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Abstract

External injection offers a pathway to high-quality elec-
tron bunches in laser-plasma accelerators, yet precise syn-
chronization between the drive laser and the injected electron
bunch remains a major challenge. We investigate a temporal-
locking mechanism using THz-driven waveguides to over-
come these synchronization limits. Start-to-end simulations
based on the CLARA/FEBE facility show that sub-10 fs syn-
chronization is achievable, corresponding to an eight-fold re-
duction in arrival time jitter compared to conventional Radio
Frequency systems and resulting in an order-of-magnitude
improvement in laser-plasma final beam energy stability,

INTRODUCTION

Laser-driven acceleration methods [1-4] offer a promis-
ing route toward compact, high-gradient aceelerators. In
particular, laser-plasma wakefield acceleration (CLWFA) has
attracted significant attention [5, 6] for producing GeV-class
electron beams with gradients of several GV/m, However,
the inherently nonlinear laser—plasmalinteraction limits thé
generation of stable, high-quality bunches with narrow en-
ergy spread and consistent shot-to-shot performance. Such
beam qualitysand stability are essential for applications
in high-enérgy physics (HEP) [7] and free-electron lasers
(FEL) [8.9].

LWEFA beams are typically generated via internal (self-)
injection, where electyons originate from the background
plasma [10-12], offering limited control'oyer the bunch prop-
erties. External ifijection [13—15] provides an alternative
by introducing pre-formed electron bunches into the wake-
field, enabling improved control of beam quality. Significant
efforts [16, 17] have therefore focused on developing reli-
able external sources, often based on conventional Radio
Frequency (RF) injectors.

High-quality electron bunches by LWFA with external
injection require femtosecond electron bunches with the
precise synchronization of laser and electron beam [18].
Conventional RF injectors typically rely on a magnetic
compression system to provide ultrashort electron bunches
[19-21] and numerical studies [16] suggest that such systems
have critical challenges to produce stable ultrashort electron
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bunches suitable for LWFA applications; primarilyydue to
nonlinearities and jitter introduced by the RF cavities com-
ing from their mutual independence and asynchronization
with thefdrive laser.

In this'paper, we explore a récent temporal-locking con-
cept based ondTHz-driven waveguides for generating sub-
femtosecond electron bunches with precise synchroniza-
tion for/external injection [22], and'discuss its advantages
over conventional approaches. THz-driven acceleration is a
prémising approach for next-generation laser-driven acceler-
ators [23], enabled by recent GV/m-level THz sources [24].
THz waveguides have attracted interest for beam manipula-
tion, pasticularly\femtosecond-scale compression [25]. Our
recent results [26] show intrinsic temporal locking and re-
duced timing jitter in high-energy beams, enabling stable
high-quality bunch generation and supporting applications
such as multi-stage LWFA and storage ring injection.

THz-FREQUENCY CONTROL OF
ELECTRON BUNCHES

The'concept of THz-controlled electron bunches for exter-
nal injection into an LWFA takes advantage of the intrinsic
synchronization between THz pulse generation and plasma
wakefield excitation enabled by using a common laser sys-
tem to drive both processes, enabling the delivery of stable,
high-quality ultrashort bunches. The concept is illustrated
schematically in Fig.1(a), where electron bunches (a) from
an external RF source (injector and linac) interact with laser-
generated THz pulses inside a dielectric-lined waveguide
(DLW). The THz-driven DLW (b) acts as a linear energy
chirper, imprinting a time-energy correlation on the bunch
that intentionally increases its energy spread. This is fol-
lowed by a magnetic chicane for longitudinal phase-space
rotation, compression, and transverse matching into the final
stage of laser-plasma acceleration (c).

