

View

Online


Export
Citation

CrossMark

RESEARCH ARTICLE |  APRIL 19 2023

Sub-femtosecond time-resolved measurements of electron
bunches with a C-band radio-frequency deflector in x-ray
free-electron lasers 
Eduard Prat   ; Alexander Malyzhenkov  ; Paolo Craievich  

Rev. Sci. Instrum. 94, 043103 (2023)
https://doi.org/10.1063/5.0144876

 13 M
arch 2024 10:35:40

https://pubs.aip.org/aip/rsi/article/94/4/043103/2883467/Sub-femtosecond-time-resolved-measurements-of
https://pubs.aip.org/aip/rsi/article/94/4/043103/2883467/Sub-femtosecond-time-resolved-measurements-of?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/rsi/article/94/4/043103/2883467/Sub-femtosecond-time-resolved-measurements-of?pdfCoverIconEvent=crossmark
javascript:;
https://orcid.org/0000-0002-7065-7417
javascript:;
https://orcid.org/0009-0007-0380-9816
javascript:;
https://orcid.org/0000-0001-8195-6773
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0144876&domain=pdf&date_stamp=2023-04-19
https://doi.org/10.1063/5.0144876
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2314481&setID=592934&channelID=0&CID=850272&banID=521689173&PID=0&textadID=0&tc=1&scheduleID=2233964&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Frsi%22%5D&mt=1710326140233011&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Frsi%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0144876%2F17455701%2F043103_1_5.0144876.pdf&hc=96f67e5da76dfceeed92f05c023d5a556b4af385&location=


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

Sub-femtosecond time-resolved measurements
of electron bunches with a C-band
radio-frequency deflector in x-ray
free-electron lasers

Cite as: Rev. Sci. Instrum. 94, 043103 (2023); doi: 10.1063/5.0144876
Submitted: 27 February 2023 • Accepted: 2 April 2023 •
Published Online: 19 April 2023

Eduard Prat,a) Alexander Malyzhenkov,b) and Paolo Craievicha)

AFFILIATIONS
Paul Scherrer Institut, PSI, CH-5232 Villigen, Switzerland

a)Authors to whom correspondence should be addressed: eduard.prat@psi.ch and paolo.craievich@psi.ch
b)Present address: CERN, CH-1211 Geneva 23, Switzerland.

ABSTRACT
Time-resolved diagnostics are fundamental for x-ray free-electron lasers (FELs). Radio-frequency (RF) transverse deflector structures (TDSs)
are typically employed to characterize the temporal properties of the electron beams driving FELs. In this article, we present time-resolved
measurements with a resolution below one femtosecond using a C-band RF TDS at SwissFEL, the x-ray FEL facility at the Paul Scherrer
Institute in Switzerland. The sub-femtosecond resolution is partially achieved due to an optimized optics setup and fits the expected values,
showing a good understanding of our models. Measurements with a sub-femtosecond resolution are of crucial importance for ultra-fast x-ray
FEL applications.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0144876

Measuring the temporal properties of electron beams is of fun-
damental importance in electron accelerators. In this article, we
focus on x-ray free-electron lasers (FELs),1–3 which are revolution-
ary tools to observe matter with time and spatial resolution at the
atomic level. X-ray FEL radiation is generated by a multi-GeV high-
brightness electron beam traveling through an undulator beamline.
Standard x-ray FEL pulses have peak powers at the gigawatt level and
durations of a few tens of femtoseconds or shorter. Ultra-short FEL
pulses at the femtosecond level and below, achieved with ultra-short
electron beams or with spoiling methods,4–7 are required to study
ultra-fast atomic and molecular processes.8

The FEL performance is determined by the electron bunch
duration and the time-resolved properties of the electron beam, such
as the current profile and the slice emittance, so it is of crucial
importance to measure and optimize such properties. The longitu-
dinal phase space (energy vs time coordinates) of the electron beam
is of particular interest. In addition to providing information on
the electron beam energy chirp, the measurement, if done after the

undulator, allows for the reconstruction of the FEL power profile by
comparing lasing-disabling and lasing-enabling conditions.9,10

