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ABsTrRACT: We describe a new experimental setup capable of measuring structural dynamics fol-
lowing intense terahertz excitation. This system, developed at the SLAC Accelerator Structure Test
Area facility, uses a high-energy ultrafast laser to produce intense terahertz pulses and femtosecond
electron bunches that are accelerated to mega-electron-volt kinetic energies. The focused terahertz
pulses have electric fields in excess of 600 kV/cm, and the resulting structural dynamics can be
followed by electron diffraction. We also present some examples demonstrating its implementation
where interactions between the THz pulses and the electron bunch are used to characterize the
spatial and temporal characteristics of the THz field.
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1 Introduction

One of the main challenges of ultrafast time-resolved optical spectroscopy is to correctly determine
which microscopic quantity, such as electron density or atomic structure, is responsible for observed
changes in an optical quantity, such as reflectivity. Typically, inferences on the microscopic agents
(free-carrier density, quasiparticles, lattice distortions) are made by analyzing the discernable time
scale or oscillation period of the quantity being measured. Only with the recent developments of
ultrafast short wavelength (1 < 1 A) coherent radiation sources has it become possible to directly
probe the structural dynamics following photoexcitation [1] or intense laser heating [2, 3]. Using
either hard X-ray free-electron lasers (XFELs)[4, 5] or ultrabright electron bunches [6, 7], it is now
possible to perform time-resolved diffraction with sub-ps resolution. Of these two, ultrafast electron
diffraction (UED) benefits from the larger scattering cross-section of electrons compared to hard
X-rays, making it more appropriate for studying thin samples and low-dimensional materials [8].
While X-rays scatter primarily off the electron density, electrons scatter off the atomic potential,
making them more sensitive to atomic positions and light (low Z) elements. Electrons also produce
less radiation damage per scattering event compared to X-rays [9]. As charged particles they can
be easily manipulated by magnetic lenses for steering and focusing. With state-of-the-art radio
frequency (rf) photoinjectors, electrons with mega-electron-volt (MeV) kinetic energies can be
produced [10]. At these kinetic energies the electrons become relativistic, and effects of special
relativity are able to mitigate the space charge force, Fy. o 1/8%y>, which leads to temporal and
transverse broadening. As a result, the bunch can remain temporally short and may be tightly
focused [11] without reducing the bunch charge [1]. The short de Broglie wavelength of relativistic
electrons allows for a large region of reciprocal space (g-space) to be measured simultaneously.

In order to take full advantage of ultrafast structural probes, it is necessary to combine them with
different excitation sources. Most time-resolved UED measurements have used near-infrared (NIR)
or visible wavelength pulses for photoexcitation. Compared to these, terahertz (THz) frequency



pulses offer a unique opportunity for perturbing the structures of materials. Intense THz pulses
can resonantly drive low frequency ionic displacements, and can also change material properties
through non-resonant interactions, similar to optical excitation, without significantly perturbing the
electronic density of states [12—15]. The relatively long timescale (~ps) and low photon energies
(~meV) of THz pulses make them well suited to interact more directly with the heavier ions that
make up the lattice through dipole-active optic phonons. In addition, the excitations of many
quasiparticles responsible for unique emergent behavior (e.g. excitons, magnons) occur on THz
energy scales. Consequently, there is increasing interest in following the structural distortions of
materials following intense THz excitation.

There have also been efforts in using intense THz pulses produced by optical means to manip-
ulate electron bunches. It has been demonstrated that single-cycle THz pulses with fields exceeding
1 MV/cm could be used to accelerate electrons from rest to kinetic energies of 0.8 keV in a compact
electron gun [16, 17]. THz acceleration of photoelectrons produced in noble gas jets has been used
to develop X-ray streak cameras which provide accurate timing of free-electron lasers at FLASH,
SACLA, and LCLS [18-21]. THz pulses have also been used to temporally compress and charac-
terize bunches containing ~1000 electrons with kinetic energies of less than 100 keV to durations
less than 100 fs [22]. A THz assisted electron diffraction scheme has been suggested for measuring
ultrafast electron diffraction on molecules in the gas phase with sub-10 fs temporal resolution [23].
These applications further motivate understanding the interactions between THz pulses and ultrafast
MeV electron bunches.

