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Terahertz-based subfemtosecond metrology of relativistic electron beams
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We demonstrate single-shot temporal characterization of relativistic electron bunches using single-cycle
terahertz (THz) field streaking. A transverse deflecting structure consisting of a metal slit enables efficient
coupling of the THz field and electron bunch. The intrinsically stable carrier envelope phase and strong
gradient of the THz pulses allow simultaneous, self-calibrated determination of the time-of-arrival with
subfemtosecond precision and bunch duration with single-femtosecond precision, respectively, opening up
new opportunities for ultrafast electron diffraction as well as accelerator technologies in general.
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Photons, electrons, and their interplay are at the heart
of photonic devices and modern instruments for ultrafast
science [1-10]. Electron beams of the highest intensity and
brightness are created via photoemission by short laser
pulses and then accelerated and manipulated using GHz
radio-frequency (1f) electromagnetic fields. The electron
beams can be used either directly in ultrafast electron
diffraction experiments or for producing coherent radiation
at UV to x-ray wavelengths [11-13]. High power GHz rf
sources and structures developed and perfected in past
decades have been the workhorse for manipulating electron
beams, ranging from compression of keV electron bunches
for table-top ultrafast electron diffraction and imaging
[14—17] to acceleration and temporal characterization of
GeV electron beams in kilometer-long x-ray free electron
lasers (XFELs). One of the main challenges in ultrafast
experiments using electron beams is controlling and char-
acterizing the timing of the probe electron beams relative to
optical pump pulses with sufficient precision. An inherent
limitation of the rf approach is the timing synchronization
between high power 1f sources and pump lasers. Although
rf technology allows generation and characterization of
few-femtosecond electron beams [18,19], a viable path to
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reduce their timing jitter relative to pump optical pulses to
below a few tens of femtosecond does not yet exist.

A promising way to address the timing challenge for
pump-probe experiments at a fundamental level, is to
manipulate the electron beam using electromagnetic radi-
ation intrinsically synchronized with pump lasers. THz
radiation generated by optical rectification or other non-
linear processes is locked in time relative to the driving laser
pulses with subfemtosecond accuracy, and is thus an ideal
choice. Manipulation of electron beams using rf or THz
radiation involves introducing a certain amount of energy-
to-time or momentum-to-time correlation in the beam phase
space. Since THz pulses have 2-3 orders of magnitude
higher frequencies than rf, THz is much more efficient than
rf in shaping the electron beams’ temporal characteristics.

Strong-field THz pulses have been used for XUV and
x-ray pulse characterization with femtosecond resolu-
tion through photoelectron streaking [20-22], extracting
eV-level-energy photoelectrons from nanotips and atoms
through field emission [23], and THz acceleration [24-26]
and manipulation [27-29] of in-vacuum free electrons with
higher kinetic energies. In a few recent demonstrations,
subrelativistic, < 100 keV kinetic energy electron beams
from DC sources were compressed using laser-generated
THz fields to tens of femtoseconds, with their timing jitter
stabilized to a few femtoseconds as characterized by THz
streaking [30,31].

There is strong incentive to extend THz control to
electron beams of significantly higher bunch charge and
multi-MeV relativistic kinetic energy generated by rf
accelerators while simultaneously achieving sub-fs timing
precision. The use of high kinetic energies is very effec-
tive in suppressing space charge effects for creating and
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FIG. 1. Schematic of the experimental configuration.

preserving high beam brightness, and thus enabling single-
shot measurement of irreversible dynamics in ultrafast
diffraction and imaging, as well as studying systems of
very low density in the gas phase [32]. However, THz
control of bright relativistic electron beams with sub-fs
precision has not yet been demonstrated, due to the technical
challenges of generating and injecting multi-MeV electron
beams from an rf gun with pulse durations and timing jitter
both significantly smaller than the THz wavelength.

In this paper, we report on a method of single-shot
determination of the relative time-of-arrival of relativistic
electron bunches with subfemtosecond precision and
simultaneous single-shot characterization of the bunch
length with femtosecond resolution. There is a similar
work using laser-generated THz to characterize the time-of-
arrival of relativistic electron beams with a few femto-
second resolution [29]. However, we believe that there are
significant differences between our work and Ref. [29] and
that our work does indeed represent a major advance in the
field of ultrafast electron beams. First, in Ref. [29] the
bunch length characterization was carried out using an
external rf field and not the THz pulse itself. Thus, our
work is the first demonstration that laser-generated THz
field can characterize MeV electron beams with a resolu-
tion approaching a single femtosecond. Second, the THz
deflecting structures used in the two papers are fundamen-
tally different. We used a parallel plate waveguide (PPWG)
structure with a width of 4 mm—roughly one order of
magnitude larger than the central wavelength of the THz
field. This wide-band and dispersion-free geometry avoids
temporal and spectral distortion of the THz field along
the aperture. With our PPWG structure, the THz field is
also transversely uniform and thus can manipulate elec-
tron beams with a large acceptance. In contrast, Ref. [29]
chose a slit with a width of 250 ym, which is 2-3 times
smaller than the central wavelength of the THz field, and
this structure is highly dispersive with nonuniform field-
enhancement. More detailed comparison will be discussed
later in the paper.

