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Abstract
We numerically investigate a scheme for generating ultralow-emittance electron beams using
hydrodynamic optical-field-ionization (HOFI)-induced shock injection in laser wakefield accel-
eration (LWFA). A steep density down-ramp formed by the HOFI process enables electron injec-
tion at low laser amplitude a0, reducing transverse forces and favoring longitudinal injection to
minimize the beam emittance. Particle-in-cell simulations demonstrate the production of high-
quality electron beams with a charge of 28pC, an energy of approximately 350MeV, an rms energy
spread of about 3%, and a normalized projected emittance of about 80nmrad. Unlike mechanic-
ally driven shocks commonly used in LWFA, the HOFI-induced shock exhibits superior stability,
enabling precise control over the electron injection process. Moreover, because injection occurs
where a0 is relatively low and slowly varying, the scheme shows enhanced tolerance to laser energy
jitter. This approach provides a promising pathway for generating high-quality electron beams
suited for downstream applications such as GeV-class plasma accelerators and free-electron lasers.

1. Introduction

Benefiting from their capability to sustain unprecedented accelerating gradients reaching several hundred
gigavolts per meter, laser wakefield accelerators (LWFAs) have attracted significant interest since they
were first proposed by Tajima and Dawson [1]. Inspired by the considerable potential of such compact
accelerators, tremendous progress has been achieved over the past two decades, including the generation
of electron beams carrying nano-Coulomb-level charge [2, 3], energy spread at the sub-percent level [4,
5], emittance on the order of several hundred nmrad [6, 7], and operational stability maintained over
durations exceeding 24 h [8]. With the improved beam quality and stability, the lasing of a free-electron
laser (FEL) adopting a LWFA has been successfully demonstrated [9, 10].

To advance the practical application of LWFAs, the generation of electron beams with low emittance
is essential for preserving beam quality over extended propagation. In FELs, a sufficiently low-emittance
electron beam enhances the gain by mitigating longitudinal phase slippage caused by betatron oscilla-
tions [11]. In high-energy physics, emittance critically limits the focusability of particle beams, thereby
influencing the achievable luminosity and, consequently, the event rate. For future TeV-scale colliders
relying on multistage LWFAs [12], reduced emittance is essential for achieving efficient inter-stage coup-
ling [13, 14]. Extensive studies have explored the dynamics in plasma-based accelerators, and the emit-
tance is primarily constrained by the electron injection process. Thus, the injection mechanism has
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been widely recognized as the key factor in determining the initial phase space of the beam and, con-
sequently, the attainable emittance [15–17]. In addition, to preserve beam quality and its ultimate per-
formance in subsequent stages, various strategies for preserving emittance from the source to the end
application have also been proposed and actively investigated [18–21]. Notably, studies have demon-
strated that emittance can be maintained under high-gradient, high-efficiency plasma wakefield accel-
eration while simultaneously maintaining beam charge and energy spread [22]. Despite these advances,
the achievable emittance often remains insufficient for demanding downstream applications, such as x-
ray FELs and colliders, which typically require electron beams with a normalized emittance on the order
of 100nmrad [23–25].

In this work, we investigate the high-quality electron beam generation with ultralow transverse
emittance (<100nmrad) via the hydrodynamic optical-field-ionization (HOFI)-induced shock injec-
tion mechanism. The concept of HOFI was first introduced for generating plasma channels capable
of guiding intense laser pulses over extended distances [26–28] and has then been adapted for shock-
front formation [29–32]. The HOFI-induced shock front, featuring a steep density down-ramp, can
trigger electron injection at a relatively low normalized laser amplitude a0, where the laser-driven trans-
verse force is weaker, thereby reducing emittance growth during injection. Particle-in-cell (PIC) simula-
tions show that the proposed scheme can generate high-quality electron beams with a charge of 28pC,
an energy of approximately 350MeV, an rms energy spread of about 3%, and a normalized projected
emittance of approximately 80nmrad. In addition, the injection can be controlled to occur at a slowly
varying laser amplitude, further suppressing sensitivity to laser jitters from shot-to-shot. The proposed
scheme holds great potential for generating high-quality electron beams with superior stability, making it
well-suited for applications such as staged acceleration and FELs.

