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High-density electron-bunch train–based tunable coherent terahertz radiation with a narrow spectral
bandwidth is highly essential for many scientific applications. Here we propose a scheme to produce
ultrahigh-peak-current (more than 10 kA) electron-bunch trains with tunable picosecond spacing for the
generation of such terahertz sources. Passing through a plasma section and interacting with the self-excited
nonlinear plasma wake, the beam gains a “sawtooth” energy modulation. By means of magnetic optics, it is
then effectively converted into a beam density modulation forming microbunches with a high charge of up
to a few nanocoulombs and a bunching factor as high as approximately 0.8. Tunable narrowband terahertz
radiation with energy on the order of 10 mJ can be generated, which we show in both theoretical analyses
and simulations via this process. This scheme can be realized in accelerator facilities with repetition rates
on the order of kilohertz or even submegahertz, which provides great potential in modern science and
related technologies.
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I. INTRODUCTION

Tunable terahertz sources in the frequency range from
0.1 to 10 THz are in great demand for broad appli-
cations ranging from molecular spectroscopy to com-
pact electron acceleration, medical imaging, and security
[1–4]. During the past two decades, significant progress
has been made in developing various terahertz sources.
Among them, electron accelerator–based terahertz sources
have attracted considerable interest worldwide since they
have the potential to provide terahertz radiation with high
spectral brightness, high peak power, high repetition rates,
and a large tuning range. The key to generating coher-
ent terahertz radiation in these facilities is the manipula-
tion of the beam phase space to form microbunches with
picosecond or subpicosecond spacing.

Several approaches have been proposed and studied for
the generation of picosecond and subpicosecond bunching
in electron beams, including directly modulating thedrive
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laser [5–9], transforming transverse modulation to a lon-
gitudinal distribution [10,11], using self-modulation insta-
bility in a linear plasma wake [12], converting energy
modulation induced by wakefields in dielectric-lined or
corrugated waveguides to density bunching [13–17], and
transforming laser-induced energy modulation to a den-
sity distribution [18–21]. For coherent radiation, terahertz
energy is proportional to the square of the product of the
beam charge Q and the bunching factor b, where b is
defined as b(k) = ∫ ∞

−∞ I(z)e−ikzdz/
∫ ∞
−∞ I(z)dz, with the

beam current distribution I and the modulation wave num-
ber k. To date, the typical terahertz energy experimentally
obtained by these methods is on the order of microjoules
due to relatively low Q or b. Through optimization, b can
be increased to approximately 0.4 for a relatively-high-
charge beam and the calculated terahertz energy can reach
1 mJ, as recently proposed and tested through simulations
[21]. As the field rapidly expands, sources of terahertz radi-
ation with energy on the order of 10 mJ are in high demand
for numerous scientific applications, such as extreme tera-
hertz science featuring nonlinear light-matter interactions
[4,22,23], waveguide coupling–based terahertz electron
accelerators and manipulators [1,24–27], and nonlinear
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FIG. 1. (a) Layout of the proposed concept. (b) The beam lon-
gitudinal phase space and current distribution at the entrance of
the plasma modulator. (c) The longitudinal wakefield Ez excited
by the beam in the plasma. (d),(e) The beam longitudinal phase
space and current distribution at the entrance and exit of the
chicane, respectively.

terahertz bioeffect studies [28]. To achieve such high tera-
hertz energy for a wide frequency range, a significant beam
charge combined with a larger bunching factor is highly
desired. However, it proves to be very challenging to meet
these requirements at the same time.

In this paper, we first propose a method to generate high-
charge microbunches with a very large bunching factor,
as shown schematically in Fig. 1(a). In this scheme, a an
electron beam with a charge of nanocoulombs to tens of
nanocoulombs [Fig. 1(b)] traverses a plasma section pro-
ducing a plasma wake. For a bunch with density much
higher than the plasma density and length much longer
than the plasma wavelength, the longitudinal wakefield
Ez inside the electron beam is approximately a periodic
“sawtooth” nonlinear wave [Fig. 1(c)]. Depending on the
location along the electron bunch, electrons either gain or
lose energy and a “sawtooth” longitudinal energy modula-
tion is induced. At the same time, the transverse wakefield
at the cliff of the “sawtooth”—a very small region com-
pared with the wavelength—is defocusing for electrons,
resulting in a prebunching effect in the beam [Fig. 1(d)].
After the beam exits the plasma, a chicane is used to
further transform the energy modulation into a density
modulation. Besides, nearly all electrons in every ramp
of the “sawtooth” form a single microbunch without a dc
component [Fig. 1(e)]. The bunching factor can thus be
significantly increased, leading to a large increase in the
terahertz-energy-conversion efficiency. The frequency of
the bunch train can be easily tuned by changing the plasma
density.

