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A complete characterization of the time-resolved longitudinal beam phase space is important to optimize
the final performances of an accelerator, and in particular this is crucial for Free Electron Laser (FEL)
facilities. In this paper we propose a novel method to characterize the profile of a relativistic electron bunch
by passively streaking the beam using its self-interaction with the transverse wakefield excited by the bunch
itself passing off-axis through a dielectric-lined or a corrugated waveguide. Results of a proof-of-principle
experiment at the SwissFEL Injector Test Facility are discussed.
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Several Free Electron Laser (FEL) facilities are in
operation and other are being built to produce high power
X-ray coherent radiation, which is used for applications in
physics, biology and material science. Very short bunches
are essential to reach the time resolution required by these
kinds of experiments. At the source relatively long bunches
(from 1 to 10 ps length) are typically generated to counteract
the effect of the space charge forces at low energy. Only after
acceleration the beams are compressed by two orders of
magnitude in one or more stages. Several methods are used
to retrieve the temporal duration and the shape of picosecond
and sub-picosecond electron bunches. These methods are
based on electro-optic sampling [1], coherent radiation
[2,3], streak cameras [4] or radio frequency (rf) transverse
deflecting structures (TDS) [5–7]. TDS are the most used
devices and provide a time-varying transversely deflecting
field which induces a correlation between time and the
transverse beam distribution. The longitudinal profile of
the bunch is then reconstructed from the resulting image
of the streaked beam on a downstream profile monitor. The
electron beam energy can be time-resolved if a dipole
magnet adds dispersion in the direction orthogonal to the
one used for the streaking. Time-resolved measurements of
the electron beams are crucial for X-ray FEL based on linear
accelerators. Such measurements are routinely used as
diagnostic to optimize the electron beam. Recently, the
installation of an X-band TDS downstream of the undulator
line at the Linac Coherent Light Source (LCLS) [8] allowed
us to reconstruct the photon pulse shape from the time-
resolved electron bunch energy losses [9]. The rf transverse
deflecting structures becomevery expensive for high energy
beams (several GeV) and short bunch length (sub-ps),

requiring high voltage and frequency to effectively streak
the bunch. Shot-to-shot rf phase and electron bunch arrival
time jitter translate to an orbit and a transverse position jitter
downstream of the TDS and on the profile monitor. This
orbit jitter limits applicable voltage at certain electron beam
energies. Recently several possibilities have been consid-
ered to manipulate a relativistic beam using its interaction
with the longitudinal wakefield excited by it passing in a
dielectric-lined or a corrugatedwaveguide. They include the
possibility to compensate for the energy chirp [10–12], and
in general to linearize the longitudinal phase space beam
distribution resulting from the bunch compression process
[13,14], and to drive coherent terahertz radiation inducing an
energy modulation [15].
In this paper we propose a novel approach to perform

time-resolved measurements of a relativistic electron bunch
based on the self-transverse wakefield interaction of the
beam itself passing off-axis through a dielectric-lined or
corrugated waveguide. This device, the passive streaker,
does not need to be powered and its manufacture is simpler
compared to a rf TDS, resulting in a considerable cost
saving. A passive streaker is self-synchronized with the
beam by design, being the wakefield excited by the bunch
itself. However, it cannot be easily calibrated as a rf TDS,
by measuring the deflection of the centroid as function
of the rf phase. The resolution in a passive streaker
depends on the longitudinal coordinate on the electron
bunch and it is intrinsically poorer on the bunch head. The
reconstruction of the longitudinal beam profile involves
then an iterative algorithm. In this paper we also present the
first proof-of-principle experimental demonstration per-
formed at the SwissFEL Injector Test Facility (SITF)
[16] of a passive streaker based on a cylindrically sym-
metric dielectric-lined waveguide.
Figure 1 shows the schematic geometry of a dielectric-

lined waveguide which can be used as a passive streaker.
Multi-mode and single-mode wakefield generation in a
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cylindrical symmetric dielectric-lined waveguide have been
investigated in [17–23], respectively. Following [23], we
summarize here the relevant aspects of transverse wakefield
generated when a relativistic electron beam travels along a
passive streaker at an offset r0 from the axis. For the
dielectric-lined waveguide, neglecting the transient effect at
the entrance of the tube, the radial wake functions of the
multipole with index m, when leading and trailing charge
travel with the same angle φ ¼ φ0, are given by:

wr;mðr; s; r0Þ ¼
Z0c
4πa2

�
r0
a

�
m
�
r
a

�
m−1X∞

i¼1

Am;i sin ðkm;isÞ;

