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Abstract

Plasma-wakefield acceleration (PWFA) has attracted great attention due to its high accelerating
gradients, which will drastically reduce the price, footprint, and carbon load of accelerators to be
used for medical applications, free electron lasers (FELs), and future high-energy physics exper-
iments. The compact linear accelerator for research and applications (CLARA) at the Daresbury
Laboratory is a state-of-the-art electron accelerator for a future FEL test facility, capable of pro-
ducing 250MeV electron bunches. Recently, a new beamline attached to CLARA, the so-called
full energy beam exploitation (FEBE) facility, has been commissioned to provide ultra-short and
low-emittance electron bunches. Here, we use the Fourier—Bessel particle-in-cell code to invest-
igate PWFA with a two-bunch configuration at FEBE, aiming to double the energy of the witness
bunch while preserving its incoming beam quality. Simulation results indicate that the driver’s
trailing portion is tightly focused by the transverse wakefield, leading to a surging beam density
and a transition from the linear to the non-linear regime. An appropriate flattened wakefield due
to beam loading is achieved assisted with the tailoring of the plasma density. Moreover, the impact
of ramping plasma density on beam quality is also discussed.

1. Introduction

Plasma-based acceleration, first proposed in a seminal paper in 1979 by Tajima and Dawson [1], has
emerged as a promising solution to the limitations of conventional radio-frequency (RF) based accel-
erators, including their large scale, high cost, and significant carbon footprint. Plasma wakefield acceler-
ation (PWFA) provides a more compact alternative, offering accelerating gradients that are 1-3 orders of
magnitude higher than conventional RF-based accelerators [2]. In addition, PWFA benefits from longer
dephasing lengths [3] and drive-to-witness energy-transfer efficiency [4], all of which have attracted con-
siderable attention from the accelerator community in recent decades [2].

The first proof-of-principle PWFA experiment was conducted at Argonne national laboratory,
demonstrating an accelerating gradient of 1.6 MeV m™"! [5]. In 2007, researchers at the Stanford Linear
Accelerator Center (SLAC) injected a single 42 GeV electron bunch into a plasma and achieved energy
doubling of the rear part of electrons with an 85-cm-long plasma column produced in a heat-pipe oven
[6], corresponding to an accelerating gradient of approximately 52 GeV m™~!. The driver-witness con-
figuration was subsequently introduced [7], employing two-bunch generation methods such as notch/-
jaw collimators (FACET, SLAC) [8] and wedge/block collimators (FLASHForward, DESY) [9]. Since
then, research efforts have increasingly focused on achieving high beam quality [10] and high energy-
transfer efficiency [11] to meet the demanding requirements of high-energy physics experiments [12],
free-electron lasers (FELs) [13], and beam radiation therapy [14].
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Energy doubling experiments have primarily focused on maximising the accelerating gradient, which
is constrained by the plasma wave-breaking limit, also referred to as the cold non-relativistic wave-
breaking field in the linear regime [15], expressed as Emax [Vm™!] = m, c wp/ex 96 n(l)/2 [em™3],
where m., ¢, wp, e, and ny represent the electron mass, speed of light in vacuum, plasma frequency, elec-
tron charge, and initial plasma density, respectively. In particular, under the strong focusing condition,
where k,o, = V2 and kpo, < 1, the accelerating gradient can be predicted as a driver-dependent func-

tion in the linear regime [16]:

2

N, 600

Enmasjin [MV m™!] ~ 240 b , (1)
' 4x10'° / \ o, [um]

where k;, is the plasma wavenumber, Ny, is the number of electrons in the drive bunch, o, is the (root-
mean-square) rms bunch length and o, is the rms bunch radius. Therefore, the parameters of the driver
can significantly determine the acceleration performance. On the other hand, beam quality, typically
characterised by the charge loss during acceleration, energy spread, emittance, peak current, and other
related factors [13], is often compromised when optimising the acceleration gradient. For example,
employing a low plasma density helps achieve a more uniform wakefield along the propagation direction
and can reduce the energy spread to an acceptable level. However, according to the wave-breaking limit,
the resulting acceleration gradient tends to be modest. Therefore, identifying an appropriate strategy that
simultaneously achieves a high acceleration gradient and beam quality preservation, is of great import-
ance for advancing the practical applications of PWFA.

