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Coherent terahertz (THz) radiation sources based on a storage ring hold a significant future for
generating high average power terahertz radiation, as the electron beam possesses a high revolution
frequency. We propose a novel scheme to generate a high repetition rate coherent THz radiation leveraging
the energy modulation self-amplification technology. In this scheme, utilizing the interaction of external
intensity-modulated laser pulses with the electron beam can lead to a customized manipulation of the
electron beam, such as a periodic longitudinal density modulation with a submillimeter scale for coherent
THz radiation. Positively, it can propel the repetition rate when the peak power requirement of an external
laser system is decreased. Thus, we employ a self-modulation method to enhance the initial weak energy
modulation induced by the laser directly. In the meanwhile, the use of self-modulation can bypass the
limitation that the bandwidth of a long modulator should be smaller than that of the external wideband laser
source, which is necessary to shape the intensity envelope flexibly. The one-dimensional analytical
description of electron longitudinal dynamic during the self-modulation process is given, which confirms
the effective enhancement of the modulation at THz band. Three-dimensional time-dependent simulation
results based on the parameters of Hefei light source-II show that the coherent THz radiation pulses with a
repetition rate of 10 kHz can be generated.
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I. INTRODUCTION

Terahertz (THz) light sources are anticipated to serve as a
potent instrument for delving into uncharted phenomena in
physics, chemistry, biology, wireless communication, and
other domains [1–5]. Over the past decade, significant
advances have been achieved in tabletop THz sources.
Therein, laser-driven tabletop THz sources [6–10] have
been able to provide ultrashort THz pulses with a peak field
strength up to 1 MV=cm, which makes the frontier appli-
cation of THz radiation in fundamental research expand to
strong field nonlinear excitation [3]. To meet the further
requirements of the development of scientific research, the
generation of higher power THz radiation has become an
urgent problem to be solved. Limited by the thermal effect
or conversion efficiency, although the tabletop THz source,
which is typically represented by optical rectification (OR)
[7,8], can provide 0.1–1 MV=cm electric field, 1–10 THz

bandwidth, and >10 μJ pulse energy, it is hindered in
further improving the peak power and average power at the
same time [11].
The generation of intense THz pulses with high repetition

rate is demanded to improve the signal-to-noise ratio for
some complex and photon-hungry experiments [12].
Benefiting from the development of laser technology, espe-
cially the high-power femtosecond Ytterbium lasers [13,14],
broadband THz pulses with peak field >100 kV=cm at the
repetition rate>100 kHz can be generated by OR [15,16] or
plasma-based methods [17]. However, the spectrum range of
optical rectification with lithium niobate (LiNbO3) is typi-
cally below several THz due to the high refractive index
dispersion and phonon resonances. Although the semicon-
ductor crystals, galliumphosphide (GaP) can extend theband
to tens of THz, its conversion efficiency is limited by
multiphoton absorption. The ultra-broadband THz pulses
provided by the plasma-based method have a low intensity
per unit frequency and require a sufficiently high driven laser
power. It is worth mentioning that recent results [11] show
that organic crystals are expected to circumvent the poor
thermal properties and thus open up new possibilities for
intense THz pulses with higher repetition rate.
In principle, accelerator-based THz sources [18] do not

suffer the above limitations, boasting high power and full-
spectrum coverage. Especially, HZDR has demonstrated
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dedicated THz sources with field up to 100 kV=cm at up to
MHz repetition rate on a compact superconducting rf
accelerator device [19]. Moreover, the intense THz sources
parasitical on short-wavelength free electron laser (FEL)
facilities [20–23] can possess a high repetition rate up to
MHz once the superconducting rf technology is adopted.
Different from the linac-based sources, the THz synchro-
tron radiation sources based on an electron storage ring
have better stability and the availability to the electron
beams with repetition rates up to 100MHz. An intense THz
source with a high repetition rate can support high field
strength and high data fidelity, which are imperatively
required in some experiments [24,25].
In order to ensure the coherence of THz synchrotron