Radio-frequency (RF) transverse deflection structures (TDSs)
are well known diagnostics devices for the characterization of the
temporal properties of electron bunches in linear accelerators.11–21

A TDS-based diagnostic system streaks (or, using the terminology
for this type of device, shears or stretches) a charged bunch in the
transverse direction by introducing a correlation between the trans-
verse momentum and the longitudinal position in the bunch. This
correlation can be used to image on a screen the longitudinal distri-
bution of the particles if a suitable beam optics setup is used. One of
the main advantages of the TDS-based systems is that the image on
the screen represents a single-shot measure of the time profile of the
bunch.

To our knowledge, only one working group has achieved sub-
femtosecond resolution using, in that case, an X-band (with a
frequency f of 11.4 GHz) RF TDS system and in the soft x-ray
regime.10 In this article, we present sub-femtosecond measurements
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with a C-band ( f = 5.7 GHz) RF TDS system for charged bunches
with 5.2 GeV energy used to generate FEL in the hard x-ray regime
(x rays with photon energies of about 5 keV or higher). As the streak-
ing scales linearly with the RF frequency, reaching sub-femtosecond
resolution is more challenging with a C-band TDS. In comparison
with X-band TDSs, C-band systems have the advantages of being
more affordable and accessible. Moreover, they have larger aper-
tures, thus allowing operation with larger electron beam sizes and
being less affected by wakefields. The measurements were performed
at SwissFEL,22 the x-ray FEL facility at the Paul Scherrer Institute in
Switzerland.

The absolute calibration factor C between the transverse coor-
dinate on a screen and the time coordinates within the electron
bunch is obtained by measuring the dependence of the transverse
position of the centroid of the streaked beam on the RF phase of
the TDS. This calibration is sometimes called the streaking factor.
Once the calibration is known, the electron pulse duration is sim-
ply obtained as the streaked beam size divided by the calibration.
A more sophisticated and precise measurement can be obtained
by measuring the streaked beam sizes for the two zero-crossings
of the deflector.14,23 Such a measurement can overcome an ini-
tially streaked electron beam (in such a case, measuring only one
zero-crossing would over- or underestimate the electron beam pulse
duration).

The measurement resolution R is normally defined as the
unstreaked beam size σ0 divided by the calibration factor C:
R = σ0/C.12 For relativistic electrons and assuming that the deflec-
tor is operating around the zero-crossing point, the resolution can
be obtained from the electron beam and deflector parameters as
follows:

TABLE I. Main RF parameters for the C-band TDSs. The operational temperature is
30 ○C for both TDSs. The definition of the shunt impedance is Rs = −E2

T/(2dP/dz),
where ET is the equivalent deflecting voltage and P is the RF power.

Parameters Unit

Frequency 5712 MHz
Dipole mode 5π/6
Total length 1830 mm
Effective length 1723.651 mm

Measurements

TDS1 TDS2 Target

Phase error ±4.1 ±4.0 <±5 deg
Shunt impedance 21.2 21.2 ≥20 MΩ/m
Attenuation 0.531 0.530 0.54 ± 0.02 Np
Filling time 258 259 270 ns
Unloaded Q 8731 8785 ≤7500
Group velocity 0.0223c 0.0222c 0.021c
Power-to-voltage 6.83 6.83 ≥6.67 MV/MW0.5

2x TDSs + BOC

BOC Q0 216 000
BOC β 10
RF pulse length 3 μs
Power-to-voltage 15.42 MV/MW0.5

R =

√
ε
γ E

√

β sin (μ)eVck
, (1)

where ε is the normalized emittance of the electron beam in the
streaking plane, γ is the Lorentz factor of the electron beam, E is
the electron beam energy, β is the β-function in the streaking plane
at the deflector location, sin μ is the phase advance in the streaking
direction between the deflector and the profile monitor, e is the ele-
mentary charge, V is the deflector voltage, c is the speed of light, and
k = 2πf /c is the wavenumber of the deflector (for our case, k = 119.7
m−1). As usual, E = γmec2, with mec2

≈ 0.511 MeV the rest energy of
an electron.

