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The plasma photocathode has previously been proposed as a source of ultrahigh-brightness electron
bunches within plasma accelerators. Here, the scheme is extended by using a radially-polarized ionizing
laser pulse to generate high-charge, high-brightness electron bunches with symmetric transverse emittance.
Efficient start-to-end modeling of the scheme, from ionization and trapping until drive bunch depletion,
enables a multiobjective Bayesian optimization routine to be performed to understand the performance of
the radially-polarized plasma photocathode, quantify the stability of the scheme, and explore the
fundamental relation between the witness bunch charge and its emittance. Comparison of plasma
photocathodes driven by radially- and linearly-polarized laser pulses shows that the former yields
higher-brightness electron bunches when operating in the optimally-loaded regime.
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I. INTRODUCTION

Light sources such as x-ray free electron lasers (XFELs)
[1,2] and synchrotrons [3,4] have transformed our under-
standing as essential tools for studies of biological, chemi-
cal, and high energy density science. Generating this
radiation requires the highest quality electron bunches,
achieved by maximizing their charge density in transverse
and longitudinal phase space. The metric used to quantify
bunch quality is the 6D brightness, calculated via the
equation [5]:

B6D ¼ Ipk
εn;xεn;yεn;z

; (1)

where Ipk is the peak current of the bunch, εn;x=y is the
transverse normalized emittance in the x=y plane, and εn;z is
the normalized longitudinal emittance of the bunch. State-
of-the-art XFEL facilities, powered by radio-frequency (rf)
accelerating cavities, can achieve projected—i.e., calcu-
lated over the entire bunch—6D brightnesses of
B6D ∼Oð1 × 1024 Am−3Þ, with peak longitudinal slice

brightness exceeding B6D ∼Oð1 × 1025Am−3Þ [6]. The
use of rf accelerating cavities with field gradients typically
in the range 10–100 MVm−1 at such facilities requires
extended linear accelerator lengths to achieve the multi-
GeVelectron energies needed to generate radiation with the
λr ∼ nm wavelengths of interest.
Plasma accelerators [7] offer a compelling alternative

route to future-generation light sources thanks to the extreme
accelerating gradients they can support (1–100 GVm−1),
enabling construction of high-quality, tunable light sources
at much reduced cost and within a significantly more
compact footprint compared to conventional accelerator
facilities, potentially enabling wider access to such sources.
Furthermore, beam-driven plasma accelerators [8,9] offer the
potential to transformalready existing light sources, either by
acting as a “plasma booster” to increase the energy reach of
such facilities [10,11], or through the generation of electron
bunches with unique parameters, currently inaccessible to
conventional rf accelerator technology.
One such example of the latter case is the plasma photo-

cathode [12], a scheme in which an intense, ultrashort laser
pulse co-propagates within the wakefield driven by a high-
density electron bunch. Around its focus, the laser pulse
selectively ionizes a high intensity threshold (HIT) dopant
gas and releases electrons into the wake, which can then be
trapped and accelerated. A key advantage of this scheme
compared to traditional photoinjectors in rf accelerators is
that the electrons are released directly into the extreme
longitudinal fields provided by the plasma wakefield, pro-
viding rapid acceleration and minimizing space-charge
effects that cause significant emittance growth.
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Additionally, tuning the laser pulse intensity to be just above
the ionization threshold of the HIT dopant releases electrons
within a small volume and can minimize their thermal
emittance [13]. Previous simulation studies [5,14,15] of
the plasma photocathode scheme have indicated 6D bright-
ness values in excess of 1 × 1027 Am−3, a significant
performance increase over the bunches provided by state-
of-the-art rf facilities, in only a fraction of the footprint.
However, the generation of electron beams with such

exceptional quality via the plasma photocathode scheme
requires low bunch charge (≲1 pC) to minimize the
transverse emittance and generate such extreme brightness.
This leads to significant growth of the energy spread of the
electron bunch during acceleration over extended distances
due to the variation of the longitudinal field amplitude over
the length of the bunch itself. This makes transport of the
bunch outside of the plasma accelerator particularly chal-
lenging due to the inherent chromaticity of traditional
transport optics, leading to emittance growth and decreased
bunch brightness. An extension of the original plasma
photocathode scheme [15] proposed injection of a second,
higher charge and lower quality bunch to “escort” the high-
quality witness bunch. The current of the escort bunch
located at the rear of the wakefield would perturb the
trajectories of inflowing plasma electrons, modifying its
structure via beam loading [16]. By appropriately tailoring
the charge distribution of the escort bunch, it was shown
that it is possible to minimize the variation of the longi-
tudinal wakefield amplitude in the region of the high-
quality witness bunch, maintaining its energy spread
throughout acceleration. However, this scheme involves
significantly increased experimental complexity.
An alternative approachwouldbe to increase the current of

the original witness bunch such that it is capable of optimally
loading the longitudinal wakefield itself. This would require
increasing the amount of charge released into the wakefield
by the ionizing laser pulse by increasing its intensity, which
can have a detrimental effect on the quality of the electron
bunch. Owing to conservation of transverse canonical
momentum, electrons released via field ionization gain a
transverse momentum equal to the laser vector potential at
the moment of ionization—momentum that is directed in the
plane of polarization. A linearly-polarized plasma photo-
cathode therefore creates electron bunches with larger
emittance in the polarization plane—an effect that grows
with increasing intensity. Such an emittance asymmetry can
lead to emittance mixing over extended propagation dis-
tances [17], an effect particularly prevalent for high-charge,
low-emittance electron bunches, the extreme space-charge
fields of which can promote strong ion motion and generate
nonlinearly coupled transverse wakefields. This can lead to
degradation of the electron bunch quality, decreasing its
brightness.
In this paper, we overcome this limitation through

use of a radially-polarized plasma photocathode. For this
polarization, the laser field in a given transverse plane is

always parallel (or antiparallel) to the radial vector, which
causes electrons produced via laser ionization to have an
azimuthally-symmetric emittance. In contrast, for linearly- or
circularly-polarized pulses, the instantaneous laser field is
unidirectional in a given transverse plane, and hence is not
azimuthally symmetric. Although use of a radially-polarized
plasma photocathode leads to larger emittance at the point of
ionization, we show that in the high-charge regime—where
the final emittance of the witness bunch is dominated by
emittance growth during matching of the bunch to the
transverse wakefield—the average transverse emittance is
minimized, and hence 6D brightness maximized, by using a
radially-polarized ionizing laser pulse. Radially-polarized
pulses are readily produced experimentally using various
techniques such as interferometry [18,19] and segmented
wave plates [20,21] and have been produced with relativistic
intensities [22,23].
Use of a radially-polarized ionizing laser pulse allows

high-charge, low-energy spread operation and maximizes
brightness within a single injection event. Furthermore,
through use of a multiobjective Bayesian optimization
routine we explore the fundamental relationship between
the bunch quality and charge in the plasma photocathode
scheme, study the sensitivity of the optimally-loaded regime
to relative timing fluctuations, and discuss its prospects as an
injector for future plasma-based accelerator facilities.