The THz-driven beam control can be analysed analo-
gously to conventional RF injectors by considering the
single-particle dynamics within a theoretical framework. In
arectangular DLW, a set of orthonormal modes known as lon-
gitudinal section magnetic (LSM,,,,;) modes are supported,
where m and n represent the number of half-wavelength vari-
ations along the horizontal and vertical directions. These
modes are characterised by the absence of transverse mag-
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Figure 1: THz-controlled injection for LWFA. (a) Experimental seéhematic: Electron bunches, from an injector are synchro-
nized with laser-driven THz pulses in a dielectric-lined waveguide (DEW). The DLW imprints a linear energy chirp, enabling
compression via a magnetic chicane and matching into the'plasma,stage. (b), Energy chirp scaling: Comparison showing
that higher THz frequencies achieve equivalent chirping at significantly lower voltages than conventional RF cavities. (c)
Jitter stability: Analytical (lines) and numerical (markers) comparison of\arrival time jitter o versus compression phase.

netic (H,) and electric (Ey) field components at the bound-
ary [27]. Among these, the LSM|; mode issmostisuitable
for beam interaction, as it provides a non-zero longitudinal
electric field (E;) on axis. If v, is the phase velocity of the
THz wave and v, is the velocity of the|electron bufich, when
phase-velocity matching is achieved (W, = v.)5 the electron
interacts synchronously with the TSM}; mode of the THz
field in a dielectric-lined waveguide.

The energy deviation of an electron at longitudinal po-
sition {pgtrelative to a reference,particle at (i, after the
DLW 4§ given by 6 =(¥# — Yref)/Yref, Where yrer is the
Loréntz factor of the reference particle after DLW. Simi-
lar to RF cavities, thefenergy deviation ean be expanded
as 6 = oo+ h ¢ +had” + O(7?), where & is the initial
energy deviationof the single particle relative to the refer-
ence particle, mainly defined as uncorrelated energy spread.
The coefficients /; and %, represent the linear and quadratic
energy chirps, given by, [28]:

eVk sin(dh,)
Yref ’

Here, e is the elementary charge, V is the voltage inside
the DLW, and k and ¢, are the wavenumber and phase
of the THz field, respectively. Although the voltage of THz-
driven waveguides is currently limited by a high-power THz
source, Fig.1(b) shows how operating at high frequencies
compensates for this constraint, allowing for the imprinting
of equivalent chirps on electron bunches in a more compact
setup compared to RF linacs.

eVk? cos(priz)

hy =
2')’ref

hy = ey

Electrons with varying energies traverse different trajecto-
ries in a bend section, so by carefully matching the dispersive
parameters of the bend section with the correlated energy
spread of the electron bunch, the bunch length can be effec-
tively, controlled. A dispersive arc section transforms the
longitudinal phase-space coordinates of a particle({o, §) to
a final'position as {r = {o + Rs¢d + Ts5660° + O(6), where
Rs6, and Ts¢6 are first and second-order longitudinal disper-
sive parameters of the arc, respectively. Using the energy
deviation relation, the final rms bunch length of an electron
bunch can be expressed as [28]:

¢

¢ =~ [R§60-c250 + [(1 + h1R56)2

+ 2R5600(h2Rs6 + h%TS66)]O'Z.

] 1/2 (2)

where o, is the rms of the initial uncorrelated energy
spread of the bunch. Maximum compression requires match-
ing condition (Rsgh; = —1, T566h% = hyRs¢), and is favored
by smaller Rs¢, and uncorrelated energy spread dy, therefore,
higher energy chirp A;.

Conventionally, RF linacs generate the required chirp by
operating off-crest (prr € (—m, ) \ {0}), slightly away from
the RF peak. Although effective, this approach inherently
reduces available energy gain for a given RF power and
introduces additional nonlinearities. In contrast, the THz-
driven scheme imparts the chirp at the zero-crossing phase
(¢TH, = 7/2), enabling downstream RF linacs to operate



fully on the peak. This configuration provides clear advan-
tages: it maximizes achievable energy gain by RF cavities,
significantly reduces the nonlinearities arising from off-crest
operation, and ultimately results in a more energy-efficient
and compact compression process.

