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Waveform control of terahertz light via electron beam longitudinal
phase-space manipulation
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Synthesizing intense terahertz (THz) waveforms with user-defined electric field profiles represents a pivotal
challenge for controlling matter at ultrafast timescales. While relativistic electron beams can serve as a versatile
source of coherent radiation, conventional schemes lack the ability to deterministically sculpt the temporal
structure of the emitted light. Here, we experimentally demonstrate a paradigm for generating tailored THz
waveforms by manipulating the longitudinal phase space of the electron beam. By controlling the nonlinear
longitudinal correlation of an energy-chirped electron beam, we generate a microbunch train with a chirped
density modulation. When coupled to a tapered undulator, this structured beam produces coherent radiation,
whose spectral-temporal properties are tunable via adjustment of the undulator taper. Autocorrelation mea-
surements confirm the emission of chirped pulses spanning 8–13 THz, with spectral characteristics that align
with simulations of the beam structure. Our approach, establishing a direct link between beam dynamics and
light-field synthesis, opens a pathway toward customizable high-field waveforms for advanced coherent control
experiments.
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I. INTRODUCTION

The terahertz (THz) spectral regime, bridging the gap
between electronics and photonics, unlocks possibilities for
probing matter and controlling quantum systems [1–8]. To
fully harness these transformative opportunities, a critical
technological advancement is imperative: the creation of
advanced radiation sources capable of delivering not only
high-field, ultrafast terahertz pulses with multimegavolt-per-
centimeter field strengths and femtosecond-scale duration,
but also precisely tailored electromagnetic field profiles with
user-definable temporal and spectral characteristics. This dual
capability represents a fundamental prerequisite for unlocking
sophisticated coherent control applications that demand cus-
tomized light-matter interactions beyond what conventional
single-cycle pulses can provide. While laser-based sources
like optical rectification can produce powerful single-cycle
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pulses [9–11], their temporal structure is largely dictated by
the intrinsic properties of the laser and the nonlinear crystal.

In parallel, accelerator-based sources, particularly those
employing prebunched electron beams, offer a powerful
alternative for generating intense coherent radiation from
microwaves to x-rays [12–20]. The fundamental principle
involves imprinting a periodic density modulation on a
relativistic electron beam (microbunching), which then radi-
ates coherently upon passing through a magnetic undulator.
Significant progress has been made in generating such mi-
crobunching at THz frequencies [21–32], for instance, by
leveraging longitudinal space-charge oscillations [25,28,32].
However, the primary focus of these studies has overwhelm-
ingly been on enhancing the intensity of the radiation, often
aiming for a narrow-band spectrum or a simple, short pulse,
leaving the more ambitious goal of deterministic THz wave-
form synthesis largely unexplored.

The synthesis of complex, multicycle waveforms requires
moving beyond uniform microbunching. It demands the gen-
eration of a chirped density modulation—a microbunch train
where the spacing between microbunches varies along the
electron beam. Such a structure, when radiating, naturally
produces a frequency-swept electromagnetic wave. The emit-
ted fields from successive microbunches can constructively or
destructively interfere [33–36], and by controlling the chirp
rate, one can in principle sculpt the temporal profile of the re-
sulting THz pulse. The central scientific challenge, therefore,
is to develop a robust method to encode a desired temporal
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FIG. 1. Schematic layout of the beamline for chirped electron microbunch train generation. OAP: off-axis parabolic mirror.

structure directly into the electron beam’s longitudinal phase
space and to demonstrate its translation into a tailored light
field.

In this article, we report the experimental demonstration
of tailored THz waveform generation through determinis-
tic electron beam longitudinal phase-space manipulation. We
introduce a method to generate a chirped electron microbunch
train by combining space charge effects, a nonlinear energy
chirp imparted by off-crest radio-frequency (rf) acceleration,
and a magnetic chicane for compression. We demonstrate that
the chirp rate of the microbunching can be actively controlled,
effectively sculpting the electron beam to serve as a structured
radiation source. When this sculpted beam interacts with a
tapered undulator, the spectral properties of the emitted co-
herent radiation are shown to be tunable, providing direct
evidence of the encoded chirp. Crucially, by comparing the
measured radiation spectra with simulations, we verify that
the synthesized THz pulse duration can be compressed into
the single-cycle regime. Our work establishes a direct link
between engineered beam dynamics and tailored light-field
generation, opening a pathway toward fully customizable pho-
ton sources for probing and controlling matter at ultrafast
timescales.

