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Abstract 
Beam arrival time is one of the key fundamental param-

eters for free-electron laser (FEL) facilities to ensure an ac-
curate synchronization between an electron bunch and a 
seeded laser. Thus, a high-performance beam arrival 
time/flight time measurement (BAM) system is indispen-
sable for an FEL facility. A cavity-based BAM system has 
already been established at the Shanghai Soft-X-ray FEL 
test facility three years ago. To further optimize the system 
performance, the impacts of the local oscillator, signal pro-
cessing window, and temperature around the electronic de-
vices were analyzed, and the related subsystems were up-
graded and optimized accordingly. Currently, the upgraded 
BAM system has been applied at the Shanghai Soft X-ray 
FEL user facility. This paper will focus on the analysis of 
the longitudinal beam instability, especially the instability 
caused by the beam energy jitter by both analytic calcula-
tion and beam test. The beam test results show the devia-
tion of beam flight time can reach 10 fs.  

INTRODUCTION 
Free electron laser, which can generate ultra-high bright-

ness X-ray are working horses for X-ray science research 
over the world. In recent decades, FELs have developed 
rapidly worldwide. The development of FEL related key 
technologies is vitally important and urgent for these facil-
ities. As FEL radiation depends on the interaction between 
the electron bunch and the seed laser, a real-time high-res-
olution beam arrival time measurement system is particu-
larly important to monitor the longitudinal position of the 
electron bunch. A cavity-based beam arrival time measure-
ment system was firstly developed few years ago and is still 
under optimization [1]. 

 
Figure 1: Layout of BAMs at SXFEL. 

The phase cavity-based beam arrival time measurement 
system at SXFEL has been introduced in [2]. Currently, 
five sets of BAM system have been installed at SXFEL 
user facility. One of them was installed at the end of the 
injector, two of them were installed at the LINAC (linear 

electron accelerator) section, and the other two were in-
stalled at one of the undulator lines, as shown in Fig. 1. 

There are various timing jitters that can influence the 
measurement of beam arrival time. There are electron 
beam timing jitters because of the dispersive effects in the 
magnetic bunch compressor chicanes. The energy-depend-
ent path leads to the conversion of a beam energy jitter to 
an arrival time jitter. The energy jitter comes from the am-
plitude fluctuations and phase jitter of the accelerating 
fields. Besides, there are jitters of the electron gun and ref-
erence clock, as well as the noise of magnet current and so 
on. All these are what to be measured. In addition, there are 
possible factors related to our system. For example, the 
poor stability of reference signal, the error caused by phase 
extraction algorithm, poor performance of local oscillator 
and the jitter of clock and trigger signal as well as the en-
vironment disturbance. In summary, all these factors will 
contribute to measurement uncertainty. These are what we 
are highly suspected and to be tested and improved. 

The following section will introduce the system perfor-
mance of the upgraded BAM system in detail. Furtherly, 
the longitudinal beam instability will be evaluated with this 
system. 

BAM SYSTEM 
Each BAM consists of two cavities working at different 

frequencies. Class A cavity works at 4.685 GHz and  
Class B cavity works at 4.72 GHz. The frequencies of Class 
A and Class B cavities range from 4.6848 GHz to  
4.6872 GHz and 4.7204 GHz to 4.7290 GHz, respectively. 
The maximum frequency deviations of Class A and Class 
B cavities are 2.4 MHz and 8.6 MHz, respectively. Simi-
larly, the maximum bandwidth deviations of Class A and B 
cavities are 0.09 MHz and 0.18 MHz, respectively. 

As described in [3], the beam arrival/flight time meas-
urement system has been optimized before. Using a strictly 
phase-locked local oscillator, the measured phase noise 
(RMS) of LO signal and clock signal have improved from 
ps to fs. Besides, the relation between the signal damping 
time and the optimal signal processing window was studied. 
The phase measurement uncertainty at the optimal signal 
processing window could be improved by 41%. 

This is the new system setup at LINAC. The new LO is 
applied here. Beside a new thermostatic cabinet is applied. 
Both DBPM, LO and RFFE are placed inside it. The peak-
to-peak temperature variation of the thermostatic cabinet is 
about 0.2 degree. We use three BAM’s 4685 MHZ cavities 
as the monitors. The layout is given in Fig. 2. A new LO is 
used which can generate a LO signal of 4654.2 MHz.  Thus, 
the generated IF signal is about 30 MHz. 

Using the abovementioned system setup, the three BAM 
system were tested at a bunch charge of 100 pC. Figure 3 
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shows the variation of beam arrival times over 10 mins of 
the three BAMs. The measurement uncertainties are 30 fs, 
61 and 62 fs for the three BAMs, respectively. Compared 
with the results before, the system performance has been 
significantly improved. 

 

 
Figure 2: Layout of first three BAMs (BAM01, BAM02 
and BAM03) at SXFEL. 

 
Figure 3: Beam arrival times of the first three BAMs at 
SXFEL. 

BEAM INSTABILITY 
As mentioned in Sec. II, the measurement uncertainty of 

BAM2 is greater than that of BAM01 but close to that of 
BAM03. To further analyze the reasons for the differences 
in measurement uncertainty among the three BAMs, the 
beam flight times were calculated, as shown in Fig. 4. The 
measurement uncertainties of the beam flight time between 
the first and the second BAMs, as well as the first and the 
third BAMs are 64 and 65 fs, while the measurement un-
certainty of BFT between the 2# and 3# BAMs is only 
10 fs. Given there is a chicane between the first and second 
BAMs, the beam energy jitter might be the main contribu-
tion for the beam instability when it is passing through the 
first two BAMs. When it is traveling through the last two 
BAMs, the measurement uncertainty probably contributed 
by the system noise and beam orbit fluctuation. 