2. Physical mechanism for emittance optimization using HOFI-induced shock injection

Normalized emittance serves as a key parameter for evaluating electron beam quality, quantifying the
area occupied by the beam in phase space, and can be defined by εn,x =

√
⟨x2⟩⟨p2x⟩− ⟨xpx⟩2/mec, where

me is the electron rest mass, c is the speed of light in vacuum, and x and px are the transverse position
and momentum of the particles, respectively. For particle bunches of finite length, the projected emit-
tance represents the overall phase-space extent of the beam.

To investigate the generation mechanism of ultralow emittance electron beams, quasi-three-
dimensional PIC simulations are performed using the Fourier–Bessel PIC code [33, 34]. The co-moving
simulation box has sizes of 40µm and 120µm in the longitudinal and transverse directions, respectively,
with a grid resolution of ∆z=∆r= 20nm, and 16 macro-particles per cell. A Gaussian laser pulse has a
central wavelength of λ= 800nm, a waist radius of ω = 27µm, and a pulse duration of 28fs (FWHM),
yielding a normalized vector potential of a0 = 1.1. The plasma density profile was selected according
to experimentally measured results reported by Miao et al [35] and Mewes et al [36]. The longitudinal
density distribution exhibits a double-peak structure with a low-density region between the peaks within
the HOFI interaction region, followed by a density plateau, as shown in figure 1(a). The HOFI-induced
shock front extends over a width on the order of 10–20µm [35, 37], comparable to the local plasma
wavelength (approximately 15.6µm at an electron density of 4.5× 1018 cm−3). The specific density pro-
file implemented in the simulation features a plateau density of nplat = 4.5× 1018 cm−3, a peak density of
npeak = 9× 1018 cm−3, a shock front length of 14µm, and a distance of approximately 110µm between
the two density peaks, as illustrated in figure 1.

From figure 1(a), it can be observed that injection occurs at a relatively low laser amplitude of
a0 ≈ 2.07, which is obviously lower than the a0 ∼ 2.5 discussed with mechanical shock-induced injection
schemes [38]. This lower threshold is achieved while maintaining comparable charge, which is attributed
to the steep density down-ramp implemented in the present configuration. Notably, due to the polar-
ization of the drive laser, the electron beam emittance in the laser polarization direction (i.e. the y dir-
ection) is typically higher than that in the orthogonal direction (the x direction). After injection, the
projected emittance of the electron beam stabilizes at approximately 80nmrad and exhibits only minor
fluctuations during acceleration, as shown in figure 1(a). This indicates that the projected emittance is
largely determined by the intrinsic emittance of the electron beam at the injection stage in the presen-
ted scheme. Figure 1(b) presents the longitudinal phase space and the energy spectrum of the electron
beam at the end of the acceleration. The electron beam energy is approximately 350MeV, with a relat-
ive rms energy spread of about 3%, demonstrating the potential of the presented scheme for generating
high-quality electron beams.
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Figure 1. Particle-in-cell simulation of ultralow-emittance beam generation in LWFA. (a) Evolution of the beam and laser-plasma
parameters during acceleration. The black, red, purple, and blue curves denote the plasma density profile, normalized laser amp-
litude a0, and normalized projected emittances ϵx and ϵy , respectively. The plasma density profile in the simulation starts with an
initial rising edge, followed by a plateau region at a density of nplat. At the longitudinal position of 0.886mm, an HOFI-induced
channel structure is introduced, followed by another plateau region at the same density. (b) Simulation snapshots at the longitud-
inal position of 3mm, and the blue curve denotes the beam current.