radiation, the electron beam distribution can be manipulated
to increase its targeted composition in Fourier space. For
instance, this can be achieved by shortening the length of the
electron beam or modulating the density distribution accord-
ing to the submillimeter interval period. The typical length of
the electron beam in a storage ring is approximately tens to
hundreds of picoseconds. An effective way to shorten
electron beams to picosecond or subpicosecond scales is
to reduce the momentum compaction factor (low-alpha
mode). Several synchrotron radiation sources [26–30]
around the world are already capable of operating in low-
alpha mode. Therein, stable coherent synchrotron radiation
(CSR) obtained in low-alpha mode was first produced in the
BESSY storage ring [26]. It generates an electron beam of
picosecond magnitude by controlling the momentum com-
paction factor α through transverse beam optics and cor-
recting harmonic optics through four families of sextupoles.
However, the operation of the low-alpha mode increases
sensitivity to the longitudinal instability of a single bunch
driven by CSR [31]. The minimum length of the beam is
limited and can only be performed in the sub-THz range.
The length of the electron beam can also be shortened by

increasing the acceleration gradient of the rf cavity [32–34],
which can be seen as the longitudinal focusing of the rf
field. The BESSY-II facility utilizes a superconducting rf
cavity to generate phase packets of varying sizes at three
distinct cavity beat frequencies [33]. This technology has
been further developed into a storage ring with adjustable
electron pulse lengths, allowing for simultaneous filling of
both short (1.5 ps) and long (15 ps) bunches [34]. This
approach effectively addresses the issue of single supply to
users in the short bunch mode. However, due to the small
aperture and cavity volume, high-order mode fields and
nonlinear fields can significantly restrict stored current and
beam lifetime.
Beam manipulation techniques via laser-electron inter-

action [35] in the field of FEL bring new possibilities for
advanced terahertz synchrotron sources based on storage
ring. It can be applied to CSR in the THz region by seeding
the electron bunches with an external laser. Yet, several
facilities [36–42] have utilized the laser-electron interaction
in undulator to imprint an energy modulation on a short

central part of a long electron beam and have experimen-
tally obtained intense coherent THz radiation.
The seed laser with high power is typically necessary for

the modulation of the electron beam within the storage ring.
The repetition rate of seed lasers, such as that employed in
[38,39,41], is generally on the order of kHz, whereas the
repetition rate of electron beams within the storage ring can
reach MHz. The efficiency of radiation generation is still
limited by the repetition rate of the seed laser after taking into
account the damping effect of the electron beam in the storage
ring. In addition, other laser-electron interaction devices such
as echo-enabled harmonic generation (EEHG) scheme in
storage rings [43–45] also suffer from limited laser repeti-
tion rates. Consequently, enhancing the efficiency of laser-
electron interaction has been a matter of concern.
The self-amplification of coherent energy modulation

has been experimentally validated as an efficacious approach
to degrade the power requirement for an external seed laser
[46,47]. In such a scheme, a low-power seed laser weakly
modulates the electron beamwithin a short undulator, which
forms density modulation in the subsequent dispersion
section. Then, the electron beam traverses the second
undulator, wherein the energy modulation is enhanced by
the radiation emitted from the previously weakly bunched
electron beam. This methodology establishes a basis for
enhancing the efficacy of laser-electron beam interaction.
In this paper, we report the first results of the THz CSR

generation combined with self-amplification of coherent
energy modulation in the electron storage ring. A sub-
millimeter longitudinal modulation of the electron beam is
produced by a chirped beating laser. The interaction
efficiency of the laser and electron beam is improved by
using an additional undulator and chicane. In addition, we
analyze the beam dynamics in the storage ring under the
effect of the self-modulation.
The remainder of this paper is organized as follows: In

Sec. II, we present the principle of the self-amplified energy
modulation with the chirped beating laser and analytically
describe the evolution of the longitudinal phase space of the
electron beam. The modulation enhancement is inspected by
the final THz bunching. In Sec. III, three-dimensional time-
dependent simulations are carried out, where the perfor-
mance of the self-modulation is checked based on the
parameters of Hefei light source (HLS)-II. Meanwhile, the
beam dynamics after self-modulation is described to explore
the possible repetition rate of the coherent THz radiation.
Finally, the discussion and conclusion are given in Sec. IV.