ð1Þ

where Am;i is the dimensionless amplitude, km;i is the wave
number of the ith eigenmode. Am;i and λm;i depend on the
dielectric constant ϵ and on the inner and the outer radius of
the dielectric-lined waveguide b and a, respectively. Z0 and
c are the free-space impedance and the speed of light in
vacuum. The transverse wake potentials Wrðr; s; r0Þ of a
bunch of charge distribution ρtðr;φÞρlðsÞ are calculated as
the convolution of the distribution with the wake function,
and the kick factor K is given by the average transverse
wake potential. The transverse kick imparts a transverse
momentum on the bunch as a function of s and of the
transverse position of each particle. In the following we
consider the dipole (m ¼ 1) and the quadrupole (m ¼ 2)
contributions assuming a bunch with charge Q and
energy E traveling off-axis along the passive streaker
(r0, φ0 ¼ 90°) with transverse size much smaller than r0
(φ ≈ φ0). The transverse displacement at the screen loca-
tion, ys, is then proportional to the angular-to-spatial
transfer matrix element R34:

ysðr; r0; sÞ ≈
QLpR34

E
½Wr;1ðs; r0Þ þWr;2ðr; s; r0Þ�; ð2Þ

where Wr;1 and Wr;2 are the dipole and the quadrupole
wake potential, respectively. Wr;1 does not depend on the
trailing charge offset and Wr;2 has a linear dependence
on it.

Let ρsðysÞ be the charge distribution at the screen then
the equation ρsðysÞdys ¼ ρlðsÞds is satisfied for the prin-
ciple of charge conservation. Neglecting the transverse
effects we can write

ρsðysÞ ¼ ρl½sðysÞ�js0ðysÞj; ð3Þ

where s0ðysÞ is the derivative of the inverse relation sðysÞ.
We assume that the beam parameters besides the current
profile at the streaker are independent of the longitudinal
coordinate and that optics between the passive streaker and
the screen is linear. With these assumptions the streaked
profile on the screen is evaluated as the convolution of the
measured normalized transverse profile when the beam
transits the streaker on-axis ρ0sðysÞ and the one derived by
Eq. (3),

ρTsðysÞ ¼ ρsðysÞ ⊗ ρ0sðysÞ: ð4Þ

The calibration factor can be defined as the derivative
of the transverse displacement at the screen in Eq. (2)
as SðsÞ ¼ dysðsÞ=ds. The resolution can be estimated
from the vertical size of ρ0sðysÞ, σy0, and SðsÞ as
σs;RðsÞ ≥ σy0=SðsÞ. For an unambiguous reconstruction
of the current profile, the wake potential along the electron
bunch must be a strictly monotonic function of the beam
longitudinal coordinate. The range over which this con-
dition is fulfilled depends on the charge distribution, the
properties of the dielectric layer and the geometry of the
passive streaker. A reconstruction algorithm has been
developed to time-resolve the electron beam current profile
ρlðsÞ from its trace on the downstream screen. The current
profile of the electron bunch ρlðsÞ is modeled by a non-
negative piecewise cubic polynomial whose knots and
coefficients are iteratively optimized. The cost function
is the difference between the measured profile at the screen
and the one calculated from ρlðsÞ and the measured ρ0sðysÞ
as in Eqs. (3) and (4). To this aim, the wake potential and its
derivative are evaluated analytically as a function of the
polynomial coefficients and the strictly monotonic wake
potential is then inverted numerically. We extensively
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FIG. 1. Schematic layout of the dielectric-lined waveguide (passive streaker) used for the experiment at SITF. L is the leading particle
that travels along the cylindrical waveguide at an offset r0, T is the trailing particle with an offset r.
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tested the reconstruction algorithm assuming several initial
beam distributions tracked using the numerical simulation
code ELEGANT [24]. In Fig. 2(a) we show a current profile
with a shape similar to the one typically obtained down-
stream of the undulator lines (see e.g., [9]) and the
reconstructed one applying our algorithm. The inputs for
the algorithm were the simulated transverse profiles of the
beam at the screen when passing on-axis and off-axis in
the passive streaker. This proves the validity of the
reconstruction algorithm when the wake function is known
and the wake potential is a monotonic function along the
full electron bunch length. Figure 2(b) shows the transverse
displacement ys and the resolution of the reconstruction.
Considering a constant slope in the core of ys then
the calibration factor is S ≈ 5 mm=ps. The time resolution
in the core of the bunch for this specific example is
σt;R ≥ 14 fs with σy0 ¼ 70 μm.
As a proof-of-principle experiment, we performed time-

