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Energy Bunching from Subcycle Ionization Injection in Laser Wakefield Acceleration
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We report the first experimental observation of carrier-envelope phase-driven energy bunching in laser
wakefield acceleration. Using a few-cycle (~9 fs), multiterawatt laser pulse and ionization injection in a
helium-nitrogen gas mixture, we observe electron spectra composed of multiple quasimonoenergetic peaks
with regular narrow energy spacing. This comb structure arises from intermittent trapping from successive
half-cycles of the laser field enabled by the evolving carrier-envelope phase during propagation in the
plasma. These findings establish subcycle ionization injection as a potential route to attosecond control
in plasma acceleration, enabling trapping and beam structuring synchronized to the optical waveform on

subfemtosecond timescales.

DOTI: 10.1103/kwlg-yjl9

Laser wakefield acceleration, first proposed by Tajima
and Dawson [1], enables compact, high-gradient acceler-
ation of electrons to relativistic energies, with accelerating
fields orders of magnitude stronger than those achievable
with conventional accelerator technology. A central chal-
lenge is controlling the injection and trapping of electrons
into the accelerating structure of the plasma. Among the
controlled schemes, ionization injection, first demonstrated
in helium-nitrogen mixtures [2,3], produces stable, high-
charge beams by releasing inner-shell electrons only near
the peak of the laser field. However, when this process
extends over many optical cycles, it inevitably yields large
energy spreads, motivating approaches that can confine
injection to ultrashort, potentially subcycle, timescales.

Few-cycle, multiterawatt lasers open such a regime,
where the instantaneous electric field, not just the pulse
envelope, governs plasma dynamics. In this regime, the
carrier-envelope phase (CEP) is critical. Simulations by
Lifschitz and Malka [4] predicted that CEP evolution
during propagation shifts the timing of electron release
at the half-cycle level, imprinting the laser waveform onto
the electron beam phase space and producing a comblike
energy spectrum. Building on this idea, theory and simu-
lations have predicted CEP-dependent ultrashort electron
bunches [5,6] and subfemtosecond injection and asym-
metric plasma dynamics [7-9], and experiments with
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mJ-class, kHz lasers have revealed phase-sensitive electron
beam pointing [10-12].

Here, we present the first experimental observation
of CEP-driven energy bunching in laser wakefield accel-
eration using a few-cycle laser pulse and ionization
injection in a helium-nitrogen mixture. The electron spectra
exhibit narrow, regularly spaced peaks, a direct signature of
subcycle modulation of the trapping process as the CEP
evolves during propagation. Each trapping event occurs at a
different discrete position in the plasma, so the trapped
electrons experience different acceleration lengths and
acquire different energies, yielding the observed comblike
spectrum as in Fig. 1. This imprint of the optical field
structure on the accelerated beam demonstrates
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FIG. 1. Typical single-shot electron energy spectrum from
ionization injection in the few-cycle regime, exhibiting a comb
of quasimonoenergetic peaks with regular spacing. The double
arrow indicates the direction of the laser polarization.
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CEP-controlled trapping as a promising route toward
attosecond-level control in plasma-based accelerators.

Experiments were performed with LUCID, the multi-
terawatt OPCPA laser system at the Lund Laser Centre
[13], delivering 9 fs [full width at half maximum (FWHM)
of intensity envelope] pulses and 250 mJ (£1%) before
transport, corresponding to 190 mJ on target, at a central
wavelength of 850 nm and 10 Hz repetition rate. The
system includes active carrier-envelope phase stabiliza-
tion using an f-2f interferometer placed upstream of the
compressor, achieving an RMS CEP stability of 340 mrad.
The spatial profile was corrected with a deformable
mirror, and the beam was focused by an f/15 off-axis
parabolic mirror into a supersonic gas jet from a 1.5 mm
pulsed nozzle, with focus 2 mm above the orifice. The
target consisted of a 99:1 mixture of helium and nitrogen.
The plasma electron density, n,, was determined inter-
ferometrically using a wave front sensor and assuming
full ionization of helium and the five outermost electrons
of nitrogen.

The energy bunching reported here was observed only
in a narrow electron density window centered at
1.5 x 10" cm™3 (£2%). The measured FWHM focal spot
size was 15 pm (£2%), with an inferred peak intensity of
4 x 10'"® W/cm?, corresponding to a normalized vector
potential of ay, = 1.5.

Electrons accelerated in the wakefield were dispersed in
the horizontal plane, perpendicular to the laser polarization,
by a 0.83 T permanent dipole magnet onto a phosphor
screen (Lanex regular). The fluorescence was imaged with
a 16-bit sSCMOS camera. The energy calibration was
obtained from particle tracking in the measured geometry
of the nozzle, magnet, and detection plane, and the screen
response was referenced to the charge calibration of Kurz
et al. [14]. The spectrometer provides an energy resolution
of approximately 1% at 50 MeV for a typical FWHM beam
divergence of 5 mrad.