The projected emittance can be understood as consisting of two components: the slice emittance
and the chromatic emittance. The slice emittance characterizes the intrinsic transverse phase-space area
occupied by each longitudinal slice of the beam, whereas the chromatic emittance quantifies the phase-
space decoherence among different slices, which typically arises from mismatches in betatron phase or
beam size. The projected emittance can be optimized down to its slice emittance if each temporal slice
is aligned in phase space. In the present simulations, the longitudinal slice length is set by the numerical
resolution, with a slice thickness of δz= 20nm. As shown in figure 2(a), the black and blue solid lines
represent the evolution of the projected emittance and the slice-averaged emittance of the electron beam
along the propagation direction during the early stage of acceleration, respectively. It can be seen that,
in this stage, the projected emittance first decreases markedly and then increases rapidly during the sub-
sequent acceleration, whereas the slice emittance remains relatively smooth throughout the process and
stays at a consistently low level.

To explore the mechanism of the obtained ultralow-emittance electron beam, the dynamics of the
electrons during the injection process need to be analyzed, with particular emphasis on their transverse
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Figure 2. (a) The evolution of emittance in the polarization direction and the defocusing field in the same direction experi-
enced by the central part of the electron beam during the injection process. The dashed lines mark the locations used for the
analysis in figure 3. (b) Snapshot of the electron beam at an early stage of injection. (c) and (d) Transverse phase-space traject-
ories of the injected electrons in the central longitudinal slice of the bunch, selected for electrons with initial transverse positions
xi < 0 (or yi < 0).

dynamics. The effective transverse fields experienced by the electrons are shown in figure 2(a), which
are described by sign(y) · Fy, where Fy = Ey + cβzBx − cβxBz. The corresponding Lorentz force in the y
direction is given by e · Fy, and a negative value of sign(y) · Fy indicates an outward force from the axis,
i.e. a defocusing effect.

Considering the very beginning of the laser plasma interaction, when the laser arrives, an electron
with nearly zero initial transverse momentum is displaced off-axis by the ponderomotive force of the
laser. As the interaction evolves, the plasma-induced restoring force pulls the electron back toward the
axis, thereby increasing its transverse momentum. In addition, along the laser polarization direction,
the electron undergoes strong oscillations driven by the transverse electric field, which also contrib-
ute to the growth of the beam emittance. Once the electron exits the main intensity region of the laser
pulse, it begins to experience a focusing field generated by the wakefield, which further drives it toward
the axis and initiates rotation in the transverse phase space. When the electron approaches the axis, the
local space-charge density increases. At this stage, the laser intensity is not yet sufficiently high to drive
a strong wakefield, the increased charge density leads to significant beam loading effects, giving rise to a
defocusing field with a strength on the order of 100GVm−1, as shown in figure 2(b).

This defocusing field effectively reduces the electron’s transverse velocity, leading to a contraction
of its phase space trajectory and a consequent decrease in transverse emittance. With continued laser
self-focusing and increasing intensity, the plasma bubble forms, the defocusing field evolves into a focus-
ing one, and the electron’s transverse phase-space rotation continues. This entire evolution of the trans-
verse phase space, including the defocusing-induced contraction and subsequent rotation, is illustrated
in figures 2(c) and (d). It is noteworthy that, due to the polarization of the laser, the electron’s trans-
verse trajectory in this direction exhibits significant oscillations during the early stage of the interaction.
The corresponding trajectories in the transverse phase space appear highly disordered at this stage, which
tends to obscure the subsequent evolution of interest. Therefore, to ensure the clarity of the illustration,
we only show the transverse phase space trajectory of the electron beam after it exits the main intensity
region of the laser pulse in this direction, as depicted in figure 2(d).

At the initial stage of injection, the projected emittance of the electron beam is low, approximately
20nmrad, with most electrons concentrated around similar betatron phases. As a result, the beam occu-
pies only a small region in transverse phase space, as shown in figure 3(a). At this stage, the electron
beam exhibits a pronounced negative energy chirp. Owing to the relatively low laser intensity during
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Figure 3. (a) and (c) Transverse y–py phase space of the electron beam at the two locations indicated by the vertical dashed lines
in figure 2(a). (b) and (d) Corresponding longitudinal phase space and on-axis acceleration field (green lines).

injection, beam loading effects are significant, leading to a stronger accelerating field experienced by the
head of the beam and a weaker one at the tail. This non-uniform accelerating field further enhances
the negative energy chirp. Moreover, since the beam energy is still relatively low at this stage, the pro-
nounced energy chirp readily translates into longitudinal velocity differences, resulting in a noticeable
elongation of the beam length.