II. THE RADIALLY-POLARIZED PLASMA
PHOTOCATHODE

The concept of the radially-polarized plasma photo-
cathode matches that of a linearly-polarized scheme, except
for the properties of the ionizing laser pulse. In this study, a
radially-polarized vortex-based Laguerre-Gaussian laser
pulse [24] (denoted RPLP) is generated in simulation using
the LASY [25] library. The pulse is constructed via the
superposition of right- and left-handed circularly-polarized
vortex beams with Laguerre-Gaussian (LG) profiles of
azimuthal order l ¼ �1 and radial order n ¼ 0. The full-
width at half-maximum duration of the ionizing laser pulse
was set to 30 fs, while its central wavelength was
λ ¼ 800 nm. For this proof-of-concept simulation the spot
size of the RPLP was w0 ¼ 4.5 μm, giving a Rayleigh
range of zR ¼ 80 μm and the pulse contained a total energy
of ELaser ¼ 0.5 mJ. The injection process, which occurs
within the first 1 mm of propagation of the drive bunch, is
simulated using FBPIC [26–28], a quasi-3D particle-in-cell
(PIC) code, using Nm ¼ 3 azimuthal modes. After extrac-
tion of the resulting drive and witness bunches from this
simulation, their subsequent evolution is then simulated
using Wake-T [29] until the point of drive bunch depletion
(z ¼ 90 mm). The RPLP is not included in the Wake-T

simulation since it diffracts sufficiently by z ¼ 1 mm
(∼10zR) that its fields no longer ionize the dopant nor
modify the wakefield.
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Within this study, preionized hydrogen of on-axis
density n0 ¼ 1 × 1017 cm−3 is assumed. This gives a
wakefield cavity length, λp0 ¼ 2πc=ωp0 ¼ 105 μm—

where ωp0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn0e2Þ=ðmeε0

p
Þ—that matches the mini-

mum electron bunch lengths available at current beam-
driven plasma accelerator facilities [30,31], and thus
reduces the computational cost of the simulation. We note
that the plasma photocathode scheme can be used over a
range of plasma densities, and the operating density is often
chosen according to the drive electron bunch parameters.
Higher density operation (n0 ∼ 1 × 1018 cm−3) is made
possible through the use of ultrashort (few fs) drive bunches
generated in a laser-wakefield accelerator—akin to the
“hybrid” plasma accelerator scheme currently being
explored [32,33]—and gives access to the highest ampli-
tude accelerating gradients as the maximum field supported
by a cold plasma scales as E0 ∝

ffiffiffiffiffi
n0

p
. Lower density

operation (n0 ∼ 1015–1016 cm−3) is also possible using
longer drive bunches (few hundred fs) available from rf
accelerator facilities and is often preferred for future linear
collider designs [34] due to improved drive bunch stability,
while still maintaining accelerating gradients exceeding
1 GVm−1.
Here, amatched, high-density, ultrarelativistic (γ0¼2055)

electron bunch drives a blown-out wakefield. The RPLP
follows closely, Δζ ¼ −45 μm where ζ ¼ z − ct is the co-
moving coordinate, and locally ionizes the5%neutral helium
dopant over a small region around its focal position
(z ¼ zfoc ¼ 0.2 mm), releasing a significant amount of
charge—initially at rest in the lab frame—into the plasma
cavity. When the focal intensity of the RPLP is sufficiently
high, electrons are ionized from both the first and second
levels of the helium dopant, as shown by the blue and purple
regions, respectively in Fig. 1, with a reduced ionization
volume of the second level due to its increased ionization
threshold. The ionization energies for the first and second
levels of helium are 24.6 and 54.4 eV, respectively. The
electrons initially slip backward in the co-moving frame of
the wakefield and are rapidly accelerated by the longitudinal
wakefield, leading to trapping of a fraction at the rear of the
accelerating cavity.
Use of a RPLP necessitates a far-field intensity profile of

a higher-order LG mode, as illustrated in the upper inset of
Fig. 1, in contrast to the fundamental Gaussian profile
considered in previous studies. Unlike a fundamental
Gaussian pulse whose ponderomotive force pushes ionized
electrons away from the axis, the “donutlike” intensity
profile of the RPLP peaks off axis generating a ponder-
omotive force which is radially focusing for ionized
electrons released within the peak intensity contour, and
defocusing for those outside [35,36]. This acts to focus
these electrons toward the axis, which, in combination with
the focusing wakefield, results in a strongly peaked spatial
distribution of trapped electrons as seen in Fig. 2(a). This
ponderomotive “focusing” feature is not unique to radial

polarization as it is due to the intensity distribution at focus
and hence would also be present for a linearly-polarized
higher-order LG laser pulse.
The radial nature of the electric field at focus leads to the

generation of symmetric transverse phase-space profiles of
the injected electron bunch. This is demonstrated in Fig. 2(a),
which shows the simulated transverse phase space of the
witness electronbunchafter cessationof the injectionprocess
(z ¼ 1 mm). The distributions of trapped electrons in the

FIG. 1. Snapshot from PIC simulation demonstrating the
injection of dopant electrons into the wakefield driven by a
high-density, ultrarelativistic electron bunch. This timestep cor-
responds to the focal location of the RPLP (z ¼ zfoc). Upper inset:
the transverse intensity profile of the plasma photocathode at focus.
Lower inset: the on-axis longitudinal electric field at z ¼ zfoc
(black) and z ¼ 1 mm (gray, dashed), including the current profile
of the trapped charge (z ¼ 1 mm). The electron number density,
ne, is colored according to ionization source: preionized hydrogen
(gray), He (green/blue), and Heþ (pink/purple) and normalized to
the background plasma density, n0 ¼ 1 × 1017 cm−3. The normal-
ized drive bunch density, nd, is represented by the orange/black
colormap, while the intensity profile of the RPLP is shown in red.