In recent studies, a down-ramp plasma density profile has been introduced in IWFA to attract more
self-injection electrons, since the phase velocity of the plasma bubble is reduced, as theoretically demon-
strated in [17]. For proton-driven PWFA, an up-ramp plasma profile has been shown to stabilise the
wakefield [18]. For PWFA, the plasma density transition, has also been widely employed to tailor the
transverse focusing forces during beam propagation, which has been shown to help preserve the beam
emittance through mechanisms such as space-charge—assisted damping [19], plasma—beam mismatch
[20], hose instability [21], and chromatic phase spread [22]. As well as emittance reduction, the periodic
plasma density transition can be used to preserve the energy spread in the linear regime [23]. In this
paper, we investigate how plasma density ramps within the acceleration stage influence the preservation
of multiple beam-quality metrics, with the aim to achieve high-quality energy-doubled electron beam for
future applications.

The compact linear accelerator for research and applications (CLARA) at the Daresbury Laboratory
[24] is a state-of-the-art electron accelerator designed as a future testbed for FELs. It is capable of pro-
ducing 250-MeV electron bunches. Recently, a new beamline attached to CLARA, the full energy beam
exploitation (FEBE) facility, has been successfully commissioned to deliver ultra-short and low-emittance
electron bunches for users. In this paper, we perform simulation studies of PWFA for energy doubling
at CLARA FEBE. Through the use of coupled up-ramp and down-ramp plasma profiles, particle-in-
cell (PIC) simulations indicate that the energy of the witness beam can be doubled within a 20-cm-long
plasma cell, while the beam quality remains nearly preserved.

This paper is organised as follows. Section 2 provides an overview of the CLARA facility and its
beam specifications. Section 3 introduces the PIC simulation framework and the parametric settings.
Section 4 demonstrates the transition to the non-linear regime and the beam loading effect, and dis-
cusses the influence of the plasma density ramps on beam quality. Finally, key findings are summarised
in section 5.

2. CLARA FEBE beam for PWFA

2.1. Layout for PWFA

The schematic layout of the PWFA experiment is shown in figure 1. The beamline can be divided into
three sections: two-bunch generation and shaping, experimental hutch, and diagnostics. Two-bunch
generation is carried out in the beam-shaping section using a mask that is inserted at the midpoint
of a magnetic chicane, where it scatters electrons to create a spatial separation between the bunches.
Subsequently, the driver and witness beams propagate through the experimental region, where the
plasma is generated by the capillary discharge. To produce the ramping plasma profile, two discharge
cathode plates connected to a pump can be installed at both ends of the plasma capillary. Finally, the
downstream section hosts a variety of beam diagnostics and beam dump facilities for beam quality
measurement and energy dissipation.
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Figure 1. Schematic layout for PWFA with FEBE beamline.

2.2. FEBE beam specifications

The specifications of the CLARA beam were reported in [24]. An electron beam with an energy of up
to 250 MeV can be generated from upstream CLARA operations. Two main beam modes are available,
i.e. the high-charge (250 pC) and low-charge (5 pC) modes. FEBE offers flexibility with the available
bunch charge from 5 to 250 pC. Note that the low-charge mode is preferred for generating shorter
bunches, due to weaker space-charge effects at a low energy (below 35 MeV at the CLARA front end)
and fewer limitations in beam compression (coherent synchrotron radiation effect). The beam compres-
sion monitor is expected to measure the minimum rms bunch lengths of < 50fs for a 100 pC bunch.
For the transverse size, the nominal commissioning beam for the high-charge mode is 100 zm and will
be further reduced to 50 ym through machine development in support of novel acceleration research
and development (R&D). In addition, a typical high-charge electron beam is expected to have an energy
spread of roughly 1% and a normalised emittance of 5mm mrad.

3. Simulation model and parameters

3.1. Numerical setup

the Fourier—Bessel PIC (FBPIC) code [25] is employed to solve cylindrical problems. FBPIC is a quasi-
three-dimensional code that solves the Maxwell’s equations, where the azimuthal mode m (m = 0, 1,

2, ...) can be specified to represent the electromagnetic field distribution. For instance, m = 0 corres-
ponds to an axisymmetric field that are independent of the azimuthal angle # in cylindrical coordinates.
The m = 1 mode represents the fields that vary proportionally to cosf and sinf, which is the case for a
linearly polarised laser pulse in laser wakefield acceleration simulations. High-order modes (m > 1) of
represent the fields that vary proportionally to cos(m#f) and sin(m#f), which can be used to model fur-
ther departures from the cylindrical symmetry. The background ions are assumed to be immobile during
the simulation. The key strength of FBPIC lies in its coupling of the cylindrical coordinate system with
spectral PIC algorithms, which can efficiently handle computationally intensive problems and minimise
spurious numerical dispersion [25-27].