II. EXPERIMENTAL SETUP AND RESULTS

The experiment was conducted at Dalian Coherent Light
Source [37], with the schematic layout shown in Fig. 1. An
electron beam with a total charge of 700 pC, generated by
an (rf) photocathode gun, was initially density modulated
by a laser pulse train with a period of λ = 150 μm. The
beam transport system comprised three S-band linear accel-
erators (linacs), with focusing provided by two solenoids:
one positioned at the gun exit and another along the first
linac. The first linac was set at the rf crest for maximum
acceleration, boosting the beam energy to around 51 MeV.
Subsequent beam manipulation was accomplished by operat-
ing the second and third linacs off crest to introduce a negative
energy chirp, with the beam head having lower energy than
the beam tail. The peak electric fields in these linacs were
finely adjusted to regulate both the chirp amplitude and lon-
gitudinal compression dynamics. To control the shape of the

longitudinal phase space, an X-band, fourth-harmonic rf cav-
ity was employed prior to the compression stage. The beam
then traversed a magnetic chicane whose dispersion properties
facilitated bunch compression. Finally, the conditioned beam
was delivered to a planar undulator comprising 20 periods
with a 5 cm period length for radiation generation. A THz
radiation measurement platform was installed right after the
undulator exit. The emitted THz pulses were reflected by
an aluminum-coated mirror to exit the vacuum chamber and
were subsequently directed into a Michelson interferometer
for autocorrelation measurements.

When the electron beam generated in the rf photocathode
gun carries a strong initial density modulation (with a period
of λ), nonlinear longitudinal space-charge oscillations arise.
These oscillations produce higher harmonics of λ, leading to
sharp current spikes in the longitudinal charge distribution.
The beam’s longitudinal distribution becomes fixed upon ac-
celeration to tens of MeV energy levels, with current spike
structures being preserved throughout subsequent drift trans-
port due to negligible longitudinal dispersion effects in the
beam dynamics. These current spikes subsequently generate
intense longitudinal space-charge fields that imprint signif-
icant energy modulations along the bunch. When coupled
with a longitudinal energy chirp, the time-of-flight difference
in the magnetic chicane induces compression. In nonlinear
compression regimes characterized by higher-order energy
chirp components and second-order dispersion terms in the
chicane optics, the compression rate becomes position depen-
dent. This results in stronger compression at the beam head
(higher chirp rate due to the rf field) compared to the tail,
leading to a longitudinally varying microbunch spacing. The
microbunch spacing chirp rate can be tuned by shaping the
energy chirp nonlinearity via the X-band harmonic cavity that
modifies the longitudinal phase space.

To systematically analyze the longitudinal beam dynam-
ics throughout the acceleration and compression process,
we performed start-to-end numerical simulations using the
particle-tracking code ASTRA [38], with full three-dimensional
space-charge effects incorporated. Figure 2 illustrates the
beam longitudinal phase space under different phase condi-
tions (ϕ = −180◦, −170◦, and −160◦) of the X-band cavity,
which controls the nonlinearity of the energy chirp. The
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FIG. 2. (a)–(d) Simulated beam longitudinal phase-space and
current distribution under different X-band cavity phase settings. The
beam head is to the left. (e)–(h) Corresponding Fourier transforms
and extracted microbunch spacing. (a), (e) ϕ = −180◦, R56 = −7.7
mm; (b), (f) ϕ = −170◦, R56 = −6.7 mm; (c), (g) ϕ = −160◦, R56 =
−5.9 mm; (d), (h) ϕ = −160◦, R56 = −6.3 mm.

cavity voltage is fixed at ∼10 MV. As can be seen in
Figs. 2(a)–2(d), the longitudinal phase-space distributions
exhibit distinct compression dynamics, where ϕ = −180◦
[Fig. 2(a)] corresponds to optimal second-order phase-space
correction, while ϕ = −170◦ [Fig. 2(b)] and ϕ = −160◦
[Figs. 2(c) and 2(d)] introduce moderate and significant
second-order correlations, respectively. These correlations
cause the higher-chirp-rate beam head to compress faster than
the lower-chirp-rate beam tail, reducing the microbunch spac-
ing from the tail to the head.