FIG. 2. Transverse phase space of the trapped electrons at
(a) z ¼ 1 mm and (b) z ¼ 90 mm, the depletion length of the
drive bunch. The trapped charge from each ionization source (He:
blue, Heþ: pink) is displayed above the subfigures. Logarithmic
colorbars are used to improve visibility of the strongly-peaked
distributions.
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x − x0 and y − y0 phase spaces are identical and remain so
throughout propagation as demonstrated in Fig. 2(b)
(z ¼ 90 mm).
Around its focus, the tightly-focused RPLP generates a

significant longitudinal field as demonstrated in the lower
inset of Fig. 1 at z ¼ zfoc. This field acts to longitudinally
accelerate the ionized electrons at their moment of release,
but its magnitude is significantly smaller than that of the
transverse laser field (jEx=Ezj ∼ 50) for the focusing
geometry considered in this study. The initial momenta
of the ionized electrons are therefore predominantly trans-
verse, as in the linearly-polarized case, and no significant
modification of the amount of charge trapped was observed
for identical laser pulses with different polarization states
but the same transverse intensity profile.
Figure 3 demonstrates the witness bunch parameters

after depletion of the drive bunch at z ¼ 90 mm. The
witness bunch has a charge of 38.5 pC and an rms duration
of 3.1 fs. The ultrashort bunch duration, despite the range of
initial release positions of electrons in ζ, is a key feature of
the plasma photocathode scheme [5] and results in a high
peak current of Ipk ¼ 5.2 kA. The longitudinal phase space
of the witness bunch, shown in Fig. 3(a), highlights the
effectiveness of using an increased witness bunch charge to
flatten the wakefield throughout acceleration. The witness
bunch is accelerated to a mean electron energy of 2.40 GeV,
with a mean absolute deviation of 4.5 MeV (0.19%). The
projected, normalized transverse emittance of the bunch is
εn;x=y ¼ 224 nm in both the x- and y-planes. Figure 3(b)
shows the longitudinal sliced parameters of the witness
bunch, with a slice-averaged relative energy spread of
0.11% and transverse normalized emittance of εn;slice-av ¼
212 nm in both planes.
Figures 3(c) and 3(d) demonstrate the evolution of εn;x=y

and the trapped bunch charge, Qb, throughout propagation.
Here, an electron is defined to be trapped when its longi-
tudinal momentum exceeds pz ≥ 5 MeV=c. Trapping first
occurs at z ¼ 170 μm, before the RPLP focal position
(zfoc ¼ 0.2 mm), with the trapped bunch charge increasing
continuously until z ≈ 600 μm. Figure 4(a) shows the
evolution of the on-axis trapping potential,
ΔΨ ¼ Ψi −Ψf, throughout the first 1 mm of propagation.
Here, ΨðζÞ ¼ −em−1

e c−2
R
Ez0ðζÞdζ represents the on-axis

wakefield potential normalized by the electron rest mass;
Ψi ¼ Ψðζ ≈ −45 μmÞ represents the value of the on-axis
wakefield potential at the location where electrons are
initially released; and Ψf ¼ Ψðζ ¼ −87 μmÞ corresponds
to the rear of the cavity at z ¼ 0.2 mm and approximate
longitudinal location of electrons that become trapped. In this
way, jΔΨj represents the maximum normalized energy an
electron can gain as it slips backward through the wakefield
cavity—its value for each electron will be reduced according
to the trajectory each takes as Ψ is maximized on axis. The
trapping region is therefore represented by ΔΨ≲ −1 [37],
and corresponds to the region for which an electron born at

rest within the wakefield gains enough longitudinal momen-
tum to be trapped within the accelerating cavity. The
boundaries of the on-axis trapping region are modified as
electrons become trapped at the rear of the wakefield cavity,
interfering with returning plasma electrons and briefly
overloading the wakefield. This causes the shape of the
wakefield potential to be modified between z ≈ 0.45 and
0.6 mm [see Fig. 4(b)], reducing ΔΨ for electrons released
just prior to, and in, this region. This inhibits further trapping
of electrons within the wakefield, as evidenced in Fig. 3(d).
Beyond z ≈ 0.6 mm, the RPLP intensity has dropped suffi-
ciently that it no longer ionizes the dopant helium. Similarly,
εn;x=y grows until z ¼ 0.6 mm, but subsequently rapidly

FIG. 3. (a) Longitudinal phase space of the witness bunch after
propagation over 90 mm. (b) Slice energy spread (gray, solid) and
normalized transverse slice emittance (orange, dotted). In
(b)–(d) the plotted quantities are separated by ionization source:
He (blue); Heþ (pink); black lines represent calculations over the
entire bunch. Evolution of the (c) projected normalized transverse
emittance and (d) charge of the witness bunch over the entire
propagation distance. In (c), thick solid (dashed) lines represent
εn;x (εn;y) for each ionization source; the thin black line represents
hεni ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

εn;xεn;y
p for the witness bunch. The vertical dotted line at

z ¼ 1 mm marks the handover between simulation codes.
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decreases as initially trapped charge is lost as electrons at
larger radii interact with the surrounding wakefield sheath
and are accelerated away from the axis. After z ≈ 1.3 mm
both εn;x=y and Qb stabilize and remain constant thereafter,
indicating matched propagation of the bunch.
Also shown in Figs. 3(b) and 3(c) are the sliced and

projected (respectively) normalized transverse emittances
of electrons originating from the two ionization levels of
helium. The total bunch charge of Qb ¼ 38.5 pC is split,
with 27.8 pC originating from the ionization of neutral He
and 10.7 pC from ionization of Heþ. Interestingly, the
contribution from Heþ, shown in pink, has a consistently
lower εn;x=y than the contribution from neutral He (blue).
Electrons released from the ionization of Heþ are born in

regions of higher transverse—and also proportionally
higher longitudinal—laser field than those released from
neutral helium due to their higher ionization threshold. This
increases the transverse momentum imparted to the elec-
tron by the laser field, resulting in a larger temperature—or
thermal emittance, εn;th—at ionization. However, within the
wakefield the emittance of electrons released from ioniza-
tion of Heþ is consistently smaller than for those from He.
This is likely caused by the fact that Heþ is ionized in a
region of smaller spatial extent. Figures 5(a) and 5(b) show
the average normalized transverse momentum of ionized
electrons, hpxðζ; xÞi, both within (a) and without (b) the
wakefield, in a single simulation timestep. In (a), initially
the transverse momenta are dominated by the transverse
laser field, but after passage of the RPLP the transverse
wakefield becomes the dominant effect, increasing hpxi by
an order of magnitude with increasing delay behind the

