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Abstract. The linac driven coherent THz radiation source at the SPARC facility is able
to deliver broadband THz pulses with femtosecond shaping. In addition, high peak power,
narrow-band THz radiation can be also generated, taking advantage from advanced electron
beam manipulation techniques, able to generate a train of short electron bunches with THz
repetition rate.

1. Introduction

The motivation for developing a linac-based THz source at SPARC stays in the ever growing
interest of filling the so-called THz gap with high peak power radiation. From simulations, the
peak power expected at SPARC is in the order of 108 W. This result has been confirmed by
measurements presented in [1]. The corresponding energy per pulse is of the order of tens of µJ,
that is well above standard table top THz sources. Applications of this kind of source concern
mainly time domain THz spectroscopy and frequency domain measurements on novel materials
[2]. Beyond these applications, coherent THz radiation is also used as longitudinal electron
beam diagnostics to reconstruct the beam charge distribution [3].

SPARC is an electron photo-injector deliverying high current, low emittance beams, so called
high brightness electron beams (HBEB). SPARC was originally conceived for both electron
beam dynamics studies [4, 5] and Free Electron Laser (FEL) experiments at 500 nm in the Self
Amplified Spontaneous Emission (SASE) regime [6, 7] and down to shorter wavelengths with
novel emission schemes, e.g. cascaded FEL configuration seeded by harmonics generated in gas
[8].

Recently, SPARC is extending its prospects to a wider range of high brightness electron
beams applications, e.g. Plasma and Laser Wakefields Acceleration (PWFA-LWFA), Thomson
scattering and, not least, high peak power THz radiation. The generation of THz radiation and
its characterization as radiation source is the main topic of the paper.
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2. Theory

Radiation extending up to the THz range can be generated as coherent radiation, e.g. transition
radiation (TR), from ultra-short (≈ sub-ps) electron bunches. The total intensity emitted by
a bunch of electrons, is the sum of two terms [9, 10]: the incoherent one, proportional to
the number of particles in the bunch through the single particle radiation intensity, and the
coherent one, proportional to the number of particles squared, which dominates the emission
at wavelengths equal and longer than the bunch length. The coherent intensity depends on
the bunch longitudinal dimension through the longitudinal form factor, defined as the Fourier
transform of the bunch longitudinal profile.

2.1. Broad-band THz radiation

High peak power broad band THz radiation is produced by means of ultra-short high brightness
electron beams. Few hundreds of femtosecond duration pulses are obtained by longitudinally
compress the beam. As alternative to standard magnetic compression, RF compression, named
as velocity bunching (VB) [11], is used at SPARC. This technique relies on the fact that the
beam is injected in the first accelerating section at the phase of zero crossing field. Since the
beam is slightly slower than the phase velocity of the RF wave, it slips back to phases where the
field is accelerating and at the same time it is chirped and compressed. The difference between
the maximum energy phase and the injection phase is called compression phase. The bunch
length at the end of the linac changes by varying the compression phase (Fig.1, black data).
Therefore, moving along the RF wave is equivalent to move along the compression curve shown
in Fig.1 (red dashed curve). Due to non linearities in the longitudinal phase space (LPS), the

Figure 1. Measurements of bunch
length as function of the RF phase
(black dots), compared to TSTEP
simulation (black dashed line). The
red dots are the measured compres-
sion factors, compared to TSTEP
simulation (red dashed curve).

−1 −0.5 0 0.5 1
0

200

400

600

800

Length (mm)

C
ur

re
nt

 (
A

)

 

 

Compression factor 5 
Maximum compression

Figure 2. Beam current profile for
compression factor 5 (red dashed
curve) and maximum compression
(black line).

rising edge of the current profile gets steeper and steeper as the compression factor increases.
Figure 2 shows the current profile for two compression factors, that is the ratio between the
length of maximum energy beam and the length of the compressed one, which depends on the
compression phase. From the point of view of THz emission, the sharper the rising edge of the
longitudinal profile the higher the THz frequency emission.

IX International Symposium on Radiation from Relativistic Electrons in Periodic Structures IOP Publishing
Journal of Physics: Conference Series 357 (2012) 012034 doi:10.1088/1742-6596/357/1/012034

2



2.2. Narrow-band THz radiation

Narrow band THz radiation is produced by means of longitudinally modulated electron beams,
i.e. comb beams [12, 13]. If a train of laser pulses with picosecond (ps) inter-distance illuminates
the photocathode, assuming instantaneous emission at the cathode, each pulse will produce a
disk of electrons at the same ps distance. Due to longitudinal space charge, the bunches lengthen
and the original pulse structure is lost in the current profile. Nevertheless, some memory of the
original structure is kept in the longitudinal phase space as sawtooth energy profile. In the
VB regime, a rotation in the longitudinal phase space is forced, restoring the original current
modulation at the end of the linac. The proper pulses length and inter-distance can be adjusted
by changing the compression phase.

If a comb train with THz repetition rate is transported down to the transition radiation
target, narrow band emission occurs at the frequency corresponding to the pulse distance. For
example, in case of four pulses in the train with time separation of 1 ps and time duration of
the order of few hundreds of femtoseconds rms, the longitudinal form factor has emission peaks
at the fundamental, i.e. 1 THz, and higher harmonics. The number of harmonics and their
intensity depend on the modulation of the temporal profile and on the size of each pulse.

2.3. Tunable THz radiation

The emission frequency in the THz range can be tuned by changing the distance between pulses in
the train. The pulse distance can be varied by changing the compression phase. Indeed, as shown

Figure 3. Measured Longitudinal
Phase Space (LPS) for a four-pulses
comb beam at the maximum com-
pression phase; the title reports the
average energy and the compression
phase (200 pC total charge).