II. THEORETICAL ANALYSES

To quantify the effectiveness of the above scheme, the-
oretical analysis is performed with the nonlinear plasma
wakefield theory in the blowout regime [29]. We begin by
initializing a uniform plasma with density np , and a lon-
gitudinally flat-top electron beam with density nb, length

Lb, and rms spot size σr (transverse Gaussian profile). For
an overdense beam (nb > np ), nonlinear plasma wakes are
excited, and according to Ref. [29], Ez in each transverse
slice is found to be proportional to the product of the local
radius of the ion channel rb and the slope drb/dξ ; that is,
Ez(ξ) ≈ 1

2 rb(drb/dξ), where (ξ , rb) are cylindrical coordi-
nates with ξ = ct − z and the electron beam is moving in
the positive z direction. The shape of the bubble is repre-
sented by the trajectory of the innermost particle (see Ref.
[29]). For the realistic beam parameters we are interested
in, the normalized maximum radius of the ion channel
kprm ≈ 2.58

√
� � 1 [30], where kp = √

npe2/mε0c2 is
the plasma wave number and � ≡ ∫ ∞

0 kpr(nb/np)dkpr =
(nb/np)k2

pσ
2
r = 2Ib/IA is the normalized beam charge per

unit length, where Ib = Qc/Lb is the beam peak current
and IA ≈ 17 kA is the Alfven current.

In this case, the equation for the trajectory of the inner-
most particle is simplified to (see Ref. [29])

(

1 + 1
4

r2
b

)
d2rb

dξ 2 + 1
2

rb

(
drb

dξ

)2

+ 1
2

rb = λ(ξ)

rb
, (1)

where the driving term λ(ξ) = � in the beam region and
λ(ξ) = 0 outside the beam region. Here we adopt nor-
malized units, with length normalized to the skin depth
k−1

p , density to the plasma density np , charge to the
electron charge e, and fields to the cold nonrelativistic
wave-breaking limit Ep = mkpc2/e.

Since the bunch length Lb is much longer than the
plasma wavelength, a series of plasma bubbles will be
formed along the beam. At each maximum blowout radius
ξ = ξm,i, rb = rm and drb/dξ = 0, where i is the bubble
number. The blowout radius rb(ξ) can then be Taylor-
expanded about ξ = ξm,i:

rb(ξ) ≈ rm + 1
2

d2rb

dξ 2 (ξm,i)(ξ − ξm,i)
2. (2)

This leads to

drb

dξ
≈ d2rb

dξ 2 (ξm,i)(ξ − ξm,i) (3)

and

Ez(ξ) ≈ 1
2

rb
drb

dξ
≈ 1

2
rm

d2rb

dξ 2 (ξm,i)(ξ − ξm,i). (4)

From the equation of motion for rb [Eq. (1)],

d2rb

dξ 2 (ξm,i) = − (1/2) − λ(ξm,i)/r2
m

1 + (1/4)r2
m

rm, (5)

the slope of Ez at ξ = ξm,i can be written as

dEz

dξ
(ξm,i) ≈ −1

2
r2

m

1
2 − λ(ξm,i)/r2

m

1 + 1
4 r2

m

. (6)
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Substituting rm ≈ 2.58
√

� ≈ 2.58
√

2Ib/IA (normalized to
k−1

p ) into the above expression, we obtain

dEz

dξ
(ξm,i) ≈ − 1.1641�

1 + 1.6641�
≈ − 2.3282Ib

IA + 3.3282Ib
. (7)

After propagation in the plasma with length Lp , the accu-
mulated linear energy chirp slope (not normalized, in
absolute units) is given by

h ≈ −eEpkpLp

Wi

dEz

dξ
(ξm,i) ≈ mc2k2

pLp

Wi

2.3282Ib

IA + 3.3282Ib
, (8)

where Wi is the initial beam energy. Such energy modu-
lation can be transformed into a density modulation in a
magnetic chicane. The chicane is composed of a set of
four dipole magnets. It is customary to characterize the chi-
cane by its time-of-flight parameter R56, which defines the
path-length difference as a function of the energy offset.
To obtain a maximum bunching factor, “full compression”
should be achieved, and thus

R56 = −1/h. (9)

The spacing between each bunch equals to energy-
modulation wavelength; that is, the plasma-wake wave-
length, which is slightly larger than 2π/kp in the nonlinear
regime. Therefore, the final radiation frequency can be
easily tuned by varying the plasma density.