Table 1 summarises the main numerical parameters used in the FBPIC simulations. The simulations
are performed in a moving window of 150 ym in both the longitudinal and transverse directions, ini-
tialised with 500 x 200 grid cells in (z, r). This corresponds to fixed spatial resolutions of Az =0.30
pm and Ar=0.75 pm, ie. Az=(0.009 —0.012) x k' and Ar= (0.024 —0.029) x k!, where the
range reflects the variation of k,, associated with the plasma-density ramp rather than a change in the
grid itself. The grid spacing resolves the plasma skin depth k; ! with multiple cells, ensuring accur-
ate representation of the wakefield structure and beam—plasma interaction. The time step is chosen as
At= Az/c=1.0fs, consistent with the pseudo-spectral analytical time-domain scheme employed by
FBPIC and free of a Courant stability limit. Each cell contains n,xn,xny =4 X 4 X 4 macroparticles to
maintain computational efficiency. The boundaries of the simulation window are reflective in the radial
(r) direction and open in the longitudinal (z) direction.

Note that the physical scenario is modelled using a purely cylindrical azimuthal mode m =0. The
drive and witness beams are initialised without transverse offset, with identical transverse size (0% = 0,)
and normalised emittance (ey,x = €n,,). We performed simulations including higher-order azimuthal
modes and evaluated the weighted, slice-averaged fields experienced by both the drive and witness
beams. The results show that the ratios of higher-order modes to the m =0 mode are nearly zero, indic-
ating that the contribution of higher-order azimuthal modes to the wakefields is negligible. Therefore,
the axisymmetric configuration adopted here is sufficient to capture the physical scenario.
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Table 1. Numerical parameters used in the FBPIC simulations.

Parameters Values

Longitudinal window size 150 um

Transverse window size 150 pm

Number of grid cells (N; x N;) 500 x 200

Longitudinal cell size (Az) 0.30 4m (0.009 — 0.012) x k; '
Radial cell size (Ar) 0.75 um (0.024 — 0.029) x k; '
Azimuthal mode () 0

Time step (At) 1.0fs

Macroparticles per cell 4x4x4

Boundary conditions Radial: reflective. Longitudinal: open

Table 2. Employed beam and plasma parameters for the PWFA study.

Parameters Driver Longer witness Shorter witness
Plasma density (cm ™) N/A 2.8-4.2 x 10'° 1.9-4.2 x 10
Beam density (cm™?) 1.19 x 10" 1.98 x 10 1.98 x 10'6
Driver-witness separation (pm) N/A 90 90

Charge (pC) 150 10 5

Energy (MeV) 250 250 250

Bunch length (pm) 10 10 2

Transverse size (pum) 70 14 7

Energy spread (%) 1 1 1

Emittance (mm mrad) 5 5 2

3.2. Beam and plasma parameters
Table 2 lists the beam and plasma parameters employed in this work. The single beam from the FEBE
carries a charge of 250 pC. When the beam propagates through the tungsten mask, the central electrons
are scattered, thereby generating a drive-witness bunch pair with variable delay. Here, we refer to the
SLAC notch collimator, where approximately 60% of the electrons remain after the collimation [4].
Therefore, we set 150 pC to the driver, 10 pC (64% remaining) to the longer witness beam, and 5 pC
(62% remaining) to the shorter witness beam.

The bi-Gaussian beam density distribution for the two-bunch configuration is traditionally assumed,

given by
Q/e r? £?
m(nd) = (27r)3/20203 P (M) op (M) ’ @

where Q, 0,, 0, £ = z—ct represent the bunch charge, bunch length, bunch radius, and the co-moving
longitudinal coordinate, respectively. We initialise the bunch lengths o, 4; = 10 pm and o0 i = 10 pm,
and the transverse sizes as oy i = 70 pm and oy yix = 14 pm. The energy spread for all beams is set

to 1%. A shorter witness beam (0, wit = 2 um, 0y wic = 7 pm, normalised projected rms emittance ey

= 2mm mrad) is set by reducing the charge, while remaining within the operational range of the low-
charge mode of the FEBE. The driver density of n, = 1.19 x 10> em™ < nq (2.8 X 10'® cm ™ for the
longer witness bunch and 1.9 x 10'® cm ™2 for the shorter witness bunch) indicates an over-dense plasma
environment. In addition, the initial driver—witness separation is defined as the longitudinal distance
between the centroids of the drive and witness beams and is optimised through parameter scans by eval-
uating the resulting beam quality. Previous studies typically adopted a separation in the range of 0.5-1.0
Ap [28-30]. Through optimisation within this range, the separation in this work is determined to be 90
pm, corresponding to 55% of the plasma wavelength behind the driver at the maximum plasma dens-
ity 4.2x10'® cm 3. This optimal result is consistent with the condition that the witness beam simultan-
eously remains in the accelerating and focusing plasma phases.

