM 
system, the σ of the whole system can be expanded, the 
Eq. (1) can be expressed in detail by: 
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Among them, parameters related to the cavity pickup are 

the decay time (τ), the amplitude of RF signal output by the 
cavity pickup (ARF) and the thermal noise amplitude at the 
output of the cavity pickup (NRF). The gain factor (GRFFE) 
and the noise figure (NF) represent the characteristic pa-
rameters of the RF front-end. Correspondingly, the sam-
pling period (Ts = 1/Fs) and equivalent noise amplitude 
(NADC) of ADC express the characteristic parameters of the 
data acquisition system. 

Although each subsystem in Eq. (2) contains two param-
eters, they are related to each other in theory, so independ-
ent variables can be reduced. For a certain cavity pickup, if 
the resonant frequency (w) of the cavity pickup and the 
bunch parameters such as bunch charge (q), bunch length 
(𝜎௭) and beam offset (𝜌), the ARF of TM110 mode and TM010 
mode only related to the cavity length (L) and the decay 
time (τ). Therefore, once the cavity length is further deter-
mined, the relationship between ARF and τ is fixed and the 
number of independent variables can be reduced.  

For the ADC parameters, NADC and Fs, there is no clear 
theoretical quantitative formula between them. Therefore, 
by investigating the parameters of the commercial main-
stream ADCs, it is found that there is a relatively close re-
lationship between the ENOB and Fs of the ADC (10 ~ 
100MHz input), as shown in Fig. 1. 
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Figure 1: The relationship between the sampling rate and 
ENOB of commercial mainstream ADCs. 
 

Therefore, the relationship between Fs and ENOB can be 
approximately expressed as 

                   1 1SF k ENOB b= − ⋅ +
.            （3） 

And the relationship between ENOB and the signal to 
noise ratio (SNR) of ADC is expressed as  

                        
1.76 .

6.02
SNRENOB −=

                  （4） 
The SNR of the ADC is simply defined as the rms value 

of the full scale (Vfull) and the noise floor of the ADC. Sub-
stituting Eq. (4) into Eq. (3), then the Eq. (5) can be ex-
pressed as 

   𝐹௦ = −3.322𝑘ଵ ⋅ 𝑙𝑔( ௏೑ೠ೗೗ேಲವ಴) + 0.2924𝑘ଵ + 𝑏ଵ. （5） 
Then the relationship between NADC and Ts can be sim-

plified to Eq. (6). 𝑁஺஽஼ = 𝑉௙௨௟௟ ⋅ 10 భ೅ೞషబ.మవమరೖభష್భయ.యమమೖభ .        （6） 
The unit of Ts is second, and the NADC is Volt, k1 and b1 

can be obtained by linear fitting in Fig. 1. 
Therefore, the multiple variables in Eq. (2) can be sim-

plified into three independent variables related to cavity 
pickup, RF front-end, and ADC. In next chapter, the quan-
titative relationship between the relative amplitude extrac-
tion uncertainty and the key parameters of each subsystem 
based on the guidance formula will be introduced in the 
design of the CBPM system for SHINE. 

APPLICATION IN THE DESIGN OF THE 
CBPM PROTOTYPE FOR SHINE 

The Shanghai high repetition rate XFEL and extreme 
light facility (SHINE) is the first hard X-ray FEL facility 
under construction in China, which is a quasi-continuous 
wave hard X-ray free electron laser facility. It will utilize a 
photocathode electron gun combined with the supercon-
ducting Linac to accelerate electron beams to 8 GeV with 
maximum repetition rates of 1 MHz. In order to ensure that 
the degradation of the FEL radiation power is less than 5%, 
the requirement for the transverse position resolution of the 
BPMs in the undulator section has to be better than 200 nm 
for a single bunch of 100 pC at the dynamic range of ±
100 μm. 

The CBPM prototype for SHINE is to be installed in the 
SXFEL facility for test, considering the beam pipe diame-
ter of 16mm and the limitation of the installation space, the 
resonant frequency of the cavity pickup is set at the C-

band. On the other hand, the machine reference clock of 
SXFEL is 2856MHz, the resonant frequency of the cavity 
is selected at about 5771.5 MHz, so the IF is determined to 
be about 59.5 MHz. The numerical simulation is carried 
out according to Eq. (2), the relationship between the meas-
urement uncertainty and the position cavity parameters of 
decay time (τ) and cavity length (L) is obtained, as shown 
in Fig. 2. 

  
Figures 2: Simulation results between measurement un-

certainty and the parameters of the position cavity. 
As for the reference cavity, TM010 is the main mode, 

and the coupled signal amplitude is very large, which is 
not the main factor limiting the system performance (if 
the amplitude is too large, additional attenuators will be 
added), as shown in Fig.3. 