Optimization of the occurrence of energy bunching was
performed by adjusting jet position, backing pressure, laser
energy, and group delay dispersion, the latter controlled
with an acousto-optic programmable dispersive filter.

The comblike energy structure was consistently
observed in our experiment. Figure 1 shows a representa-
tive single-shot electron spectrum with five narrow, regu-
larly spaced peaks centered around 50 MeV. Each peak has
a width of about 1 MeV (FWHM) and spacing of ~3 MeV.
To understand the origin of this structure, we analyzed
the evolution of the CEP during laser propagation in the
plasma, which determines the timing and location of
successive trapping events.

The origin of these energy combs lies in the continuous
slip of the optical phase during laser propagation in plasma.
Because the group velocity v, of the pulse envelope is
below the speed of light, ¢, while the phase velocity v, of
the optical carrier is above it, the CEP evolves along the

propagation axis. The slippage length over which the CEP
advances by 27 is

where 4 is the laser central wavelength and #n.. is the critical
plasma density, and the approximation assumes 7, > n,.
At n,=1.5x10" cm™3, this gives L,, ~88 pm, so
half-cycle-separated trapping events are separated by
L, ~ 44 pm. Electrons trapped at earlier times experience
a longer acceleration distance, and therefore, reach higher
energies. The observed energy spacing of ~3 MeV
between peaks therefore corresponds to an effective accel-
erating field of ~70 GV/m.

Ionization injection and trapping occur in separate
stages. Tunnel ionization releases electrons every optical
half-cycle, but only those that satisfy the trapping condition
[2] are captured and accelerated by the wake. Because the
laser amplitude is near the ionization threshold of the
nitrogen K shell (aq < 2), the wake potential is only
marginally high enough to trap electrons. Trapping, there-
fore, occurs predominantly for electrons injected on the
falling edge of the pulse, where the wake potential peaks
and the relative amplitude difference between successive
half-cycles is most pronounced. The CEP slip during
propagation continually shifts the relative amplitude of
these half-cycles, causing them to move in and out of the
narrow trapping window. This produces a periodic modu-
lation of the trapped charge with half the CEP-slippage
period. Each successive half-cycle injection forms a sep-
arate electron bunch whose final energy reflects its injec-
tion position in the plasma. The resulting train of subcycle
trapping events gives rise to the regularly spaced energy
peaks observed in the spectra.

Figure 2 shows example spectra with one to six quasi-
monoenergetic peaks. More peaks appear when the inten-
sity remains near threshold over a longer distance, enabling
multiple trapping events. This requires the field strength to
be consistently close to threshold, high enough to ionize,
but not so high to continuously trap electrons. Small
changes in plasma density, dispersion, or focusing con-
ditions can shift this balance, making the process sensitive
to initial conditions. As a result, shot-to-shot variations
arise even under nominally identical laser parameters.
Statistical analysis of 300 shots (Fig. 3) reveals a mono-
tonic increase in ensemble-average peak energy with peak
index [Fig. 3(a)] and a strong preference for five-peak
spectra [Fig. 3(b)] with an average charge of 1.3 pC. Peaks
at higher energy correspond to electrons trapped earlier,
and thus, accelerated over longer distances. Bunching is
observed in 98% of shots but disappears if the plasma
density is changed by more than 20%, illustrating the
sensitivity of the mechanism. No deterministic correlation
is observed between the input CEP and the energy of the
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FIG. 2. Examples of single-shot spectra, showing one to six
energy-separated peaks, illustrating the variation observed in the
measurements. Each spectrum is normalized to its maximum.

bunches, likely due to the sensitivity of the process to the
pulse evolution. However, the relative energy spacing
between bunches remains remarkably stable [Fig. 3(c)],
consistent with intermittent trapping at successive half-
cycles of the laser field.

Importantly, no energy bunching is observed in pure
helium, even under conditions where self-injection occurs,
confirming that the effect depends on ionization injection.
This distinguishes the observed energy combs from peri-
odic structures predicted in simulations of self-injection in
pure gases [15].

