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Slice emittance preservation and focus control in a passive plasma lens
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Strong, symmetrically focusing plasma lenses are promising for accommodating the small beams associated
with plasma-based accelerators and collider final foci. However, while focusing with active and passive plasma
lenses has been experimentally demonstrated, compatibility with high-brightness beams relevant for applications
has not. In this work, we show experimentally that passive plasma lenses can preserve free-electron-laser-quality
slice emittance while focusing two orders of magnitude more strongly than quadrupole magnets, and that the
focal parameters can be controlled.
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I. INTRODUCTION

In plasma-based accelerators (PBAs) [1–3], an intense
electron bunch or laser pulse (the “driver”) expels the free
plasma electrons from its propagation axis, exciting a plasma
wake within which strong electromagnetic fields enable high-
gradient acceleration (up to hundreds of GV/m) and focusing
(kT/m–MT/m) of a trailing electron bunch (the “witness”).
These fields greatly exceed those in radio-frequency (RF)
accelerators, where electric breakdown in the metallic cavities
limits the accelerating gradients to a few hundred MV/m [4],
and magnet technology limits the focusing gradients to a
few hundred T/m [5]. Plasmas thus offer a possible route to
smaller, cheaper accelerator systems through both the accel-
erating and focusing gradients.

Over the past few decades, PBAs have demonstrated
major improvements in energy gain [6–9], energy efficiency
[10–13], energy spread [11,12,14], and acceleration stability
and reproducibility [11,15–17]. However, while challenging
applications such as PBA-driven free-electron lasers (FELs)
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have been demonstrated for longer wavelengths (IR–XUV)
[18–21], the performance of RF-based FEL facilities has not
yet been matched; x-ray FELs and linear colliders require
a smaller normalized beam emittance (�1 mm mrad; see
Appendix).

In a blown-out plasma wake, the focusing gradients are
linear, and emittance preservation is possible [22–24]. The
natural beam size in this regime is given by the matched
beta function [25], βm = √

2ε0Eb/(npe2), where Eb is the
beam energy, e is the unit charge, np is the plasma electron
density, and ε0 is the vacuum permittivity; this is typically
on the submillimeter to centimeter scale for GeV-class PBA
beams, compared to tens of meters in RF accelerators. The
strong focusing required to accommodate these small beams
can cause deleterious chromatic aberration, yielding a relative
emittance growth of �ε/ε0 ≈ L∗2σ 2

δ /(2β2
m ) (see Appendix),

where L∗ is the distance between the beam waist and the optic,
and σδ is the root-mean-square (RMS) relative energy spread.
A small beam size usually corresponds to a large divergence,
which drives emittance growth even in free-space propa-
gation [26]. Therefore, minimizing the waist-optic distance
is advantageous, a distance limited by the linear focusing
strength, κ = 1/(lL∗), where l is the length of the optic.
High strength simultaneously enables more compact optical
systems, which currently drive space requirements of PBA
experiments. Plasma lenses could realize these advantages.

Compared to quadrupole magnets, plasma lenses provide
higher focusing gradients and symmetric focusing. Active
plasma lenses (APLs) focus using the magnetic field induced
by a discharge current [27], while passive plasma lenses
(PPLs), which are similar to PBAs, use the transverse plasma
wakefield [28]. Emittance preservation and kT/m focusing
gradients have been demonstrated in APLs [27,29,30], but
their compatibility with high-brightness beams is limited by
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wake excitation and Coulomb scattering [31–34]. In contrast,
because they rely on plasma wakes and can be placed nearer
the focus, PPLs can be operated with lower-atomic-number
gases and smaller beam sizes, reducing scattering-driven emit-
tance growth. Their higher focusing gradients (up to MT/m
[35]) allow for placement closer to the focus. These attributes
suggest that PPLs could act as an ideal bridge between
magnetic optics and PBAs, potentially facilitating plasma-
accelerator staging [36]. However, while passive plasma
lensing has been previously demonstrated [35,37–43], beam-
quality preservation has not.

In this work, we experimentally demonstrate slice emit-
tance preservation at sub-mm mrad emittances and focus
control at centimeter-scale waist betas with an electron-beam-
driven PPL, using beams with three orders of magnitude
higher brightness than earlier work [29]. This was achieved
by operating with a highly underdense plasma (1014 cm−3),
which decreased the demands on the driver to reach a full
blowout and limited the change in particle energy to the per-
mille level.