In this paper, we present the details of a newly developed instrument at the SLAC Accelerator
Structure Test Area facility capable of investigating these phenomena. The system builds on the
recently commissioned MeV-UED apparatus [24]. By utilizing an upgraded titanium sapphire
femtosecond laser system, which delivers more than 28 mJ of uncompressed (~120 ps) pulses, the
new system has sufficient energy for generating intense THz fields for pumping samples as well as
femtosecond electron bunches to probe the structual dynamics. The THz pulses are produced by
optical rectification using either lithium niobate (LiNbO3, LN) [25-29], or the organic crystal 4-
N,N-dimethylamino-4’-N’-methyl-stilbazolium 2,4,6-trimethylbenzenesulfonate (DSTMS) [30, 31]
as the nonlinear medium. The spectrum of the resulting THz pulses has frequency content up to
5 THz, and when focused the peak field strength exceeds 600 kV/cm. In addition, the system
possesses the ability for intense optical pumping at either 800 nm or 400 nm derived from the
fundamental or second harmonic of the titanium sapphire laser, respectively, thereby enabling
optical-THz double-pump experiments.

2 Apparatus design and implementation

Figure 1 shows a schematic of the new experimental system. Compared to the previous instrument
[3, 11, 24], the apparatus possesses an upgraded laser system, new sample chamber, and optics for
producing and detecting intense THz pulses.

The new laser system consists of a Coherent Legend Ti:sapphire regenerative amplifier, the
output of which is passed into a second-stage multipass amplifier. This results in the production
of uncompressed 800 nm pulses with pulse energies, E,,, exceeding 28 mJ and a stability (defined
as the standard deviation of the pulse energy divided by the mean of the pulse energy) of < 0.2%.
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Figure 1. Schematic of optical setup highlighting the upgraded areas and new capabilities. The output of
the new multi-pass amplifier is split and used to produce UV pulses by third harmonic generation as well
as optical lines for THz generation by optical rectification and THz readout by electro-optic sampling. UV
pulses are used to create femtosecond electron bunches that are accelerated to MeV kinetic energies. THz
pulses are generated in an MgO-doped LN crystal using NIR pulses with tilted pulse fronts, or in DSTMS
using 1350 nm light produced by a high power OPA.

The pulse bandwidth can be adjusted from 10 nm FWHM to almost 30 nm FHWM, which can
yield pulses with a transform limited duration between 100 and 50 fs, respectively. Using a series
of Pockels cells, the laser can be set to run in either single-shot mode or at a repetition rate of up to
180 Hz.

Following amplification, the uncompressed output is split by a beamsplitter, with greater than
95% of the energy directed into a mechanical delay stage and subsequently used for THz generation
and characterization, as described in the next section. The remaining pulse energy is compressed by
a single-grating compressor before being tripled using a pair of S-barium borate (BBO) crystals to
produce A = 266 nm UV pulses. These pulses are then diffracted off a grating before being imaged
with a 1/8 demagnification onto the photocathode. The combination of imaging and diffraction
by the grating is used to produce a tilted intensity front [32, 33] that compensates for the off-
normal incidence angle of the beam (6; ~ 70°). Consequently, all spatial portions of the UV pulse
simultaneously release photoelectrons, and this minimizes the bunch length.

The resulting photoelectrons are accelerated by a 1.6 cell photocathode rf gun, identical to
one used at the SLAC Linac Coherent Light Source (LCLS) injector. The rf gun is powered by



a pulse-forming-network-based modulator and a 50-megawatt S-band klystron operating at 2.856
GHz. Both the phase and amplitude of the rf signal are monitored within the gun and are stabilized
by a feedback loop. Typical values of the rf amplitude and phase stability of the gun fields were
measured to be 3x107* (rms) and 30 fs (rms).

The relativistic kinetic energy, Ey, is tunable between 2.2 and 4 MeV. The corresponding
Lorentz factor y ranges from 4.9 to 8.8, and the de Broglie wavelength of the electrons, A., given

by,

h
A, = < 2.1

A [E,S + 2Ekmoc§

varies from 0.51 pm to 0.28 pm, where & = 6.626 x 1073 J s is Planck’s constant, ¢y = 3 x 108 m/s
is the vacuum speed of light, and my = 9.11 x 1073! kg is the electron rest mass. The accelerated

electrons travel through a drift tube to the sample chamber. The position and size of the electron
beam at the sample position are controlled using two pairs of steering magnets and a focusing
solenoid, respectively. The typical diameter of the electron beam at the sample position is 100 yum,
but can be focused to less than 5 um 1/e radius [11].