Due to the short plasma wavelength in LWFA, stable ac-
celeration requires precise timing synchronization between
the drive laser and the externally injected electron bunch,
typically quantified as arrival time jitter. This jitter arises
from multiple sources, including photocathode laser timing,
RF phase and voltage fluctuations, and magnetic field in-
stabilities. As in bunch compression, it can be mitigated
by matching the chicane dispersion to the correlated energy
spread of the beam. The arrival time jitter after a magnetic
compression stage, dt s can be expressed analytically as [21]:

dt; Rsq [esing

dif ~ b N eVcos¢ dB

dv + do~—]. 3

E E

where C = (1 + Rsghy)~! represents the compression factor
that suppresses the initial jitter dt;. While high compres-
sion ratios theoretically minimize the contribution of the
initial timing jitter, the second term of the equation intro-
duces a residual floor determined by fluctuations in the cavity
voltage dV, phase d¢, and magnetic field dB. Current state=
of-the-art S-band RF systems have demonstrated phase/and
amplitude stabilities of 0.02° and 0.02%, respectively [29].
Reaching sub-10 fs arrival time jitter requires evenymore
stringent tolerances, typically targeting values below 0.01°
and 0.01% [16]. In Fig. 1, the analyticalfand numerical
models compare these advanced RF befichmarks againsta
proposed THz-driven temporal-locking scheme for‘a beam
energy of 250 MeV and a chicane with Rs¢ = L£66 ¢m. For
a baseline initial jitter of 1004s rms, threedinac sections
providing a total voltage of 80 MV are utilized to impart the
necessary chirp.

The results demonstrate that while the most state-of-the-
art RF synchronization (g, = 0:01°) can achieve signifi-
cant suppression near the optimal compression phase, the
THz-driven approach offers a superior stability profile. By
employing a THz-driven waveguide with>a field strength
of 1000MV/m overfa 17 mm interaction length, the system
effectively bypasSses the limitations of traditional RF phase
fluctuation even when accounting for a sub-10 fs jitter be-
tween the laser plasma and the THz pulse [30].

START-TO-END MODELLING

To present the impact of temporal-locking of the bunch,
start-to-end (S2E) simulations were performed based on the
CLARA/FEBE test facility at the STFC Daresbury Labora-
tory [31]. The modeling parameters and beamline compo-
nents are derived from the facility’s baseline specifications
and reference [22]. Figure 2(a) illustrates the timing jitter
suppression achieved by implementing the THz-driven con-
trol. The results indicate a reduction in bunch timing jitter
to approximately 8 fs rms, representing nearly an eight-fold
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Figure 2: Start-to-end simulation résults comparing con-
ventional RF manipulation (blugjsand THz-driven control
(red) at the CLARA/FEBE fagcility. (a) Distribution of bunch
arrival time jitter |o|, showing an eight-fold suppression
to ~8 fs rms via THz eontrol. (b) Corresponding energy
jitter |AEafter laser-plasma interaction, demonstrating an
order-of-magnitude improvement in beam energy stability.

improvement'in stability compared to the facility’s current
conventional injectorisystems (~ 66.7 fs).

Furthermore, Fig:2(b)demonstratesthe secondary impact
of thigtiming stabilization on the beam’s energy profile. The
suppression of timing jitter directly mitigates energy fluctu-
ations during the laser-plasma‘interaction process, leading
to a significant,enhancement in downstream beam stabil-
ity. “Energy stability improved by an order of magnitude
(0 #22.6MeV.ys 332.4 MeV), demonstrating that THz-
driven temporal locking is critical for high-precision plasma
acceleration.

CONCLUSION

This paper confirms that THz-driven temporal locking
provides,a robust solution for the sub-femtosecond synchro-
nization required by LWFA. By investigating the mechanism,
we demonstrate that shifting the energy chirping process to
THz frequencies and employing a common laser-based com-
pression system effectively bypasses the jitter limitations of
conventional RF injectors. The resulting order-of-magnitude
improvement in beam stability provides the high-precision
beam control necessary for future HEP and FEL.
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