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Featured Application: This work can be used to generate coherent THz radiation with tunable
frequency and pulse energy to satisfy various requirements of different scientific frontiers, such
as THz pump-probe, THz triggered chemistry, and single-shot THz bioimaging.

Abstract: Terahertz (THz) radiation sources are increasingly significant for many scientific frontiers,
while the generation of THz radiation with high-power at wide-tunable frequencies is still a limitation
for most existing methods. In this paper, a compact accelerator-based light source is proposed to
produce coherent THz radiation with high pulse energy and tunable frequency from 0.1 THz to
60 THz. By using a frequency beating laser-modulated electron beam and undulator taper, intense
coherent THz radiation can be generated through undulators. Theoretical analysis and numerical
simulations demonstrate that the proposed technique can generate narrow-bandwidth THz radiation
with a pulse energy up to 6.3 millijoule (mJ) and the three-dimensional effects of beam has limited
influence on its performance. The proposed technique will open up new opportunities for THz
spectroscopic and time-resolved experiments.

Keywords: coherent THz; frequency beating; wide-tunable THz frequency; free electron laser

1. Introduction

Terahertz (THz) radiation contributes to many scientific frontiers by serving as a
nonionizing probe in nonlinear optics, pump experiments, spectroscopic, and time-resolved
applications [1–3]. In the last decades, there has been significant interests in the generation
of terahertz (THz) radiation with superior properties, for instance, ultra-high pulse energy,
tunable wavelength at full THz frequency range, and full temporal coherence. Many
fantastic scientific applications such as THz-assisted high-order harmonic generation, THz-
triggered chemistry, and single-shot THz bioimaging require THz radiation with pulse
energy up to millijoule (mJ) level [4–6], which remains a challenge for most THz generation
methods. Furthermore, generating THz radiation with mJ level pulse energy at full THz
frequency range can be even more difficult for the existing THz techniques.

Currently, the prominent methods to generate high-power THz pulses are generally
based on the ultrafast laser techniques [7–11], laser-produced plasmas techniques [12–17],
or electron accelerator-based methods. The ultrafast laser technique, called optical rectifica-
tion and optical parametric amplifier, has been employed to generate THz pulses with a
maximum pulse energy of about 900 µJ from organic crystals [9], while it has limitations on
further increases in the peak power and repetition rate due to the low inherent optical dam-
age threshold of crystals [11]. The laser-produced plasma technique is generally immune
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to the damage threshold since a damage-free medium is utilized to achieve an intense THz
pulse. Laser-driven gas-density plasma can generate THz radiation with a pulse energy
of a few mJ level, then saturation happens with the increasing of the energy of the pump
laser [13,14]. By contrast, laser-solid interaction can achieve THz radiation with a pulse
energy of several hundreds of mJ but the spectral coverage is quite limited [15,16]. Recently,
coherent THz radiation with exceeding multi-millijoules is demonstrated by utilizing an
ultra-intense, picosecond (ps) laser pulse to irradiate a metal foil, while it can only produce
THz radiation at relative low frequency (lower than 3 THz) [17].

The electron accelerators have reliable abilities to produce THz radiation via several
different ways: coherent synchrotron radiation (CSR) [18–21], optical transition radiation
(OTR), coherent optical transition radiation (COTR) [22–25], or undulator radiation [26–28].
The CSR radiation at the THz range can be simply generated from a magnetic dipole in
the storage ring [18,19]. Generation of tunable coherent THz radiation with a pre-bunched
electron beam has also been demonstrated in the storage ring, but with a relatively low
power and long pulse length [20]. The CSR radiation can also be achieved with the linac
accelerator where one single pass radiation will limit the radiation at low gain level and
the output bandwidth is quite broad [21]. The OTR emits when the relativistic electron
beam crosses the boundary of two different medias, which can generate the radiation
from X-ray to microwaves, while the radiation generally has a broadband spectrum and
a maximum pulse energy of hundreds µJ (350 µJ [24] and 140 µJ [25]). In addition, a
special Smith–Purcell radiation from cylindrical grating is applied to obtain coherent THz
radiation below 1 THz with a pulse energy of 0.8 µJ from high harmonics [29].

