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Abstract

Laser wakefield accelerators can produce compact, high-
gradient electron sources, but typically generate chirped
beams with significant energy spread and divergence. We
present a simulation study of a tailored plasma density profile
that performs post-acceleration phase-space manipulation
within a single gas-cell target: a plasma down-ramp provid-
ing transverse lensing and a long, low-density plasma tail
acting as a beam-driven dechirper and lens. Using Open-
FOAM fluid simulations to generate the density profile and
Particle-in-Cell simulations to resolve the wakefields, we
analyze the longitudinal and transverse fields responsible for
chirp generation, dechirping, and collimation.

INTRODUCTION

Laser wakefield acceleration (LWFA) produces relativis-
tic electron beams over mm-scale distancesusing the large
longitudinal electric fields sustained by plasma waves [1-3].
In the laser-driven blowout-regime configuration comsidered
here, the accelerated bunch spans a finite fraction.of the accel-
erating phase, so the longitudinabfield varies along the bunch
length; different longitudinal glices therefore accumulate dif-
ferent energy gainssyimpriniting a head—tail'energy—position
correlation chirp). In particular, situations where the rear
of the bufich experiences a highenaccelerating field lead to
a positive chirp. Although optimal beam loading [4,5] can
mitigate these effects, it imposes strict requirements on the
longitudinal charge distribution [6, 7]."In addition, the beam
must be extracted afd transported with minimal transverse
momentum spread.

Here we give afuller description of how the wakefields
in the accelerating phase lead to chirped beams and how
the post-acceleration fields remove this imposed chirp, as
first described in [8,9] and elsewhere in this conference
as [10]. We model a compact plasma structure including: (i)
a plasma density down-ramp that behaves as a lens, reduc-
ing transverse momentum spread via the transverse wake
focusing forces generated by the wakefield driven by the
laser [11,12]; and (ii) a long, low-density plasma tail (LPT)
where the electron bunch drives its own wakefield, providing
simultaneous focusing and dechirping.
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SIMULATION MODELS

The longitudinal plasma dénsity distribution'is obtained
from computational fluid dynamics simulations of a two-
compartment gas cell and'a downstream channelusing Open-
FOAM{13; 14]. The simulated neutral density distribution
(hydrogen and nitrogen) is‘converted to an electron density
profile for thePI€ input. The density profile of a simulation
where the pressure is equal between the two compartments
is showa inFig. 1. The mesh lines‘are coloured based on
the local concentration of mitrogen in the gas. Black lines in-
dicatesparts where the nitrogen concentration is high (close
to 15%), which is the concentration of gas in the reservoir
providing nitregen to the first compartment (C1) in this sim-
ulationy White lines indicate the absence of nitrogen. Thus
having the pressures equal in both compartments leads to
proper confinement of the nitrogen in the first compartment.
The gradient of the nitrogen concentration between the two
compartments leads to an electron density down-ramp which
is wherefthe ionisation injection occurs.
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Figure 1: OpenFOAM simulation of the gas-cell exit and
low-density tail. The horizontal arrow denotes the laser prop-
agation direction. The first compartment (C1) is filled with
a mixture of hydrogen and nitrogen. The fraction nitrogen is
indicated by the colour of the mesh lines. The second com-
partment (C2) is filled with pure hydrogen. The pressure
here is shown as the color map of the background in units
of Pa.

The maximum value the pressure scale of the profile is
intentionally saturated to show the low density structure
that forms in the outlet of the gas cell (C2). This structure
is particularly important as it forms the plasma lens and



dechirper for the accelerated bunch. This structure is formed
by the geometric constriction around the primary outlet of
the gas cell, which leads to a low-density tail extending over
several millimeters. The gas density profile obtained from
the OpenFOAM simulations is converted to electron and ion
density profiles as input for the PIC simulations.

PIC simulations of the injection, acceleration, and post-
acceleration dynamics were performed with Smilei [15] us-
ing a quasi-cylindrical geometry with azimuthal Fourier
decomposition [16]. The laser is initialized as a focused
flattened-Gaussian beam [17] with 30 fs (FWHM) pulse
duration and peak normalized vector potential ay =~ 2.3
at focus, where ay = eEy/(m,cwq), Ey is the peak laser
electric-field amplitude, and wy = 27r¢/ A is the laser an-
gular frequency. In the following, x denotes the longitudinal
coordinate (laser propagation direction). We track (i) the
evolution of the laser peak amplitude a), (ii) the transverse
momentum spread, and (iii) the evolution of the longitudinal
phase space and the energy chirp.

CHIRP, LENSING, AND DECHIRPING

Figure 2 summarizes the simulated evolution of the laser
and electron beam along the tailored density profile. During
the injection/acceleration stages (x < 3.5 mm), the laser=
driven wake provides strong longitudinal accelerating gradi-
ents while betatron oscillations are visible in the transyerse
momentum spread in the middle panel. In the secofidhdown-
ramp (3.5 < x < 6 mm) at the exit of the gas cell (C2)
the wake focusing fields act as a plasma lenS andyreduce
the transverse momentum spread. The bottom graph shows
that the energy spread increases durifig acceleration, but
then decreases in the LPT, while simultaneously.the charge
within the FWHM increases. Detailed analysis shows that
the energy spread is high at the end of the acceleration stage
because of the strong energy—position correlation (chirp)
imprinted onfthe bunch by the non-uniform-longitudinal
field strueture. The subsequent LRT provides a beam-driven
wakefi€ld that compensates this chirp, leading to a reduction
in efiergy spread while also providing additional focusing of
the bunch.