II. LIMITING THE PARAMETER SPACE

A set of preparatory particle-in-cell (PIC) simulations were
performed (see Appendix) to find the limits of the lens op-
erating range, where the driver could no longer sustain an
emittance-preserving wake. Because the nominal beam waist
parameters were considered known [24], the reciprocal of the
intended experiment, collimation of a beam diverging from
this beam waist, was simulated to simplify the procedure and
interpretation. A grid of lens lengths, l , and distances from
waist to lens (“drift lengths”), L∗, was generated. At each
grid point, the collimating focusing strength was found by
numerically solving

κ[β∗2 + L∗2] + √
κ L∗[tan (

√
κ l ) − cot (

√
κ l )] = 1

for κ , obtained from thick-lens matrix theory by requiring
α = 0 after the lens [44], resulting in a collimated beam. The
corresponding plasma densities, np = 2ε0Ebκ/e2, were in the
range 5 × 1013 to 1 × 1016 cm−3 [see Fig. 1(a)].

Figures 1(b), 1(c), and 1(d) show the relative emittance
growth between the start and end of the lens, and the final beta
and alpha functions, respectively. The presented values are
the longitudinal slice averages, to suppress chromatic effects
from any energy spread induced by the lens, highlighting
wake excitation limitations. These limitations are evident in
Figs. 1(b) and 1(d), showing varying degrees of emittance
growth and suboptimal collimation (α < 0) from insufficient
wake excitation. The optimal lens length was found to be
around 6 mm, within a wide range of approximately 1–20 mm.
A 15-mm lens capillary, previously manufactured and tested
for a different experiment, was therefore selected for use in
experiments.

III. EXPERIMENTAL SETUP

The experiments were performed at the FLASHForward
beamline at DESY using electron bunches from the FLASH
linear accelerator (linac) [45,46]. The 900-pC bunches were
accelerated to 1 GeV in superconducting RF cavities and
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FIG. 1. Plasma and beam parameters from the preparatory PIC
simulations with idealized beams and plasma. (a) Plasma densities.
(b) Relative emittance growth. (c) Final beta functions. (d) Final
alpha functions. The dashed line marks the 15-mm lens length used
in the experiment.

compressed to 1.3 ps full width (1 kA peak current) by
two magnetic chicanes. The driver-witness bunch pairs were
generated via a collimator in a dispersive section [47]; this
was enabled by the linear longitudinal (time-energy) phase
space (LPS) achieved with a harmonic cavity in the linac
(see Fig. 2).

Figure 3(a) shows the core of the experimental setup. A set
of quadrupole magnets upstream of the interaction chamber
was used to match the beam into the plasma lens with a waist
beta, β∗, of approximately 100 mm. In plasma-acceleration-
type experiments, the focus is typically significantly tighter
with a waist beta of 10–20 mm [24]. The lens was then used
to focus the beam further, as if into a hypothetical downstream
PBA stage.
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FIG. 2. Longitudinal phase spaces and horizontal slice parame-
ters before plasma interaction, reconstructed from experimental data
(see Appendix). Beam used with (a) nitrogen (Figs. 3 and 4) and (b)
argon (Figs. 5 and 6).
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FIG. 3. Experimental setup and raw data examples. (a) The core
of the experimental setup. The two bunches, propagating left to right,
are prefocused into the PPL, which is then used to focus further.
The bunches are then imaged onto the spectrometer screen. (b)–(d)
Spectrometer images at three different quadrupole imaging settings
along a measurement scan, with the horizontal projections of all
images shown in panel (e).

The plasma was generated by high-voltage (HV; 20 kV,
500 ns FWHM, 490 A) discharges through a nitrogen-filled
(1 mbar), 15-mm-long, 1.5-mm-diameter sapphire capillary.
Nitrogen was chosen over argon as it has a much lower
atomic number, reducing Coulomb scattering [34], while be-
ing similarly easy to ionize. It was chosen in preference to a
lighter gas, e.g., hydrogen, because of the smaller ion motion,
which is also suppressed by the larger beam size compared
to that used inside the PBA [48,49]. A 15-mm lens yielded

an expected plasma density of 1–3 × 1014 cm−3, below the
resolution of standard diagnostics [50] (see Appendix).