Figure 2 shows the ramping helium plasma density profile used in this work, divided into five stages:
an initial stage, an up-ramp, a high-density plateau, a down-ramp, and a final low-density stage. Each
stage of the profile is designed with consideration of both theoretical principles and practical limits.
Before the plasma enters the up-ramp stage, the witness beam is focused by the transverse wakefield,
as will be discussed in section 4.1. The focusing effect brings the witness beam closer to satisfying the

4
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Figure 2. Ramping plasma density profiles for two witness beam parameter sets.

emittance preservation condition [31, 32]:
[ 23eymeeg 174 3
Ox,y,mat = W ) (3)

where ey, €, 1y, and 7y represent the initial normalised emittance, vacuum permittivity, plasma density,
and initial Lorentz factor of the witness beam, respectively.
The plasma density ramp is assumed to be linear [30, 33], with its mathematical expression defined

as follows:
o for 0<z< zy,
Z—Zyp
ny + (”max - 1’10) I for Zup Lz< Zup +Lup7
up
1y (2) imax for  zup + Lup < 2 < Zdowns (4)
Z — Zdown
Nmax + (nO - nmax) — for  zdown <z < Zdown + Ldown,
Ldown
Mo for 2> Zgown + Ldown-

where 1y denotes the initial plasma density, which is 2.8 x 10!* cm~> and 1.9 x 10'® cm ™2 for the longer
and shorter witness bunches, respectively. 1 = 4.2 X 101 cm™> denotes the plasma density in the plat-
eau stage. The positions z,, and zgown denote the starting locations of the up-ramp and down-ramp,
respectively, while Ly, and Lgown denote the corresponding ramping lengths.

Regarding the density transition length, previous studies have demonstrated that a quasi-
monoenergetic beam can be produced when the transition is sufficiently sharp, i.e. when Ly, < A, [17],
where Ly, denotes the ramp length and )\, denotes the plasma wavelength. However, theoretical invest-
igations of sharp transitions for externally injected beams have not been well documented. Therefore,
this work focuses mainly on practical considerations. A discharge capillary technique has been demon-
strated over a few centimetres at SPARC_LAB [34-36], DESY [37], and BELLA [38]. According to these
results, the typical ramping length for capillary-based plasma sources is on the order of ~1cm, provid-
ing a valuable reference for the design of the plasma cell in PWFA experiments at FEBE. Therefore, we
initialise a 1-cm-long plasma density ramps in the simulations, i.e. Ly, = Lgown = 1 cm.

The peak density and the final-stage density are determined through parameter scans. A lower peak
density requires a longer plasma cell for energy doubling, which results in longer length for beam qual-
ity recovery (see section 4.3.4) during the final low-density plasma stage. Therefore, we selected the up-
ramp point z,, = 5cm and down-ramp point Zgow, = 15 cm for the longer witness beam. The corres-
ponding positions for the shorter witness beam are z,, = 4.8 cm and zgow, = 14 cm.

It is important to select an appropriate plasma density range, where the witness beam can be accel-
erated and focused. The plasma density range is determined by the variation in plasma wavelength,
expressed as A\, = A\, (1 — (ng1/n2)%>) [17], where ng; and ng, denote the lower and upper bounds
of the plasma density, respectively. A\, = 2mc/w, denotes plasma wavelength, where w, = (ng€?/meey)'/?
represents the plasma frequency. For shorter wavelengths, the rear part of witness electrons may enter
the defocusing phase of the dephasing regime, leading to a significant charge loss. While for longer
wavelengths, the front part of witness electrons may experience the decelerating phase of the dephas-
ing regime. As a result, the energy spread inevitably grows significantly. Parameter scan results indicate
that the optimal plasma density lies within 2.8-4.2 x 10'® cm ™ for the longer witness bunch and 1.9—
4.2x10'" cm™? for the shorter witness bunch.

5
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Figure 3. The driver is focused by the transverse wakefield inside the uniform plasma density 4.2x 10! cm =2 at (a) z=0.57 mm,
(b) z=16.77 mm, and (c) z = 29.97 mm. Off-axis transverse wakefield was visualised because electrons in outer transverse
regions experience nonlinear transverse forces and are more likely to enter the defocusing regime.