To connect these beam observables to the underlying wake
structure, we analyze snapshots of the longitudinal accelerat-
ing field and the transverse wakefield component responsible
for focusing at'characteristic positions along the profile. The
chirp is generated while the bunch overlaps the accelerat-
ing phase of the wake: because the longitudinal field varies
across the bunch length, different longitudinal slices accumu-
late different energy gains. Figure 3 shows the field structure
at x = 4.3 mm close to peak laser amplitude.

Fig. 3 (a) shows that the bunch extends over 10 ym, and
that the longitudinal field structure is non-uniform across
the bunch length, with stronger gradients at the back of the
cavity. This leads to a significant chirp imprinted on the
bunch during acceleration. The transverse wakefield com-
ponent is shown in Fig. 3 (b): the bunch experiences intense
focusing forces throughout its length leading to the betatron
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Figure 2: Simulation simmary along the tailored density
profile «Top: evolution of laser peak amplitude a,(green
line), Electron density (blue) and nitrogen density(purple).
Middle: transyerse momentum spread of the accelerated
bunch, blue in‘the y-direction(polarisation of the laser), or-
ange inghe,z-direction. Bottom: eyolution of the energy
spread (FWHM) in blue and the charge'contained within the
FWHM of the energy spectrum in red.
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Figure 3: Field snapshots in the laser-driven stage at x =
4.3 mm. Electron beam in black. The green color map is the
laser intensity. (a) Longitudinal field E, with the electron
bunch. (b) Transverse wakefield component responsible for
focusing/defocusing (and the laser intensity).

oscillations and the associated transverse momentum spread
oscillations observed in the middle panel of Fig. 2.

After the down-ramp x > 6 mm, the laser amplitude is
strongly depleted. In the LPT, the bunch density becomes



comparable to (or exceeds) the plasma density, and the wake-
field becomes predominantly beam-driven. In this regime,
the head of the bunch excites a wakefield such that the tail
experiences a longitudinal field of opposite sign relative
to the initial chirp, reducing the energy—position correla-
tion (dechirping). The same beam-driven wake provides
transverse focusing, contributing to additional collimation
(Fig. 4). This explains the reduction in energy spread and
the increase in the charge contained within the FWHM of
the energy spectrum observed in the bottom panel of Fig. 2
in the LPT. In the transverse direction, the field generated by
the beam driven wakefield in the LPT provides additional
focusing of the bunch, specifically to those particles in the
rear of the bunch. The rear of the beam thus experiences
relaxation over a longer distance, which leads to a lower
transverse momentum spread for the beam as a whole. This
is observed in the middle panel of Fig. 2 where the transverse
momentum spread decreases in the LPT.
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Figure 4: Field smapshots in the LPT at x = 10mm. (a)
Longitudinal field structure associated with the beam-driven
wakefield, providing energy chirp compensation. (b) Trans-

verse wakefield'component, providing additional focusing
of the bunch in the' LPT:

The evolution of the longitudinal phase space at 3 posi-
tions along the density profile is shown in Fig. 5. At the
end of the acceleration stage at x = 3.5 mm, the bunch has a
significant chirp due to the non-uniform longitudinal field
structure shown in Fig. 3. After the down-ramp at x = 6 mm,
this correlation mostly remains, however at the end of the
low-density tail at x = 15 mm, the beam driven wakefield
(dechirper) has reduced the chirp, and energy spread, signif-
icantly. This simulation is compared with an experimental
spectra measured in experiment using the laser and density

profile modeled here, as shown in [8]. The experimental
result is shown here as a black dashed line.
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Figure 5: Evoldtion of the longitudinal phase space (chirp)
at three positions. "The beam-drivemwakefield in the low-
density gaibreduces the initial energy—pesition correlation
acquired during acceleration.

The net effect on the bunch chirp is summarized in Fig. 5:
the bunch exits the acceleration stage with a significant chirp,
whichyis progressively reduced along the low-density tail.
The same, tail contributes transverse focusing, so the de-
vice acts as\a combined plasma lens and dechirper. We
have shown here how the field structure in the accelerat-
ing stage leads to chirp generation, and how the subsequent
beam-driven wakefield in the low-density tail provides si-
multaneous dechirping and focusing, leading to a reduction
in energy spread and transverse momentum spread.

CONCLUSION

Using OpenFOAM-derived density profiles and Smilei
PIC simulations, we have analyzed a tailored plasma struc-
ture that provides post-acceleration transverse lensing and
longitudinal dechirping for LWFA electron beams. The
field snapshots show how strong longitudinal-field gradi-
ents imprint a chirp during the laser-driven stage, while the
subsequent low-density tail is dominated by beam-driven
wakefields that compensate the chirp and further focus the
bunch.
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