The energy peaks also show a characteristic angular chirp.
Electrons born in alternating half-cycles receive opposite
transverse kicks from the laser field, producing alternating
tilts in the angle-energy space, directly visible on the
scintillator screen. Tilt angles, extracted with a fitting
algorithm, show that ~80% of adjacent bunches are anti-
correlated in orientation (Fig. 4), consistent with successive
half-cycle trapping at optical extrema [4]. While the relative
tilt reflects alternating transverse momentum at injection,
the absolute deflection also depends on the dipole magnet
strength, which maps longitudinal momentum to spatial
displacement. Thus, the measured angular tilts encode both
injection dynamics and spectrometer geometry. Although
plasma evolution may stretch the bunch duration, the
trapping remains locked to individual optical half-cycles.
This demonstrates that key aspects of plasma dynamics,
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FIG. 3. Statistical analysis of 300 single-shot spectra. (a) En-

ergies of resolved spectral peaks indexed by increasing energy
within each spectrum. Error bars show the standard deviation for
each index. (b) Distribution of the number of peaks observed per
shot. (c) Stacked normalized energy spectra from all measure-
ments with five resolved peaks, sorted by the fourth peak energy.

including electron release, trapping, and transverse momen-
tum transfer, are governed by the instantaneous laser field on
attosecond timescales.

To further support this interpretation, we performed 3D
particle-in-cell (PIC) simulations using the open-source
spectral code FBPIC [16] with parameters closely matching
the experiment. The laser was modeled as a linearly
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FIG. 4. (a) Automated detection of individual electron bunches
in Lanex screen images from 300 single shots, with ellipses fitted
to each. The tilt of each ellipse’s major axis quantifies the angular
chirp. (b) Correlation between neighboring bunches reveals a
clear pattern of alternating chirp direction, consistent with
successive half-cycle trapping. (c) Correlation matrix between
all angular pairs.
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FIG. 5. Particle distributions from a PIC simulation of subcycle
ionization injection. (a) Angle versus final energy, showing
distinct energy bunching with alternating tilt angles. (b) Arrival
time versus final energy, revealing overlapping longitudinal
bunching. (c) Ionization position versus final energy, showing
discrete trapping events along the propagation axis.

polarized, 850 nm, 9 fs Gaussian pulse with spot size
15 pm and normalized vector potential ay = 1.3, propa-
gating through a 2-mm-long plasma with a peaked cos?
density profile and electron density 1.2 x 10" cm™. The
target consisted of a helium-nitrogen mixture with ioniza-
tion modeled using ADK rates [17]. The simulations
reproduced energy bunching with an energy-dependent
beam angle along the laser polarization axis [Fig. 5(a)]
and a comblike structure in longitudinal phase space
[Fig. 5(b)]. Injection occurred exclusively from nitrogen
K-shell electrons. No self-injection was observed, and all
histograms were computed from the nitrogen-born popula-
tion. Discrete injection events appeared along the plasma
[Fig. 5(c)], with spacing consistent with CEP slippage.
The simulated beam exhibits normalized emittances
of 0.58 mmmrad in y and 0.10 mm mrad in x, with a
total charge of 0.5 pC. These values reflect the confined
phase-space volume of subcycle ionization injection and
the expected anisotropy along the laser polarization axis.

Since the simulation uses an idealized Fourier-limited
laser pulse in both space and time, the threshold for
energy bunching occurs for lower plasma density,
leading to higher electron energies than observed in
the experiment. However, the relative energy spacing
(~6%) is in good agreement with the measured spectra.
Clear comb structures emerge only near threshold
conditions, consistent with the narrow experimental
window in plasma density.

The close agreement of the observed energy bunching
and alternating angular chirps with both theoretical pre-
dictions [4,5] and with our supporting PIC simulations
(Fig. 5) confirms that the half-cycle structure of the laser
field shapes the electron spectrum. These results mark a
fundamental departure from conventional ionization
injection, which typically yields broad and continuous
energy distributions. Simulations by Zhang et al. [5]
further predict that CEP-controlled ionization injection
can produce attosecond-scale electron bunches in opti-
mized few-cycle regimes.

The restriction of energy bunching to a narrow density
window is likely due to the combined effects of the plasma
profile, the balance between slippage and injection lengths,
and the intensity sensitivity of the mechanism. CEP-
modulated trapping requires the laser field to remain near
the nitrogen K-shell ionization threshold. Pulse evolution in
plasma can easily shift the effective intensity away from
this range.

Although demonstrated here at tens of MeV and using a
10 Hz laser, the mechanism is scalable to GeV-class beams
since the essential physics does not depend on the final
energy or acceleration length. The same principles also
apply at higher repetition rates, where few-cycle drivers
operating in the kHz regime could support stable phase-
sensitive injection. These prospects open new possibilities
for phase-driven electron beam tailoring at higher energies
and higher repetition rates.

We have demonstrated the first experimental evidence of
CEP-driven energy bunching in laser wakefield acceler-
ation, where subcycle injection synchronized to the laser
field shapes the electron spectrum. Further control of the
plasma density profile could confine trapping to a single
half-cycle, enabling energy-tunable, isolated electron
bunches and offering attosecond control over injection
timing in plasma accelerators.
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