laser pulse, with momenta directed toward the axis (px < 0
for x > 0 and vice versa). Figure 5(c) shows the evolution
of the transverse emittance: ahead of the peak of the laser
pulse, ζ − ζ0;L > 0, the growth of the emittance with
decreasing ζ is similar with and without the wakefield.
However, behind the peak the transverse wakefield begins
to dominate, focusing electrons within the wakefield
[Fig. 5(a)] and causing slight emittance growth as the
electrons become matched to the transverse fields.
Additional focusing of the electrons toward the axis by
the transverse wakefield helps to combat their expansion
from the buildup of the space-charge force, minimizing
further emittance growth. When the electrons reach the rear
of the wakefield cavity, ζ − ζ0;L ≈ −38 μm, the slice emit-
tance grows significantly as electrons located off-axis inter-
act with the returning plasma electron sheath.

III. COMPARISON TO THE LINEARLY-
POLARIZED PLASMA PHOTOCATHODE

In order to isolate the effect of the polarization state, the
simulation was repeated for a linearly-polarized (in y) laser
pulse with all other parameters unchanged, including the

FIG. 4. (a) Evolution of the on-axis trapping potential,
ΔΨðζ; zÞ ¼ Ψi −Ψf, indicating the region for which released
electrons can become trapped, ΔΨ ≲ −1 (black, hatched).
(b) Comparison of ΔΨ just after trapping begins (z ¼ 0.2 mm,
black) and as the wakefield becomes overloaded (z ¼ 0.5 mm,
orange dashed).

FIG. 5. Evolution of the average transverse momentum, hpxi,
of electrons ionized by the RPLP both (a) with and (b) without the
presence of the wakefield. (c) Evolution of the transverse
normalized slice emittance of electrons released from ionization
of He (blue) and Heþ (pink) within a single simulation timestep,
both with (solid) and without (dashed) the wakefield. Electrons
slip backward (toward−ζ) before being captured at the rear of the
wakefield cavity (ζ − ζ0;L ≈ −38 μm). The longitudinal profile
of the RPLP is represented by the gray shaded region. In (c), a
median filter has been applied to the data to remove high
frequency oscillations due to the laser field, whose effect can
clearly be seen in (a) and (b). This timestep corresponds
to z ¼ 0.2 mm.
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laser’s peak intensity and transverse intensity profile. This
meant both laser pulses ionized an equivalent volume of the
HIT dopant, producing electron bunches of similar charge in
both cases since the trapping dynamics are dominated by the
beam-driven wakefield. Any further differences between
the two cases could then be attributed to the effects of the
ionizing pulse polarization alone. Figure 6(a) shows the
transverse phase space of the trapped electrons following
cessation of the injection process for the linearly-polarized
pulse. In the x − x0 transverse phase space—the plane
orthogonal to the polarization of the ionization pulse—the
distributions of the trapped electrons are strongly peaked
around the axis, closely mirroring the results for the RPLP
[Fig. 2(a)]. However, in the plane of polarization of the
ionization pulse (y − y0) the spatial distribution is far wider
and peaks off axis. This broader distribution in y − y0 phase
space is maintained throughout acceleration [Fig. 6(b)],
leading to a larger projected emittance εn;y ¼ 367 nm for

the final electron bunch. In the x plane, the evolution of εn;x
closely mirrors that of (both planes of) the RPLP case, with
εn;x ¼ 225 nm at z ¼ 90 mm, as shown in Fig. 6(d). The
larger emittance in the y plane—εn;y=εn;x ≈ 1.6—is due to
the contribution from the vector potential of the laser pulse at
themoment of ionization, this timedirected along y alone due
to the linear polarization of the field. The fact that εn;x in the
linearly-polarized casematchesbothplanes of theRPLP case
indicates that for this high-charge, optimally-loaded regime
of the plasma photocathode, the emittance growth due to
mismatch of the initial ionized electron distribution to the
transverse wakefield dominates the final emittance of the
accelerated electron bunch, rather than their initial thermal
emittance. The initial emittance asymmetry results in differ-
ent mismatch in each plane of the bunch, inducing
an asymmetric emittance growth during the matching proc-
ess, resulting in a larger geometric average emittance,
hεni ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

εn;xεn;y
p , than for the RPLP case.

Simulations of the ionization of helium by both the
radially- and linearly-polarized pulse without the presence
of the wakefield further demonstrated the difference in
thermal emittance for the two polarizations. The radially-
polarized pulse produced electrons from ionization of neutral
He with a thermal emittance εn;th ≈ 33 nm after passage of
the laser pulse, and εn;th ≈ 45 nm for ionization of Heþ, as
can be seen in Fig. 5(c). In both cases, the thermal emittances
were symmetrical in x and y. In contrast, a strong asymmetry
was observed for the linearly-polarized laser pulse with
thermal emittances of εn;th;x ¼ 5 nm (7 nm) and εn;th;y ¼
50 nm (75 nm) for electrons released via ionization of the
first (second) level of helium.The correspondingevolutionof
the emittance within a single simulation timestep for the
linearly-polarized laser pulse is shown in Fig. 7. Within the
plane of polarization, the emittance evolution is similar both
with and without the presence of the wakefield up until the

FIG. 7. Evolution of the slice transverse normalized emittance
of electrons released from ionization of He and Heþ by the
linearly-polarized (LP) laser pulse within a single simulation
timestep, both with (solid) and without (dashed) the wakefield.
The emittance in the plane of polarization, εn;y, is shown in
orange and represents electrons released via ionization of both He
and Heþ. The same data are shown in red for εn;x (LP), and in
gray for the RP pulse for comparison.