IV. SLICE EMITTANCE PRESERVATION

Measurements of the horizontal distribution of the bunch
were performed on the high-resolution imaging electron
spectrometer [see Fig. 3(a) and Appendix]. A type of mul-
tiquadrupole scan, an “object-plane scan” [24], was used to
measure the beam parameters. In such a scan, the quadrupole
magnets point-to-point image a range of longitudinal posi-
tions, s, along the beamline onto the spectrometer screen,
providing measurements of the transverse RMS beam size,
σ (s). Figures 3(b), 3(d), and 3(e) show example spectrometer
images and resulting horizontal beam distributions from such
a scan, respectively. Around a beam waist,

σ (s) =
√√√√εnβ∗

γb

[
1 +

(
s − s∗

β∗

)2
]

, (1)

which was fitted to the measurements to determine the waist
beta, the waist location, s∗, and the normalized emittance, εn;
γb is the Lorentz factor of the beam. Figure 4(a) shows RMS
beam sizes and fits for the incoming and outgoing beams in
orange and blue, respectively.

Since the object-plane scans were performed on a spec-
trometer, energy slice information could be obtained. A
compromise between energy resolution and signal-to-noise
was found with 31 energy slices of equal width (approxi-
mately 0.25 MeV). The transverse distribution of each energy
slice and that of the whole beam could be treated similarly,
and energy-slice beam parameters could thus be obtained;
these are shown in Fig. 4(a) for slice 12. The small relative
changes in mean energy and RMS energy spread induced
by the lens (0.1%–0.2% and 2%, respectively) enabled a
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FIG. 4. Slice emittance preservation in nitrogen plasma. (a) Measured RMS beam sizes (dots) and corresponding fits (colored lines) for
the incoming (orange) and outgoing (blue) witness bunch, along with the corresponding fit parameters, for energy slice 12. The green line
shows the median of Monte Carlo simulations solving Eq. (2) through the Gaussian focusing channel (gray shaded area). Errors show the 95%
confidence interval (CI) of the fits. (b) Incoming and outgoing slice normalized emittances. (c) Outgoing waist betas. The slice emittances are
preserved within the dotted lines, within which the measured, modeled, and simulated waist parameters agree. (d) Measured relative emittance
growth [cf. panels (b) and (c)] plotted against measured waist beam sizes.
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direct comparison between incoming and outgoing beams.
Figure 4(b) shows incoming and outgoing slice emittances
and energy spectra, demonstrating horizontal normalized slice
emittance preservation for slices 6–16, containing half of the
total bunch charge.

The small changes in energy also allowed the beam
propagation to be modeled using the betatron envelope
equation [44],

1

2
β ′′ + κβ − 1

β

[
1 +

(
β ′

2

)2
]

= 0, (2)

where primes denote differentiation with respect to s. Us-
ing the covariances from the fits to the incoming beam,
1000 random sets of initial parameters (normalized emit-
tance, waist beta, and waist location) were generated from
a trivariate normal distribution for each slice and propa-
gated through the assumed focusing channel to model the
focused waist parameters. The outgoing slice-waist param-
eters of the emittance-preserved slices could be reproduced
[see Figs. 4(a) and 4(c)] by assuming the action of the PPL to
be approximated by a Gaussian focusing channel [24,50,51]
with an RMS length of 14.8 mm and peak focusing strength
of κ = 780 m−2, corresponding to a peak focusing gradient
of 2.7 kT/m and plasma density of 9.1 × 1013 cm−3. The
resulting RMS envelope propagation for the slice indicated
in Fig. 4(b) is shown in green in Fig. 4(a). PIC simulations
using a nearly identical plasma channel and bunch parameters
reconstructed from experimental data, where energy slices
were mapped to time via the linear LPS, agree with the model
and show emittance preservation for the whole bunch [see
Figs. 4(b) and 4(c), and Appendix].