Free electron laser (FEL) [30–32] is recognized as a new generation light source, which
has the capability of providing ultra-short pulses with gigawatt (GW) level peak power
and tunable wavelength from THz to hard X-ray. Most of the FEL facilities adopt after-
burners to generate intense THz radiation by using a compressed electron bunch with
the duration shorter than one THz period; therefore, no high gain process is expected
and the radiation power is usually limited to a maximal pulse energy of hundreds µJ
(200 µJ [21] and 100 µJ [33]). Powerful narrow-band THz pulses can be produced by using
a sub-picosecond (ps) scale pulse train, which can be generated either by directly illumi-
nating the photocathode with a train of laser pulses [34–36] or manipulating the electron
beam at relativistic energy (including exchanging transverse modulation to longitudinal
distribution [37,38], direct modulating the drive laser [39], converting wakefield induced
energy modulation to density bunching [40], two wavelengths of energy modulation in two
separated undulator sections [41,42], slice energy spread modulation [43], and laser-based
density modulation [44,45]). Comparing with the former method with the laser pulse train,
the electron beam manipulation method has the advantage of more flexible tunability in the
output frequency and can exclude the negative effects from the space charge force, which
may smear out the longitudinal structures at low beam energy. Previously, simulation
studies on THz FEL using a laser modulator and a bunch compressor have been performed,
which use an assumed THz seed laser [45].

In this paper, a dedicated compact light source based on electron beam manipulation
is proposed for generating mJ-level high energy radiation pulses with a tunable frequency
from 0.1 THz to 60 THz. In this proposal, the pulse shaping and chirped frequency beating
techniques [20,46] are utilized, and two cogenetic chirped laser pulses are employed to form
optical heterodyning, thus obtaining the quasi-sinusoidal optical signal at THz wavelength.
This optical pulse helps to form coherent bunching at THz frequency in the electron beam,
which can be used for generating intense THz radiation in the following undulators. To
achieve THz radiation with higher peak power and pulse energy, an electron beam with
long pulse length and undulator taper are utilized to get longer interaction length and keep
lasing after saturation. To achieve a radiation at full THz range, an initial ultra-fast and
high-power laser is utilized to achieve a longer time delay and harmonic lasing is also used
to furtherly increase upper limit of THz frequency. In this paper, the detail descriptions of
the basic principle of this proposal and start-to-end simulations with realistic parameters
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and three-dimensional effects are presented. This proposal can be easily realized by using
a compact accelerator facility with the electron beam energy of tens of MeV and mature
accelerator and laser technologies.

2. Method and Principles

Figure 1 shows the schematic layout of the proposed technique. The electron beam
is produced from a photocathode gun with a beam energy of several keV, sequentially
the beam energy will be enhanced to tens of MeV by a short LINAC. Then the electron
beam is sent into a short undulator (modulator) to interact with a chirped frequency
beating laser pulse and get sufficient energy modulation. This energy modulation is
converted into density modulation by a small chicane. After that, the bunched electron
beam will emit intense coherent THz radiation in the following radiator. In the proposed
technique, the critical point is the preparation of the seed laser, which involves tunable
THz frequency signal. This process contains the optical heterodyning of two linearly
chirped broadband pulses, as presented in Figure 1. To generate the required seed laser,
ultra-fast laser pulses are stretched to create large frequency chirps. Here, we consider a
Gaussian optical pulse with a central frequency at ω0, an initial amplitude of 2A and a

transform-limited bandwidth of σ. The electrical field can be written as E0 = 2Ae−(iω0t+ t2

σ2 ).
After propagating through a linearly dispersive medium, the laser pulse undergoes a
frequency-dependent phase modulation, which can be written as [46]:

φ(ω) = φ(ω0) + τ0(ω − ω0) +
(ω − ω0)

2

2µ
+ . . . , (1)

where τ0 is the group delay at ω0, µ is the carrier frequency sweep rate (linear chirp rate),
µ = dω

dt . The chirped laser pulse firstly passes through the optical pulse stretcher (generally
based on gratings) to broaden the pulse length of the lasers to σn. when σn � σ, σn
can be calculated as σn = σ