III. START-TO-END SIMULATIONS

The scheme proposed above can be implemented in
most x-ray-free-electron-laser (FEL) facilities or dedicated
small-accelerator facilities. To illustrate its practical valid-
ity and examine the theoretical results, we show here one
typical example through self-consistent three-dimensional
(3D) start-to-end simulations by using a set of well-
benchmarked codes. In this example, a 2.5-nC, 135-MeV
electron beam with an intrinsic slice energy spread of
0.02 MeV is sent through a plasma section to gain a
“sawtooth” energy modulation. Such a modulation is then
transformed into a density bunching with a bunching factor
as high as 0.8 through a magnetic chicane. The beam has
a 5-ps flat-top current profile (Lb = 1.5 mm) with a peak
current of Ib = 0.5 kA and normalized emittance εn = 2
mm mrad. Such beam parameters are available from the
high-brightness injector of some FEL facilities, especially
for one driven by a semiconductor photocathode rf gun.

The simulation of the beam passing through the plasma
modulator is performed with the particle-in-cell code
QUICKPIC [31–33]. Then the beam macroparticles are
loaded into the particle-tracking code gpt [34,35] to fur-
ther track the beam’s six-dimensional phase-space dynam-
ics in the chicane.

As addressed above, the frequency of the bunch train or
the final radiation is determined by the plasma-wake wave-
length. While terahertz waves of application interest are in
the frequency range from 0.1 to 10 THz, here we choose
the typical frequency of 1 THz as an example. For other
frequencies, similar results can be obtained by scaling the
beam and plasma parameters accordingly. To generate a
frequency of 1 THz, a nonlinear plasma wake wavelength
of 300 μm (1 ps) is required. Therefore, the plasma den-
sity is chosen as np = 1.6 × 1016 cm−3 (k−1

p = 42 μm).
For a beam density nb larger than np to excite a nonlin-
ear plasma wake, the beam is focused to a spot size σr of
5 μm at the entrance of the plasma, leading to nb = 6.8 ×
1016 cm−3 (4.22np ). Such a small spot size can be achieved
with strong focusing elements, such as permanent-magnet
quadrupoles, active plasma lenses [36–38], and plasma-
matching sections [39]. Details of the QUICKPIC simulation
are presented in Figs. 2 and 3. The densities of the plasma
and the electron beam are plotted in Fig. 2(a). As shown,
the plasma electrons are expelled from a region around
the axis by the space charge of the electron beam, leaving
behind a column of plasma ions. The expelled, blown-out
electrons form a narrow sheath just outside the ion channel
with a radius of rb. The simulated value of the maximum
radius rm is 0.62k−1

p , in good agreement with the theoretical

value (2.58
√

Ib/IA = 0.63k−1
p ).

The Ez field in the plasma is shown in Fig. 2(b). Ez is
transversely uniform within the ion channel, leading to a
negligible increase of the slice energy spread. The on-axis
line out of Ez [green line in Fig. 2(b)] clearly shows the
feature of a “sawtooth” waveform. The simulated value of
dEz/dξ at each maximum blowout radius (i.e., rb = rm) is
−0.056mc2k2

p/e [see the dashed black line in Fig. 2(b)],
which is close to the theoretical value (−0.062mc2k2

p/e)
according to Eq. (7). The bunch electrons located in the
region of negative Ez slope (i.e., dEz/dξ < 0) will gain
a positive energy chirp (higher energy at the tail) dur-
ing propagation in the plasma and then be compressed to
form each single microbunch after the chicane, while those
located in the region of positive Ez slope (i.e., dEz/dξ > 0)
will gain a negative energy chirp (lower energy at the tail)
and then be stretched to form the dc component after the
chicane. Since the region of negative Ez slope is much
longer than that of positive Ez slope, most electrons in
the bunch finally contribute to the microbunch, while only
a small fraction of electrons contribute to the dc compo-
nent. This will significantly help to increase the bunching
factor.
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(a)