Our method is based on deflecting the electrons with a
strong single-cycle THz field using a metal slit structure for
optimum transversal momentum transfer. The experiments
were conducted at the Accelerator Structure Test Area

(ASTA) facility at SLAC National Accelerator Laboratory
[33]. The layout of the experiment is illustrated in Fig. 1.

Quasi-single-cycle THz pulses were generated by optical
rectification of 800 nm laser pulses with up to 16 mJ energy
and 100 fs FWHM duration in a LiNbOj crystal using the
tilted pulse front method [34-36]. The THz beam was
expanded to ~65 mm 1/e? diameter using a pair of off-
axis parabolic mirrors (OAPs) and transported into the
sample vacuum chamber through a polymer window. In
vacuum, the THz pulse was focused onto a metal slit using
a motorized 90 degree OAP with 76 mm focal length.
A 2.5 mm diameter hole in the OAP is used to collinearly
overlap the relativistic electron beam, as well as an 800 nm
electro-optical sampling (EOS) laser pulse with the THz
pulse. A 50-um thick, 110-cut GaP crystal was used for EO
sampling characterization of the THz pulse [37]. The slit
structure and the EO crystal were attached to a flat plate
parallel to the x—y plane. The plate was mounted on a
translation stage which could position either the slit or the
EO crystal to the beam axis. The THz polarization was linear
and oriented along the y direction. A Spiricon Pyrocam III
camera was used to characterize the transverse spot size
of the THz radiation, which was 1.3 mm FWHM at the
focus. The average THz pulse energy was ~20 uJ measured
with an Ophir P3A-THz detector. THz field strength
calculated from EO modulation amplitude in the GaP crystal
is 550 kV/cm. This value is in agreement with magnitude
of the observed THz streaking effect and simulation as
discussed below.

A relativistic electron beam with 3.1 MeV kinetic energy,
20 fs rms pulse duration, and 3 fC (2 x 10* electrons) bunch
charge was generated from a 2.856 GHz photocathode rf
gun operated at 70 MV /m gradient. The electron beam was
collimated by two focusing solenoidal lenses, and injected
through the aperture in the parabolic mirror and propagated
collinearly with the focused THz pulse.

When the electron beam and THz pulse copropagate
in vacuum, the electrons experience the Lorentz force
Fy = —e(Eqy, + ¢ X Bry,), where Ery, and Bpy, are
the electric and magnetic components of the THz, f is the
normalized velocity of electrons, and e and ¢ are the
elementary charge and speed of light in vacuum, respec-
tively. In the experiment, the relativistic electron beam has
a kinetic energy of 3.1 MeV and travels at 99.0% of the
speed of light. The electric and magnetic force components
almost totally counterbalance each other with only 1.0%
residual, illustrating the challenges of THz control of
relativistic electrons compared to nonrelativistic ones for
which the net Lorentz force is much stronger. In order to
achieve a net momentum transfer and optimum conditions
for the streaking measurement, it is necessary to use a
nonresonant cavity structure, in our case a metal slit.

The slit, i.e., the transverse deflecting structure, consists
of a rectangular slot machined out of 100 ym thick CuAu
braze foil. The slit height is 50 um allowing transmission of
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FIG. 2. Experimental data of electron bunch time-of-arrival measurements by THz streaking. (a)-(d) show raw images of
streaked electron bunches at different time delays, indicated by dashed lines in (e) showing the beam centroid versus time delay.
The scale bars in (a)—(d) correspond to 1.0 mm on the detector screen or 0.31 mrad in divergence. (f) Pointing stability of the electron

beam when the THz is off.

most of the focused electron beam. The slit dimension in
the transverse plane perpendicular to the electric field
polarization is large enough (4 mm) that the THz pulse
effectively observes a parallel plate rectangular waveguide
(PPWG). The structure itself is therefore dispersion free,
and the interaction with the electron beam is a result of
the impedance mismatch between the slit and the surround-
ing vacuum.

The driving laser pulses for the electron-beam and THz
generation are split from a common laser pulse, so that the
time delay between the THz and electron beams can be
controlled by adjusting the optical path length, leaving the rf-
induced timing jitter between THz and electron pulses as the
dominant synchronization uncertainty. The THz and electron
beams are adjusted to overlap spatially and temporally
around the THz focus where the interaction is strongest.