II. PRINCIPLE: ENHANCEMENT OF THZ
DENSITY MODULATION IN ELECTRON BEAM

A. Shape the laser intensity envelope
by chirped pulse beating

The energy of the electron beam can be modulated
effectively under resonant conditions by using an intense
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external laser beam incident into the undulator together
with the electron beam. Through the laser-electron inter-
action, the electron longitudinal phase space distribution
will be modulated according to the envelope of the laser
intensity.
Chirped pulses beating technology [48] is an effective

method to shape the laser intensity envelope, where two
frequency-chirped pulses stretched from an ultrashort pulse
were separated using a Michelson interferometer and then
recombined with a variable delay τ, resulting in intensity
modulation whose frequency was tunable in THz range.
This leads to a quasisinusoidal modulation to the envelope
of the laser intensity,

IðtÞ ∝ cosð2ατtÞ; ð1Þ

where α is the frequency chirp parameter related to group
delay dispersion. The time delay τ and α can be adjusted by
the corresponding optical elements of optical system.
Within an undulator, this intensity-modulated laser pulse

prints a submillimeter periodic energy modulation onto an
electron beam, and this energy modulation is converted into
THz density modulation by the subsequent dispersive
module [49,50].
In general, a femtosecond ultrashort laser pulse is neces-

sary to support enough large bandwidth to achieve frequency
beating, especially for some specific operations [50,51]. This
will bring a requirement that the period number of the
modulator cannot be too large as the fraction bandwidth of
the modulator, 1=N, should be larger than that of the
ultrashort laser bandwidth to maintain the interaction effi-
ciency in the modulator. For a Fourier-transform-limited
laser pulse, the product of the pulsewidth τp and thewidth of
the spectrum Δν is equal to a constant time-bandwidth
product C, that is Δν · τp ¼ C (for a Gaussian beam,
C ¼ 0.441). In the case of a laser pulse with a wavelength
of 800nmandFWHMpulsewidth τp ¼ 40 fs, thenumber of

periods of the undulator should meet, N < 34, to ensure the
effective interaction between the laser and electron beam.

B. Effect of self-modulation on the electron beam

The self-modulation scheme is shown in Fig. 1(b), which
performs a similar configuration of an optical klystron [52],
including two undulators and a chicane. The one-
dimensional analytical description of the electron longi-
tudinal dynamic is given here, following the notations in
Refs. [53,54]. The energy variation in the first undulator with
length l1 is given as,

Δγ1 ¼ −
ksaufc

γ
Re

Z
l1

0

ãs1eiϕ1dz1; ð2Þ

where ãs1 ¼ as1e−iφs1 , φs1 is the phase of the optical field,
as1 ¼ eEs1=ð

ffiffiffi
2

p
ksmec2Þ is the rms dimensionless potential

of the optical electric field. Es1 is the optical electric field
with the wave number ks ¼ 2π=λs. au ¼ K=

ffiffiffi
2

p ¼ eBu=
ð ffiffiffi

2
p

mec2kuÞ is rms dimensionless potential of the undulator
magnetic field intensity. Bu is the magnetic field intensity and
the undulator wave number is ku ¼ 2π=λu. fc is the undulator
coupling factor: fc ¼ 1 for the circularly polarized undulator
and for the linearly polarized undulator, fc ¼ J0ðζÞ − J1ðζÞ
with ζ ¼ a2u=2ð1þ a2uÞ. z1 is the longitudinal coordinate
along the first undulator. The phase variation of electron beam
along the first undulator is, ϕ1ðz1Þ ¼ ϕ10 þ ϕ0

10z1 þ Δϕ1,
where ϕ10 is the initial phase and ϕ0

10 ≃ 2kuðγ − γ0Þ=γ0 is the
initial phase velocity (also the detuning parameter), with γ0 as
the resonant energy. Δϕ1 is the phase variation of the electron
beam and can be ignored during the interaction with the
external optical field. Then, the energy variation at the exit of
the first undulator can be given approximately under the mean
value theorem,

FIG. 1. (a) Scheme for generating high repetition rate THz CSR; (b) the specific layout of the self-modulation section.
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Δγ1 ≈ −Δγm1 cos