The SwissFEL LINAC consists of three C-band sections, com-
prising a total of 26 RF modules, each with four two-m long acceler-
ation structures. Each module has a single 50 MW C-band klystron,
which amplifies an RF pulse of up to 3 μs duration. Furthermore,
each module includes a barrel-open cavity (BOC) pulse compressor
to increase peak power by up to a factor of 6.24 The last C-band mod-
ule of the LINAC shares, through a vacuum RF switch, the power
source with the two TDSs. The RF repetition rate is 100 Hz, the same
as the maximum machine frequency, allowing shot-to-shot mea-
surements at the full repetition rate. Nevertheless, the bunch rate is
normally reduced to 1 Hz when the TDSs are used to reduce radi-
ation losses. Installing additional radiation shielding in the acceler-
ator tunnel would mitigate operational issues related to beam loss.
The RF pulse compressed by the BOC is evenly distributed between
the two C-band TDSs through the use of a 3 dB power splitter.
In this way, each TDS can be driven with approximately the same
peak RF power minus the RF losses arising from the waveguide
network. An estimate of the total attenuation of the RF power distri-
bution system, which includes waveguide attenuation and insertion
losses, resulted in a value of −0.86 dB corresponding to a power

FIG. 1. Measurement optics and setup. Top: β-function along the lattice. Bot-
tom: sketch of the measurement setup, where s corresponds to the longitudinal
direction along the accelerator, the red boxes correspond to the RF accelerating
structures, the big green circle indicates the C-band TDSs, the small green circles
correspond to the quadrupole magnets, and the magenta star indicates the profile
monitor.
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loss of 18%. The C-band TDS is of the RAIDEN structure devel-
oped for the SACLA FEL project and manufactured by Mitsubishi
Heavy Industries, Ltd. (MHI).19 It is a cylindrical waveguide period-
ically loaded with uniform irises shaped in the form of racetracks.
The iris consists of two semicircles with radii of 6 mm and two
straight lines of length 8 mm, connected alternately. The racetrack-
shaped irises break the axial symmetry and provide the separation
of the two polarizations of the dipole mode. Table I lists the main
RF parameters for the two C-band TDSs. The two structures have
a constant impedance and work with a backward-traveling wave
with a vertical dipole HEM11-5π/6 mode. The power-to-voltage
coefficient is also estimated for the system comprising two TDSs
and the BOC, taking into account the attenuation in the waveguide
system.

Figure 1 shows the measurement optics and a sketch of the
setup. The C-band TDSs are located at the end of the SwissFEL
LINAC, before the energy collimator and the hard x-ray undula-
tors. Since our TDSs are installed before the undulator beamline,

reconstructing the FEL power profile as done in Ref. 10 is not fea-
sible with our current setup—this would be possible by placing the
TDS system after the undulators. As an alternative for such mea-
surements, we presently use the wakefields of a corrugated structure
installed after the hard x-ray undulator beamline.25 The transverse
distribution of the electrons is measured with a Ce:YAG scintillator
screen26 located 37 m downstream of the TDSs. The measurement
optics were designed to have an optimum deflector resolution [see
Eq. (1)] while keeping the quadrupole magnet fields within reason-
able limits. First, the β-function at the deflector is set to the relatively
large value of 60 m. Second, the phase advance between the deflec-
tor and the profile monitor is set to 88○ so that sin μ ≈ 1. Last, the
β-function at the profile monitor location is set to the relatively large
value of 56 m so that the unstreaked beam size can be measured with
a good resolution.