FIG. 6. (a) and (b) The transverse phase space of the trapped
charge at (a) z ¼ 1 mm and (b) z ¼ 90 mm for the linearly-
polarized (in y) case with laser parameters matching those of the
RPLP in Figs. 1–3. The orange (purple) colorbars represent
electrons released via ionization of He (Heþ), and the contribu-
tion to the total charge from each ionization level at the
corresponding z position is written above the plots. Comparison
of the evolution of the (c) projected normalized transverse
emittance, hεni ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

εn;xεn;y
p ; (d) bunch charge; (e) relative energy

spread; and (f) 6D brightness for the radially- (blue) and linearly-
polarized (red) cases. The emittance components in x (pink, dot-
dashed) and y (orange, dashed) are also shown for the linearly-
polarized case in (c).
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peak of the laser pulse, ζ − ζ0;L ¼ 0. After this point,
ζ − ζ0;L < 0, the mismatch with the transverse wakefield
leads to slight emittance growth in εn;y relative to when there
is no wakefield present. The maximum εn;y, occurring near
the location of the peak intensity of the laser pulse as the
electrons undergo quiver motion in the laser field, is larger
than the equivalent for the RPLP [Fig. 5(c)] due to the
increased transverse field amplitude of the linearly-polarized
pulse—for equal intensity,EmaxðLPÞ ≃

ffiffiffi
2

p
EmaxðRPÞ. Out of

the plane of polarization (εn;x), the difference with and
without the presence of the wakefield is much more marked,
highlighting the effect of the transverse mismatch and the
severity of the emittance growth it induces. In the presence of
the wakefield, the magnitude of the emittance asymmetry
(εn;y=εn;x) is much reduced after passage of the laser pulse,
but the larger emittance in the plane of polarization remains.
The witness bunch charge is approximately equal for

both polarizations, with Qb ¼ 38.8 pC for the linearly-
polarized ionization pulse [Fig. 6(d)], confirming that the
longitudinal field present at the focus of the RPLP has
minimal impact on the electron trapping process. The
energy spectrum remains similar to the RPLP case, with
thewitness bunch reaching amean energy of 2.38 GeV and a
mean absolute deviation of 8.0 MeV (0.33%), slightly larger
than for the RPLP. Figure 6(e) shows the evolution of both
projected and slice-averaged relative energy spread. The
slice-averaged spread decreases with propagation for both
polarization states, indicating effective local flattening of the
accelerating field by the bunch core, which limits growth in
absolute slice spread as energy increases. This suggests the
higher projected energy spread in the LP case arises from
particles in the tails, outside the optimally-loaded region.
Figure 6(f) compares the 6D brightness evolution, high-
lighting the advantage of the RPLP-generated bunch: its

projected brightness, BðpÞ
6D;RP ¼ 5.9 × 1025 Am−3, is 2.4

times higher than the LP case (2.4 × 1025 Am−3), and its

slice-averaged brightness, BðsÞ
6D;RP ¼ 1.1 × 1026 Am−3,

exceeds the LP value (9.3 × 1025 Am−3) by a factor of 1.2.

IV. MULTIOBJECTIVE BAYESIAN
OPTIMIZATION

In order to better understand the performance of the
radially-polarized plasma photocathode scheme, a multi-
objective Bayesian optimization (MOBO) [38,39] routine
was used to explore the input parameter space. MOBO aims
to find optimal trade-offs between multiple, often conflict-
ing objectives to define the Pareto front (PF) of the system—
the region of the parameter space for which one objective
cannot be improved without deleterious effects on another.
During performance of the MOBO routine, a surrogate
Gaussian process (GP) model [40] is continually updated to
enable cheap, noise-free predictions of the outcome of
simulations to be made and thus generate a search strategy

to identify promising regions of the input parameter space to
be explored. Here, the routine uses (noisy) expected hyper-
volume improvement [41] as the acquisition function.
Four input parameters were varied: the total energy of the

ionization laser pulse, ELaser; its spot size at focus, w0; the
fraction of helium dopant, ndop; and the relative delay
between the centroid of the drive beam and ionization laser
pulse, Δζ. The range over which these parameters were
allowed to vary is summarized in Table I. The first three of
these parameters were used to control the quantity of charge
released into the wakefield via ionization of helium, while
variation of the relative delay, Δζ, can be used to study the
effects of timing fluctuations on the injection process.
The MOBO routine, performed using the Optimas [42,43]

Python library, aimed to simultaneously optimize three key
metrics of the accelerated electron bunch: its charge, Qb;
projected relative energy spread, σE;rel ¼ σE;mad=Emean,
where σE;mad is the rms absolute deviation from the mean,
Emean; and its geometric average transverse normalized
emittance, hεni ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

εn;x · εn;y
p . The value of an “overall”

optimization metric,

F ¼ − ln

�
Emean

1 GeV

�
Qb

10 pC

�
1=2

·
�
σE;rel
0.5%

�−1� hεni
100 nm

�−1�
; (2)

which combines the three key output parameters in a way
such that minimizing F represents electron bunches with
improved quality was also tracked, along with additional
parameters such as the relative contributions of electrons
released from the different ionization levels of helium to the
final bunch charge.
In total, 500 simulations for the RPLP setup were

performed, with a further 200 simulations optimizing the
linearly-polarized case for comparison (see the Appendix
for details of the start-to-end modeling workflow). Figure 8
demonstrates the predictions of the resulting surrogate GP
model after 500 simulations of the RPLP setup. Two
contour plots are shown, representing the predicted value
of F in 2D slices through the four-dimensional input
parameter space. The slices are taken at locations close
to input parameters that generated the highest quality
witness bunch, defined by minimizing the value of F :

TABLE I. Summary of parameters used within the RPLP
MOBO study and their minimum, maximum, and optimum
values.

Parameter Minimum Maximum Optimum

ELaser ðmJÞ 0.05 1.0 0.3
w0 ðμmÞ 2.0 10.0 4.0
ndop ð%Þ 1.0 10.0 5.0
Δζ ðμmÞ 40.0 60.0 48.0
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ELaser ¼ 0.3 mJ, w0 ¼ 4.0 μm, ndop¼5%, and Δζ¼48μm.
While visualization of the GP model in this way allows
qualitative understanding of the stability of the input param-
eter space surrounding the optimal parameters, use of a single
value, F , to represent the quality of the outcome does not
permit easy interpretation of correlations with individual
witness bunch parameters.

