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Terahertz-based electron acceleration has recently emerged as a promising candidate for driving next-generation high-
brightness electron sources. Although initial demonstrations have proven the feasibility of this technology for accel-
erating and manipulating the phase space of electrons, further demonstrations of exquisite timing control are required
to make use of terahertz acceleration for demanding applications such as light sources and ultrafast electron diffrac-
tion. In this paper, we use a two-stage segmented-terahertz-electron-accelerator-and-manipulator (STEAM) setup to
demonstrate control over the electron beam energy, energy spread, and emittance. The first rebunching stage is used to
tune the duration of 55 keV electron bunches from a DC electron gun that enables femtosecond phase control at the
second accelerating stage. For optimized parameters, energy spread and emittance are reduced by 4x and 6x,
respectively, relative to operation with the first stage off. A record energy gain of ~70 keV was achieved at a peak
accelerating field of 200 MV/m, resulting in a >100% energy boost in a terahertz-powered accelerator for the first time.
These results represent a critical step forward for the practical implementation of terahertz-powered devices in ultra-

fast electron sources.
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1. INTRODUCTION

Particle accelerators and ultrafast electron sources have become an
essential technology in our society. Many have been brought into
daily use in areas as diverse as medical imaging and therapy [1,2],
semiconductor device processing [3], and fundamental sciences
from physics to structural biology [4-6]. Despite tremendous
advances over decades of development, conventional RE-powered
devices remain costly, require major infrastructure, and consume
significant power, limiting the availability of these technologies to
an even broader scientific community [7]. In particular for ultra-
fast science applications, difficulties in synchronization [8] and
low acceleration gradients [9] represent serious challenges for
reaching desired spatial and temporal resolutions. Strong motiva-
tion thus exists for exploring alternative “compact” technologies
offering smaller sizes and costs and the potential to push the res-
olution frontiers. Applications requiring lower levels of charge
(e.g., in the subpicocoulomb range) are especially well suited
to this approach.

Terahertz-driven electron acceleration has recently emerged
[10—18] as a promising approach for developing compact accel-
erators. Scaling accelerators to terahertz frequencies offers many
advantages: first, the short wavelengths and short pulse durations
of the terahertz radiation are expected to enable order-of-
magnitude increases in field-induced breakdown thresholds,
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allowing for greater acceleration gradients; second, existence of
efficient, optically based methods for high-field terahertz gener-
ation allow intrinsic synchronization among the electrons, the
driving fields, and any probe lasers; and third, the millimeter scale
of the wavelength, together with the higher field strengths, allows
devices to shrink significantly in cost, size, and infrastructure
while still being fabricable using conventional means. The milli-
meter scale of terahertz-based accelerators offers an unexplored
compromise between the meter scale of existing RF devices
and the micron scale of other laser-based compact accelerator
technologies. Examples of these other technologies include dielec-
tric laser accelerators (DLAs) [19,20], which suffer from low
charge capacities and extreme fabrication tolerances, and laser-
plasma accelerators [21-23], which currently suffer from instabil-
ities and low repetition rates. The picosecond time-scale of the
terahertz field variations offer increases in timing precision over
RF while still supporting a moderate charge at the picocoulomb
level. The terahertz-based electron source has the potential to pro-
duce high-repetition, high-energy ultrafast electron bunches,
which are highly desired in ultrafast electron diffraction [5,6].
The emergence of terahertz-based accelerators is being sup-
ported by the recent growth of ultrafast terahertz sources
with electric-field strengths reaching GV/m [24-29]. Proof-of-
principle demonstrations [10,13,16,17] with these sources have
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resulted in multikilo-electron-volt acceleration, as well as manip-
ulations of electron bunch phase space [16,30,31], proving the
feasibility of terahertz-based accelerator technology. However,
these initial demonstrations have only started to explore the
essential capabilities of this technology and thus leave room for
further improvement of basic beam parameters as well as develop-
ment of terahertz-based methods to control them. Key steps along
this development plan include increasing terahertz pulse energies
to enable electron energies in the mega-electron-volt range, tun-
ing of the injected electron bunch length, and control over energy
spread and emittance [10,16,17].