The sample card is mounted to an assembly capable of translating the sample along the x-, y-,
and z-axes. The linear stages have maximum travel range of 25.4 mm and a reproducability of < 5
um. Rotation of the sample around the vertical (yaw) and horizontal (pitch) axes are also possible,
with maximum rotation angles of +15° each. The sample card is also connected to a compressed
helium closed-loop cryogenic cooler which is capable of cooling the samples to below 40 K.

After interacting with the sample, the electrons travel through a 3.1 meter drift tube where
the diffracted electrons are deposited onto a P43 phosphor screen. The undiffracted electrons pass
through an r = 1.3 mm hole at the center of the phosphor screen. This phosphor screen is then
imaged using an f = 40 mm focal length lens onto an electron multiplying charge-coupled device
(EMCCD) camera (Andor iXon Ultra 888, 1024 x 1024 pixel, 26 max fps, 13 um pixel size) with
a demagnification of M = 1/3.

3 Pumping capabilities

The remaining ~ 95% of the laser energy is used for THz generation and characterization. The
pulses are compressed and split into separate optical lines used for THz generation, by optical
rectification (OR), and characterization, by electro-optic (EO) sampling. THz pulses are generated
in either a MgO-doped stoichiometric LN crystal using tilted optical pulse fronts [28], or the organic
crystal DSTMS[30]. For LN generation, pulses with energy of up to 15 mJ are used directly. For
DSTMS, the 800 nm pulses pump a Light Conversion HE-TOPAS optical parametric amplifier
(OPA) which produces 2 mJ pulses of 1350 nm light that are used for OR. In both cases, the fluence
can be adjusted using a computer controlled waveplate and static polarizer to attenuate either the
800 nm or the 1350 nm pulses. In the DSTMS generation, the THz polarization can also be adjusted
by rotating the polarization of the 1350 nm pulse as well as the DSTMS crystal. Additionally, the
path of the THz pulse between the crystal and the chamber is enclosed by a dry-air purge box to
minimize atmospheric water absorption.



The resulting THz pulses are collected and focused by a 25.4 mm diameter, 50.8 mm effective
focal length off-axis parabolic reflector (OAP). This focused spot is relay imaged using a pair of
OAPs onto the sample. This three mirror scheme allows for tighter focusing of the THz pulse,
which increases the peak field strength [34]. The THz pulses are coupled into the sample chamber
through a 3 mm Zeonex window located between the second and third OAPs. The final OAP is
located in the sample chamber, has an effective focal length of 76.2 mm, and is motorized along
the x-, y-, and z- axes for precise positioning of the THz beam. A hole drilled through the parabola
allows overlap of the electron bunch or the EO sampling pulse with the THz pulse.

The EO sampling pulse is directed through a second mechanical delay stage before being
focused using an f = 500 mm lens to the sample. The EO sampling beam is overlapped with
the electron beam using a mirror with a 2 mm hole located at the center. The energy of the EO
sampling pulse is controlled using a computer controlled half-waveplate and polarizer. In order to
measure the pulse, a motorized mirror which can be moved into and out of the beam path is used
to outcouple the EO sampling beam. A pair of balanced photodiodes and a lock-in amplifier were
used to measure the THz time-domain waveform.

Figure 2(a) shows EO sampling data for the two different THz generation methods. Mimicking
typical experimental conditions, these traces were measured using a 50 um thick (110) gallium
phosphide (GaP) crystal mounted on the sample card in the chamber under vacuum. For both LN
and DSTMS, the peak electric field exceeds 600 kV/cm. Figure 2(b) gives the spectrum obtained
by Fourier transform of the time-domain waveforms. Artifacts caused by the reflections of the THz
pulse in the thin GaP crystal were suppressed by Fourier transforming only a +£1 ps window around
the main cycle of the THz pulse. As reported previously, the spectrum of THz pulses produced by
LN are at lower frequencies compared to those produced in DSTMS. We find the average frequency,
(v), 0f 0.95 and 2.5 THz for LN and DSTMS sources, respectively, and the full width half maximum
of the spectra, Av, were 1.1 and 2.7 THz. The measured spot size of the pulse is 1.5 mm for the LN
source, and 0.3 mm for the DSTMS source.