The measurements were done for a bunch charge of 10 pC,
suitable for short-pulse operation,6 and an electron beam energy of
5.2 GeV. The beam optics were empirically matched at the injector

FIG. 2. Measurement. Top/center: single-shot streaked images for different phases at the first/second zero-crossing. Bottom left: single-shot unstreaked image. Bottom
center: measured and fitted beam centroid variation as a function of the beam phase for the two zero-crossings. Bottom right: measured and fitted beam size squared for
streaked and unstreaked cases. See the text for more details.
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and set to design values afterward. Therefore, we expect a vertical
β-function of 60 m at the deflector position, a β-function of 56 m at
the profile monitor location, and a phase advance between the two
locations fulfilling sin μ ≈ 1. Using the symmetric single-quadrupole
scan technique,27 we measured the projected emittance after the first
bunch compressor to be 68 nm in the horizontal plane and 76 nm in
the vertical direction. We then set the deflector voltage to the maxi-
mum possible to limit RF breakdowns, estimated to be 66 MV. The
streaked beam size was measured for five different phases at each
of the two zero-crossings. We took five shots at each measurement
point. The error bars shown later for different measured para-
meters correspond to the statistical uncertainty of the reconstructed
values.

Figure 2 shows the measurement results. The upper and center
plots display single-shot images of the streaked beam for the differ-
ent phases at the two zero-crossings. The bottom-left plot shows a
single-shot image for the unstreaked beam size, which has a value
of 23.8 ± 0.3 μm. The expected natural beam size is σ0 =

√

βpε/γ,
where βp is the β-function at the profile monitor location and γ
≈ (5.2 GeV/0.511 MeV). From our optics design (βp = 56 m) and
the measured emittance of 76 nm, we expect a beam size of 20.5
μm, in reasonable agreement with our measurement of 23.8 μm. The
difference may be attributed to the profile measurement resolution.

In the bottom-center plot, we display how the centroid of the
streaked beam changes with the deflector phase for the two zero-
crossings. A linear fit to the data at each zero-crossing gives a
calibration factor of −27.1 ± 5.5 μm/fs for the first zero-crossing and
27.6 ± 2.8 μm/fs for the second zero-crossing. The average calibra-
tion factor comes out to be C = 27.4 ± 3.1 μm/fs. The error bars
shown in the right center plot are 571 μm (averaged over the ten
measured phases). This corresponds to 20.8 fs or 0.04 degrees of the
C-band TDS and includes the beam arrival time and RF jitter. Our
measurement uncertainties could be reduced by measuring the TDS
phase jitter on a single-shot basis. However, we do not expect a very
significant improvement considering that the RF jitter (maximum
0.04○) is at least ten times smaller than the phase variation in the
measurement (0.4○).

Dividing the measured natural beam size with the calibration,
we obtain a resolution of R = 0.87 ± 0.10 fs. The expected resolution
obtained with Eq. (1) and our electron beam and deflector para-
meters (ε = 76 nm, E = 5.2 GeV, β = 60 m, V = 66 MV, and k = 119.7
m−1) is 0.77 fs. The discrepancy between the measured and expected
resolutions can be due to, as mentioned earlier, the profile monitor
resolution, a not perfectly matched beam, or an underestimation of
the attenuation in the waveguide network.

Following Refs. 14 and 23, we fit a parabola to the square of
the streaked and unstreaked beam sizes to obtain the bunch dura-
tion. The bottom-right plot of Fig. 2 shows the measured and fitted
squares of the unstreaked and streaked beam sizes for each zero-
crossing at zero phase. The resulting bunch duration is 6.90 ± 0.96
fs (the rms value).

To conclude, we have demonstrated sub-femtosecond resolu-
tion in time-resolved electron beam measurements using a C-band
RF system at SwissFEL. Such measurements will play an important
role in many x-ray FEL applications studying ultra-fast phenomena.
Our sub-femtosecond temporal resolution is achieved as a result of
an optimized optics setup. In particular, a relatively large β-function
at the TDS and a suitable phase advance between the TDS and the

profile monitor directly improve the resolution, and a large enough
β-function at the profile monitor limits the negative impact of the
transverse resolution of the profile monitor. The reasonable agree-
ment between the measured and expected resolution shows a good
understanding of our optics model and our overall RF system, which
is indispensable to achieve the expected performance of TDSs.

We thank Zheqiao Geng for his help in improving the RF jitter
of the C-band TDSs of SwissFEL. We also thank Thomas Schietinger
for improving the language of the manuscript. We thank all the
technical groups involved in the operation of SwissFEL.
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