V. REACHING THE RESOLUTION LIMIT

The energy-slice emittances at the head (left) and tail
(right) of Fig. 4(b) did not appear to be preserved. The source
of the tail emittance growth is alluded to in Fig. 4(c), where
the modeled waist betas in the tail are significantly smaller
than measured. The variation in downstream waist parameters
resulted from varying slice Twiss parameters in the incoming
beam (see Fig. 2), which persisted throughout the experi-
mental campaign. Assuming preserved slice emittances and
accurately modeled waist betas, the resulting slice waist beam
sizes of the tail are between 0.79 and 1.3 µm RMS—near, and
even below, the measured resolution of 0.85 µm RMS (screen
equivalent at the object plane). This limitation is also visible in
the inset in Fig. 3(c). Figure 4(d) further illustrates the resolu-
tion limitation: Apart from the head slices, the slice emittances
are preserved for beam sizes down to approximately twice the
resolution.

The head emittance growth resulted from a small but
measurable “beam tilt” (longitudinal-transverse position cor-
relation [see Figs. 3(b)–3(d)] in the incoming bunch, which
increased during focusing, leading to a slight overlap between
adjacent slices when projected onto the energy axis. The
slice variations were also present upstream at the collimator
location, resulting in a suboptimal collimation and a consid-
erable change in waist parameters in the head of the bunch
(see Fig. 2). Coupled with increased tilt after focusing, the

0.5

1

1.5

2

2.5

3

N
or

m
 e

m
itt

an
ce

 (m
m

m
ra

d) plasma lens on, initial position
lens position +15 mm
lens position  -15 mm
no plasma lens (incoming beam)
lens inserted, discharge off
reference quadrupole focus
PIC simulation

2

5
10
20

50
100
200

W
ai

st
 b

et
a 

(m
m

)
lens capillary location

121416182022
Beam arrival time after discharge (µs)

-50

-25

0

25

50

75

100

W
ai

st
 lo

ca
tio

n 
(m

m
)

131050
Waist beta (mm)

20
40
80

increasing plasma density  

(a)

(b)

(c)

(d)

FIG. 5. Projected witness-bunch waist parameters as a function
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changing the plasma density (see Appendix). (a) Normalized emit-
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for ease of visualization only. Errors show the 95% CI of the fit
parameters. (d) Measured and simulated waist locations versus waist
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increased slice overlap caused slice emittance growth. It thus
seems plausible that the emittance increase seen in the tail
and head is a result of the diagnostics and suboptimal beam
preparation, respectively, rather than the PPL itself.

VI. VARYING THE LENS PARAMETERS

While the working point in Fig. 4 shows that slice emit-
tance preservation is possible in PPLs, there is no information
on how the PPL behavior scales with plasma parameters,
which is important for beam-optics matching. Unfortunately,
the sapphire capillary degraded over time, preventing stable
discharging in nitrogen. The lens could not be exchanged
during the experimental run, but using argon at higher pres-
sures and discharge voltages stabilized the plasma generation
enough to continue experimentation.

However, this change also introduced unwanted effects:
Figure 5 shows the “projected” (full-beam) witness waist
parameters as a function of the beam arrival time (and thus
plasma density; see Appendix), where neutral-gas Coulomb
scattering increased the emittance of the beam propagating
through the capillary with the discharge off [see Fig. 5(a)].
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Suppressing Coulomb scattering was a main reason for ini-
tially operating with nitrogen. Nevertheless, the three lowest
plasma densities showed no additional emittance growth, de-
spite significant focusing. Higher plasma densities (stronger
focusing) yielded smaller beam waists located closer to the
lens [see Figs. 5(b)–5(d)], as intuitively expected. A corre-
sponding decrease in mean energy of 0–2.5 MeV ± 5 keV
was observed, with only 1.2 MeV at 14.8 µs. The primary
cause of observed emittance growth is once again related to
resolution effects. Corroboration can be found in the agree-
ment between the PPL data and the reference quadrupole
focus, showing similar emittances at equal waist beta. No
emittance growth was observed in PIC simulations replicating
the waist behavior. Coulomb scattering, affecting individual
slices differently because of the incoming slice Twiss varia-
tions [52], prevented a direct slice comparison.