The Lorentz force integrated over the entire interaction
region results in a time-dependent transverse momentum
kick Ap, to the electrons. The value of Ap, is determined
by the temporal profile of the THz radiation and the relative
time delay between the THz and electron beams. After the
slit, the electron bunch travels freely over a distance of
3.2 m where the resulting spatial profile is measured by an
area detector. Figure 2(a)-2(d) shows unprocessed detector
images for single electron bunches at four different time
delays. In order to map this spatial information to absolute
units of time, we record a calibration curve [Fig. 2(e)]
where the average centroid position of electron beam is
shown as a function of delay between THz and photo-
cathode drive laser pulses. One can then map the arrival
time of each electron pulse on a shot-by-shot basis onto
the time axis using the calibration curve. It is worth to
emphasize that this calibration curve alone, which is
characterized experimentally, is adequate for unambiguous
temporal characterization of electron beams, without the
need of additional input such as the THz profile, the slit
properties or field simulations.

The accuracy of the time-of-arrival determination is
given by o,,/D, where 6, = 3.0 urad rms is the pointing

stability of the electron beam when the THz is not present
[Fig. 2(f)], and D is the slope of the calibration curve. With
an experimental value of D = 7.4 urad/fs, the timing
accuracy is 0.41 fs rms when the electrons arrive around
t = 0 ps in Fig. 2(e) where the streaking effect is strongest,
and the streaking ramp is linear. Note that the linear portion
of the streaking ramp extends about 0.6 ps. This time
window is significantly wider than the shot-to-shot time-
of-arrival jitter of the electron beams, which is 50 fs rms or
less in our machine, allowing an unambiguous assignment
of arrival time.

While the centroid of the electron bunch provides precise
time-of-arrival information, the spatial profile allows simul-
taneous single-shot determination of the absolute bunch
duration with femtosecond resolution. In Fig. 3(a) and 3(b),
we show two single-shot snapshots of electron beam
profiles with the THz off and on, respectively. With the
position-to-time correlation curve shown in Fig. 2(e) and
deconvolution with the nonstreaked beam profile, it is
straightforward to convert the streaked beam profile shown
in Fig. 3(b) into its temporal distribution. The resolution
of the measurement, related to the finite size of the un-
streaked beams, is evaluated to be 2.5 fs rms. Further
improvement of the resolution can be achieved by reducing
the beam size, increasing the THz strength, and utilizing
more efficient interaction structures.

In Fig. 3(d) and 3(f), we show the measured relative-to-
laser timing and absolute bunch length of 1000 shots of
electron beams recorded over a time period of 50 seconds.
We observe both a slow timing drift related to the average
phase stability of the rf source relative to the laser, as well
as a fast shot-to-shot timing jitter. The slow timing drift,
roughly 90 fs over 50 seconds or ~2 fs/sec, can be tracked
by a slow feedback and hence THz streaking time stamping
can always be performed in the linear and large-slope
region. The shot-to-shot timing jitter is 45.8 fs rms and the
bunch length is 21.3 £ 1.3 fsrms. This information can be
used for future pump-probe experiments with femtosecond
laser excitation and electron diffraction probe. One possible
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Experimental data of the relative-to-laser time jitter and the bunch length of the electron beams determined from single-shot

THz streaking images. From (a)—(c) the comparison of single-shot electron beams profiles with the THz off and on, one can determine
the relative time-of-arrival [vertical arrow in (c)] and bunch length [horizontal arrow in (c)] of every electron pulse. (a)—(c) have same
horizontal axes. The scale bars in (a) and (b) correspond to 1.0 mm on the detector screen or 0.31 mrad in divergence. (d)—(e) show the
time-of-arrival of 1000 electron shots. After removing the slow timing drift, the timing stability is 45.8 fs rms. (f)—(g) show the bunch
length for the same 1000 shots after deconvolution. The bunch length is 21.3 £ 1.3 fsrms.

configuration is to place a THz slit a few mm after the
sample, and the THz pulse will be introduced at a small
angle relative to the electron and pump laser beams to avoid
illuminating the sample. The measured time-of-arrival of
each electron probe bunch, providing time stamp for each
single-shot electron scattering images, can be used to resort
the images with respect to the pump laser with subfemto-
second accuracy, and thus significantly improve the overall
temporal resolution. The strength of the THz streaking and
hence the timing accuracy will be adjusted to be a fraction
of the bunch length of the probe electron beams, so that the
contribution of the timing jitter term to the overall temporal
resolution can be effectively eliminated, and meanwhile
minimizing THz-induced distortion of diffraction patterns.
This is conceptually similar to the x-ray-optical cross-
correlation technique for XFELs [38,39]. Real-time infor-
mation about the bunch duration with high resolution can
guide optimization of the electron bunches with additional
rf [19] or THz driven devices.