When bunch acceleration is pursued using fast varying
terahertz fields, the bunch length needs to be much shorter than
the duration of a terahertz half-cycle. The output of a DC or an
RF accelerator except in the ultrarelativistic regime may not
provide the required bunch length for terahertz acceleration with
minimum energy spread. Therefore, bunch compression schemes
need to be implemented in conjunction with terahertz accelera-
tors for optimal performance. In this paper, we exploit the
multiple functionalities of the segmented-terahertz-electron-
accelerator-and-manipulator (STEAM) device [16] to provide
both compression and high-field terahertz-driven acceleration
in a staged geometry. The compression is used to reduce the
bunch length to subpicosecond duration, thereby providing fem-
tosecond control over the accelerating phase. In this way, the ef-
fects of the bunch duration on the terahertz acceleration process
are explored. We achieve a peak acceleration field of 200 MV/m,
resulting in a record >70 keV terahertz acceleration from an
injected 55 keV electron beam resulting in up to ~125 keV
accelerated electrons. By tuning the compression of the injected
bunch, femtosecond control over the accelerating phase is
achieved, which enables great improvement of both the energy
spread and emittance of the electron beam relative to the uncom-
pressed case and compared to previous terahertz-based accelera-
tion demonstrations. These results pave the way for further,
highly needed development of this promising technology for prac-
tical implementation in applications from high-energy physics to
ultrafast-electron diffraction and tabletop radiation sources.

2. CONCEPT AND IMPLEMENTATION

Figure 1(a) shows the schematic view of the experimental setup
along with photographs of the actual STEAM-buncher (bunch
compressor) and STEAM-linac (linear accelerator), showing their
compact size. 55 keV electron bunches are generated from a pho-
totriggered DC gun and injected into a terahertz-powered
buncher before injection into a terahertz-powered linac. Both de-
vices derive their terahertz pulses from a single near-infrared
(NIR) laser that also triggers the photocathode of the DC gun,
resulting in inherent synchronization between the electrons and
the accelerating fields. Ultraviolet pulses for photoemission on the
photocathode are generated via two consecutive stages of second
harmonic generation (SHG) of the fundamental NIR wavelength,
which converts the 1020 nm laser first to 510 nm and then to
255 nm. The rest of the NIR laser beam is split into four beams,
which are used for generating four single-cycle terahertz pulses via
intrapulse difference frequency generation. Two terahertz pulses
are then coupled into each STEAM device from the sides (Fig. 1)
through symmetric horn structures that guide the terahertz energy
to the interaction region transversely relative to the propagation
direction of the electrons. Upon entering the interaction region of
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Fig. 1. Schematic illustration of the experimental setup. 55 keV elec-
tron bunches are generated by a DC electron gun. The UV pulses are
produced from a part of the Yb:YLF laser pulses by two SHG stages and
directed onto a gold photocathode generating photoelectrons, which are
further accelerated to 55 keV by the DC electric field between the photo-
cathode and anode plate. This Yb:YLF laser also drives four synchronized
optical-rectification stages, each generating single-cycle terahertz pulses.
The STEAM-buncher is driven by two counterpropagating terahertz
beams with energy ~2x50 n] for electron compression. The
STEAM-linac is driven by ~2 x 15 pJ terahertz radiation for electron

acceleration.

each STEAM device, the electrons—when correctly timed with
the terahertz fields—are subjected to the electric and magnetic
components of the Lorentz force: the electric field is responsible
for acceleration and deceleration, while the magnetic field induces
transverse deflections. Inside the STEAM device, the terahertz
beams are split transversely by thin metal sheets into several layers
of varying thickness [Figs. 2(a) and 2(b)], each of which acts as a
waveguide carrying a fraction of the total energy to the interaction
region. Dielectric slabs with tailored lengths are inserted into each
layer to match the arrival time of the terahertz wavefront with that
of the electrons, thereby quasi-phase-matching the electron-
terahertz interaction.