The smallest measured projected (slice) waist beta was
5.6 ± 0.1 mm (1.6 ± 0.1 mm), a demagnification factor of
the incoming waist beta of 44 (166), suggesting a minimum
slice RMS beam size below 0.5 µm. A larger imaging magni-
fication of around −10 (maximum for the actual object-plane
range) enabled these smaller waists to be measured. Moving
the lens upstream and downstream by 15 mm primarily af-
fected the downstream waist location, leaving the emittances
and waist betas nearly unaffected. This resulted from the
lens being positioned near the large incoming beam waist;
the incoming beam optics varied little between different lens
positions. The achieved waist betas covered a range relevant
for matching into a GeV-class PBA, which, together with the
flexible waist positioning, could offer a way of optimizing
optics matching.

VII. IMPACT ON THE DRIVER BUNCH

Since the operation of a PBA requires a final-focusing PPL
to focus both the witness and the driver, it is necessary to study
the driver’s evolution. Figure 6(a) shows the Twiss mismatch
parameter between the driver and witness bunches [54,55],

MD-W = β∗2
D + β∗2

W + (s∗
D − s∗

W)2

2β∗
Dβ∗

W

, (3)

cast in waist-parameter form by assuming vacuum propaga-
tion [Eq. (1)] around the waists. A mismatch parameter of
1 corresponds to a perfect optics match. The smallest mis-
match point is spuriously decreased by the mismeasured waist
betas [rightmost data points in Fig. 5(b)]. For equal waist
betas, the mismatch is significantly smaller when focusing
with the PPL than with the quadrupoles. The driver would
thus be more closely matched for a witness waist matched
to a downstream plasma accelerator. This can reduce trans-
verse driver evolution in the wake and, for a beam-driven
plasma-wakefield accelerator (PWFA), enable a higher degree
of driver charge capture, increasing acceleration stability and
energy efficiency.

Figure 6(b) shows a snapshot from a simulation of the
beam-plasma interaction at the highest-density working point
(np,0 = 5 × 1014 cm−3). While the highly overdense driver
(nb,0 ≈ 370 × np,0) led to a clear blowout, the lowest peak
plasma density did not yield the most efficient wake excita-
tion; higher plasma densities showed excitation earlier along
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FIG. 6. Comparison of driver and witness optics. (a) Measured
projected mismatch parameter [Eq. (3)] between driver and witness
as a function of the witness’s waist beta. Horizontal error bars show
the 95% CI of the fits, and vertical errors show the 95% CI based
on Monte Carlo sampling of driver and witness waist parameters. (b)
Snapshot of the simulated beam-plasma interaction in the highest-
density working point [np,0 = 5 × 1014 cm−3, rightmost point in
Fig. 5(d)]. Solid and dashed curves show the on-axis focusing gra-
dient normalized to the nominal blowout gradient for the lowest and
highest peak density working points. The transversely elliptical (as
opposed to circular) driver causes the relative horizontal (vertical)
gradients to overshoot (undershoot) 1 [53].

the driver, with the highest density yielding the earliest excita-
tion, focusing the largest fraction of the driver. The efficiency
of this working point agrees with idealized simulations (see
Appendix) and is interpreted as an interplay between more
resonant wake excitation [40] (favoring higher plasma den-
sities) and driver overdensity (lower plasma densities). The
majority of bunch charge sees nearly the nominal focusing
gradient, but the varying gradient at the head results in lo-
cally varying downstream waist parameters. However, since
the focusing gradient inside a PWFA varies similarly, using
a PPL for final focusing might intrinsically provide favorable
matching conditions for the driver bunch. The relative driver
emittance growth at the highest peak-density working point
was 6%.

VIII. DISCUSSION AND OUTLOOK

While shorter optics are theoretically less chromatic [56],
the lower-density, longer PPL regime investigated here offers
advantages over the higher-density regime [35,56]. The lower
plasma density reduces the bunch-density requirements on the
driver bunch, allowing a large fraction of it to focus. Longer
lenses also induce less synchrotron radiation aberration than
shorter lenses, given identical waist parameters [57,58]. If
spatially overlapping with the adjacent PBA plasma-density
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ramps, long plasma lenses are perhaps more akin to indepen-
dently tunable ramp extensions than separate optics, which
could improve the performance of the system as a whole
[42,59,60].