Fourier analysis of the microbunching structures, as de-
picted in Figs. 2(e)–2(h), reveals significant variations in
spectral distributions. While the ϕ = −180◦ case [Figs. 2(a)
and 2(e)] produces a narrow-band spectrum, the ϕ = −160◦
configuration produces strong nonlinearities manifested as
nonuniform microbunch spacings and broadband frequency
components. The enhanced dispersion setting in Fig. 2(d),
achieved by increasing the magnetic chicane strength relative
to Fig. 2(c), further compresses the electron beam and signif-
icantly modifies the microbunching spectrum, extending the
frequencies to 7–18 THz range.

The experimental validation of the generation of chirped
microbunching is provided by the THz spectra measured un-
der different undulator configurations. In the experiment, we
set the X-band cavity voltage at 10 MV and the phase at
approximately −160◦. The undulator magnetic field strength
B0 was modified through gap adjustments to satisfy the fun-
damental resonance condition

λr = λu

2γ 2

(
1 + K2

2

)
, (1)

where λr is the resonant radiation wavelength, λu = 5 cm de-
notes the undulator period length, γ is the relativistic Lorentz
factor, and K = eB0λu

2πmec represents the dimensionless undulator
parameter. Here, e, me, and c denote the electron charge,
electron rest mass, and speed of light in vacuum, respectively.

FIG. 3. (a)–(d) Autocorrelation measurements and (e)–(h) their
corresponding Fourier transforms. (a), (e) Undulator parameter K =
2.48; (b), (f) K = 3.25; (c), (g) K = 3.64; (d), (h) K = 3.8.

Figure 3 presents the measured autocorrelation traces
[Figs. 3(a)–3(d)] together with their corresponding spectral
distributions and the simulated spectra [Figs. 3(e)–3(h)]. The
autocorrelation length of our measurements is 0.4 mm, which
corresponds to a spectral resolution of 0.75 THz. While
the detailed atmospheric absorption peaks are beyond the
resolving capability of our setup, and the correction for the in-
air spectrometer transmittance presents nontrivial challenges,
these limitations do not compromise the validity of the spec-
tral diagnosis. To avoid atmospheric absorption in future user
experiments, all optical transport and diagnostic components
will be housed in a vacuum chamber.

The simulated spectra were obtained using the expression
I (ω) ∝ W1(ω)b2(ω)g2(ω), where W1(ω) is the single-electron
coherent synchrotron radiation (CSR) spectrum calculated
with the code SPECTRA [39], b(ω) is the bunching factor simu-
lated with ASTRA, and g(ω) = 1 − e−ξ 2ω2

is an analytical filter
function introduced to account for the stronger diffraction
effects affecting the low-frequency components [40,41]. The
design of this filter is physically motivated by the far-field
aperturing of a diffraction-limited transverse Gaussian-mode
photon beam, a scenario that aligns with the experimental
setup in the present measurement. The chosen cutoff fre-
quency ξ−1 is 0.8 THz, which allows the simulated spectral
intensity to match the low-frequency peak observed in the
measured spectrum.

The characteristic low-frequency spectral features ob-
served at ∼1 THz across all experimental configurations
in Fig. 3 originate from collective radiation effects of
the picosecond-scale bunch envelope, whereas the higher-
frequency peaks correspond to microbunch-induced coherent
emission. When the undulator gap is set to 20 mm (K
= 2.48), the undulator resonant frequency (∼19 THz) is
mismatched relative to the microbunching frequency, and
no resonant spectral components are observed. Under this
condition, the emission is primarily due to CSR from the
undulator and coherent transition radiation (CTR) from the
downstream mirror—both reflecting the spectral characteris-
tics of the electron microbunch train. Given that the measured
CSR signal exceeds the CTR signal by a factor of ∼10,
we consider only CSR in our quantitative analysis. Spectral
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FIG. 4. Measurements and simulation results with a linear un-
dulator taper from K = 3.88 to K = 3.25. (a) Autocorrelation
measurements. (b) Spectrum from the autocorrelation measurements
and the simulation. (c) Temporal distribution of the simulated electric
field. (d) Time-frequency representation of the simulated electric
field.

analysis of Fig. 3(e) reveals broadband emission spanning
8–13 THz. The agreement between the measured broadband
spectrum and the simulated spectrum in Fig. 3(e) strongly in-
dicates a chirped microbunching structure, characterized by a
reduction in bunch spacing from approximately 125 to 77 fs.
The minor discrepancies may due to the nonideal experimen-
tal conditions and the frequency resolution (0.75 THz) of our
measurement setup.