Both of the STEAM devices are operated in the “electric”
mode [16], in which the fields are timed to produce electric-field
superposition and magnetic-field cancellation at the center of the
interaction region. The timing of the electron bunch relative to
these fields depends on the function of the STEAM device. In the
first device, which acts as an electron buncher, the electrons are
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Fig. 2. Design of the segmented waveguide structure. Schematic illus-
tration for (a) buncher and (b) linac. Temporal signature of the electric
fields affecting the electron bunch for (c) compression and (d) accelera-
tion. In each layer the electron-terahertz interaction is marked with thick
blue, red, and yellow colors.
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timed to travel through the zero-crossing of the terahertz field,
where the temporal electric-field gradients are maximized and
the average field is minimized. This configuration causes acceler-
ation of the electron bunch tail and deceleration of the bunch
head, leading to ballistic longitudinal focusing [Figs. 2(a) and
2(c)]. In the second device, which acts as a linac, the electron-
terahertz timing is set such that the electron bunch only experi-
ences the negative cycle of the terahertz electric fields, resulting in
a net, continuous acceleration [Figs. 2(b) and 2(d)].

The timings of the terahertz and electron beams (and thus the
operation mode of each STEAM device) are controlled using mo-
torized delay lines in the corresponding infrared beam lines. The
energy spectra of the electron bunches were measured using an
electromagnetic dipole oriented to induce vertical deflections
onto a microchannel plate (MCP) detector. To determine the
electron bunch duration at the acceleration stage, the STEAM
device used for the linac was operated in a streaking mode
[14] by adjusting the terahertz beam timing so that the electrons
experienced uncancelled magnetic fields at their high-gradient
zero-crossing point. The NIR drive laser is a cryogenically cooled
Yb:YLF system that delivers optical pulses with 1.2 ps duration
and 50 m] energy at 1020 nm wavelength at 10 Hz repetition rate
[32,33]. Terahertz pulses with a center frequency of 0.29 tera-
hertz (3.44 ps period) are generated using the tilted pulse-front
(TPF) method [24]. Only 2 x 50 n] of terahertz energy were used
to power the buncher while up to 2 x 15 pJ were used in the
linac. For the latter case, the NIR beam is shaped to create an
elliptical terahertz beam [34] so that higher pump energy can be
used with reduced depletion effects. The buncher is designed
[Fig. 2(a)] with three layers of equal height, 5 = {0.225,0.225,
0.225} mm, and are fitted with fused silica (¢, = 4.41) slabs of
length L = {none, 0.42,0.84} mm for timing control. The equal
heights reflect the fact that no acceleration, and thus no velocity
change, occurs [Fig. 2(c)]. The linac [Fig. 2(b)] is designed with
three layers of dielectric material of varying height, b =
{0.225,0.225,0.250} mm, optimized for acceleration and fitted
with fused silica slabs of length L = {none, 0.42, 0.84} mm. The
increasing layer heights of the linac account for the increase in
velocity of the subrelativistic electrons during acceleration.
Since the energy change in the first and second layers is not very
big, the layers were chosen to have the same thickness for easier
fabrication. Note, the number of segments in a STEAM device is
chosen to achieve a given function, for example compression, with
minimum terahertz energy and complexity. For much higher
degrees of acceleration, a greater number of layers and a greater
degree of height tuning is required to optimize the interaction (see
Supplement 1, Fig. S1). The diameter of the entrance and exit
apertures of both the buncher and the linac is 120 pm.

The modeling of the experiment accounts for single-cycle
Gaussian beams at 0.29 THz center frequency as the output
of the laser-driven terahertz source. Equations in Gaussian beam
optics are used for the propagation of the terahertz beam in free-
space. The evolution of the fields in the coupler, waveguide, and
interaction section of the STEAM device are so intricate that con-
sidering analytical formulations does not lead to accurate results.
Thus, we employ numerical solution of Maxwell equations to
model the field propagation inside the STEAM device. For this
purpose, an inhouse Maxwell solver based on the discontinuous
Galerkin time domain (DGTD) method is developed [35]. The

