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Terahertz (THz) pulses with energies up to 100 xJ and corresponding electric fields up to 1 MV/cm were generated
by coherent transition radiation from 500 MeV electron bunches at the free-electron laser Freie-Elektronen-Laser in
Hamburg (FLASH). The pulses were characterized in the time domain by electro-optical sampling by a synchro-
nized femtosecond laser with jitter of less than 100 fs. High THz field strengths and quality of synchronization with

an optical laser will enable observation of nonlinear THz phenomena.

OCIS codes: 120.6200, 140.2600, 320.7110.

Intense single-cycle terahertz (THz) pulses are increas-
ingly being used to observe extreme nonlinear optical
phenomena at high field strengths [1-3]. These pulses
can be obtained on the tabletop by optical rectification
of femtosecond laser pulses and can reach pulse energies
on the level of tens of microjoules [4]. Even higher pulse
energies and fields can potentially be reached by accel-
erator-based sources [5,6]. Coherent transition radiation
(CTR) is emitted when an electron bunch crosses the
boundary between two media [7,8]. The energy of the
pulses scales with the average line charge density (“peak
current”) of the bunch squared and their frequency
content covers the THz up to the IR region of the elec-
tromagnetic spectrum, depending on the electron bunch
duration. Since the driving linear accelerators for high-
gain free-electron lasers (FELs) are built to boost the
peak current to several kiloampere, they are well suited
to drive powerful CTR sources. A number of high-gain x-
ray FEL facilities are now developing a complementary
THz research program with short broadband THz pulses.
At the soft x-ray FEL Freie-Elektronen-Laser in Hamburg
(FLASH) [9], transition radiation is generated from colli-
sion of electron bunches with energies up to 1.2 GeV with
a metal screen and then guided through an evacuated
beam line [10] with 20m length into a user accessible
lab. While the main purpose of this beam line is high-
resolution diagnostics of the longitudinal electron bunch
characteristics [11], it can also serve as a powerful and
broadband source for experiments with subpicosecond
single-cycle pulses. The pulses obtained have energies
exceeding 100 xJ and span a frequency band of 200 GHz
to 100 THz. Here we determine the temporal structure
and the electric field of the THz pulse below 10 THz di-
rectly in the time domain using electro-optic sampling
with a femtosecond laser synchronized to the electron
bunches. The availability of optical probe lasers synchro-
nized to this intense THz source enables THz pump op-
tical probe measurements.
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The CTR source at FLASH is located in a straight
section between the superconducting linear accelerator
and the undulator. The last electron bunch within a
sequence of up to 800 bunches with a spacing of 1us
can be deflected onto an off-axis CTR target by a fast
kicker magnet without interfering with routine FEL user
operation at the x-ray undulator downstream. The CTR
radiation is produced on a metal screen of 150 nm alumi-
num on a 380 ym silicon wafer within the ultra high va-
cuum part of the FLASH beam line and then transported
to a dedicated optical laboratory outside the accelerator
tunnel. In order to obtain the largest possible bandwidth,
a diamond window with a 20 mm diameter and a 0.5 mm
thickness is used to separate the ultra high vacuum inside
the accelerator tube from the beam line. The beam line
itself is evacuated to better than 0.1 mbar to prevent
atmospheric absorption. The transport tube has a mini-
mum diameter of 200 mm to maintain low frequencies.
A detailed description of the beam transport theory of
the CTR generation at FLASH can be found in [10].

In order to enable direct characterization of the THz
field in the time domain, it is vital to use a synchronized
laser system with a jitter on the order of 100fs or less
relative to the electron bunch. For our experiments a
Ti:sapphire femtosecond oscillator is synchronized to
the master oscillator of the FLASH linear accelerator by
high frequency to baseband mixing (Fig. 1). An electrical
frequency comb is generated from the laser pulse train
by a fast photodiode with >10GHz bandwidth. The
16th harmonic of the laser repetition rate is filtered
out, amplified, and used as the local oscillator input of
a frequency mixer. The RF signal provided by the master
oscillator passes a digitally controllable vector modula-
tor which enables a shift of the laser phase with respect
to the electron beam. The down-mixed signal is pro-
cessed in a digital signal processor (DSP) controller, act-
ing on a piezo stack attached to a laser cavity folding
mirror, thus providing synchronization to the accelera-
tor. Since a high harmonic of the repetition rate is used
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Fig. 1. Laser synchronization scheme used at the CTR beam
line laser lab at FLASH. The 16th harmonic of the laser repeti-
tion rate and a phase shifted signal from the 1.3 GHz master
oscillator controlling the electron gun are used as input of a
frequency mixer. The down-mixed signal is used to act back
on a cavity folding mirror via a piezo stack.

for precise synchronization, the phase-locked loop (PLL)
can lock on at 16 possible zero-crossings which results in
an ambiguity of the relative timing between the laser and
THz pulses. To overcome this, a similar phase detector
operating at the fundamental repetition rate of the laser
is installed. Its output is also fed into the PLL, and the
software automatically locks the laser first at the funda-
mental frequency to ensure the correct timing and then
switches over to the higher frequency for a tighter syn-
chronization. Using this scheme, a synchronization accu-
racy of better than 40 fs (RMS) can be achieved between
the laser oscillator and the master oscillator.