A. Stability

To better quantify the stability of the input parameter
space around the optimum, Monte-Carlo (MC) sampling
(Nsamples ¼ 104) of the surrogate model was performed.
Typical experimental fluctuations were added to the opti-
mal input parameters, sampled according to a normal
distribution centered on the optimal value with a chosen
relative width. The relative magnitude of the fluctuations
were: ELaser ¼ 3%,w0 ¼ 10%, ndop ¼ 10%, andΔζ ¼ 4%,
chosen to represent typical fluctuations observed in experi-
ments. Initially, each input parameter was varied individu-
ally, while keeping the others fixed to isolate the
contributions to the fluctuations of the witness parameters.
The dominant source of fluctuations was found to be the
relative delay between the drive bunch and ionization
laser pulse,Δζ, with a magnitude corresponding to a timing
jitter of �10 fs, similar to state-of-the-art synchronization
systems [44–46]. The resulting witness bunch parameters
varied over the range Qb ¼ ð27.3� 6.7Þ pC, hεni ¼
ð256� 33Þ nm, and σE;rel ¼ ð0.56� 0.48Þ%, where the

quoted fluctuations represent the standard deviation. The
variations of the key witness bunch parameters resulting
from the MC sampling are shown in Fig. 9. Also shown are
the results of PIC simulations (red data points) performed
using the optimal input parameters but varying onlyΔζ over
the same range as tested with the MC sampling. The two
agree well, confirming the quality of the surrogate model
and its ability to make accurate predictions.
The witness bunch charge can be seen to be strongly

correlated with the relative delay of the ionization laser
pulse [Fig. 9(a)], with an increased bunch charge at smaller
delays. This is because the ionization pulse centroid moves

FIG. 8. Visualization of the GPmodel fitted to the results of the MOBO routine. Two slices along the four-dimensional input parameter
space are shown, taken at values close to those at which the minimum value of F was achieved: ELaser ¼ 0.3 mJ, w0 ¼ 4.0 μm,
ndop ¼ 5%, andΔζ ¼ 48 μm.Contour plots of the value ofF predicted by the fittedGPmodel are shown as a function of (a)w0 andELaser,
and (b) Δζ and ndop. For each plot, GP model predictions and uncertainties are shown for the slices along the optimal input parameters.

FIG. 9. Distribution of witness bunch parameters resulting from
MC sampling of the surrogate GP model when an rms timing
fluctuation of�10 fs around the optimum is introduced. Red data
points represent results from PIC simulations when varying Δζ
but keeping all other input parameters fixed. ζ0;L is the location of
the RPLP centroid. (a) Qb½pC�, (b) hεni ½nm�, and (c) σE;rel ½%�.
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closer to the wakefield potential minimum—ζ ≈ −38 μm
(Fig. 4)—maximizing jΔΨj for the released electrons.
However, this has two subsequent effects: the transverse
emittance of the bunch increases and so does its relative
energy spread as demonstrated in Figs. 9(b) and 9(c),
respectively. The increase in bunch charge causes the
wakefield to become locally overloaded, causing an energy
chirp to be imparted to the witness bunch during accel-
eration. Conversely, for larger delays, electrons are released
further back in the trapping region [Fig. 4(b)] and a smaller
proportion of electrons gain enough longitudinal momen-
tum to become trapped. This reduces the bunch charge and
emittance, but now underloads the wakefield, again causing
an increased energy spread.
Such sensitivity to the relative timing between the drive

bunch and laser pulse makes this scheme experimentally
challenging; however, there are ways in which this can be
overcome. For example, operating the accelerator at a lower
plasma density increases the size of thewakefield cavity and
significantly relaxes the timing constraints. At the on-axis
density used in this study, n0 ¼ 1 × 1017cm−3, a timing
fluctuation of �10 fs represents approximately 6% of the
duration of the wakefield cavity. Reducing the on-axis
density to that proposed for future plasma-based accelerator
facilities [34], n0 ¼ 7 × 1015 cm−3, increases the length of
the trapping region such that the same fluctuation represents
less than 2% of the cavity, which would reduce the impact of
such fluctuations. Furthermore, finding a combination of
input parameters that enables optimal beam loading, where
the position of the ionizing laser pulse corresponds to the
minimum of the wakefield potential could further reduce
the timing sensitivity thanks to the parabolic shape of the
wakefield potential around its minimum [5]. We note also
that recent work has demonstrated that active energy
compression can reduce the shot-to-shot jitter of laser-
accelerated electron bunches to the per mille level [47].
We note that the relative fluctuations in witness bunch

parameters due to temporal jitter found in this study exceed
those reported in Ref. [5], which were at most 5% (σE;rel), if
not significantly less. However, the scenario modeled in
Ref. [5] focused on minimizing witness bunch emittance by
using pulse intensities just above the ionization threshold of
the dopant species, resulting in lower bunch charges
(∼1 pC). Furthermore, in that work, the simulations con-
sidered witness acceleration over only 8 mm, and not until
drive bunch depletion. As discussed previously, the lower
bunch charge precludes loading of the wakefield and causes
the energy spread of the witness bunch to grow significantly
during propagation, which will result in larger energy
fluctuations by the end of the accelerator. To provide a
point of comparison with this earlier work, the RPLP
simulation results obtained in this work were sampled in
a region of the parameter space that provided low-charge and
ultralow emittancewitness bunches—achieved by minimiz-
ing the ionizing laser pulse energy and spot size. The MC
procedure described above yielded, for this working

point, witness bunch parameters of Qb ¼ ð2.8� 1.4Þ pC,
hεni ¼ ð64� 11Þ nm, and σE;rel ¼ ð2.5� 0.6Þ%when sub-
ject to the same temporal jitter as the optimally-loaded
working point. The transverse emittance values are com-
petitive with those found in previous studies [5,12–15],
despite the increased thermal emittance in both transverse
planes introduced by the field of the RPLP. However, the
large relative energy spread and energy jitter obtained for the
low-charge case would be challenging for further beam
transport. The high-charge, optimally beam-loaded regime
identified in this study would reduce problems of this kind.
Further fluctuations in witness bunch parameters will be

induced by fluctuations of the transverse focal position of
the ionizing laser pulse. Using a short focal length optic to
tightly focus the beam reduces such jitter and remaining
fluctuations can be further suppressed by recent beam
stabilization advances [48]. Scaling the results of Amodio
et al. to our case suggests that the jitter in the transverse
position of the injection pulse could be of order 1 μm,
which is small compared to the transverse size of the
plasma cavity. Modeling of this effect would be an
interesting topic for future work, but would require either
3D simulations of the interaction or the use of analytic
pulse techniques [49] in quasi-3D geometries.
We note also that the use of a higher-charge “escort”

bunch to locally flatten the longitudinal wakefield in the
region of the low-charge witness [15] not only significantly
increases experimental complexity but its generation will
likely also be subject to similar fluctuations as those found
in this study, inducing further fluctuations of the witness
bunch parameters.