software is written in C++ and is parallelized using the Message
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Passing Interface (MPI) library. The geometry of the STEAM de-
vice is drawn and tessellated using Gmsh software [36] and the
Dune library [37] is utilized for mesh and grid management. The
metallic boundaries and quartz inclusions of the STEAM device
are modeled as a perfect electric conductor and dielectric with
permittivity 4.41. Through total-field/scattered-field (TF/SF)
boundary conditions, the two Gaussian beams are injected into
the computational domain. Using a particle-in cell (PIC) algo-
rithm for solving the equations of motion, electrons are generated
and accelerated in the computational model. We expect that such
a numerical approach to model the device operation captures all
the involved effects and produces reliable simulation results.

3. ACCELERATOR PERFORMANCE

In RF-driven, conventional accelerators, the effects of the tempo-
ral extent of the injected electron bunch on the properties of the
accelerated bunch are well understood, and are related with the
variation in the electric field experienced over the time frame of
the interaction by different electrons within the bunch arriving at
different times. In general, one can expect larger field gradients
and larger bunch durations to lead to larger energy spreads.
Injected bunches of larger duration can also lead to higher emit-
tances as they experience a greater fraction of the sinusoidal driv-
ing waveform, and hence a larger degree of nonlinearity in the
accelerating field. For our terahertz-driven accelerator, the period
of the driving field is approximately 200x shorter than for an
S-band device, and the supported field strengths are expected
to reach approximately 10x higher [9]. The field gradients expe-
rienced by electrons in a terahertz-driven accelerator can thus be
orders of magnitude higher than those in a conventional device,
and the timescale over which the curvature of the field is notice-
able is orders of magnitude shorter. The effects of the injected
bunch duration are therefore expected to be orders of magnitude
more severe. We study these effects in the terahertz regime for the
first time by characterizing the performance of our accelerator us-
ing injected bunches of varying duration controlled by compres-

sion provided by the first STEAM device.

4. ENERGY SPREAD

With the compressor unpowered, 55 keV electron bunches of
charge ~1 fC travelling ~300 mm from the DC gun to the linac
stage were allowed to expand under the influence of space-charge
forces to a duration, measured at the linac, of greater than 1000 fs,
FWHM [Fig. 4(b)]. At this duration, the electron bunch occu-
pied >60% of the 1.7 ps accelerating field half-wave, leading to a
post-acceleration energy spectrum with a peak at 115 keV and a
FWHM energy spread of more than 60 keV [Fig. 3(a)]. To com-
pare these results to expectation, we modeled the propagation of
electrons, detuned from optimal injection timing, through the
linac. These calculations show, as expected, that the electron en-
ergy gain is sensitive on a subpicosecond timescale to the injection
timing [Fig. 3(b)] which, when optimal, is designed so that an
electron experiences a full acceleration half-cycle of the terahertz
radiation within each layer [Fig. 3(c)]. Electrons arriving at differ-
ent times experience less acceleration in the first layer and thus
take longer to propagate through it. The detuning is then accen-
tuated in the following layers, resulting in complex dynamics of
dephasing and deceleration, and thus a highly nonlinear depend-
ence of the acceleration on timing [Fig. 3(d)]. The variation in
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Fig. 3. Acceleration performance. (a) Measured electron energy spectra
for input electron beam (blue-shaded curve) and accelerated electron
beam (red-shaded curve) with maximum terahertz energy with the
buncher turned off. The energy distribution is normalized to the 55 keV
input electron beam with around 1 fC bunch charge. An increased energy
spread is observed due to the long length of the injected electron bunch
and the slippage between the terahertz pulse and the electron bunch.
(b) Calculated energy gain along the electron propagation direction
for different electron injection times. (c) Accelerating field in the middle
of each layer versus time for the designed acceleration condition. The
interaction is marked with thick blue, black, and red colors for each layer.
(d) Simulated energy gain as a function of the electron injection time.
Simulation is performed based on 2 x 15 pJ terahertz energy.

energy gain predicted for electrons injected over a range of £1 ps,
corresponding to the measured input bunch duration, agrees well
with the observed energy spread. As can be seen in Fig. 3(a), some
injected electrons experience little, or even negative acceleration,
consistent with the trajectories shown in Fig. 3(b).

