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All-optical density downramp injection in electron-driven plasma wakefield accelerators
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The properties of electron beams obtainable from plasma wakefield accelerators are largely determined by
their injection into the plasma wave. Density downramps can facilitate injection of plasma electrons and are
realized routinely in laser wakefield accelerators by gas-dynamic production of longitudinal downramp profiles.
We show that density downramp injection is in fact a multidimensional process when operated below the
spatiotemporal scales of the plasma wave. In beam-driven plasma waves, unlocking this interaction regime by
microscopic plasma torches allows the generation of unique electron beams, such as planar counteroscillating
twin beamlets. Our findings generalize density downramp injection and extend its capabilities, which may find
applications ranging from radiation production to high-energy-physics research.
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I. INTRODUCTION

In electron-beam-driven [1–6] and laser-pulse-driven
[7–12] plasma wakefield accelerators, transient charge sepa-
ration of plasma electrons and ions creates plasma waves in
the wake of the driver pulse. The properties of these plasma
waves primarily depend on the plasma density ne, which
determines the plasma frequency ωp ∝ n1/2

e and wavelength
λp ∝ n−1/2

e . They define the relevant spatiotemporal scales of
the wave structure, namely, 1/ωp of the order of a few tens to
hundreds of femtoseconds and λp of the order of a few tens to
hundreds of microns for plasma densities in the range of ne ≈
1023–1024 m−3. Such plasma waves provide ultrastrong accel-
erating and focusing electric fields, which scale as E ∝ n1/2

e
according to classical wave breaking [13,14], and can reach
tens to hundreds of GV/m amplitudes. Plasma wakefield ac-
celerators therefore offer an alternative to the unsustainably
growing footprint of conventional particle accelerators [15]
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that are restricted to orders of magnitude weaker fields that
are sustainable by much larger metallic cavities [16].

In addition to their functional role as accelerators, plasma
wakefields also offer unique opportunities for designing in-
tegrated electron injectors: Electron populations originating
from the plasma can be injected into the plasma wave,
thus forming beams with femtosecond-scale durations and
high currents. This obviates the need for additional beam
compressors as required in conventional accelerators and
the associated significant challenge of emittance and quality
degradation due to coherent synchrotron radiation. At the
same time, the rapid acceleration in the plasma wave limits
space-charge-based emittance growth of injected electrons
and allows for generating high-quality beams.

Various plasma injector types have been conceptual-
ized [17–24] and realized [12,25–29]. Of these, density
downramp injectors [17,18,25,27,30–39] achieve injection by
local modification of the accelerating plasma cavity and rely
on negative longitudinal plasma density gradients ∂xne(x) in
the propagation direction of the plasma wave. This enlarges
the plasma blowout structure by increasing the local plasma
wavelength and reduces the wake phase velocity vph(ξ ) at
a position ξ = x − ct behind the driver [22], where c is the
speed of light. During this process, affected plasma elec-
trons with suitably altered trajectories can be captured by the
plasma wave to form the injected electron beam.
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Density downramp injection was originally proposed for
laser-driven wakefield accelerators (LWFAs) in the form of
gentle longitudinal downramps [17], i.e., longer than λp, and
for particle beam-driven plasma wakefield accelerators (PW-
FAs) in the form of steeper longitudinal downramps [18]
shorter than λp. Various schemes have been developed and
implemented in LWFA experiments via modified gas targets.
Creating density ramps by such means requires perturbing
the gas medium such that it locally deviates from its natural
tendency towards density equilibrium. Feasible techniques in-
clude tailored gas flows [27,32,33], dynamic shocks in gas jets
introduced by hardware obstacles [34–39], and laser-based
heating and subsequent plasma expansion [25,30,31].

In these schemes, the gas or ion density profile is manipu-
lated on spatiotemporal scales much larger than those of the
plasma wave. These gas-dynamic methods have been continu-
ously developed and today constitute an experimentally viable
standard injection strategy for LWFAs to produce high-quality
electron beams.

Despite numerous numerical and theoretical stud-
ies [40–44], no successful experimental realization of
gas-dynamically produced density downramp injection has
been achieved in linear-accelerator-driven PWFA systems
to date. This is remarkable, since the potential of density
downramp injection [18,45] as a source of high-brightness
electron beams [46] was first discovered and proposed in the
context of PWFAs. Gas density downramp–based injection
remains a major goal of PWFA-capable facilities [41,47].

However, the PWFA does not inevitably rely on ma-
nipulation of the underlying gas density profile to realize
plasma density profiles indirectly. Instead, plasma density
profiles can be produced directly and even in homogeneous
gas densities: While the multi-GV/m-scale electric fields of
the particle driver efficiently can excite plasma waves in low-
ionization-threshold media, they leave the higher ionization
levels of gas components intact. This opens the possibility
to employ comparatively low-power laser pulses with inten-
sities I ≈ 1014–1016 W/cm2 to selectively liberate electrons
from higher ionization levels via tunneling ionization. The
negligible ponderomotive force of laser pulses at such in-
tensities produces localized, cold plasma density spikes or
“torches,” featuring plasma density downramps capable of
injection [48,49]. In contrast to gas-dynamic techniques, the
plasma torches are superimposed on the plasma employed for
wake excitation and are thereby decoupled from the homoge-
neous and unaltered background plasma.