B. Performance

Further understanding of the ultimate performance of the
radially-polarized plasma photocathode can be gleaned by
exploring the relationship between bunch charge and
emittance. Maximizing bunch charge and consequently
peak current, while minimizing transverse emittance is
crucial for maximizing the 6D brightness of the electron
bunch. Generation of a high-brightness electron bunch
using a traditional photocathode is in part governed by a
fundamental limitation relating the charge of the bunch to
its emittance as a result of space-charge forces, an effect
that is particularly dominant before electrons gain signifi-
cant longitudinal momentum. A similar relation can be
extracted for the plasma photocathode from the results of the
MOBO routine. An example of this is presented in Fig. 10(a),
which shows the relation between the final projected nor-
malized average transverse emittance of the accelerated
witness bunch, hεni, and its charge, Qb, for a radially-
polarized ionization pulse. The Pareto front, indicated by the
dashed blue line, represents the minimum achievable emit-
tance of the witness bunch as a function of the bunch charge.
A power law can be fitted to extract the relationship between
the two: a fit performed using Bayesian linear regression
indicated a power of ð0.48� 0.03Þ, where the uncertainty
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represents the 95% confidence interval, therefore consistent
with a scaling of hεni ∝

ffiffiffiffiffiffi
Qb

p
in this regime.While a separate

study would be required for alternative drive bunch param-
eters, this scaling indicates μm-scale transverse emittances
could be achieved with the radially-polarized plasma photo-
cathode scheme when generating nC-class bunches, match-
ing those required by future plasma-based linear collider
designs [34].

Figure 10(b) compares the extracted PFs for the radially-
and linearly-polarized cases. The PF is very similar for
both, indicating that in this regime the final emittance of the
witness bunch is dominated by its evolution during the
trapping and matching phase—defined by the properties of
the wakefield and therefore consistent in both cases—and
not by its thermal emittance at the point of ionization. Also
shown are the corresponding PFs for the x- and y-compo-
nents of the emittance in the linearly-polarized case,
demonstrating its asymmetry. Figure 10(c) shows the
emittance asymmetry at z ¼ 90 mm as a function of the
ionization laser pulse normalized vector potential,
a0 ¼ ðeλEmaxÞ=ð2πmec2Þ, where Emax is the maximum of
the laser pulse field.While the emittance remains symmetric
over the entire range ofa0 simulated in the radially-polarized
case (blue), the asymmetry grows with increasing a0 for the
linearly-polarized case (red), illustrating a key advantage of
the radially-polarized scheme with the increased laser
intensity necessary for high-charge operation.
It is important to note that while the PFs are very similar

for both polarization states, the input parameters required to
achieve minimal emittance can differ. When keeping the
laser pulse parameters fixed and only changing its polari-
zation, the average transverse emittance of the bunch is
reduced with a RPLP when operating in the regime of
optimal beam loading of the wakefield, as shown previ-
ously in Fig. 6. Figures 10(d) and 10(e) demonstrate this
effect over the entire range of ionizing laser pulse param-
eters considered. The figure shows the variation of the
witness bunch emittance with (d) spot size and (e) pulse
energy for the radially- and linearly-polarized ionization
pulse while keeping all other parameters fixed at their
optimal values. In the region of the parameter space around
which the witness bunch optimally loads the wakefield and
maximizes its 6D brightness, indicated by the dashed gray
lines, the average transverse emittance of the witness bunch
is improved when using a radially-polarized ionizing laser
pulse compared to linear polarization.
At the optimal input parameters found using the MOBO

routine, the resulting witness bunch had a projected 6D
brightness of BðpÞ

6D ¼ 2.0 × 1026 Am−3, while the slice-

averaged brightness peaked at BðsÞ
6D ¼ 3.8 × 1026 Am−3.

For effective FEL generation, the dimensionless Pierce
parameter ρ is constrained by the relative energy spread of
the bunch [50], i.e., ρ ≥ ΔE=E. Here, the slice-averaged
energy spread is found to be σE;rel;sl ¼ 1.1 × 10−3 with a
minimum relative slice energy spread of≈ 4 × 10−4, match-
ing requirements of high-gain FELs. Theminimum radiation
wavelength produced by such a bunch can be calculated in
the 1D limit via λr ≥ 4πεn=γ0 [51], where γ0 is the relativistic
Lorentz factor of the bunch. The ultralow emittance and high
energies of the bunches produced in this scheme result in a
minimum radiation wavelength of λr ≥ 0.6 nm. Lasing at
shorter wavelengths could be achieved by using a higher
energy drive bunch to increase the energy of the witness
bunch before drive depletion. A key advantage of operation

FIG. 10. (a) Relation between Qb and hεni for the RPLP. The
size of data points represents their value of F , with larger points
representing higher quality witness bunches. The color of a data
point indicates the fraction of the final witness bunch charge from
ionization of Heþ. The extracted PF is demonstrated by the
dashed, blue line. (b) Comparison between the PFs for radial
(blue) and linear polarization (red). The components of εn in the
x- (pink, dot-dashed) and y-planes (orange, dashed) are also
shown for linear polarization. (c) εn;y=εn;x as a function of
ionization pulse normalized vector potential, a0. (d) and (e) Mean
(line) and standard error (shaded region) of predictions from the
surrogate GP model demonstrating the variation in hεni with
(d) w0 and (e) ELaser while keeping all other parameters fixed at
their optima. The dashed gray vertical lines represent the optimal
values of the laser parameters, as defined in Table I.
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in the optimally-loaded regime of the plasma photocathode is
that increasing the acceleration length allows increase of the
mean energy of thewitness bunchwithout degradation of the
energy spread or transverse emittance, thanks to the flattened
longitudinal field gradient and matched propagation. The
brightness values achieved in this study match, and even
exceed, those currently produced at state-of-the-art XFEL
facilities [6], and demonstrate the ability of this scheme to
transform the brightness of existing light sources with
minimal impact on the footprint of the facility. For example,
the drive bunch parameters chosen in this study closely
match those provided by the FLASH facility at DESY [52]
and could increase its 6D brightness by multiple orders of
magnitude through the implementation of this scheme, while
pushing the radiation wavelength below the nm-scale—

currently FLASH I/II operates at BðpÞ
6D ∼Oð1022 Am−3Þ,

BðsÞ
6D ∼Oð1023 Am−3Þ, λr ¼ 4–6 nm.