To minimize the negative effects of the bunch temporal extent,
the first STEAM device (“buncher,” implemented 80 mm down-
stream of the photocathode and 200 mm upstream of the linac),
was operated in a compression mode. The duration of the electron
bunch at the linac was optimized to a minimum of ~350 fs
(FHWM) by tuning the terahertz energy applied to the buncher
and switching the linac to a streaking mode [16] [Fig. 4(b)]. The
minimum bunch duration was set by the duration of the UV pho-
tocathode pulse, which was ~600 fs in duration, and by the dis-
tance between the buncher and streaker, which limited the
strength of the velocity bunching. This enables femtosecond pre-
cision of injection phase in the accelerating stage. Figure 4(a)
shows that the energy spread of the compressed electron bunch
after the optimized acceleration in the linac is reduced by a factor
of ~4 as compared to the uncompressed case. As a result, unlike
the uncompressed case, the energy spectrum is cleanly shifted in
its entirety to higher energies by the acceleration. The peak of the
accelerated energy spectrum is about 115 keV, and the high-
energy tail reaches about 125 keV. These results represent a
new record terahertz-driven acceleration of 70 keV, and a corre-
sponding peak field of 200 MV/m, which was estimated using the
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Fig. 4. Energy spread compensation. (a) Measured electron energy
spectra for input beam (blue-shaded curve), accelerated beam without
buncher (gray-shaded curve) and with buncher (2 x7 pJ terahertz—
green-shaded curve and 2 x 15 pJ terahertz—red-shaded curve). The en-
ergy distribution is normalized to the 55 keV input electron beam with
around 1 fC bunch charge. (b) Measured input electron pulse duration
with (red-shaded curve) and without buncher (gray-shaded curve).

simulation results shown in Figs. 3(b) and 3(c), based on
2 x 15 pJ of coupled terahertz pulse energy. The asymmetry of
the energy spectrum [Fig. 5(b)] about the peak is because the
bunch center is accelerated most while both the bunch head
and tail are accelerated less [38]. As described above, the energy
spread is affected not only by the bunch duration but also by the
field gradient. Figure 4(a) shows that, as expected, the absolute
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Fig.5. Emittance measurement. (a) Measured root-mean-square beam
size (0) as a function of solenoid current for the uncompressed (hollow
markers) and compressed (solid markers) electron bunches in the
x-horizontal (red squares) and y-vertical (blue dots) directions. The trans-
verse emittance was determined using parabolic fits to the data. For the
uncompressed bunch the fits (dashed lines) yielded emittances of €, ,, =
1.703 mmmrad and ¢, = 1.491 mm mrad for horizontal and vertical
directions, respectively, and similarly for the compressed bunch, the fits
(solid lines) yielded €, , = 0.285 mm mrad and ¢,,,, = 0.246 mm mrad,
respectively. (Inset) Snapshot of the simulated magnetic field distribution
in the first layer of the STEAM device. (b) Electric field of the first layer as
a function of time. The thick blue line represents the optimized inter-
action window, and the black lines are detuned ones. (c) Magnetic field of
the first layer as a function of time at the top middle part marked by the
magenta dot in the (a) inset. The thick red line represents the optimized
interaction window, and the black lines are detuned windows.
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energy spread of the accelerated electron bunches is indeed
correlated to the amount of acceleration, which was controlled
by varying the applied terahertz energy and thus the applied
field strength. An even shorter bunch length is desired to further
decrease the energy spread.