 
Figure 4: Beam flight time measurement uncertainty 
among the three BAMs. 

Beam Orbit Fluctuation 
To evaluate the impact of beam trajectory on beam arri-

val time, the parameters of the correction magnet (up-
stream of S01) are adjusted to change the beam trajectory, 
with energy and other parameters unchanged, and the beam 
arrival time are synchronously measured. The layout of the 
BAMs, SBPMs are shown in Fig. 5. 

Comparing the change in beam arrival time (IN-
BAM01/02/03) with the change in beam position 
(SBPM06). The positions of 200 bunches (-1 mm to  
+0.7 mm) showed significant changes, but there was no 
significant change in the beam arrival time. Therefore, the 
beam arrival time is independent of the beam trajectory. 

 
Figure 5: A lengthy figure caption that spans multiple lines 
is justified. 

 
Figure 6: The variations of beam arrival times and beam 
positions. 

Beam Energy Jitter 
As discussed in [4], a beam-based test was conducted at 

SXFEL with a bunch charge of 500 pC. A total of 14 meas-
urements are conducted. For each measurement 
(No. 1 to No. 14), over 1000 data acquisitions of beam ar-
rival/flight time were performed. The variation of the aver-
age beam arrival time of BAM01 with the beam energy 
does not show dependency between the two parameters, 
which is under expectation.  However, the beam arrival 
time of BAM02 varies significantly with energy, as shown 
in Fig. 7. The peak-to-peak value is 6.5 ps. The focus turns 
to whether the beam arrival time has a linear dependence 
on the beam energy. Fortunately, as presented in Fig. 8, 

0 20 40 60 80 100 120 140 160 180 200
-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1
IN-BAM01
IN-BAM02
IN-BAM03
LA-BAM01
LA-BAM02
T1
T2
T3
SBPM1-X
SBPM1-Y
SBPM2-X
SBPM2-Y
SBPM4-X
SBPM4-Y
SBPM5-X
SBPM5-Y
SBPM6-X
SBPM6-Y



14th International Particle Accelerator Conference,Venice, Italy

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2023-THPL177

MC6.T03: Beam Diagnostics and Instrumentation

4867

THPL: Thursday Poster Session: THPL

THPL177

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.



they show a very good linear relationship with a linear fac-
tor 𝑘 of 0.692 ps/MeV. The fitting uncertainty is 
0.018 ps/MeV. 

 
Figure 7: The variation of beam arrival time of BAM01 
over 14 measurements. 

 
Figure 8: Correlation between the time-of-flight and beam 
energy. 

Temperature Jitter 
In addition, we also studied the influence of the temper-

ature around the electronic devices on the beam arrival 
time measurement with a resistance temperature detector 
(RTD) temperature sensor. The electronic devices  include 
RFFE, LO and DBPM. Both of them are outside the tunnel. 
The test results show an approximately linear relationship 
between the temperature and the beam arrival time. The 
measured linear factors are about 1.8 ps per celsius degree 
for the three BAMs, as shown in Fig. 9. Therefore, a high-
performance thermostatic cabinet is necessary for the long-
term stability of the system. 

 

 

 
Figure 9: Correlation between the beam arrival time and 
temperature. 

CONCLUSION 
The flawed cavity-based beam arrival time measurement 

systems at SXFEL-TF have been optimized from several 
aspects. The improved beam arrival time measurement sys-
tems have been utilized at SXFEL-UF, and the measured 
system uncertainty is only 10 fs. The beam flight time test 
results show an obvious beam instability. The beam flight 
time deviation with and without a magnetic chicane are  
64 fs and 10 fs, respectively. The energy jitter is a main 
contribution, which can contribute 33 fs to 65 fs to the 
beam flight time rms jitter, while the beam position jitter 
can be ignored. 

REFERENCES 
[1] S. S. Cao et al., “Dual-cavity beam arrival time monitor de-

sign for the Shanghai soft X-ray FEL facility”, Nucl. Sci. 
Tech., vol. 30, no. 72, Apr. 2019.  
doi:10.1007/s41365-019-0593-3 

[2] S. S. Cao et al., “The Application of Beam Arrival Time 
Measurement at SXFEL”, in Proc. IBIC'18, Shanghai, 
China, Sep. 2018, pp. 342-345.  
doi:10.18429/JACoW-IBIC2018-WEOA04 

[3] S. Cao et al., “Optimization of Beam Arrival and Flight 
Time Measurement System Based on Cavity Monitors at the 
SXFEL”, IEEE Trans. Nucl. Sci., vol. 68, iss. 1, pp. 2-8, Oct. 
2020. doi:10.1109/TNS.2020.3034337 

[4] S. Cao et al., “An application of a cavity-based beam arrival 
time measurement system: Beam energy measurement”, 
Nucl. Instrum. Methods Phys. Res., Sect. A, vol. 1045, 
p. 167456, Jan. 2023.  
doi:10.1016/j.nima.2022.167456 

 



14th International Particle Accelerator Conference,Venice, Italy

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2023-THPL177

4868

MC6.T03: Beam Diagnostics and Instrumentation

THPL177

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