By adjusting the undulator parameter K from 3.8 to 3.25
through gap changes [uniform undulator, Figs. 3(b)–3(d)], we
achieved tuning of the central radiation frequency from 9.17
to 11.26 THz, corresponding to resonant energies decreas-
ing from 40 MeV to 38.7 MeV according to the undulator
resonance condition in Eq. (1). Given the measured negative
energy chirp of the beam (i.e., the bunch head had lower
energy than the tail), our analysis shows that the central fre-
quency is inversely proportional to the beam energy. This
result directly supports the simulation prediction of stronger
longitudinal compression at the beam head, thereby confirm-
ing the key dynamical feature in the bunch.

When the chirped electron microbunch train traverses a
tapered undulator, the resulting radiation pulse duration can
be actively controlled through finely engineered destructive
interference between successive radiation fields. This inter-
ference effect arises from the combined phase shift induced
by the intrinsic microbunch spacing chirp and the undula-
tor taper-induced tuning, enabling continuous adjustment of
the synthesized pulse duration. The undulator utilized in our
experiment can provide a linear longitudinal taper, with its
magnetic field profile described by

B(z) = B0(1 − αz), (2)

where B0 represents the peak magnetic field amplitude at
the undulator entrance (z = 0 m) and α is the tapering pa-
rameter. Operating the undulator at its peak field amplitude
of 0.83 T with a tapering parameter α ≈ 0.16 m−1 (the
maximum achievable tapering for our undulator), as evident
from Figs. 4(a) and 4(b), we observed that the autocorre-
lation measurements exhibit fewer cycles accompanied by

FIG. 5. (a)–(c) Simulated electric fields of the emitted radiation
and (d)–(f) their corresponding time-frequency representations. (a),
(d) Tapering parameter α = 0.5 m−1; (b), (e) α = 1 m−1; (c), (f)
α = 1.4 m−1. The electron beam has the longitudinal distribution
shown in Fig. 2(c), and the undulator has ten periods and the un-
dulator parameter K at the undulator entrance is 3.97.

spectral broadening. Figures 4(c) and 4(d) present the simu-
lated temporal electric field distribution and the corresponding
time-frequency representation, respectively. The latter reveals
a clearly discernible chirp structure

To verify the mechanism of phase-based coherent syn-
thesis, we present systematic numerical evidence in Fig. 5.
The spectral amplitude resulting from a chirped mi-
crobunch train and a tapered undulator can be expressed as
I (ω) = A0ei(α1−α2 )(ω−ω0 )2

, where α1 depends on the chirped
microbunch train and α2 is determined by the tapered undu-
lator [33,34]. If the microbunch spacing is uniform (α1 = 0),
the chirp rate of the emitted THz spectrum is determined by
the undulator tapering α2 and the generated pulse is inherently
multicycle. In the simulations, the same chirped microbunch
train is employed to maintain α1 nonzero and constant, while
the undulator tapering rate is increased to gradually enhance
α2. As shown in Fig. 5, increasing α2 causes the temporal
localization of different frequency components to narrow.
When α1 = α2, the temporal electric field evolves into a
quasi-single-cycle pulse. The physical origin of this compres-
sion is phase-based coherent synthesis: The undulator taper
introduces an additional phase shift that compensates the in-
trinsic chirp of the electron beam. This allows constructive
and destructive interference of radiation emitted from differ-
ent longitudinal positions, effectively compressing the pulse
envelope.

III. CONCLUSION

In summary, we have demonstrated a paradigm for THz
waveform control leveraging the electron beam as a dynami-
cally configurable radiation source. The central achievement
lies in demonstrating a direct and deterministic relationship
between an engineered beam property, specifically, a chirped
density modulation, and the resulting THz waveform, charac-
terized by its tailored spectral and temporal structure. Active
control over the output radiation was conclusively verified
through systematic undulator tuning, which selectively cou-
pled distinct segments of the structured electron beam to
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emission at different frequencies. The underlying principles
of phase-space engineering and undulator-based pulse shap-
ing exhibit broad applicability beyond the THz domain. This
framework can be extended to shorter wavelengths, offering
a scalable pathway toward fully customizable photon sources
across the electromagnetic spectrum, from infrared to x-ray
free-electron lasers.
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