�
ϕ10 þ ϕ0

10

l1
2

�

¼ −
ks1aufcas1l1

γ
cos

�
ϕ10 þ ϕ0

10

l1
2

�
: ð3Þ

Next, it needs to investigate the longitudinal dynamic
of the electron beam in the second undulator with the
same field parameter au, ku but a different length l2. At the
chicane exit, the electron phase changes to

ϕ1 ¼ ϕ10 þ ϕ0
10l1 þ Δϕ1 þ Δϕd1; ð4Þ

which includes the phase variation due to the interaction
with the optical field,

Δϕ1 ¼ −2kskuaufcRe
Z

l1

0

ðl1 − z1Þ
ãs1eiϕ1

γ2
dz1; ð5Þ

and an additional phase change from the chicane with
dispersion intensity R56,

Δϕd1 ¼ ksR56

�
ϕ0
10 þ Δϕ0

1

2ku

�
¼ ksR56

�
ϕ0
10

2ku
þ Δγ1

γ

�
: ð6Þ

The same parameters are adopted for the second undu-
lator, so the electron beam phase φ2 in the second undulator
evolves into

ϕ2 ¼ ϕ20 þϕ0
20z2 þΔϕ2

¼ ðϕ10 þϕ0
10l1 þΔϕ1 þΔϕdÞ þ ðϕ0

10 þΔϕ0
1Þz2 þΔϕ2

¼ ϕ10 þϕ0
10l1 − 2kskuauδpRe

Z
l1

0

ðl1 − z1Þ
ãseiϕ1

γ2
dz1

þ ksR56

�
ϕ0
10

2ku
þΔγ1

γ

�
þϕ0

10z2 þ 2ku
Δγ1
γ

z2 þΔϕ2:

ð7Þ

Then the paraxial optical field equation during
the self-modulation process in the second undulator is
given by

dãs2
dz2

¼ λsreaufcne

�
e−iϕ2

γ

�
; ð8Þ

where re is the classical electron radius and ne is the density
of electrons.
In a linear approximation, one can get, e−iϕ2 ≈

e−iðϕ20þϕ0
20
z2Þð1 − iΔϕ2Þ. Further, coherent enhance-

ment is dominant when the undulator length is small
(l2 ≤ 3.73Lg), where Lg ¼ λu=4π

ffiffiffi
3

p
ρ is the ideal power

gain length in the undulator and ρ is the corresponding
FEL parameter. So the terms relative to Δϕ2 can be ignored

and there is the following approximation for the average
term (also as the bunching factor at wave number ks),

he−iϕ2i≈
�
exp

�
−i
�
ϕ10 þϕ0

10l1

− 2kskuaufcRe
Z

l1

0

ðl1 − z1Þ
ãseiφ1

γ2
dz1

þ ksR56

�
ϕ0
10

2ku
þΔγ1

γ

�
þϕ0

10z2 þ 2ku
Δγ1
γ

z2

	
�

¼
�
e−i½ϕ

0
10
ðl1
2
þk5R56

2ku
þz2Þ�

× J1

�
Δγm1

γ
ðksR56 þ kul1 þ 2kuz2Þ

	�
: ð9Þ

It is assumed that the initial electron beam has a Gaussian
energy distribution, fðϕ0

10Þ ¼ exp ð−γ2ϕ02
10=8k

2
uσ

2
γÞ with σγ

the rms energy spread, then the average term becomes

he−iϕ2i ≈
�Z

fðϕ0
10Þdϕ0

10e
−i½ϕ0

10
ðl1
2
þksR56

2ku
þz2Þ�

× J1

�
Δγm1

γ
ðksR56 þ kul1 þ 2kuz2Þ

	�

¼ e−
1
2
D2ðz2ÞJ1

�
Δγm1

σγ
Dðz2Þ

�
; ð10Þ

where Dðz2Þ ¼ σγ
γ ðksR56 þ kul1 þ 2kuz2Þ is the dispersion

parameter involving the undulators and chicane. So the
radiation field can be obtained by taking Eq. (10) into
Eq. (8),

as2ðz2Þ ≃
reλsaufcne

γ
e−

1
2
D2ðz2

2
ÞJ1

�
Δγm1

σγ
D

�
z2
2

�	
z2: ð11Þ

So the maximum energy modulation amplitude in the
second undulator during the self-modulation is