(b)

(c)

FIG. 2. Three-dimensional particle-in-cell simulation of the
beam (propagating to the right) passing through the plasma mod-
ulator. (a) The densities of the plasma and the electron beam. The
definition of rb is also illustrated. (b) The Ez field excited by the
electron bunch. The line out of the on-axis Ez (x = 0 μm, ξ ) is
shown with the solid green line. The dashed black line shows the
slope of Ez at the maximum blowout radius. (c) The transverse
wakefield W⊥ = Ex − cBy excited by the electron beam. The line
out of the off-axis W⊥ along the dashed black line (x = 0.3k−1

p , ξ )
is shown with the solid green line.

Figure 2(c) shows the transverse wakefields W⊥ = Ex −
cBy excited by the electron beam. Within most of the
ion channel, W⊥ = x/2 (x normalized to k−1

p and W⊥
normalized to mc2kp/e) [29]. Such linear focusing force
can preserve the emittance of most of the beam. However,
in some other region corresponding to positive Ez slope,
W⊥ decreases and even reverses its sign (defocusing for
electrons), as shown in the line out of the off-axis W⊥
[green line in Fig. 2(c)], leading to different beam trans-
verse dynamics. The output-beam px-ξ phase space for a
3-mm-long plasma is shown in Fig. 3(a). The electrons in
the region of positive Ez slope have a relatively large trans-
verse momentum px, which can be removed during further
transport with use of a lead collimator placed between
the plasma and the chicane, leading to a prebunching
effect. Such an effect will further reduce the dc compo-
nent after the chicane and increase the bunching factor.
Here, by our assuming that electrons with |px| > 1mc can

(a) (b)

FIG. 3. (a) The beam px-ξ phase space. (b) The beam longitu-
dinal phase space and current profile.

be removed, the charge-loss ratio is relatively low (approx-
imately 20%). The resulting beam longitudinal phase space
and current distribution at the entrance of the chicane are
presented in Fig. 3(b). The simulated value (377.9 m−1)
of the linear energy-chirp slope h agrees well with the
theoretical value (405.1 m−1) according to Eq. (8).

Then we use GPT to simulate the beam dynamics in
the chicane. Here both the space-charge effect and the
coherent-synchrotron-radiation (CSR) effect are consid-
ered. The CSR calculation is based on the 3D CSR model
[35]. In the simulation, we scan R56 of the chicane (from
−2.8 to −4 mm) and find that a bunching factor at the fun-
damental frequency (1 THz) as high as approximately 0.8
can be obtained over a wide R56 range [Fig. 4(a)], sug-
gesting high robustness of this method. The simulated R56
value of “full compression” is −3.0 mm, in agreement with
the theoretical value according to Eq. (9) (−2.5 mm). In
this case, the beam longitudinal phase space is given in
Fig. 4(b), where each microbunch stands nearly upright,
leading to a high peak current. The corresponding current
profile is shown in Fig. 4(c). The bunch length of each
microbunch reduces to approximately 20 fs (rms) and thus
the peak current reaches approximately 10 kA. Figure 4(d)
shows the corresponding bunching factor b at the funda-
mental and harmonic frequencies, where high b values
of all the fundamental and harmonic frequencies can be
clearly seen (e.g., b = 0.78 at 1 THz and b = 0.48 at 9
THz).

The proposed method is of great advantage in the
generation of high-power tunable narrowband terahertz
radiation. The final terahertz radiation frequency is approx-
imately proportional to kp ∝ √np ; therefore by variation of
np , the terahertz radiation frequency can be conveniently
tuned. For example, simulations confirm that by our sim-
ply changing np from 4 × 1015 to 6.4 × 1016 cm−3 while
keeping the beam parameters unchanged, a bunching fac-
tor of 0.8 can be achieved for a fundamental frequency
from 0.5 to 2 THz. For even higher frequencies (e.g.,
10 THz), similar results can also be obtained by further
increasing np while at the same time reducing the beam
transverse size σr (e.g., using a plasma-matching section
[39] before the plasma modulator) to ensure nb > np for
effectively exciting a nonlinear plasma wake. Since the
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(a)

(c)

(b)

(d)

FIG. 4. (a) Bunching factor b at the fundamental frequency of
1 THz for different R56 values of the chicane. (b) The beam lon-
gitudinal phase space for the “full compression” case. (c) The
corresponding beam current distribution. (d) The corresponding
bunching factors at the fundamental and harmonic frequencies.

medium is a fully ionized plasma and the excited wakefield
is a nonlinear wake, such a plasma-modulation technique
can sustain high-charge (nanocoulombs to even tens of
nanocoulombs) beams.