√
(1 + 4/µ2σ4). The optical pulse stretcher can disperse the

chirped pulse to different position, thus broadening the pulse length, which can be tuned
as required. Here we ignore the high-order chirps, and the electrical field of the laser
pulse becomes

E f = A
√

σ

σn
e
−[ t2

σn2 (1−i σn
σ ) × ei[φ0−ω0(t+τ0)− π

4 ]. (2)
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After that, a beam splitter is used to split the initial ultra-short pulse and send them
to two branches. One of the branches contains a delay line (for example, a Michelson
interferometer arrangement) that is utilized to control the time delay τ between these
two pulses. Finally, the two laser pulses are recombined and sent into the modulator.
Considering that these pulses are linearly chirped, the frequency content of the two pulses
at every point in time domain differs by a constant frequency f0, which is determined by
the time delay τ and initial frequency chirp. The intensity of the combined pulse is then
given by

I =
1
2

∣∣∣E f

(
t +

τ

2

)
+ E f

(
t +

τ

2

)∣∣∣2 = I+(t) + I−(t) + E0
2
(

σ

σn

)
× e

(− t2

σn2 )e
(− τ2

2σn2 ) × cos
(

2tτ
σσn

+ ω0 τ

)
, (3)

where I±(t) = E0
2
(

σ
2σn

)
e−2(± τ

2 )
2/σn

2
is the intensity of low-frequency (DC) component.

The last cross term is the quasi-sinusoidal term with beating frequency, which is given by:

f =
τ

πσσn
∼=

µτ

2π
. (4)

According to Equation (4), one can clearly find the beating frequency is proportional
to the time delay τ and the linear chirp rate µ; thus, it can be easily adjusted by tuning the
energy chirp and the time delay of the two laser pulses.

Figure 2 shows the relation of the calculated beating frequency f (THz) (based on
Equation (4) with the time delay τ and the linear chirp rate µ ((rad/s)2). One can find
that the up-limit of the beating frequency is determined by the product of µ and τ. As the
beating wave will only occur in the intersection of these two laser pulses, τ cannot be too
large to keep sufficient power for the energy modulation. As a result, the acceptable time
delay of the two pulses is determined by the peak power of the initial laser pulse. Here,
as an example, we consider an ultrafast Fourier-transform-limit Gaussian laser (Coherent
Inc., Santa Clara, CA, USA) with pulse length of 30 fs (RMS) and peak power of 2 MW.
Assuming that the laser pulse is stretched to about 300 fs (RMS), the linear chirp rate is
about 8.05 × 1025 ((rad/s)2) and the τ is tuned as 900 fs. According to Equation (4), the
beating frequency for this case is about 11.5 THz. In the following section, we will show
the simulation results of this case. To show the beating frequency limit, we also consider
an ultrafast laser with pulse length of 30 fs (RMS) and higher peak power. Assuming that
the laser pulse is stretched to 300 fs and the time delay is τ = 2.3 ps, the beating frequency
for this case is about 30 THz. The required peak power of the initial laser pulse can be
calculated by

P0 ≈ 2 × 104 Pbσn/σ. (5)

As we will show below, the required minimum power of the combined pulse for
energy modulation Pb is about 10 kW, so P0 can be calculated as 2 GW, which can be easily
achieved for a commercial ultrafast laser (Coherent Inc., Santa Clara, CA, USA). At the
same time, the beating frequency at 0.1 THz can be easily achieved with a time delay of
0.3 ps and a frequency linear chirp rate of 1.75 × 1024 (rad/s)2. Therefore, this method
can generate optical signal at THz frequency from 0.1 THz to 30 THz by simply adjusting
the linear chirp rate and the time delay of laser pulses. If one wants to generate higher
frequency, initial laser with shorter pulse length or relative larger time delay is required.
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The combined laser pulse serves as a seed laser to modulate the electron beam. Assum-
ing an initial Gaussian beam distribution with the average energy E0, the dimensionless
energy deviation of a particle p = (E − E0)/σE, σE is the energy spread, and E is the beam
energy. Following the Ref. [47], the initial longitudinal phase space distribution can be
written as

f0(p) = N0(2π)−1/2e−p2/2, (6)

where N0 is the number of electrons per unit length of the beam. The modulator resonates
at the wavelength of the seed laser. The frequency beating pulse interacts with the electron
beam in the modulator, where numerous fine structures appear in the longitudinal phase
space of electron beam. The dimensionless energy deviation p1 become

p1 = p + Asin(ωz/c), (7)

where ω is the frequency of seed laser. A is the energy modulation amplitude normalized
to the initial energy spread of electron beam, which can be calculated by