Δγm2 ≃
ksaufcl2

γ
as2ðl2=2Þ

¼ 4l22ρ
3γe−

1
2
D2ðl2

4
ÞJ1

�
Δγm1

σγ
D
�
l2
4

�	
: ð12Þ

One can find that the magnitude of the enhanced energy
modulation depends on the bunching factor generated by
the first undulator and chicane, as well as the length of the
second undulator.
Due to the phase variation is in the scale of optical

wavelength, it can be assumed the phases undergoing
the maximum modulation amplitude in the two undu-
lators are the same. Thus, the final maximum energy
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modulation amplitude of the entire self-modulation is given
approximately,

As ≃
Δγm1

σγ
þ Δγm2

σγ
: ð13Þ

C. Evolution of electron density after self-amplified
energy modulation

After the second undulator, as shown in Fig. 1(a), the
electron beam traverses through the downstream bending
magnet to THz density modulation, which leads to the
longitudinal position variation depending on energy and
transverse parameters. To explore the transformation of
the THz density modulation, the distribution function at
r ¼ ðx; x0; s; pÞ of the electron beam from the storage ring
before the laser-electron interaction can be expressed as

fðx; x0; s; pÞ ¼ ð2πÞ−3
2e−

1
2
ðx2þx02þp2Þ; ð14Þ

where the transverse parameters x and x0 are normalized to
the xtitrms values σx and σx0 , p ¼ ðγ − γ0Þ=σγ are the
dimensionless energy deviation.
Considering a chirped beating pulse as the external laser

in the first undulator, the modulation amplitude has a
dependence on longitudinal coordinate s according to
Eq. (1),

AðsÞ ¼ As cosðkmsÞ; ð15Þ

with km ¼ 2ατ=c as the modulation wave number.
After the before-mentioned self-modulation, the distri-

bution approximately becomes to

fðx; x0; s; pÞ ¼ ð2πÞ−3
2e−

1
2
ðx2þx02Þe−1

2
½p−AðsÞ cosðkssÞ�2 : ð16Þ

The beam transport through the downstream lattice elements,
the linear transformation of longitudinal coordinate is

M ¼

0
BBB@

r11 r12 0 r16
r21 r22 0 r26
r51 r52 1 r56
0 0 0 1

1
CCCA: ð17Þ

To inspect the Fourier characteristic of the beam,
especially in the THz band, a transform is required to
get the bunching factor

bðkÞ¼
����
Z Z Z Z

e−iksjMj−1fðM−1xÞdxdx0dpds
����: ð18Þ

Since the laser intensity envelope AðsÞ varies slowly
compared to one optical cycle (km ≪ ks), one can find
an approximation of Eq. (18) at km under the slowly
varying envelope approximation [55],

bðkmÞ ≃ e−
k2m
2
ðr2

51
σ2xþr2

52
σ2
x0þr2

56
σ2γ=γ2Þ

× jhe−ikmsJ0½kmr56σγ=γAðsÞ�ij: ð19Þ

Substituting Eq. (13) into Eq. (19), the numerical results
are performed in Fig. 2 with different input laser peak
power, P ¼ πw2

0E
2
0=ð2η0Þ, where w0 is the waist and η0 is

the vacuum impedance. For the sake of simplicity, it sets
r51 ¼ r52 ¼ 0 and the bunching factor is maximal by
optimizing the R56 and r56. The targeted bunching fre-
quency is set at fm ¼ ckm=2π ¼ 1 THz. It can be seen that
the self-modulation enhances the modulation amplitude
after the direct laser interaction in the first modulator. This
effect can be exploited to relax the power requirement of
external laser and further increase the modulation ampli-
tude bypass the barrier of the narrow bandwidth of a long
undulator. Then it can be used to generate THz CSR with a
high repetition rate.