V. CONCLUSIONS

Using start-to-end simulations we have demonstrated the
high-charge regime of plasma photocathode operation,
enabling optimal beam loading from a single injection event
to simultaneously minimize the projected energy spread and
maximize the 6D brightness of the witness bunch. Use of a
radially-polarized ionizing laser pulse enables generation of
witness bunches with symmetric emittance in the x- and
y-planes, improving the 6D brightness of the witness bunch
compared to an equivalent linearly-polarized ionizing laser
pulse in the optimally-loaded regime. Furthermore, having
identical emittance in both transverse planes eliminates the
risk of emittance mixing during acceleration and eases beam
transport and matching after the accelerator, while offering
improved radiation generation opportunities, for example, in
helical undulators.
In the high-charge regime of the plasma photocathode

scheme, trapping of electrons released from higher ioniza-
tion levels of the dopant species was shown to reduce the
emittance of the bunch due to the reduced spatial extent of
the ionized electrons, in contrast to behavior outside of the
wakefield environment. This is promising for controlled
electron injection schemes relying on localized, selective
ionization within quasilinear laser-wakefield accelerator
(LWFA) stages [53,54]. In particular, it suggests the plasma
photocathode scheme could be used to generate high-
quality electron bunches within LWFA stages driven by
a train of laser pulses [55,56] as the reduced peak vector
potential (a0 ≪ 1) relative to single-pulse LWFA could still
allow operation at low ionization laser pulse energies.
Multiobjective Bayesian optimization was used to explore

the stability and performance of the high-charge regime,
indicating particular sensitivity to the relative timing of the
drive bunch and ionizing laser pulse. Extraction of the Pareto
front relating the bunch charge to its average transverse
normalized emittance indicated a scaling hεni ∝

ffiffiffiffiffiffi
Qb

p
,

suggesting the generation of μm-scale emittances for nC-
scale bunch charges as required for future plasma-based
facilities. This study introduces a framework [57] for further
exploration of the (radially-polarized) plasma photocathode
scheme where optimization can be performed with specific
use cases in mind. Inclusion of additional experimental
parameters such as plasma length, density, and (dopant)
species may be appropriate in this case.
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APPENDIX: START-TO-END MODELING

Modelingof the first 1mmof the interactionwas performed
with the FBPIC (v.0.26.0) particle-in-cell code using Nm ¼ 3
azimuthal modes. The injection simulations corresponding to
results in Figs. 1–7 were performed in the lab frame, with 48
particles per cell (PPC) for each species: preionized plasma
electrons and the dopant neutral helium. A nonevolving
background of ions was assumed as there was no discernible
difference in wakefield or witness bunch parameters seen
when including mobile hydrogen ions. The simulation
domain measured 60 × 157 μm (r × z), with Δr ¼ 0.5 μm
and Δz ¼ 0.02 μm (i.e., λ=40). The injected witness bunch
was typically formed of∼ 4 × 106 macroparticles (depending
on its charge), while the Gaussian drive bunch was modeled
using 1 × 106 equal weight macroparticles.
At the end of the ionization simulation, the drive and

witness bunch distributions were written to file and then
loaded into the extended propagation simulation in Wake-T

(v.0.8.0). The witness bunch distributions were separated
according to the ionization source, either neutral He or
Heþ, to enable tracking of the separate components. The
Wake-T simulation used an identical size of simulation
domain with Δr ¼ 0.25 μm and Δz ¼ 0.14 μm.
The propagation distance at which the handover between

the ionization (FBPIC) and extended propagation (Wake-T )
simulations was performed was scanned between
zh ¼ 0.6 and 2.0 mm. With zh ¼ 0.6 mm, the final witness
bunch charge after drive bunch depletion at z ¼ 90 mm
was lower due to electrons released from ionization of
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helium later in the simulation not yet meeting the “trapped”
criterion (pz ≥ 5 MeV=c) by the handover position, zh. For
handover positions zh ≥ 1.0 mm the witness bunch charge
(and all other properties) was consistent at z ¼ 90 mm in
all cases, and therefore a handover position of zh ¼ 1.0 mm
was selected to minimize the duration of the ionization
simulation.
The extended propagation simulation performed using

Wake-T was first benchmarked against a full 3D HiPACE++

(v.24.03) [58] simulation using the same drive and witness
bunches output by a test FBPIC simulation after 1 mm of
propagation. The benchmark HiPACE++ simulation had a
global grid resolution of Δx ¼ Δy ¼ 0.26 μm, Δz ¼
0.08 μm with 4 PPC for plasma electrons and 1 PPC for
(mobile) ions. Around the witness bunch, a region of radius
12.5 μmwas further resolved usingmesh refinement, with an
increased resolution ofΔx ¼ Δy ¼ 0.032 μmwith 256 PPC
for plasma electrons and 64 PPC for ions. For both the Wake-T

andHiPACE++ simulations, an adaptive timestep (Δt)was used
with value corresponding to ωβΔt ¼ 2π=20, where ωβ ¼
ωp0=

ffiffiffiffiffi
2γ

p
with ωp0 the plasma angular frequency and γ an

average of Lorentz factors of the slowest particles in both the
drive and witness beams. The benchmark HiPACE++ simu-
lation took approximately 200 min to perform using 4×
NVIDIA A100 (40 GB) GPUs, while the Wake-T simulation
took approximately 20 min on a single AMD EPYC 7502
CPU core. A comparison of thewitness bunch parameters for
the two simulations after 90 mm propagation are shown in
Table II and show excellent agreement, justifying the use of
Wake-T for extended propagation simulations thanks to the
reduced computational requirements.
Ionization simulations performed with FBPIC during the

MOBO routine (Figs. 8–10) used the boosted frame
(γboost ¼ 2) to reduce computational time. Convergence
tests demonstrated consistent witness bunch parameters
between the lab and boosted frames, although with fewer
macroparticles representing the witness bunch in the
boosted frame—on average, the bunch was represented
by ∼ 5 × 105 macroparticles. The size of the simulation
domain, resolution used and PPC matched those of the lab
frame simulation, although these simulations also included
mobile plasma ions.

Handover between the various steps of the simulation
workflow was handled by the ChainEvaluator func-
tion available within the Optimas (v.0.6.0) Python package. For
each trial (i.e., set of input variables), a single NVIDIA
A100 (40 GB) GPU was used to perform the ionization
simulation in FBPIC, followed by the extended propagation
simulation in Wake-T performed on a single AMD EPYC
7502 CPU core. A single start-to-end simulation took
approximately 100 min to complete, with 80 min required
for injection modeling and 20 min for extended propaga-
tion. Four separate simulations could be run in parallel,
with the entire optimization routine performed in approx-
imately 200 h.
The version of the LASY Python package used in this study

was v.0.4.0. Simulation input scripts for the results
presented in this study can be found at [57].
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