A = kLKLu[J J]1

√
Z0PL

πkLZR(mc2/e)2 /γ, (8)

where kL is the wave number of the seed laser, K is the modulator dimensionless parameter,
Lu is the period of undulator, [J J]1 is the polarization modification factor for a linearly
polarization planar undulator, Z0 = 377 Ω is the vacuum impendence, PL is the laser
power, ZR is the Rayleigh length of the seed laser, and γ is the relative beam energy. After
the energy modulation, the electron beam passes through a magnetic chicane with the
dispersion strength R56 to convert the energy modulation into density modulation, and the
longitudinal position of electron becomes

z1 = z + R56 pσE/E0, (9)

The magnetic strength of chicane is required to be optimized to obtain sufficient large
bunching factors at fundamental and high harmonics of the beating frequency.

Here, we consider a typical high gain FEL to generate THz radiation using the bunched
electron beam, the pre-bunched electron beam (λ = c/ f ) is sent into an undulator, which
is resonant at the fundamental or high harmonics of the beating frequency. The electron
beam will initiate coherent radiation and amplify it to saturation when passing through
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the undulator. Using a combined pulse with a beating frequency of 30 THz, radiation
with a frequency of 30 THz and 60 THz can be generated by amplifying the bunching
signals at fundamental and second harmonic of beating frequency respectively. To cover
the frequency range from 0.1 to 60 THz, the electron beam energy needs to be changed and
variable gap radiators with different periods are required.

3. Results
3.1. Generation of Frequency Beating Laser Pulse

To illustrate the feasibility of the proposed technique, start-to-end simulations are
performed in this section. Here, we adopt a longitudinal Gaussian laser pulse at 800 nm
with a duration of 30 fs and a peak power of 2 MW as the seed laser (Coherent Inc.,
Santa Clara, CA, USA). The laser pulse is sent into an optical pulse stretcher to stretch
the pulse length to 300 fs, and the longitudinal power distribution as well as the Wigner
function [48,49] are shown in Figure 3. After passing through the optical beam-splitter
and Michelson interferometer, the pulse longitudinal power distributions are shown in
Figure 3c, where the two laser pulses are delayed by 900 fs.
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Figure 3. (a) The pulse longitudinal distribution after the optical pulse stretcher; (b) The Wigner function after the optical
pulse stretcher; (c) the pulse longitudinal power distributions after the optical beam-splitter and Michelson interferometer.

Using the optical combiner, the two seed lasers are sequentially combined as one
laser pulse, whose square root of power distribution and field amplitude are presented in
Figure 4, where one can observe the wave packets at THz wavelength in the longitudinal
amplitude distribution, indicating that optical signal at THz frequency has been generated.
To obtain the exact value of beating frequency, Fourier-transform at time-frequency domain
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is carried out and the results are also presented in Figure 4, where the fundamental
frequency is about 11.5 THz.
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Figure 4. (a) The square root of power distribution and field amplitude of the combined laser pulse; (b) the frequency and
wavelength of the frequency-beating pulse.

3.2. Performance of the THz Radiation with Undulator at 11.5 THz and 23 THz

Start-to-end simulations are performed with ASTRA [50], FALCON [51], and GENE-
SIS [52] using the typical parameters listed in Table 1. ASTRA is firstly used to simulate the
electron beam dynamics in the photoinjector, which consists of an L-band Pitz gun and
four L-band accelerating structures. A longitudinal uniform beam is generated in the gun
with a charge of 4 nC and peak current of about 300 A. The electron beam is compressed by
the velocity bunching process [53] to about 520 A in the first accelerating cavity and then
boosted to about 54 MeV in the downstream accelerating structures. Figure 5 shows the
longitudinal phase space of electron beam and the current profile at the exit of the linac.
One can find that there is a quasi-linear energy chirp and quasi-Gaussian current profile
along the longitudinal position.
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Table 1. Main parameters of a THz light source.