III. SIMULATION

To elucidate the potential application of the proposed
scheme under real parameters, we take the HLS-II storage
ring [56] as an exemplar, as depicted in Fig 1(a). The beam
energy from the ring is 800 MeV, the fractional energy
spread is σγ=γ ¼ 4.7 × 10−4, and the rms bunch duration is
typically σb ¼ 50 ps. Operating in the single bunch mode,
the average current is 6.7 mA (i.e., an electron bunch
charge of 1.5 nC), which is smaller than the threshold of the
single bunch for microwave instabilities, 15.7 mA (with a
consideration of the total broadband impedance) [57].
The chirped beating pulses are directed onto the first

undulator, with the fundamental undulator frequency being
harmonized with the laser frequency. The comprehensive

FIG. 2. The maximal bunching factor (blue line) and modula-
tion amplitude (green line) versus the external seed laser power
with (solid line) or without (dotted line) self-amplification
process. The bunching factor of the narrow spectrum is peaked
at fm ¼ 1 THz.
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parameters of the electron beam and the transport matrix
elements determined by the storage ring lattice are pre-
sented in Table I. The length of the entire self-modulation
section is restricted to a maximum extent of 7 m, ensuring
its accommodation within a linear section of the stor-
age ring.

A. The self-modulation process

The simulation of the modulation process is carried
out by the three-dimensional FEL code, GENESIS 1.3 [58].
The relative parameters are given in Table II. First, we
introduce a sinusoidal modulation to the electron beam in
the first undulator. The shaped laser pulses with a stretched
duration of τL ¼ 10 ps are generated before entering the
first undulator whose intensity modulation is centered at
km ¼ 2ατ according to Eq. (1). It can be achieved by an
800 nm ultrashort laser with τp ¼ 40 fs and a common
grating pair with a grating line of 1500−1 mm which can
support a group delay dispersion of 0.145 ps2 (resulting in
α ¼ 3.44 ps−2). Then an optimal dispersion intensity

R56 ¼ 170 μm is used for density modulation in the
chicane, and finally, the electron beam is modulated by
coherent fundamental radiation generated in the second
modulator to achieve self-amplification of the energy
modulation. The bunching frequency can be tuned to fm ¼
ckm=2π ¼ 1 THz with delay τ ¼ 0.156 ps.
Figure 3 shows the phase space of the electron beam

at the exit of the first undulator for laser modulation
[Figs. 3(a) and 3(c)] and the second undulator for self-
modulation [Figs. 3(b)and 3(d)], where Δγ ¼ γ − γ0 is the
energy deviation relative to initial beam average energy. By
incorporating an extra modulator and a chicane, the THz
envelope of the phase space, arising from the chirped
beating laser, is augmented due to the coherent amplifica-
tion of the energy modulation amplitude from Figs. 3(a)
to 3(b). Further, as the close-up of the phase space shown in
Figs. 3(c) and 3(d), the amplification originates from the
coherent interaction at the laser resonate wavelength. Via
the dispersion effect introduced by the bending magnet
together with other relative elements in the ring, the phase
space of the electron beam is inclined at the submillimetric
scale, ultimately resulting in density modulation and the
generation of coherent THz radiation.
In order to further scrutinize the extent of laser power

reduction after the introduction of self-amplification proc-
ess, we have conducted simulations to get the final
bunching factor at THz band under various peak power
of the chirped beating laser. Two cases with different
bunching frequencies of the narrow spectrum at fm ¼ 1
and 3 THz are considered, which can be easily tuned by the
optical delay, τ ¼ 0.156 ps for 1 THz and 0.468 ps for
3 THz. The maximal bunching factor bmax

THz optimized by the
dispersion strength is shown in Fig. 4. One can find that,
with the same seed laser peak power, a larger bunching
factor can be obtained by combining the self-amplification
process. Especially, with a weak laser power as small as
5 MW, the bunching factor still can exceed the shot noise
via self-amplified modulation, bmax

THz ≥ 0.01. In comparison,
the bunching effect is submerged by the shot noise
without the self-modulation modulator, where the THz
synchrotron radiation cannot get the coherent enhance-
ment. If a bunching factor of bmax

THz ¼ 0.05 is needed, the
requirement of the laser peak power can be decreased from
80 to 20 MW for 1 THz case and 150 to 80 MW for 3 THz
case. The simulation results in Fig. 4 keep a similar
variation tendency compared to the results in Fig. 2, where
the differences are mainly caused by the imperfect sinus-
oidal intensity modulation and the finite width of the seed
laser, and the three-dimensional effect and the slippage
effect during the undulator.
The self-modulation scheme can reduce the power of the

external seed laser. The inherent advantage of a laser
system with diminished peak power is its enhanced stability
and ease of controlling the quality of the laser pulse.
Furthermore, the repetition rate of the laser-electron beam

TABLE I. Electron beam parameters of HLS-II and the trans-
port matrix elements.