4, Simulation results

4.1. Non-linear regime transition

The density of the driver employed in this study is on the order of 10!> cm™>. To achieve the maximum
wakefield, the beam-plasma interaction must occur in the non-linear regime, which requires the plasma
density to be comparable to or lower than 10> cm ™2, according to the condition ny, > ny. However, at
this density scale, an accelerating field of several hundred MV m™"! can be obtained [39], corresponding
to a plasma-cell length of 0.5-1.0 m for energy doubling, which is longer than what we originally expec-
ted in our research objectives.

Even for an initially low-density driver at the entrance to the plasma, PWFA can still evolve from
the linear regime into the non-linear regime [40]. As the driver is focused by the transverse wakefield,

a process commonly referred to as self-focusing effect, its density can increase by approximately one
order of magnitude (to the 10'® cm™? scale), as shown in figure 3. The front portion of the driver expels
plasma electrons radially outward, forming a strong focusing transverse wakefield in its rear region. The
front section, however, does not experience the focusing force immediately because the plasma requires
a finite response time. The driver reaches a peak density of 3.74n, at its centre, forming a long and nar-
row ion cavity in the plasma along the propagation direction. Note that the bubble regime (a strongly
non-linear regime) requires n, > 1y, the current acceleration mode corresponds to the quasi-nonlinear
regime [41].

The transition to the nonlinear regime significantly increases the maximum transverse wakefield from
~0.06 GV m™! to ~0.90 GV m™! at the edge of the witness bunch and from ~0.01 GV m™! to ~0.44
GVm™! in the bunch centre, which instantly focuses the witness beam. The beam density rises by one
order of magnitude, reaching 0.591, compared with the initial density of 0.08#,. On the other hand,
with the increase of the plasma density, the boundary electrons in the rear section of the witness beam
are defocused by the transverse wakefield of ~0.19 GV m™!, as shown in figure 3(c).

Note that, in principle, Gaussian profiles extend to infinity. Therefore, a truncation is applied to the
beams, as shown in figure 3(a). However, the tails of the Gaussian distribution decay rapidly and can
thus be considered negligible. Within our simulation window, the drive beam contains 98.3% of the
total charge. With further extension of simulation window, the computational cost increases rapidly
with the number of grid points along the radial direction due to the complexity of the Hankel transform
algorithm.

4.2. Beam loading effect
When the driver expels plasma electrons away from the propagation axis, these electrons experience
strong electrostatic forces induced by the ion cavity. The witness beam can also excite its own wake-
field, which delays the return of background electrons towards the axis. Since the structure of the long,
narrow ion cavity in the quasi-nonlinear regime, or the bubble cavity in the blowout regime, is elong-
ated, the sinusoid-like wakefield distribution tends to be superposed. However, the beam loading effect
does not consistently flatten the wakefield to reduce the energy spread unless the proper matching con-
dition between the plasma density and the charge profile of the witness beam is satisfied. Specifically,
the trapezoidal charge profile has been verified both theoretically and numerically as one of the optimal
configurations for flattening the wakefield [42].

Figure 4 illustrates the beam loading effect with the plasma density ramp for the longer-witness
simulation group. It is found that beam loading acts as a positive-slope effect when the plasma density
ranges 2.8-3.6 x 10'® cm ™, during which the tail portion of the witness beam gains more energy than

6
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Figure 5. Beam density and on-axis (x = 0) wakefield using the plasma density ramp for the shorter witness beam. Current
plasma density is (a) np = 1.9 X 10! cm ™3, (b) np = 3.2 x 10'® cm ™3, and (c) 1o = 4.2 x 10'® cm =3, respectively.

the front portion. In contrast, an negative-slope effect occurs when the plasma density increases to >
3.6 x 10'® cm ™2, where the tail portion of the witness beam experiences a lower acceleration gradient
than the front portion.

Figure 5 shows a similar trend, with the transition from a positive-slope to a negative-slope effect
occurring at approximately 3.2 x 10'® cm ™ for the shorter witness beam. In addition, the beam load-
ing effect induced by the shorter witness beam is more uniform than that of the longer one. Therefore,
the shorter beam demonstrates a more favourable charge distribution, benefiting from the beam loading
effect in preserving the energy spread.