The lower-density regime would also be advantageous for
witness bunch capture after a PWFA, as the larger wake
could allow the more divergent, energy-depleted driver tail
to contribute to wake excitation. As the driver is not needed
downstream of a PBA, a capturing PPL could be optimized
predominantly for the witness bunch. For a PWFA-based
collider, the large differences in particle energy between the
driver and witness may be difficult to manage when focusing
into the PWFA stages, while for FEL-type energy boosters,
the driver and witness particle energies would be more similar.

In summary, we have for the first time experimentally
demonstrated slice emittance preservation in a PPL, the
tunability of the waist parameters, and reduced aberration
compared to focusing using quadrupole magnets. While emit-
tance growth was observed for part of the data, the sources
were identified and can be mitigated. A low-density PPL
has been shown to have clear advantages as a focusing sec-
tion for matching into a PWFA stage. Shown compatibility
with beams three orders of magnitude brighter than previous
work [29] marks these findings as a critical step toward com-
pact, beam-quality-preserving optics in novel accelerators.
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The beam emittance. A particle beam’s RMS normalized
emittance [64] is usually used to quantify the transverse beam
quality, or “focusability.” The normalized emittance is defined
as ε2

n = 〈x2〉〈u2
x〉 − 〈xux〉2, where x denotes the distance from

the nominal trajectory and ux = px/(mec) is the transverse
momentum, px, normalized by the electron mass, me, and
the speed of light in vacuum, c. The normalized emittance
is preserved under acceleration and linear focusing forces
such as those in quadrupole magnets and plasma wakes in
the blowout regime. A finite value implies a finite focal spot
size σ ∗

x = √
εn,xβ∗

x /γb [Eq. (1) at s = 0] even with idealized
optics.

Single-optic chromaticity. The chromatic amplitude func-
tion [65,66], W 2 = (∂δα − α∂δβ/β )2 + (∂δβ/β )2, where
∂δ = ∂/∂δ, can be used to quantify the chromaticity of an en-
semble of particles. It contributes to relative emittance growth
to first order as �ε/ε0 ≈ W 2σ 2

δ / 2 [66]. A single, thin focus-
ing optic adds a chromatic amplitude of W ≈ βκl [56], where
β is the beam’s beta function at the optic. The focal length
of an optic is f = 1/(κl ) = L∗. The beam’s beta function at
the optic is given by β ≈ L∗2/βm. These equations combine
to yield W ≈ L∗/βm such that �ε/ε0 ≈ L∗2σ 2

δ /(2β2
m ).

Chromaticity correction. Chromaticity is usually mitigated
near its source by using nonlinear magnets (sextupoles) in the
presence of large transverse dispersion, but nonlinear effects
must be carefully managed to avoid emittance growth [67].
However, chromaticity can also be corrected by nondisper-
sive “apochromatic” optics, which scale favorably in terms of
both energy acceptance and length when using strong plasma
lenses [66]. Because PPLs are less chromatic, less correction
is needed.

Imaging spectrometer. The high-resolution imaging spec-
trometer was made up of five high-gradient quadrupoles with
an 8 mm bore radius, a 1.07 m long vertically dispersive
dipole magnet, and a European XFEL-type screen station [68]
with an in-vacuum GAGG:Ce scintillating screen [69]. The
image resolution, limited by the point spread function (PSF)
of the imaging system, was found to be 6.7 µm RMS with
the same method as in Ref. [24]. A charge calibration was
obtained by scanning one of the energy collimators and corre-
lating the image pixel count with an upstream toroidal current
transformer. Local scintillator saturation was compensated by
applying Birks’ law [70,71]; the actual electron-beam charge
density, ρb, was retrieved through ρb = ρs/(1 − Bρs), where
ρs is the charge density obtained directly from the scintil-
lator and B is Birks’ constant for the material. A value of
B = 0.08 mm2/nC was found, corresponding to a saturation
charge density of 12.5 nC/mm2. Critically, because of the
small slice beam sizes encountered in this study, the images
were deconvolved with the 2D PSF before applying the sat-
uration compensation, as that correction assumes that ρs is
given by the light yield from the scintillator, which differs
from the camera image when resolution limited. Therefore,
the resolution term used in Ref. [24] was omitted when fitting
to the object-plane scans. In the dispersive plane, the PSF was
a second-order super-Gaussian with a 34.7 µm RMS because
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of the angle of 45° between the optical axis and the scintillator
[68]. The RMS energy resolution was estimated as σδ �
σy0/Dy, where σy0 is the undispersed beam size and Dy =
0.15 m is the linear dispersion. Assuming similar waist sizes
to x [cf. Figs. 4(a) and 4(d)], this yields σδ � 2 × 10−5, which
is fulfilled with 0.25-MeV slices (�δslice ≈ 2.4 × 10−4).
Conversely, a 0.25-MeV slice requires an undispersed beam
size of σy0 	 36 µm, which is usually fulfilled even if not
exactly imaging the slice waist due to slice Twiss variation.