Parameters Value

Electron beam energy 6–70 MeV
Energy spread (slice) 0.01%

Peak current ~520 A
Bunch length 10 ps
Bunch charge 4 nC

Normalized emittance ~3.5 µm-rad
Seed laser wavelength 800 nm

THz frequency 0.1–100 THz
THz wavelength 3 µm–3 mm
Undulator period 10 cm

The electron beam and the frequency beating laser pulse are simultaneously sent into
a modulator with period length of 1.6 cm and total length of 1.5 m, which is resonant at
800 nm. The modulation processes are performed with FALCON. After interacting with
the frequency beating laser, the electron beam is modulated with an energy envelope at
a THz wavelength (26 µm). The modulation strength is proportion to the amplitude of
the laser pulse. Then the electron beam is sent through a magnetic chicane to transfer the
initial energy modulation into density modulation. In Figure 6, the longitudinal phase
spaces before and after the dispersion section are presented. In addition, the current profile
and bunching factors at different frequencies are also given. From Figure 6b,c one can find
there is apparent density modulation at THz wavelength, which results in the bunching
factors at 11.5 THz (26 µm) and 23 THz (13 µm) of about 0.28 and 0.18, respectively.
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To generate radiation at 11.5 THz, the bunched electron beam passes through an undu-
lator with magnetic period of 10 cm and dimensionless parameter of 2.2. Simulations are
performed with GENESIS. Figure 7 shows the peak power and bunching factor evolutions
along the undulator. According to Figure 7, the power gets saturation at the undulator
position of only about 3 m with a peak power of about 500 MW. Undulator taper is utilized
to further enhance the radiation power. The peak power increases to about 3.2 GW at the
undulator position of about 10 m. Meanwhile, the final spectrum and the power profile
are also presented in Figure 7. From Figure 7, one can observe that the radiation has great
longitudinal coherence with a FWHM (full width at half maximum) spectral bandwidth
of about 0.05 and the final FWHM pulse length is about 400 µm (1.3 ps). The single pulse
energy is about 6.3 mJ. To generate radiation at 23 THz, the bunched beam passes through
the same undulator with dimensionless parameter of 1.37. The simulation results are
shown in Figure 8, where the final peak power can reach about 2.3 GW at the undulator
position of about 12 m and the total pulse energy of single pulse is 5 mJ. According to
Figure 7, one can also observe that the shorter slippage length may introduce more spikes
in the radiation power profile for a shorter radiation wavelength.
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Figure 7. (a) The evolutions of power and bunching factor at 11.5 THz along the undulator; (b) the final spectrum at
11.5 THz; (c) the final power profile at 11.5 THz.
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3.3. Performance of the THz Radiation with Undulator at 30 THz and 60 THz

To demonstrate the possible upper limit of the method, simulations of THz radiations
at the 30 THz and 60 THz are also performed. Laser parameters introduced in Section 2
are adopted to obtain a laser pulse with a beating frequency of 30 THz. Similarly, the
electron beam and the frequency beating laser pulse are sequentially sent into modulator
and dispersion sections to imprint bunching into the beam. The phase space and current
profile at the exit of chicane are shown in Figure 9. The bunched beam is then sent into
undulators to amplify the fundamental (30 THz) and second harmonic (60 THz) of beating
frequency signal. The simulation results are shown in Figure 10, where one can find the
peak power can also arrive GW-level for radiation at 30 THz and 60 THz. The pulse energy
can be calculated as 2.15 mJ for radiation at 30 THz and 1.6 mJ for radiation at 60 THz.
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Figure 9. (a) The phase space after the dispersion section; (b) the current profile after the dispersion section.
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Figure 10. (a) The evolutions of power and bunching factor at 30 THz along the undulator; (b) the final spectrum at 30 THz;
(c) the evolutions of power and bunching factor at 60 THz along the undulator; (d) the final spectrum at 60 THz.