Note that the drive beam density ratio ny,/n, indicated in figure 5 correspond to the varying
baseline plasma density. The ratio decreases from 5.97 in figure 5(a) and 3.40 in figure 5(b) to 2.76
in figure 5(c), reflecting the increasing background plasma density used for normalisation during the
up-ramp stage rather than a physical reduction of the drive-beam density. On the contrary, the density
essentially remains within n, = 1.0-1.15 x 10!7 cm~>. Meanwhile, the peak density of the witness beam
exhibits a slight increase, ranging from 3.19 to 3.61 x 10'® cm ™~ for the longer witness beam and from
1.92 to 2.16 x 10'® cm ™ for the shorter one.

Interestingly, since the compensation status can be regulated by adjusting the plasma density, allocat-
ing specific plasma cell lengths for the positive-slope and negative-slope regions to counteract each other
is feasible, even though the wakefield is not consistently uniform throughout the entire energy-doubling
process. In this case, the front portion of the witness beam gains more energy before the transition point
in the up-ramp stage, whereas the tail portion gains more energy after the transition point, primarily
during the high-density section. Subsequently, after the transition point in the down-ramp stage, the
front portion gains more energy once again. This mechanism represents one of the purposes of adopting
the down-ramp plasma configuration. The energy spread is thereby re-corrected, corresponding to the
beam quality recovery mentioned in section 3.2.

4.3. Transverse size and beam quality

4.3.1. Matching conditions

Although increasing the plasma density to the 10'® cm ™ can enhance the accelerating field to several
GV m™!, several major challenges arise. The reduced bubble size of the ion cavity leads to a shorter
plasma wavelength, given by AX, = A, (1 — (n01/n02)"°) [17]. As a result, a higher plasma density nar-
rows the matching region where the entire witness beam can be simultaneously accelerated and focused,
to ~ (Ap—AX\,)/4 in the longitudinal direction [40], thereby increasing the susceptibility of the beam
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Figure 6. Bunch radius of (a) the longer witness bunch case and (b) the shorter witness bunch case. All data is collected within
the 50 range.

quality to degradation. Therefore, minimising the ratios 0./, or 0./, effectively increases the toler-
ance for matching acceleration conditions.

4.3.2. Transverse size and beam quality
Figure 6 shows the evolution of the transverse size for two witness bunch cases in uniform and ramping
plasma, respectively. In the uniform plasma, the transverse size initially remains constant in the linear
regime, then gradually shrinks and reaches an equilibrium state. In contrast, in the up-ramp plasma, the
transverse size sharply shrinks at the beginning, triggers a single oscillation before settling to a smaller
value than that in the uniform plasma.

Figure 6(b) further reveals that the transverse size in uniform plasma undergoes a single oscilla-
tion at the initial stage, whereas in the up-ramp plasma, it is sharply reduced and quickly stabilises,
despite some small residual oscillations. As mentioned in section 3.2, parameter scan determined the
up-ramp positions to be 5cm and 4.8 cm for the longer and shorter witness bunch cases, respectively.
The matched transverse sizes for 250 MeV electrons, calculated from equation (3) by substituting ng
= 2.8x10' cm ™3 and ey = 5mm mrad for the longer witness bunch, as well as ny = 1.9x 10 cm™
and ey = 2mm mrad for the shorter witness bunch, are 3.2 ym and 2.2 ym, corresponding to their
individual up-ramp positions. Even when taking into account the energy gain of witness bunches (see
figures 7(a) and 8(a)), e.g. v = 550, the matched sizes will be slightly reduced to 3.09 yum and 2.16
pm, respectively. The reduction in transverse size allows the witness bunch to approach the matched
condition, thereby explaining why the ramping plasma configuration helps to preserve the emittance.
Furthermore, figure 6 suggests that selecting the starting up-ramp point z,, > 2cm is a safe choice to
satisfy the emittance preservation condition within the acceptable tolerance.

3

4.3.3. Beam quality metrics

Parameter scan is typically a straightforward method for optimising beam quality. However, gaining a
deeper physical understanding provides more valuable insight for effectively tuning the parameters. In
this study, beam quality is characterised in terms of the remaining charge, energy spread, and normalised
emittance.

Mismatched witness beams are prone to charge loss, particularly in the tail region as well as in the
outer transverse regions, since electrons in these areas approach the bubble sheath more closely than
others and are therefore subjected to defocusing forces in the dephasing regime. Electrons that are sig-
nificantly deflected from the central axis are generally regarded as charge loss. Quantitatively, we apply a
particle-cut criterion to include the majority of the beam data [10]. Electrons deviating beyond 50 from
the centre, defined by * /202 + £2/202 < 522, are classified as charge loss, where §& = z—ct represents
the co-moving coordinate.