During acceleration, electrons undergo transverse oscillations at the betatron frequency ωβ =
ωp/

√
2γ, where ωp is the plasma frequency and γ is the relativistic factor. This energy dependence

causes different longitudinal slices to rotate at different rates in transverse phase space, thereby enhan-
cing phase-space decoherence and ultimately leading to an increase in the projected emittance through
transverse phase-space spreading. Within a propagation distance of approximately 50µm, the projec-
ted emittance rapidly increases to about 80nmrad, and the phase distribution of the beam extends over
nearly the full 0–2π range, as clearly illustrated in figure 3(c). In the subsequent acceleration process,
once the phase difference between the head and tail of the beam exceeds π, the longitudinal slices reach
a fully decoherent state. In this regime, the projected emittance exhibits only mild oscillations, which
mainly correspond to dephasing and rephasing processes.

Although the electron beam is fully decohered under such conditions, its projected emittance remains
relatively low because the small slice emittance sets the lower bound of the total emittance. At the early
stage of acceleration, the bunch length rapidly increases from less than 1µm to nearly 3µm and remains
stable thereafter. As shown in figure 4(a), the slice emittance in the polarization direction exhibits dis-
tinct evolution behaviors across different longitudinal positions. In this stage, frame-to-frame fluctu-
ations are observed in the raw slice emittance data, making the overall evolution trend difficult to dis-
cern. These variations may originate from limited particle statistics within individual longitudinal slices
and the temporal sampling interval. To suppress such fluctuations and better reveal the overall trend, a
temporal moving average was applied to the emittance data. The resulting smoothed profile, shown in
the inset of figure 4(a), presents a clearer and more interpretable evolution while retaining the key phys-
ical features. The emittance at the beam tail exhibits a continuous increase; however, as shown in the
current profile of figure 1(b), the current is relatively low in this region. Consequently, its contribution
to the overall beam emittance is negligible and thus not discussed further.

In an ideal linear focusing system, the beam emittance can be preserved. However, in the wakefield,
the transverse focusing field experienced by the electrons is inherently nonlinear, particularly when beam
loading effects are pronounced, rendering slice emittance growth unavoidable. As shown in figure 4(a),
the slice emittance along the polarization direction exhibits four distinct stages: an initial sharp decrease,
a rapid increase, a secondary decrease, and a slight final rise. This evolution reflects the interplay
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Figure 4. (a) Time evolution of the slice emittance variation∆εsy along the beam longitudinal coordinate s, where∆εsy
(shown in color scale) represents the change in slice emittance relative to the previous iteration, defined as∆εsy(s,∆tn) =
εsy(s,∆tn)− εsy(s,∆tn−1). The green line shows the evolution of the average slice emittance εsy . The time axis represents rel-
ative time. The inset shows the result after applying a temporal moving average to the raw slice emittance data to reduce fluctu-
ations and reveal the overall trend. (b)–(g) Transverse field Fy distributions along the y direction at selected positions marked in
panel (a). Panels (b)–(d) correspond to the beam profile at t1, and panels (e)–(g) correspond to t2. For each time point, the three
subplots represent different longitudinal positions s within the bunch, corresponding to slices in the head, center, and tail of the
beam, respectively.