resolved measurements based on the passive deflection of a
relativistic electron bunch at the end of the injector test
facility. Figure 1 shows the schematic layout of the
experiment. SITF is based on an S-band rf photo-cathode
gun, four 4 m long S-band accelerating structures, which
accelerate the beam and provide the chirp for the bunch
compression. The beam is compressed via a magnetic
bunch compressor, and a diagnostics section equipped with
quadrupoles, a 0.5 m long rf TDS [25] and a spectrometer
arm, where the longitudinal and transverse phase space of
the beam are fully characterized. Two BPMs were used to
align the beam through the passive streaker mounted on a
support which allowed us to adjust vertically the position of
the dielectric waveguide in steps of 10 μm. The transverse
beam profiles of the streaked beam were imaged on a
downstream YAG:Ce-type (Cerium-doped Yttrium alumi-
num garnet) screen. The dielectric-lined waveguide is
9.5 cm long (Lp) due to space limitations at SITF. It has
an inner (b) and outer (a) radius of 1.65 and 2.40 mm,

respectively. The tube was made of alumina, chosen
because of its relatively high dielectric constant ϵ ¼ 10,
necessary to obtain a monotonic wake function for pico-
second bunch length. The external surface of the dielectric
pipe has a 20 μm copper coating, sufficient to shield the
beam induced electric field. The experiment was performed
with a 200 pC, 140 MeV electron bunch. The bunch peak
current and the rms length after compression were ∼80 A
and 0.9 ps, respectively. Streaked transverse images were
measured at the YAG:Ce screen for different streaker offsets
Δy shown in Fig. 3(a–c). Figure 3(d) shows the comparison
between the measured average vertical beam position
(centroid) shift induced by the transverse wake as a function
of Δy and the one expected from the analytical model. The
expected centroid displacement was calculated for the
electron bunch current profile measured with the TDS.
The dashed line shows that the dipole mode alone is
insufficient to describe the transverse displacement for large
offsetsΔy. Instead, considering both dipole and quadrupole
wakes (solid line), there is excellent agreement between the
measurement and the model expectation. The linear and
the cubic kick factors calculated from the model are
0.62 MV=ðnC mmmÞ and 0.52 MV=ðnCmmm3Þ, respec-
tively, whereas by fitting the experimental data with a cubic
polynomial, the corresponding linear and cubic kick factors
are 0.63 MV=ðnCmmmÞ and 0.43 MV=ðnCmmm3Þ.
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FIG. 2. (a) Initial bunch current distribution (blue) and recon-
structed temporal profile (red). (b) Transverse displacement
(blue) and resolution (green) at the screen as a function of the
temporal coordinate.
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FIG. 3. (a–c) Measured transverse beam images at YAG:Ce
screen for different offsets of the passive streaker. The head of the
bunch is on the right and the tail on the left. (d) Measured average
vertical beam centroid as a function of the vertical offset of the
passive streaker against model expectations based on the dipole
wake function (dashed) and the dipole and quadrupole wake
functions (solid).
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We applied the algorithm successfully tested in simu-
lations to the profile measured at the screen corresponding
to the maximum offset shown in Fig. 3(c). The transverse
beam dimension along the passive streaker, computed from
the measured bunch size at the screen with the beam
passing on axis in the passive streaker and the optics
between the streaker and the screen, was 360 μm rms. Such
transverse size was too large to neglect the defocusing
effect from the quadrupole wake. The charge distribution
used for the convolution in Eq. (4), to include the
defocusing effects for a transverse beam distribution at
the streaker, around the offset Δy, ρτðyÞ, is