In this configuration, it is also possible to use the EO sampling beam to pump samples with
either fundamental 800 nm, or second harmonic 400 nm pulses. The full set of experimental
capabilities available in the system is shown in table 1. For NIR or visible pumping, the optical
beam can be focused to r ~ 150 ym without significant distortions to the beam shape from the
hole in the mirror. By using the delay stage in the EO sampling beam line, the arrival time of both
the NIR/visible pulse and the THz pulse can be set relative to the electron bunch, thereby enabling
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Figure 2. Comparison of THz sources in the (a) time- and (b) frequency-domain. A 50 um thick GaP crystal
was used for EO sampling. The spectra were obtained using a +1 ps window around the main cycle of the
THz pulse to avoid artifacts from etalon reflections in the thin EO crystal.



double-pump experiments.

Table 1. Experimental pumping capabilities available.

Source | Max E-field (kV/cm) Max Pulse Energy vy (THz) Av (THz) FWHM Duration
LiNbO3 > 600 6 ul 0.95 1.1 1ps
DSTMS > 600 2 ul 2.56 2.7 0.3 ps

800 nm - 300 wJ - - <0.1 ps

400 nm - 100 wJ - - <0.1 ps

4 Applications

In order to demonstrate some of the features of the apparatus, we present a series of measurements
in which we use the electron beam to characterize the THz field near the focus of the parabolic
reflector. The measurements were performed using a pinhole with a radius of » = 50 um placed at
the THz focal plane. The pinhole served to amplify the interactions between the THz fields and the
electron beam by allowing momentum transfer. The pinhole is not expected to show a polarization
dependent response due to the circular symmetry, unlike a slit or an antenna [35]. Thus, it is an ideal
choice for unbiased characterization of the local THz field. For the examples described here, the
THz pulses were produced using the DSTMS crystal, and the peak field strength was ~550 kV/cm
as measured by EO sampling. For visualization purposes, the electron beam was steered away from
the hole in the phosphor screen using the steering magnets downstream of the sample chamber.
The interaction of the THz pulse with the electron bunch resulted in a deflection of the electron
beam due to the Lorentz Force law, F = —eET Hz +V X ET Hz. In vacuum it is expected that the
contributions from the electric and magnetic fields should cancel and hence there should be no
force on the electron bunch. However, the pinhole preferentially enhances the electric field[36],
and the cumulative effect of the enhanced field results in a transverse momentum kick, Ap. Though
the magnitude of the integrated momentum kick depends on several factors (e.g. the dimensions
of the pinhole, the spatial and temporal behavior of the THz pulse, the temporal walk-off between
the electron bunch and the THz pulse through the pinhole), the deflection is essentially linear in the
applied THz field [22]. Furthermore, as the direction is opposite to the sign of the incident field,
this provides a means of determining the absolute direction and magnitude of the THz electric field.

4.1 Spatial Characterization

Figure 3 shows images of the electron beam at the detector in the absence (figure 3(a)) and presence
(figure 3(b)) of the THz pulse. For these measurements, the bunch charge was increased so that
the temporal duration of the bunch was longer than the 400 fs temporal period of the THz pulse,
and the long exposure time of the camera averaged many shots into a single image. As a result,
the interaction between the THz pulse and the electron bunch appears to streak the bunch along the
vertical axis. The streaking can be characterized by the centroid-to-centroid distance as indicated
in figure 3(b).

To characterize the spatial distribution of the THz field, streaking patterns were measured
at a variety of positions around the THz focus. Each time, the pinhole was used to guide the
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Figure 3. Image of electron beam at the phosphor screen in the (a) absence and (b) presence of the THz

pulse. (c) Image of THz focus reconstructed from streaking measurements. (d) Streaking patterns recorded
with pinhole at locations indicated 1-9.
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electron beam to a different position in the THz focal plane, and the centroid-to-centroid values
were measured at each location. The streaking values were fit to a two-dimensional Gaussian of
the form exp(—x?/o2 — y?/ O'yz), and this was used to construct a map of of the THz field at the
focus. The 2D fit had an R? value of 0.97, and the 1/e radii were oy = 520 um and oy = 550 um.
These are 5x the limit expected for a Gaussian beam with 4 = 150 ym. The reconstructed THz
spot is shown in figure 3(c), with streaking patterns obtained at selected locations shown in figure
3(d). For locations far from the center of the focus, the streaking is not solely along the vertical
direction indicating that there are some perpendicular component to the THz polarization. These
components cannot be visualized directly by a conventional THz camera which is sensitive to the
local intensity of the THz pulse rather than the local field.