between nonlinear focusing dynamics and beam structure: at time t1, during the transition from a focus-
ing to a defocusing field (figures 4(b)–(d)), the tail region experiences increasingly nonlinear defocus-
ing fields. The resulting phase space distortion and mixing outweigh the contraction effects, leading
to a pronounced emittance growth in the tail, while the head—with weaker nonlinearities—continues
to decrease in emittance. At time t2, the situation reverses: the tail encounters a more linear defocus-
ing field and shows a decrease in emittance, while the head, subject to stronger nonlinearities, exhibits
emittance growth, as illustrated in figures 4(e)–(g). Subsequently, more slices in the front–middle region
experience a transition of the transverse field into the nonlinear regime, leading to an increase in emit-
tance and thereby driving an overall growth in the slice emittance. For the tail, although residual distor-
tions persist at the edges of the transverse field, their influence on the overall evolution remains limited.
Thereafter, as the field gradually returns to a focusing regime, the slice emittance increases slowly with
mild oscillations. Overall, the beam loading–induced nonlinearity of the transverse field plays an import-
ant role in the evolution of the slice emittance.

3. Discussion

It is worth noting that while our injection threshold of a0 ≈ 2.07 is lower than that typically associ-
ated with mechanical shock-induced injection (a0 ∼ 2.5), other injection mechanisms, such as optical
injection, ionization injection, and self-injection under certain conditions, can achieve injection at even
lower laser amplitudes. However, a distinct advantage of our HOFI-induced shock scheme is its ability to
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Figure 5. Dependence of the relative deviations in injected beam charge∆Q (a), energy∆E (b), and normalized projected emit-
tance in the polarization plane∆ϵn,y (c) on the laser amplitude deviation∆a0 for HOFI-induced and mechanically driven shock
injection.

stably produce high-quality electron beams with an ultralow normalized projected emittance of approx-
imately 80nmrad while maintaining a substantial beam charge (∼28pC), without relying on the com-
plex multiple-pulse alignment typical of optical injection schemes. This emittance level is comparable to
or lower than typical values reported for other injection mechanisms, such as ∼1000nmrad for ioniza-
tion injection [39], ∼170nmrad for optical injection [40], ∼10nmrad for two-color laser schemes [41],
∼60nmrad for resonant multi-pulse ionization injection [42], and ∼100nmrad for self-injection with
sub-pC charge [43].

Furthermore, compared with conventional shock-generation methods that rely on mechanical tech-
niques, this HOFI-based approach significantly enhances the stability of the injection process. Since
injection occurs at a relatively low normalized laser amplitude a0 and under slowly varying conditions,
the scheme exhibits improved tolerance to laser energy fluctuations. Under our current experimental
conditions, with an rms laser energy jitter of approximately 0.54%, the injected charge fluctuation in
the HOFI-driven scheme remains within ±3.30pC over a ±2σ variation range, as shown in figure 5. For
comparison, in a mechanically driven scheme simulated under the same ±2σ laser jitter [38], the injec-
ted charge fluctuation reaches ±7.37pC. Additionally, the normalized projected emittance in the HOFI-
driven scheme varies by less than 20nmrad, whereas that of the mechanically driven scheme shows a
significantly larger variation of approximately 100nmrad. These results further confirm the improved
jitter tolerance of the present scheme.

In conclusion, we propose a scheme for generating ultralow-emittance electron beams via shock
injection induced by HOFI. In this scheme, the steep density down-ramp created by HOFI allows elec-
tron injection to take place at a relatively low normalized laser amplitude a0, while the injected charge
evolves in a gradual and self-consistent manner as a0 changes. This injection regime provides favor-
able conditions for achieving a controlled injected charge together with preserved beam quality, and the
reduced sensitivity of the injection process to the drive laser parameters further enhances the robustness
of the scheme. As a result, an ultralow-emittance electron beam with a charge of 28pC and a transverse
emittance of approximately 80nmrad is obtained. These features make this method a promising route
toward stable generation of high-quality electron beams, well suited for downstream applications such as
GeV-class accelerators and FELs.

Data availability statement

The data cannot be made publicly available upon publication because they are not available in a format
that is sufficiently accessible or reusable by other researchers. The data that support the findings of this
study are available upon reasonable request from the authors.