Parameter Values

Beam energy 800 MeV
Average current (single bunch) 6.7 mA
Transverse dimension σx 5.0 × 10−4 m
Transverse momentum σx0 3.6 × 10−5

Energy spread σγ=γ 4.7 × 10−4

Beam length σb 50 ps
r51 −0.0448
r52 1.974 m
r56 0.1695 m

TABLE II. Main parameters of self-modulation.

Parameters Values

Seed laser
Wavelength 800 nm
Beam waist 874 μm

Modulator 1
K 9.8
Length 1.6 m
Period length 8 cm

Modulator 2
K 9.8
Length 4 m
Period length 8 cm

Chicane
Maximum R56 270 μm
Length 40 cm

XU, ZHANG, GUO, LI, ZHANG, HE, and HE PHYS. REV. ACCEL. BEAMS 27, 040701 (2024)

040701-6



interaction can be improved. Moreover, although a longer
modulator can improve the modulation amplitude directly,
it needs a long space to implement and the narrow
bandwidth of the long modulator will limit the external
laser characteristics which may hinder some complex and
flexible operations.

B. The beam dynamics in the storage ring

To investigate the possibility of the maximal average
power of final coherent THz radiation, one needs to find a
balance between the repetition rate and the heating effect of
the laser-electron interaction, which means improving the
repetition rate as large as possible while maintaining the
stability of beam states in the ring. The particle-tracking
studies have been conducted based on the parameters of
HLS-II. The matrix elements and bunching properties were
extracted from the numerical simulation utilizing the
ELEGANT code [59], and a selection of parameters is given
in Table II. Quantum excitation and radiation damping were
incorporated into the tracking setup, which is indispensable
to the longitudinal dynamic evolution of the electron beam.
The initial equilibrium distribution of the electron beam

was devoid of any energy modulation. Then, the self-
amplified energy modulation is imprinted onto the center
part of the electron beam. The long-term evolution of the
longitudinal phase space of the partially modulated electron
beam is plotted in Fig. 5(a) for turn 0, 500, and 20 000. One
can find that the inchoate phase space is broadened in
longitudinal coordinates due to the dispersion effect of the
storage ring (500 turns) and approach the equilibrium
distribution due to the long-term excitation and damping
process (20 000 turn). Figure 5(b) shows the dynamic

FIG. 3. Longitudinal phase space. Without self-amplification process at (a) submillimeter scale and (c) laser wavelength scale; with
self-amplification process at (b) submillimeter scale and (d) laser wavelength scale. The pulse energy of the seed laser is 0.4 mJ with a
40 MW peak power.

FIG. 4. The maximal bunching factor versus the external seed
laser peak power with (solid line) or without (dotted line) self-
amplification process for two cases of fm ¼ 1 THz (blue lines)
and 3 THz (red lines).
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process of fractional energy spread following beam modu-
lation. During the first 10 000 turns, the energy spread of
the beam oscillates due to the competitive relation between
damping and excitation. After 20 000 turns (4.5 ms), which
corresponds to approximately half of the longitudinal
damping time, the oscillation amplitude of energy spread
decreases, and in subsequent stages, it gradually stabilizes
and approaches equilibrium. We choose the beam at the
20 000 turns after the first modulation to participate in the
second laser-electron interaction. As depicted in the blue
curve in Fig. 5(b), it seems that the evolution of energy
spread approximately repeats the follow-up process of the
first modulation.
A simple analysis is given to consider the heating effect

taking the repeated energy modulations into account with a
seed laser repetition rate of fL. It can be performed by
adding the laser heating term to the standard equation,
resulting in a modified equilibrium value of energy spread
σγf [60],