In addition, Ez inside the plasma ion channel is trans-
versely uniform, leading to a negligible increase of the
slice energy spread, which then determines an extremely
short length (approximately 20 fs rms) and a very high
peak current (approximately 10 kA, 1 order of magnitude
higher than the currents obtained through other meth-
ods) of the microbunch. This is helpful for obtaining a
large bunching factor at the harmonic frequencies [e.g.,
b ≈ 0.48 for the ninth harmonic; see Fig. 4(d)]. Further-
more, because of the linear transverse focusing wake in the
plasma ion channel, the beam emittance can be preserved
for subsequent matching and focusing.

Assuming the bunch train is sent through a helical
undulator to emit terahertz radiation, we consider the
undulator period λu = 20 cm and undulator strength K =
0.934λuBu = 20.4 to be resonant at 1 THz (radiation wave-
length λr = 300 μm), where Bu is the peak magnetic field.
Because the undulator is also a longitudinally dispersive
element (R56 = −2λuNu, with Nu the number of undulator
periods), this will cause overcompression or debunching
of a fully compressed electron beam as it traverses the
undulator, leading to a reduction in the bunching factor
and thus the output terahertz energy. Such a debunching
rate is positively correlated with the beam energy spread.
To reduce the debunching rate and obtain a high average
bunching factor within the undulator, the plasma length is
shortened from 3 to 0.6 mm [compared with the simulation
parameters corresponding to Fig. 3(b)] such that the beam
energy spread is reduced fivefold and the beam is under-
compressed in the chicane to obtain a bunching factor of
approximately 0.6 at the entrance of the undulator [see the

(a) (b)

FIG. 5. (a) The beam longitudinal phase space and the corre-
sponding beam current distribution at the entrance of the undu-
lator. (b) The radiation energy versus the propagation distance
within the undulator.

simulated longitudinal phase space obtained with QUICK-
PIC and GPT (including both space-charge and CSR effects)
in Fig. 5(a)]. As the beam propagates in the undulator, it
will be first further compressed to the full-compression
case and then overcompressed. Note that quadrupoles are
inserted between the plasma and the chicane, and also
between the chicane and the undulator to match the beam.
The simulation of the bunch trains passing through the
undulator is done with the well-benchmarked code GENE-
SIS [40], which is a time-dependent 3D FEL code modeling
the radiation field and the electron beam, including both
the longitudinal and the transverse effects. In the GENESIS
simulations, we turn on the space-charge module.

Simulation results show that with a 10-m-long undulator
(Nu = 50), the emitted terahertz pulse energy is about 9 mJ
[Fig. 5(b)]. If the undulator length is further increased to
15 m, the radiation energy can reach approximately 11 mJ.
Furthermore, the radiation is highly directional, which is
beneficial for further revolutionizing science applications.
With repetition rates on the order of kilohertz or submega-
hertz for both the accelerator (using a superconducting
linac) and the plasma source (using either a capillary-
discharge waveguide [41] or a continuous-flow gas jet
[42]), future coherent terahertz sources with an average
power of 10 W or even kilowatts could be realized.

IV. CONCLUSION

In summary, we propose a method based on nonlin-
ear plasma wakefield modulation to generate extremely
strong density bunching in a high-charge relativistic elec-
tron beam. Theoretical analysis and start-to-end simula-
tions show that the combination of a plasma modulator and
a chicane with proper parameters can generate microbunch
trains with high charge of up to a few nanocoulombs and
a bunching factor as high as approximately 0.8, which
can be used to produce tunable intense narrowband ter-
ahertz radiation with energy on the order of 10 mJ. The
high spectral brightness of the radiation makes it a pow-
erful and promising method for many forefront scientific
applications.
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