Appendix A. Sensitivity analysis of the injection scheme

To further evaluate the robustness of the HOFI-induced shock injection scheme against typical experi-
mental fluctuations, we examined the sensitivity of the injected beam quality to variations in the density
down-ramp length (Lramp), the laser waist radius (w0), and the pulse duration (τ ).

Figure 6(a) shows the effect of varying the density down-ramp length by up to ±25%. As the ramp
length increases, the injected charge decreases from about 38pC to 20pC, while the normalized projected
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Figure 6. Sensitivity of the injected beam charge (Q, red lines) and normalized projected emittance (εn,y, blue lines) to variations
in (a) the density down-ramp length∆Lramp/Lramp,0, (b) the laser waist radius∆w0, and (c) the laser pulse duration∆τ/τ0.

emittance remains within 80− 100nmrad. This indicates that the emittance is relatively insensitive to
moderate variations in the ramp length.

Figures 6(b) and (c) show the sensitivity to the initial laser parameters at constant laser energy. As
shown in figure 6(b), when the laser waist radius varies by ±1µm, the injected charge decreases sig-
nificantly for larger waists, while the emittance is reduced to less than 40nmrad. A similar but weaker
trend is observed in figure 6(c) for pulse-duration variations within ±2.0%: a longer pulse leads to a
slight reduction in both the injected charge (from about 33pC to 24pC) and the emittance (from about
100nmrad to 70nmrad).

Overall, these results show that although the injected charge changes with the parameters considered
here, the scheme retains low emittance over a realistic range of parameter fluctuations.

Appendix B. Numerical convergence of the simulations

To assess the numerical reliability of the ultralow-emittance results, we performed convergence tests
with respect to the grid resolution (∆z=∆r=∆) and the number of macroparticles per cell (Nppc).
As shown in figure 7, the baseline configuration (∆= 20nm, Nppc = 16) is compared with a higher-
resolution case (∆= 10nm, Nppc = 16) and a higher-macroparticle case (∆= 20nm, Nppc = 32). Owing

Figure 7. Numerical convergence test results. Evolution of the normalized projected emittances in the laser polarization dir-
ection y (a) and the orthogonal direction x (b), alongside the slice-averaged emittances in the y (c) and x (d) directions, along
the propagation distance z. The red, green, and blue solid lines represent the baseline case (∆= 20nm, Nppc = 16), the high-
macroparticle number case (∆= 20nm, Nppc = 32), and the high-grid resolution case (∆= 20nm, Nppc = 16), respectively.
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Figure 8. Azimuthal mode convergence test. Evolution of the normalized projected emittance along the propagation distance z
in the x (a) and z (b) directions. The red, green, and blue solid lines represent the simulation results using 2, 3, and 4 azimuthal
modes (Nm), respectively.

to the substantially increased computational cost, these additional tests were carried out up to a propaga-
tion distance of z= 1.4mm, by which the electron injection process is essentially complete and the emit-
tance evolution has approached a stable plateau. The evolutions of both the projected and slice-averaged
emittances show good agreement among the three cases. This indicates that the numerical parameters
adopted in the main simulations (∆= 20nm, Nppc = 16) are sufficient to support the main conclusion.

Furthermore, we assessed the limitation associated with the quasi-3D geometry. In quasi-3D PIC
simulations, the electromagnetic fields and currents are expanded into a finite number of azimuthal
Fourier modes (Nm), which may limit the capture of higher-order asymmetric transverse dynamics.
Figure 8 shows the evolution of the normalized projected emittance for Nm = 2, 3, and 4. The results
indicate that the emittance evolution in the x direction is largely insensitive to the number of modes. In
the y direction, increasing Nm from 2 to 3 leads to a moderate increase in the projected emittance (from
∼80nmrad to ∼100nmrad), indicating the inclusion of additional asymmetric effects. The negligible
difference between the Nm = 3 and Nm = 4 cases suggests that the simulations are close to convergence
with respect to the azimuthal mode number. Although full 3D simulations may yield slightly higher
emittance values in the y plane than the baseline Nm = 2 case, the converged value remains within the
ultralow-emittance regime, and the main conclusion of this work is unchanged.
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