σ2γf ¼ σ2γ

�
1þ 1

4
A2
s
τL
σb

fL
Nb

τz

�
; ð20Þ

where the σγ represents the equilibrium energy spread. The
second term of Eq. (20) is the heating effect of laser
modulation. Here, Nb ¼ 45 is the number of bunches
circulating in the storage ring and τz ¼ 4.5 ms is time
interval between the twice laser modulation for the same
bunch, which is enough for the heated electron beam to
damp back to the equilibrium as shown in Fig. 5.
Considering the HLS-II lattice with a fL ¼ 10 kHz seed
laser repetition rate, one can get σγf ≈ 1.02σγ0 . The results
indicate that the increase in energy spread induced by laser
heating is minimal and can be rapidly damped out.
These results can be further analyzed to estimate the

obtainable repetition rate. In this context, the HLS-II
storage ring encompasses a perimeter of approximately

66 m and employs an rf of 204 MHz, embodying 45
buckets. For the external seed laser system, we can use
burst mode laser to make full use of every bucket in the
storage ring [61]. Consequently, modulating the electron
beam in a cyclical manner generates coherent radiation in
accordance with this filling pattern, resulting in a repetition
rate of 45=4.5 ms−1 ≈ 10 kHz. However, the required
800 nm seed laser in the normal scheme (with single pulse
energy on the order of several mJ) exhibits a repetition rate
of around 1 kHz, thereby constraining the efficiency of
modulation. The implementation of the self-modulation
scheme will curtail the demand for laser power to a single
pulse in the range of hundreds of μJ, thereby elevating the
repetition frequency to 10 kHz. The performance of this
scheme for generating coherent THz radiation was dem-
onstrated by numerical simulations to obtain the coherent
THz radiation pulse at 1 THz with a repetition rate of
10 kHz and pulse energy of 13 μ J=THz (with 40 MW seed
laser peak power, the bunching factor is 0.06 and about
0.4 nC electrons involve in the coherent radiation) approx-
imately. It is noteworthy that the HLS-II storage ring
utilized herein is comparatively smaller in terms of its
circumference. In certain large storage ring configurations
(more buckets in the ring), the employment of self-
modulation devices can enhance the upper limit of the
laser-electron interaction repetition rate.

IV. DISCUSSION AND CONCLUSION

Providing high THz fields at elevated repetition rates
would allow one to observe subtler changes in the ultrafast
response. Leveraging the high repetition rate characteristics
of the electron storage ring with the laser-manipulated
electron beam technology [35] not only has the potentiality
of providing strong field THz pulses with high repetition
rate in a wide bandwidth but also can utilize beam
manipulation to control other advanced characteristics of
THz radiation [50,62].

FIG. 5. (a) The longitudinal phase space of the electron beam is plotted for turn 0 (blue), 500 (green), and 20 000 (red); (b) The
fractional energy spread evolution of the modulated beam after radiation for 100 000 turns. The pulse energy of the seed laser is 0.4 mJ
with a 40 MW peak power.
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Via the proposed scheme, pulses energies exceed 10 μJ
and repetition rates up to 10 kHz are generated with a
relatively low power external seed laser. According to the
experiment results in Ref. [41], this kind of radiation can be
produced in the range of 1–6 THz, which can be further
extended with a solution of the effect of third-order
dispersion in the chirped-pulse-beating setup. With such
a THz source based on large accelerator, it is expected to
provide more comprehensive performances, which have the
characteristics of multispectral combination for pump-
probe experiments.
Moreover, the microbunching instability with laser

seeding shows different performances, such as, the syn-
chronous CSR bursts with laser slicing [63] and the delay
response at characteristic wave number with sinusoidal
modulated laser [64]. It will be studied in future work.
In conclusion, we propose a novel scheme that inte-

grates self-amplified energy modulation technology to
generate a high repetition rate coherent THz synchrotron
radiation. The simulation results prove that the power
demand of the external seed laser can be reduced based
on the self-modulation scheme, meanwhile, bypassing
the bandwidth limitation of a long undulator. Only one
undulator and a chicane are added in the original laser-
electron interaction scheme. It is worth noting that this
scheme exhibits excellent robustness and ease of imple-
mentation. Furthermore, this approach is not restricted to
the generation of coherent THz pulses in the storage ring. It
also holds the possibility to be applied in conjunction with
various storage ring-based external seeding schemes, such
as the EEHG in storage ring [43–45].
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