Energy spread growth originates from non-uniform, phase-dependent acceleration. In principle,
energy spread preservation benefits from a uniform accelerating gradient, e.g. the optimised beam load-
ing effect discussed in section 4.2. However, conventional beam-loading-based methods typically mitigate
the energy spread by tuning the bunch separation and shaping the charge profile of the witness bunch,
both of which require precise control over the bunch. Therefore, a periodically modulated plasma dens-
ity was proposed in [23], enabling alternating wakefield slopes that effectively suppresses the chirp evol-
ution in the linear regime. In addition, since the non-uniform, phase-dependent acceleration occurs in
both the transverse and longitudinal directions, the energy spread can be further optimised by reducing
the bunch length and transverse size. Therefore, the smaller witness beam employed in this work benefits
from the mitigation of non-uniform acceleration effects.
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Figure 7. Beam quality evolution using different plasma density profiles for the longer witness bunch case. (a) Beam energy. (b)
Energy spread. (c) Bunch charge. (d) Emittance. All data is collected within the 50 range.

Normalised emittance, defined as

ene =/ (2) (1) — (xu)?, 5)

where x is the offset from the nominal trajectory, and u, = p,/p, is the transverse momentum norm-
alised by the longitudinal momentum. Here, p, and p, denote the horizontal transverse and longitud-
inal momentum components, respectively. The normalised emittance characterises the overall position-
momentum variance and covariance of an electron beam in phase space [43]. Emittance growth has
been well-documented in previous studies, where both defocusing and non-linear focusing forces play
essential roles. For example, a mismatch between the bunch radius of the witness beam and the plasma
density can induce strong off-axis deflections, increasing the position-momentum variance while redu-
cing the covariance. Without applying a particle cut criterion, the dephased electrons expelled from the
beam core can significantly deteriorate the emittance, even though they merely account for 1% or less of
the total charge. Therefore, the emittance statistics in this study were also evaluated within the 50 range.

4.3.4. Beam quality results

Figure 7 presents the beam quality evolution for the longer witness beam in uniform and ramping plas-
mas, respectively. Before z ~ 2.5 cm, where the acceleration occurs in the linear regime as mentioned

in section 4.1, the energy growth for both cases is identical due to the use of the same driver beam.
According to linear theory, for n, < ng, the maximum accelerating gradient is primarily determined

by the driver beam (see equation (1)). In the non-linear regime, i.e. z = 2.5-5cm, the uniform plasma
exhibits a faster energy gain owing to its higher plasma density. Beyond this stage, i.e. z = 5-15cm, both
cases show nearly parallel energy growth rates, as shown in figure 7(a).

Figure 7(b) shows that the energy spread in the uniform plasma simulation begins to deviate from
1% before the end of the linear regime, whereas it remains preserved throughout the entire linear regime
in the ramping plasma. Although both cases experience a significant increase in energy spread in the
non-linear regime, the final values are 7.8% and 5.8% for the uniform and ramping plasmas, respect-
ively, representing a 25% reduction in the ramping plasma.

Figure 7(c) illustrates the evolution of the witness bunch charge. In the uniform plasma, the bunch
charge remains stable at the beginning but then decreases rapidly due to the defocusing phase of the
dephasing regime, eventually reaching 7.75 pC (a 22.5% loss). In contrast, in the ramping plasma, the
charge remains preserved up to z &~ 6 cm, at which the rear electrons of the witness beam touched the
bubble sheath. Note that the onset of charge loss is delayed by ~ 1cm, as a critical tolerance in A, must
first be reached before entering the dephasing regime. The remaining non-dephasing charge stabilises at
8.60 pC, corresponding to a 14% loss.

In terms of emittance (see figure 7(d)), it rises from an initial 5 mm mrad to 19.7 mm mrad at z
~ 4.7 cm, at which it reaches a turning point. The emittance blowout can be attributed to a mismatch
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Figure 8. Beam quality evolution using different plasma density profiles for the shorter witness bunch case. (a) Beam energy. (b)
Energy spread. (c) Bunch charge. (d) Emittance. All data is collected within the 50 range.

between the transverse size of the witness beam and the plasma focusing, given by equation (3). As the
transverse size continues to decrease and approaches the matched size, emittance recovery commences.
However, the final emittance at the energy-doubling point reaches 11.5 mm mrad (a 130% growth),
which is substantially higher than the initial value. In the ramping plasma, however, the emittance
exhibits only a slight increase, as the transverse size still remains within the acceptable matching tol-
erance range [44]. Once the transverse size rises sharply beyond this tolerance, the emittance increases
correspondingly. When the transverse size subsequently decreases towards the matching condition, the
emittance decreases, ultimately reaching 6.5 mm mrad, corresponding to a 30% growth relative to the
initial setting.