To quantitatively understand the interaction between the
relativistic electrons and the THz-induced fields we carried
out simulations of the electromagnetic field inside the slit.
We use the temporal profile of the THz as measured by
EOS at the focal point in the simulation package HFSS
[40]. A Fourier transform of the EOS trace provides the
spectral amplitude and phase of the THz pulse. Simulations
are performed in the frequency domain from 0.1 to 1.5 THz
to cover the relevant spectrum of the input pulse. The
simulated spatial volume covered the slit from +4 mm in
the longitudinal direction and 42.5 mm in the transverse
direction. A Gaussian THz beam profile was used to

approximate the field distribution entering the slit. The
full three-dimensional fields from the frequency domain
solver with the correct amplitude and phase were converted
back into the time domain where the interaction with
electrons is calculated. The measured and simulated
angular positions of the electrons at different time delays
are shown in Fig. 4(a). The results match remarkably well
between —0.3 to 0.3 ps when the streaking slope is steepest.
The simulation results show faster changes at other time
delays with the discrepancy due to the fact that the EOS
of the THz is inaccurate for very low frequencies, thus
limiting the accuracy of our particle motion simulation.
The electric and magnetic components of the Lorentz
force experienced by electrons at two different time delays
which end up with the maximum and zero integrated
angular kicks are shown in Fig. 4(c) and 4(e), respectively.
The 100-um-thick slit structure is indicated by the two
dashed lines. As the THz and the electrons are far away
from the slit, the net Lorentz force is weak. Within a
distance of a few THz wavelengths from the slit, the
reflection results in a different enhancement of the £ and B
fields and introduces a significant phase shift between the
two components, which leads to strong net Lorentz forces.
The slit effectively behaves as an open terminal on a
transmission line allowing for an enhancement of the
electric field while requiring a minimum in the magnetic
field. The simulations confirm this interpretation showing
that although the particles do see kicks from both E and B
fields, it is the enhanced electric field on the back face
of the slit (z = 0.1 mm) (enhanced by roughly a factor of
two compared to the incident field) that results in the net
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FIG. 4. Simulation results of angular position, integrated transverse voltage, and Lorentz forces experienced by the relativistic
electrons. (a) Comparison between the measured and simulated final angular position of the electrons at different time delays.

(b)-(f) compare the kinetics of two particles highlighted in (a): “max. Ay

1 VALl

with the maximum change in angular position and “zero Ay

with the angular motion integrated to zero. The two dashed vertical lines indicate the slit. (b) compares the integrated transverse

voltage experienced by the two particles. (c)—(d) show the components and combined Lorentz force experienced by the “max. Ay
particle. (e)—(f) show the components and combined Lorentz force experienced by the “zero Ay

integrated deflection, as shown in Fig. 4(b). The THz field
sampled by the electron beam is quasi-uniform along the
horizontal (x) direction since the spot size of Gaussian THz
profile is roughly one order of magnitude larger than the
spot size of the electron beam. This uniform field distri-
bution over a large transverse extent enabled by the PPWG
geometry, compared to the non-uniform distribution in a
narrow-band, field-enhancing resonant structure [29], is a
highly desired advantage for manipulating electron beams.
In contrast, the structure used in Ref. [29] is dispersive, and
thus significant ringing (continued periodic deflection of
the beam) was observed after the initial excitation with the
THz pulse. Moreover, the enhanced filed is highly non-
uniform along the slit direction—with a maximum in the
center of the slit and at zero at the edges. This non-uniform
field distribution introduces nonlinearities and limits beam
quality. Overall, the simulations illustrate the effectiveness
of a simple PPWG slit for efficient momentum transfer in
THz streaking.

In summary, we demonstrated the simultaneous deter-
mination of relative time-of-arrival and bunch duration of a
relativistic electron beam by THz streaking, with a reso-
lution below and approaching a single femtosecond,
respectively. The result is a major advance in manipulating
high energy electrons using all-optical methods and holds
tremendous potential in creating and characterizing isolated
electron beams in the subfemtosecond regime [41-44].
A distinct advantage of utilizing laser-generated THz is
that the manipulation of electron beams is intrinsically

/99

/93

particle.

synchronized to the driving laser, which essentially elim-
inates the timing-jitter challenge in pump-probe ultrafast
electron scattering measurements and external injection in
laser-driven accelerators [45—47]. Utilizing such dramati-
cally improved temporal resolution, one can explore the
intriguing opportunity of bright electron-beam based spa-
tiotemporal mapping of the THz electromagnetic fields in
metamaterial devices [48] and optically excited wakefields
in plasma and dielectric structures with nanometer and
subfemtosecond resolutions. With stronger THz radiation
[35] and more efficient interaction structures [26], THz
metrology can be extended to GeV-kinetic-energy electron
beams used at XFELs.
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