It should be noted that the actual timing uncertainty
between the electron bunch and laser oscillator is larger
due to additional jitter introduced by the acceleration
process and estimated to be on the order of 100 fs.

In our experiments THz pulses with up to 100 uJ energy
were produced by electron bunches with 0.6 nC charge
and a few hundred femtosecond duration at a repetition
rate of 10 Hz. Since the CTR beamline is running parasi-
tically to normal user operation for FEL experiments, no
specific tuning of bunch charge or duration for optimum
THz output was carried out. The THz pulse energy was
measured by a calibrated pyroelectric detector. THz ra-
diation was focused by a 3in diameter 3in focal length
off-axis parabolic mirror inside a vacuum vessel where
the beam profile was characterized using a pyroelectric
camera, yielding a minimum spot size of 1 mm FWHM
at the focus. The THz electric field was characterized
by electro-optical sampling [12] using 0.2mm (110) cut
GaP crystal mounted on inactive (100) substrate. The
polarization state of the femtosecond laser pulses trans-
mitted though the GaP crystal was analyzed by a combi-
nation of a quarter wave plate and Wollaston prism. The
laser light was detected by a pair of balanced 1ns rise-
time photodiodes, and the individual femtosecond pulses
were gated electronically at 10 Hz to select for temporal
coincidence with the THz pulses. A temporal delay in
steps of 33 fs was achieved by changing the phase of the
vector modulator and in turn the length of the femtose-
cond laser cavity. For the highest field strengths, the THz
radiation had to be attenuated with a pair of wire grid
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Fig. 2. (Color online) Single-cycle THz field with MV/cm field
strength and corresponding amplitude spectrum (inset) as char-
acterized by electro-optical sampling in a 0.2mm GaP crystal.

polarizers in order to prevent overrotation of the probe
ellipticity inside the detection crystal.

A typical field trace at 80 uJ pulse energy and the cor-
responding frequency spectrum obtained by the Fourier
transformation is shown in Fig. 2. For this measurement,
30 pulses were averaged at every time step. The field
strength was calculated from the known electro-optical
coefficient of GaP taking into account Fresnel losses
but neglecting phase mismatch of laser and THz pulse
inside the GaP crystal. The intensity modulation in a ba-
lanced detection scheme caused by a THz field Ery, is

sin™! (AI/T) = 207y teapErns L/ Ao, (1)

where ny = 3.193 is the refractive index of GaP at
800nm, L = 0.2mm the thickness of the crystal, 1, =
800 nm the probe wavelength, 7,; the electro-optic coef-
ficient, and ¢g,p is the Fresnel coefficient for reflective
loss at the GaP crystal. The value for the electro-optic
coefficient is 74 = 0.88pm/V [13]. In our experiments
we observed values up to AI/I = (I, -1,)/(I; +1,) =
0.66 for signals I; and I, detected by the photo diodes
located after the Wollaston prism at the peak THz field.
The THz field was attenuated by a factor of 0.5 using a
pair of linear polarizers to avoid overrotation of the
phase picked up by the probe pulse in the electro-optic
crystal.

Figure 2 shows the measured THz field strength versus
time delay. The pulse is clearly single cycle with peak
field strength of 700 kV/cm, while the spectrum obtained
by the Fourier transformation shows frequency compo-
nents extend up to 4 THz. The bandwidth of our measure-
ment is limited by the timing jitter between the electron
bunches and the femtosecond laser as discussed pre-
viously. When taking into account corrections for phase
mismatch in the detection crystal, transmission loss in
the two polarizers and signal reduction due to averaging
because of synchronization jitter, the peak field strength
is estimated to exceed 1 MV/cm. This is consistent with
the value obtained from spot size and total energy
measurements. By inserting bandpass filters (QMC In-
struments), narrowband THz pulses were generated.
Figure 3 shows the electro-optical signal for a pulse with
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Fig. 3. (Color online) Narrowband THz pulses can be obtained
by using a bandpass filter with a center frequency at 2 THz and
0.5 THz bandwidth.

2THz center frequency and 0.5 THz spectral bandwidth.
The field strength still exceeds 100 kV/cm. Such narrow-
band pulses are of interest for exciting collective excita-
tions resonantly [3,14].

In summary, the CTR beam line at FLASH delivers
single-cycle THz pulses with field strength on the order
of 1MV/cm in a tabletop user laboratory. These pulses
have larger bandwidths and almost 1 order of magnitude
more energy than similar pulses obtained by optical rec-
tification [4]. The THz field can be directly characterized
in the time domain using a femtosecond laser synchro-
nized with 100fs jitter. Further increases in THz field
strength are expected from optimizing compression
and energy of the electron bunches. Improvements in
timing accuracy to below 10fs [15] are possible by syn-
chronizing to an optical reference [16] with a cross-
correlation technique and by postprocessing using data
from electron bunch arrival monitors [17]. This unique
combination of extreme intensity THz fields from an ac-
celerator with ultrafast timing will allow for observation
of novel nonlinear THz phenomena.
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