3.4. Performance with Three Dimensional Effects

In the proposed technique, the beam passes through a magnetic chicane that may
introduce CSR, incoherent synchrotron radiation (ISR) and transverse emittance growth.
To study these effects, simulations are carried out by combined use of the codes of ELE-
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GANT [54] and GENESIS. GENESIS is utilized to perform the simulations in undulators,
including the energy modulation and radiation processes, while the density modulation
simulation is performed by the ELEGANT, considering the CSR, ISR, and longitudinal
space charge effects. The length of each dipole is 1 m, the drift section between the first
two dipoles is 3 m and the distance between the middle two dipoles is 0.5 m. As an
example, we consider the case of THz radiation at 11.5 THz with a larger R56 of 11 mm,
the corresponding bending angle is about 2.8 degree. Figure 11 shows the phase space and
current profile at the exit of chicane, where one can find that the density modulation can be
well preserved. Similarly, the bunched beam is sent into the undulator to generate intense
THz radiation. The peak power and bunching factor evolutions along the undulator and
the final spectrum are presented in Figure 11c,d, respectively. The final peak power with
three-dimensional effects is lower than that without three-dimensional effects, which is
due to the CSR-induced relative energy difference.
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4. Discussion and Conclusions

In this paper, a compact accelerator-based light source is proposed to generate THz
coherent radiation at mJ level with tunable frequency from 0.1 THz to 60 THz. By using
a frequency beating laser modulated electron beam, coherent THz radiation is produced
through undulators. Start-to-end simulations are performed, the results show that the
proposed technique can produce 11.5 THz and 23 THz coherent radiations with pulse
energies of 6.3 mJ and 5 mJ by amplifying the fundamental and second harmonic of the
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frequency beating signal. Simulations of THz radiation at the 30 THz and 60 THz are also
performed, the results indicate that the pulse energy of THz radiation at 30 THz and 60 THz
is 2.15 mJ and 1.6 mJ, respectively. In the proposed technique, the radiation frequency can
be continually tuned by tuning the parameters of the seed laser, the electron beam energy,
and the undulator gap. It should be noted that the bunched electron beam can also be used
to generate THz radiation with other methods, such as coherent synchrotron radiation
(CSR) and coherent optical transition radiation (COTR).

In the proposed scheme, the laser power is tuned to satisfy the modulation requirement
at certain frequency. A lower THz frequency requires less time delay as well as less laser
power. While a larger time delay and a higher peak power are required for a higher THz
frequency. To obtain a beating frequency from 0.1 THz to 30 THz, the maximum peak
power of laser pulse is about 2 GW, which can be easily achieved by a commercial laser.
thus, the pulse energy depends on the pulse length of final THz radiation, which is related
to the radiation wavelength. According to the simulation results, the pulse energy of THz
radiation at 60 THz is also at the mJ level. According to Equation (4), the generation of
high frequency THz radiation requires large linear chirp rate and large time delay. Due
to the effects of high-order chirps, the linear chirp may not be well maintained for a large
time delay, results in a degradation of the output temporal coherence. To compensate these
high order chirps, dispersion elements, such as chirp mirrors, should be adopted in the
optical system. In addition, the large time delay can be avoided by increasing the linear
chirp rate by using an initially shorter laser pulse. For example, if an initial laser pulse
with a pulse length of 11 fs was utilized [55], the required time delay can be reduced to
850 fs for the generation of 30 THz beating frequency. The time delay is just 2.8 times of the
stretched pulse length (RMS), and the linear chirp can be well maintained in this region.

The proposed technique is feasible to generate coherent THz radiation with tunable
frequency and pulse energy to satisfy various requirements of different scientific frontiers,
especially for these require THz pulses with ultra-high pulse energy, such as THz pump-
probe, THz triggered chemistry, and single-shot THz bioimaging. In addition, one can
consider elliptically polarized undulator (EPU) to generate polarized THz radiation to
satisfy various FEL user’s requirements. Therefore, the proposed technique may open a
new chapter to THz related scientific researches in biology, chemistry, material science, and
so on.
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