Figure 4. Measured LPS in the
deep over-compression regime; the
title reports the average energy
and the compression phase (200 pC
total charge).

in Fig.3, at the maximum compression phase (-97 deg) the four pulses are completely overlapped
in time. As far as we move from the maximum compression phase, along the compression curve,
the pulses get further and more modulated in time (Fig.4). This region is called deep over
compression region.

3. Experimental Setup

A schematic layout of SPARC is shown in Fig.5. SPARC is based on a 1.6 cell S-band RF gun
operating at 2.856 GHz (BNL/UCLA/SLAC type) and with high peak field (up to 130 MV/m)
on the incorporated copper photo-cathode, generating up to 6 MeV electron beam. The beam
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is then focused and matched into three traveling wave (TW) accelerating sections, which boost
its energy up to 180 MeV [14]. At the end of the linac a diagnostics section allows to fully
characterize the accelerated beam by measuring transverse emittance, longitudinal profile and
slice emittance through a RF deflector [15]. The beam can then be sent straight to the undulator,
for FEL experiments or to a by-pass line, which hosts the experiment for the generation of THz
radiation. The source is Coherent Transition Radiation (CTR) from an aluminum coated silicon
screen. The screen is placed in the vacuum pipe at the end of the by-pass, at 45o with respect
to the electron beam direction. TR is extracted at 90o with respect to the beam axis through a
z-cut quartz window and then collected by a 90o off-axis paraboloid mirror. The parallel beam
is then reflected down to a flat mirror at 45o which reflects radiation horizontally. Figure 6
shows the two schemes foreseen: one for interferometer measurements and one for integrated
CTR measurements with the possibility of selecting custom band pass filters in the THz range
[16].

Figure 5. Layout of the SPARC
accelerator, with the THz source
placed at the end of the by-pass
line.

Figure 6. Drawing of the experi-
mental layout for detection of THz
radiation (top view).

A Martin-Puplett interferometer [17] is used for frequency domain measurements. The main
advantages with respect to a Michelson one derive from the beam splitter properties. The
beam splitter is a wire grid whose reflectivity coefficients depend on wires diameter and spacing.
Furthermore, it splits polarizations, thus measuring the intensity of both polarizations, the
difference interferogram can be normalized to the sum. Correlated fluctuations due to electron
beam instabilities are then canceled. The main limitation is however due to low and high
frequencies suppression introduced by the experimental setup.

The alternative branch allows to collect radiation to the 90o off-axis paraboloid mirror to be
focused onto a THz calibrated detector. Band-pass filters can be inserted in front of the detector
to select the THz wavelength.

4. Results

Broad band THz radiation source up to 5 THz has been measured at SPARC with a 500 pC,
500 fs electron beam. Details can be found in [1].

Narrow band THz radiation has been produced and characterized by studying the rotation
of the longitudinal phase space of a four-pulses train under VB regime. The relevant regime
for THz applications is the the so-called deep over compression regime. In this regime the sub-
bunches are well separated and their distance, thus the THz emission frequency, can be tuned
changing the compression phase. Interferometer measurements have been performed mainly in
this regime. The comb current profile, shown in Fig.7, has been measured at the beginning of
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the by-pass line, i.e. after the first bending magnet in Fig.5. The corresponding LPS is shown
in Fig.4. The four-pulses comb train has been then transported along the by-pass line down to
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Figure 7. Comb current profile as
measured at the beginning of the
by-pass line. Corresponding LPS is
depicted in Fig.4.
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Figure 8. Measured interferogram
(blue curve) and expected one from
the modulated measured beam
shown in Fig.7.

the TR screen. The measured autocorrelation function of the modulated current profile shows
clearly five (Fig.8, blue curve) out of the seven peaks expected from a four-pulses comb train
(Fig.8, red curve) [18]. In Fig.9 the form factor retrieved from the measured interferogram (blue
curve) is compared to the one (red curve) retrieved from the current profile shown in Fig.7.
Both the number of peaks in the measured autocorrelation function and the shift of emission
frequency, shown in Fig.9, can be explained by considering the effect of the beam transport
through the by-pass line. Indeed, under some conditions, it may act as a decompressing section.
An increase of the pulse length and pulses separation might occur, causing two sub-pulses to
merge into a single one so that the emission will then be driven by a three-pulses comb beam,
and the shift of the emission frequency in the sub-THz range.

The measured CTR energy per pulse has then been retrieved (Fig.10, blue curve) taking into
account the single particle TR spectrum and the transfer function of the experimental system.
A well defined narrow band peak centered around 0.8 THz is visible, as expected from the
interferogram peaks distance.

5. Conclusion

SPARC is becoming a test bench for advanced high brightness beam applications, in particular
coherent THz generation. Frequency domain measurements in the THz regime are currently
in operation at SPARC by means of both custom band-pass mesh filters and Martin-Puplett
interferometer. Broad band, up to 5 THz, high peak power THz radiation has been produced and
characterized for different beam parameters, e.g. charge and bunch length. Narrow band and
tunable THz radiation has been generated combining comb beams and velocity bunching regime
to tune the THz emission bandwidth. The multi-peaked autocorrelation function, measured
with a Martin-Puplett interferometer, is a clear signature of the longitudinal modulation at
THz repetition rate.
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Figure 9. Form factor retrieved
from current profile measured at the
beginning of the dogleg (red curve), in
comparison with the one retrieved by
measuring the autocorrelation function
of the CTR produced by the four-pulses
comb beam.
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Figure 10. CTR energy per pulse from
the measured interferogram (blue curve)
and as expected (red curve) from the
four-pulses comb beam measured at the
beginning of the dogleg. Both curves
are obtained by taking into account the
single particle TR spectrum in far field
approximation and for a finite target
size. The experimental system transfer
function is also considered.
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