 
Figure 3: Simulation results between relative measure-

ment uncertainty and the parameters of the reference cav-
ity. 

The theoretically designed parameters of the cavity BPM 
are summarized in Table 1. 

Table 1: Theoretically designed parameters of CBPM 
Parameters POS cavity REF cavity 

Resonant frequency 
/ MHz 

5771.5 5771.5 

Cavity radius / mm 31.7 19.9 

Cavity length / mm 8.5 5 

Decay time / ns 200 200 

Bandwidth / MHz 1.59 1.59 

Loaded Q 3626 3626 

Normalized shunt 
impedance 

0.7@1mm 90 

Sensitivity /V/nC 1.29 @1mm 9.27 

The three-dimensional structure of the cavity BPM 
pickup as shown in Fig. 3, and the cold test result is listed 
in Table 2. 
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Figure 3: Three-dimensional structure of the cavity BPM 
pickup. 
 

Table 2: Cold test results of the cavity BPM. 
Parameters POS cavity REF cavity 

Frequency / MHz 5775 / 5770 5769 
Bandwidth / MHz 1.67 / 1.52 1.54 
Crosstalk between 
POS and REF cavity 

-95 dB  

And the layout of the main functional modules and the 
picture of the RF front-end are shown in Fig. 4. 

 
Figure 4: The layout of the main functional modules and 
the picture of the RF front-end. 

PERFORMANCE EVALUATION AT 
SXFEL 

Derived from the theoretical analysis and development 
of the key equipment, the beam test bench was built at the 
end of the main accelerator of the SXFEL user facility. 
Since the peak-to-peak beam jitter of the SXFEL is about 
100μm (the designed peak-to-peak beam jitter is better than 
10μm for SHINE), the X-Y crosstalk will have a great im-
pact on the evaluation of the system performance. There-
fore, in order to verify the correctness of the optimized de-
sign method and evaluate the performance of the cavity 
BPM prototype, an evaluation method of dividing the 
power of the X-direction dipole mode signal to construct 
two equivalent RF signals is adopted. The diagram of the 
beam test bench is shown in Fig. 5. 

 
Figure 5: The diagram of the beam test bench. 

The drive laser of SXFEL was adjusted to make the 
bunch charge close to 100 pC, and adjust the system dy-
namic range of ±100μm, the position conversion factor was 
shown in Fig. 6. After position convert factor is calibrated, 
move the cavity to make the beam pass through close to the 
cavity center and then fix the motors, based on the evalua-
tion method of divided power for correlation analysis, the 
beam experiment results show that the position measure-
ment uncertainty can reach 40 nm at the bunch charge of 
100pC, which is better than the 200nm required for SHINE, 
the residual distribution as shown in Fig. 7. 

 

 
Figure 6: The position conversion factor of the CBPM 
system. 

 
Figure 7: Residual distribution of the system based on the 
evaluation method of divided power. 

CONCLUSION 
This research proposes an optimized design method for 

cavity BPM system based on the relationship between the 
relative amplitude extraction uncertainty of the system and 
the key parameters of each subsystem. The cavity BPM 
prototype for SHINE was developed by this method, and 
the beam test was performed in SXFEL. The experimental 
results are consistent with the theoretical analysis results, 
which verify the superiority and practicability of the design 
method and is expected to be used in the engineering ap-
plication of the CBPM system for SHINE. 

REFERENCES 
 [1] J. Chen et al., “Study of the optimal amplitude extraction al-

gorithm for cavity BPM”, Nucl. Instrum. Methods Phys. Res., 
Sect. A, vol. 1012, p. 165627, 2021.  
doi:10.1016/j.nima.2021.165627 

[2] J. Chen et al., “Optimized design method study for Cavity 
BPM System”, Nucl. Instrum. Methods Phys. Res., Sect. A, 
vol. 1044, p. 167509, 2022.  
doi:10.1016/j.nima.2022.167509 

-0.1 -0.05 0 0.05

-0.5

0

0.5

1

Position offset (mm)

N
or

m
al

iz
ed

 a
m

pl
itu

de
 (a

.u
)

Kx = 0.094 mm / a.u

-0.2 -0.1 0 0.1 0.20

10

20

30

Residual (μm)

Co
un

ts

 

 

Measured
Gussian fitting

Bunch charge: 100pC
Dynamic range: ± 100μm
Meas. uncertainty: 40 nm



14th International Particle Accelerator Conference,Venice, Italy

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2023-THPL183

4878

MC6.T03: Beam Diagnostics and Instrumentation

THPL183

THPL: Thursday Poster Session: THPL

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



<<
  /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 1.5
  /CompressObjects /All
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /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 /Remove
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /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 ()
  /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 false
      /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 [595.000 791.000]
>> setpagedevice