4.2 Temporal Characterization

Lastly, we characterized the temporal dependence of the momentum kick. For this measurement
the bunch charge was reduced so that the bunch duration was subcycle compared to the THz pulse,
and the camera was set to record images of individual bunches. The time-delay between the THz
pulse and the electron bunch was varied, and at each delay 50 images were recorded. The centroid
position was obtained from each image and averaged to obtain the mean change in the centroid,



(Ax;). This can be related to the average momentum kick experienced by the electron beam by,

(Ax;)

7 4.1

(Api) = po

where py = yBmycy is the incident longitudinal momentum and L = 3.1 m is the distance from the
pinhole to the phosphor screen.

Figures 4(a) and 4(b) show three-dimensional plots of the transverse momentum kick along
the x- and y- axes as a function of time delay for THz pulses polarized vertically and at ~ 45°,
respectively. The electron kinetic energy was set to 3.1 MeV, corresponding to a momentum
po = 3.6 MeV/c. As expected, for the vertically polarized field, the streaking is almost entirely
along the vertical axis. In the case where the polarization is rotated, we observe a weakening of the
vertical deflection as well as an additional horizontal deflection.

The maximum average deflection observed was 1.2 mm on the detector. The corresponding
transverse momentum gain was 1.5 keV/c, which is <0.05% of the incident momentum. It should
be noted that this value is an underestimate of the effect that the THz pulse has on the electron
bunch. The temporal jitter of the instrument caused by slight timing differences between the klystron
and the laser reduces (Ax;) as the electron bunch is not perfectly phase-locked to the THz pulse.
This effect can be seen by measuring the maximum centroid deflection obtained from the streaking
patterns shown in figure 3(b). This gives a value of 2 mm, corresponding to a momentum kick of
2.3 keV/c. We note that the details of the interactions between the field and the electron bunch are
complicated by the temporal walk off between the THz pulse and the electron bunch, in coupling
of the THz fields into the pinhole, and the structure of the local fields especially at the entrance and
exit of the pinhole. Such a calculation is beyond the scope of this work and will be the subject of
future investigations [37].

These measurements illustrate the use of a pinhole, or any enhancement structure, as a conve-
nient tool of determining both spatial and temporal overlap between the THz pulse and the electron
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Figure 4. Three dimensional representation of the deflection of the electron bunch by a THz pulse in
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bunches. At the same time, it is important to note that some commonly used sample preparation
tools, such as copper mesh grids, will have the same effect on the entire diffraction pattern. This
is not a serious issue in cases where the THz induced response persists long after the main cycle
of the THz pulse. In addition, conducting grids can also serve to enhance the THz field near the
samples, similar to field enhancement achieved with metamaterials [38, 39].

5 Conclusions and outlook

In conclusion, we have built a new experimental system designed for THz pump MeV-UED probe
experiments. This represents the first system suitable for probing with ultrafast electron diffraction
the structural dynamics induced by intense THz fields. The two different means of producing THz
pulses, using either LN or DSTMS as a nonlinear medium, span a broad frequency range up to 5 THz
allowing a broad set of either resonant or non-resonant phenomena to be investigated. The system
also retains the ability to excite samples with either intense 800 nm or 400 nm pulses, or to perform
double-pump experiments as well. These capabilities enable many classes of experiments to be
performed within a short time on the same samples. This is important for accurately elucidating
the different responses induced by either THz or optical pumping. We have also demonstrated the
capabilities of the instrument by using femtosecond electron bunches to locally characterize the
THz field.

The interactions between the THz pulse and the electron beam can be used to characterize
the electron bunch in a way that is otherwise inaccessible. Measurement of the THz induced
streaking and deflection can be used to as a timing tool for precisely characterizing the temporal
jitter of the instrument as well as the duration of the electron bunches. It should also be possible to
use this as a means of time-stamping, which would improve the temporal resolution of performed
measurements. This instrument also has applications in studies of materials where THz excitation
is preferable because energy is more directly transferred to the lattice or other low-energy degrees
of freedom. Such measurements will be useful for distinguishing the contributions of electronic
and lattice excitations to signals observed in optical pump-probe measurements.
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