ρsðysÞ ¼
Z

ρsð ~ysÞρτ
�
Δyðys − ~ysÞ
ysqð ~ysÞ

�
Δy

ysqð ~ysÞ
d ~ys; ð5Þ

where ysqðysÞ is the transverse displacement at the
screen due to the quadrupole wake only, for a particle at
the offset Δy at the tube that is deflected to the coordinate
ys at the screen.
Figure 4(a) shows the comparison of the temporal beam

current profile reconstructed applying the algorithm and the
one measured using the TDS. The profile at the screen
obtained by neglecting the transverse finite emittance
effects, presents large oscillations where the resolution is

poor, on the bunch head, and it is shorter than the measured
one. Distribution details on the bunch head are lost with the
convolution in Eq. (4) and could not be recovered in this
proof-of-principle experiment. The temporal resolution,
depicted in Fig. 4(c), is not constant along the longitudinal
coordinate of the bunch but proportional to the derivative of
the wake potential [see Eq. (3)], which in turn depends on
the longitudinal position of the particles along the beam
itself. A large transverse size at the passive streaker
decreases the resolution also at the bunch tail, when the
deflection due to the quadrupole wake is relevant.
In conclusion, the novel approach described in this paper

provides an alternative method to time-resolve the longi-
tudinal profile of a relativistic electron bunch. The method
is based on the self-transverse-wakefield interaction of the
electron bunch beam passing off-axis through a structure
capable of generating a strong monotonic transverse wake-
field along the full bunch length. Cylindrical or planar
geometries may be used without altering the principle and
the longitudinal beam profile reconstruction algorithm.
In the first case an adjustable gap may be used to easily
tune the wakefield amplitude, increasing the flexibility
during the measurement. Nevertheless the intensity of the
wakefield is reduced by a factor of π2=16 compared to
the cylindrical geometry for a given aperture [26]. In the
presented proof-of-principle experiment, at the maximum
offset, the streaked beam size at the screen was less than a
factor 4 longer than the trace of the unstreaked beam. This
was sufficient to retrieve the bunch duration and roughly
the electron beam shape. A high resolution measurement
would require a much longer streaking compared to the
unstreaked beam size at the screen. For an extensive use in
X-ray FEL machines, a passive streaker should be capable
of time-resolving ultrashort bunches at high energies. A
simulated passive streaking with a 2 m long corrugated
structure shows the possibility of time-resolving a 200 fs
electron bunch at an energy 4 GeV, seeing details in the
bunch structure on the attosecond scale [27]. Defocus-
ing becomes less relevant for a small transverse size at
the passive streaker achievable at high energies with low
emittance beam by choosing properly the optics. Moreover
defocusing effects can be compensated with a pair of
orthogonal planar structures [14]. The absence of a bunch-
independent time calibration is indeed a disadvantage but it
can be mitigated by a fast reconstruction software and
computing power for the tune-up. Single-shot nondestruc-
tive photon shape measurements [9] are the most important
time-resolved electron bunch measurement in an X-ray
FEL. These measurements provide necessary information
to interpret correctly the experimental data, especially when
double pulses are generated in the undulator line [28,29].
For this application the current profile is stable from shot to
shot, thus the time calibration has to be done only once.
Losses due to the longitudinal wakes are naturally taken
into account when evaluating the difference between
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FIG. 4. (a) Temporal profile measured with the TDS (dashed).
Temporal profile reconstructed from the passively streaked beam
(solid). (b) Measured and reconstructed transverse profiles at the
screen. (c) Left axis: transverse displacement at the screen
calculated with Eq. (2) with offset Δy ¼ 0.89 mm (blue). Right
axis: temporal resolution without defocusing (dashed) and with
defocusing (red) of the passive streaker against the longitudinal
coordinate inside the bunch.
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“lasing off” and “lasing on” images. The intrinsic poor
resolution on the bunch head is unimportant when a
spoiling technique is used to control the pulse duration
[30]. Similarly, electrons on the bunch head do not lase in
machines based on seeding, when the overlap between seed
and electrons occurs only on the bunch core [31,32].
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