Beam reconstruction. The four-dimensional (x, x′, z, δ)
beam phase space before beam-plasma interaction was
reconstructed using energy slice parameters from the high-
resolution spectrometer in combination with an LPS measured
using the X-band transverse deflecting structure [72]. The
monotonic LPS shape allowed a direct mapping between en-
ergy and time for the horizontal plane. For the vertical plane,
only the projected beam parameter could be measured, and
thus the (y, y′) slice values were approximated from these
measurements. Figure 2 shows the reconstructed LPSs and
horizontal slice parameters.

PIC simulations. All PIC simulations were performed
with HiPACE++ following preliminary studies with Wake-T
[62,63]. Simulation details are listed according to the figure in
which the results are shown.

Figure 1: The bunches in these idealized simulations were
transversely symmetrized to suppress numerical aberrations.
The simulation parameters were otherwise scaled as for Fig. 4
(see below). The starting waist beta was 10 mm. Gaussian
bunches with FLASHForward-like parameters (see Fig. 2)
were used, apart from the driver emittance, which was set to
8 mm mrad to highlight the lens operating limits.

Figure 4: These simulations were performed with beams
reconstructed from experimental data, where the beam shown
in Fig. 2(a) was used for the Fig. 4 simulations. The vertical
slice parameters were set to the projected values, apart from
the emittance that was halved to decrease the driver ellipticity
causing large longitudinal variations in the focusing gradient
[similar to Fig. 6(b), but significantly larger]. Both bunches
contained 107 macroparticles (MPs). The simulation box had
4095 × 4095 × 525 grid cells (x, y, z), with 2 MPs per cell
within a variable (with peak plasma density) radius around
the wake (minimum radius 10 × σr,driver), and 1 MP per cell
outside. The transverse box size was set to 2/kp (on the mm
scale) as this was observed to be large enough not to affect the
fields. The transverse resolution was thus variable, but with a
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FIG. 7. Plasma density data from OES measurements.

minimum σr,witness/10. The longitudinal resolution was 1 µm.
The simulation step length was adaptive with a maximum
of min( l/10, λp/120 ). The plasma distribution was nearly
identical to that in the numerical model in Fig. 4; the density
was reduced by 7.5% to match the experiment because of
the focusing gradient overshoot from the elliptical driver. Ion
motion was verified not to impact the results.

Figures 5 and 6(b) Mostly identical setup to that for Fig. 4,
but with a plasma of RMS length 7.5 mm to account for argon
being heavier than nitrogen and being expelled more slowly
out of the capillary. The beam in Fig. 2(b) was used. The
peak plasma densities were logarithmically spaced on the span
5 × 1013 to 5 × 1014 cm−3, corresponding to focusing gradi-
ents of approximately 1.5–15 kT/m. The real RMS length of
the plasma was expected to change somewhat over time, but
this effect was omitted for simplicity. The timings of simu-
lated results relative to the experimental data were manually
fitted. Simulations were also performed with a finite plasma
temperature (1 eV) and beam-plasma and plasma-plasma col-
lisions enabled to investigate any impact on the driver. Only
minor effects were observed, which we attribute to the modest
temperature and low electron/ion density.

Plasma density measurements. Plasma density measure-
ments were performed offline using optical emission spec-
troscopy (OES) [50]. The results are shown in Fig. 7, where
it is evident that the plasma densities of interest [cf. Fig. 1(a)]
are below the resolution limit of 1.6 × 1015 cm−3, prevent-
ing direct use of OES data for determining the PPL plasma
characteristics. The plasma density profile used in Fig. 4 was
obtained from the best fit to the focused beam parameters and
not from OES measurements.
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