5. EMITTANCE

The transverse emittance is determined by scanning the current of
a focusing solenoid and measuring the size of the electron beam
profile on the MCP [39]. In the case of an uncompressed injec-
tion beam, parabolic fits to beam size versus current reveal a trans-
verse emittance in the horizontal and vertical directions of
€y, = 1.703 mmmrad and g,, = 1.491 mm mrad, respectively
[Fig. 5(a)]. Implementing compression of the injected electron
bunch improved the measured transverse emittance by a factor
of 6, to g, = 0.285 mm mrad and ¢, = 0.246 mm mrad, re-
spectively. Note that the emittance reduction factor is roughly
twice that for the reduction of bunch duration, which is a measure
for the nonlinearity of the interaction dynamics with time where
the electrons experience strong focusing and defocusing magnetic
field during acceleration [Figs. 5(b) and 5(c)]. The emittance re-
duction is due in part to the reduction in energy spread, caused by
the reduction in the range of accelerating and decelerating forces
experienced as well as to a reduction in the transverse momentum
spread, caused by the reduction in the range of focusing and de-
focusing fields experienced [14]. As can be seen in Fig. 5(b), elec-
trons injected at the optimal timing experience the entire
accelerating half-cycle of the E-fields, while electrons arriving be-
fore or after optimal timing experience less of the accelerating
half-cycle and also some of the decelerating half-cycle. The result
is that electrons timed before or after the optimum both see less
energy gain.

A similar effect occurs with the B-field interaction. Although
on axis, i.e., along the center line of the interaction zone, the mag-
netic field is, in principle, perfectly canceled, at spatial points off
axis; the B-field is not cancelled and has a pattern of field vectors
that circulates around the axis [Fig. 5(a) inset]. Electrons injected
at the optimum timing experience a symmetric amount of pos-
itive and negative magnetic fields, integrated over the interaction
within a given layer. In other words, the temporal window of the
interaction covers a half-cycle of the magnetic field from the crest
to the trough. In this case, the net deflection of the electron by the
B-field is zero. Detuning the injection to earlier times, however,
shifts the temporal window so that it includes more of the positive
field and less of the negative one, or vice versa for later times
[Fig. 5(c)]. As a result, an electron experiences a net deflection
to the left, right, up, or down, depending on its position relative
to the axis, resulting in an increase in transverse momentum cor-
responding to a focusing or defocusing of the beam. As this effect
is not linear with temporal detuning, the emittance of the bunch
grows with the bunch duration.

It is therefore clear that the performance of the accelerator will
improve as the duration of the bunch decreases when the space
charge effect is negligible. In the work described here, the achiev-
able bunch duration was limited by the experimental geometry;
however, in principle, reaching bunch durations significantly be-
low 100 fs is feasible and would greatly improve the quality of the
beam. Other schemes to improve beam quality include reducing
the layer heights and increasing the number of them so that the
fraction of the fields experienced by the electrons in each layer
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is less than a half-cycle. This strategy, however, introduces higher
demands on the fabrication process and potentially increases the
impact of fringing fields at the holes between adjacent layers.
Further exploration is thus required.

6. CONCLUSION

We present measurements quantifying the effects of detuning the
injection timing in a terahertz-powered accelerator on the emit-
tance and energy spread of the accelerated beam. Femtosecond
control over the injection-time detuning was achieved by adjust-
ing the duration of the injected electron bunch with a terahertz-
powered compression stage. A threefold compression from 1 to
0.35 ps resulted in a 4x improvement in energy spread and a
6x improvement in transverse emittance. These measurements
represent a first step in characterizing the operation space and
parameter sensitivity of terahertz-driven accelerators. We also
demonstrate a new record in a terahertz-driven electron energy
gain of ~70 keV corresponding to a peak accelerating field of
~200 MV /m using ~30 pJ of single-cycle terahertz energy.
These demonstrations represent a high degree of control over
the acceleration process compared to other compact acceleration
technologies currently being investigated. This work represents a
critical step forward in the development of this technology by
transitioning from a proof-of-principle mode of research to a pro-
cess of development in which the performance and limitations of
the new technology can be studied. Our results agree well with
both simulations and analytical estimates and thus provide
encouraging evidence for increased performance when scaling
to sub-100 fs injection bunches and millijoule-scale terahertz
pulses reaching GV/m fields, both of which are feasible today.
Terahertz-driven acceleration is thus showing itself to be increas-
ingly promising as a realistic alternative as compact, relativistic
electron sources for future ultrafast electron diffraction and
free-electron lasers.
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