Figure 8 shows the evolution of the shorter witness-beam quality in uniform and ramping plas-
mas. In the uniform-plasma case, all three beam-quality indices remain stable in the linear regime. Once
entering the non-linear regime, the energy spread begins to increase continuously, reaching a final value
of 5.2%. Charge loss occurs throughout the non-linear regime, with 4.7 pC bunch charge remaining
(a 6% loss), and the emittance grows to 7.88 mm mrad (a 294% growth) at the end. In contrast, with
ramping plasma density, the corresponding final values are 0.92% for energy spread, 5.0 pC (no loss) for
charge, and 2.17 mm mrad (an 8.5% growth) for emittance. In other words, both the energy spread and
charge are effectively preserved. Although the emittance is not perfectly preserved, it shows a significant
improvement compared with the uniform-plasma case.

In section 4.2, we proposed an ideal scenario to fully exploit both the positive-slope and negative-
slope effects for energy-spread preservation. Figure 8(b) clearly demonstrates this behaviour, where the
energy spread gradually grows to 1.1% during the high-density stage and ultimately reduces to 0.92%
at the energy-doubling point. Compared with the periodically modulated plasma density method, we
employ a single up-ramp and down-ramp plasma cell to improve experimental feasibility. Moreover, we
demonstrate that the compensation of the energy gain remains effective even in the non-linear regime.
It is worth noting that, for practical implementations, the length of the final plasma stage should be
carefully optimised to ensure sufficient distance for reversing the energy-spread deterioration that occurs
during the high-density plasma stage shown in figure 2.

4.3.5. Analysis of transverse size evolution

The bunch charge loss affects the completeness of the data, since the lost particles are no longer included
in the transverse size calculation. Therefore, the evolution of the transverse size is correlated with the
charge results shown in figures 7(c) and 8(c). Initially, the transverse wakefield acts to reduce the trans-
verse size. However, the rear electrons experience the defocusing force while the front electrons are
focused. In the linear regime, the focusing force counteracts the defocusing force, while in the nonlin-
ear regime the focusing force dominates the overall beam dynamics, as illustrated in figures 3(b) and (c),
respectively. Consequently, the overall transverse size remains nearly unchanged in the linear regime and
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gradually decreases in the non-linear regime. As the rear electrons are expelled beyond the 50 range, the
remaining bunch begins to contract.

In the up-ramp plasma, the transverse size decreases sharply since the focusing phase fully includes
the bunch, as shown in figure 9(a). The up-ramp plasma subsequently disturbs the equilibrium, caus-
ing the rear electrons to defocus. Meanwhile, the focused electrons maintain a stable transverse size and
therefore the overall transverse-size variation is dominated by the defocusing component. Interestingly,

a careful examination of the rising point at approximately z = 5.3 cm (see figure 6(a)), just before the

onset of charge loss near z = 6 cm (see figure 7(c)), reveals the stage where the rear electrons are defo-
cused but have not yet escaped beyond the 50 boundary. Once the charge loss saturates, the transverse
size begins to recover.

For the shorter witness bunch case in the uniform plasma, the initial defocusing effect dominates
the transverse-size evolution until the charge loss virtually ceases, as shown in figures 9(b) and (c). In
contrast, within the ramping plasma, no charge loss is observed throughout the energy-doubling process.
All electrons remain focused, and the transverse size continues to decrease.

5. Conclusions

In this work, we presented the simulation results of the plasma-beam interaction based on the FEBE spe-
cifications. Results show that the energy doubling within a 20-cm-long plasma cell while maintaining
high beam quality is achieved. The interaction between the driver and plasma initially occurs in the lin-
ear regime, followed by a transition to the non-linear regime at z ~ 2.5 cm. The beam loading effect

has been observed. With coupled plasma density ramps employed, the transverse wakefield can initially
include the entire witness beam. As a result, the charge is well preserved, and the reduced transverse size
approaches the matching condition, thereby preserving low emittance. The optimised plasma-length con-
figuration effectively regulates the positive- and negative-slope effects of beam loading, leading to energy
spread preservation. The longer witness beam exhibits a significant improvement in beam quality com-
pared with the uniform plasma case, while all three beam-quality indices of the shorter witness beam
are preserved. These findings provide valuable insights for proof-of-principle energy-doubling experi-
ments with beam-quality preservation, which are of great relevance to future applications, such as for
high-energy physics, compact light sources, and industrial applications.
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