In the following, we report on the innovative capabilities
that distinguish all-optical plasma torches from existing beam
injectors. These arise from the versatility of optical focusing,
which allows for injector density distributions beyond the lim-
its of conventional density downramp techniques. Based on
this perspective of downramp injection physics, we present a
quantitative model predicting the injected charge as a result of
the overlap of plasma wakefields with the torch density distri-
butions, covering conventional and different effects (Sec. II).
We then apply this formalism to experimental results from the
first demonstration of the plasma torch process at the Facil-
ity for Advanced Accelerator Experimental Tests (FACET)
at the SLAC National Accelerator Laboratory (Sec. III).
These data exhibit first evidence of the microscopic dynamics

FIG. 1. Plasma torch injection based on 3D particle-in-cell sim-
ulations. The electron drive beam (blue) excites a plasma wave in the
blowout regime (green). When the plasma wave traverses the plasma
torch (orange), the locally increased density warps the plasma wave,
which leads to injection of plasma electrons. Those subsequently
form the witness beam (red). Selected trajectories of trapped elec-
trons are displayed in the laboratory frame (black lines). See also [50]
for the corresponding video.

arising from the similar spatiotemporal scales of the plasma
wave and plasma torch. We conclude with an exploration of
the further potential of multidimensional (three-dimensionally
spatial and temporal] control of all-optical plasma density
downramp injection and present alternative electron-beam
configurations (Sec. IV) enabled by this approach.

II. PLASMA TORCH INJECTION MODELING

The plasma torch injection scheme is visualized in Fig. 1
based on a three-dimensional (3D) particle-in-cell (PIC) sim-
ulation using VSIM/VORPAL [51]. The electron drive beam
propagates through a plasma with density nch, generated from
a low-ionization-threshold gas such as hydrogen, thereby
exciting an intense trailing plasma wave in the blowout
regime [2]. The plasma torch laser pulse (not shown) has
already produced the perpendicular plasma torch density spike
nT from higher-ionization-threshold media such as helium, su-
perimposing the hydrogen plasma. On the density downramp
at the end of this torch, plasma electrons are captured by the
plasma wave and form the injected and accelerated witness
bunch.

Although the plasma torch displays typical characteristics
of density downramp injectors, the density distribution gener-
ated by optical ionization clearly deviates from the established
picture of purely longitudinal gradients. We therefore model
the injection by means of the volumetric and temporal plasma
density distribution nT(ξ, y, z, t ) together with the 3D distri-
bution of the longitudinal wakefield component Eξ (ξ, y, z).
We find (see Appendix A) that their overlap, expressed by
the cross correlation operator ∗ acting in the longitudinal
direction, can estimate the injected charge QM produced by
density downramp injectors in general,

QM ≈ −ε0C

λp

[∫∫
Eξ ∗

(
�λp

λp

)3

dy dz

]
minξ

, (1)

where the multidimensional function �λp/λp(ξ, y, z, t ) =
1 − (1 + nT/nch )−1/2 denotes the variation of the plasma
wavelength induced by the density transition in terms of the
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background plasma density nch. The constant scaling factor
C = 565 ensures agreement of the model with PIC simula-
tions and experimental data for all data presented in this work.

The cross correlation resembles the core of Eq. 1 and
includes the density transition as well as the 3D-wakefield
distribution enclosed by the blowout sheath. This macroscopic
profile weights the accelerating field distribution and restricts
the spatial integration to the intersection region. The mini-
mum of the integrated cross correlation then is proportional
to the injected charge. Descriptively, this minimum is reached
approximately when the density downramp overlaps with the
peak accelerating wakefield in the rear of the blowout. Equa-
tion (1) introduces volumetric and temporal dependences into
density downramp physics modeling. Such volumetric effects
include scenarios which trigger injection only in specific parts
of the blowout, e.g., for narrow or spatially shifted torches,
and temporal effects include plasma torches that dynamically
evolve during the interaction process. Equation 1 yields ab-
solute injected charge values directly from the overlapping
wakefield and torch distributions. The model thus extends
substantially beyond the conventional 1D interpretation of
downramp physics and single-particle descriptions such as
in [44] or scalings derived from experimental data [52].

To demonstrate the applicability of this model, we com-
pare the predicted injected charge with results from 3D PIC
simulations of the plasma torch injector. In this case, the
density distribution nT is determined by tunneling ionization.
At positions where complete ionization is reached, excess
laser intensity does not generate additional plasma, which
gives rise to a typical flat-top density structure. For simplicity,
we assume Gaussian focusing and approximate the resulting
central plasma torch by a cylinder with radius rcore of constant
density. The superlinear dependence of ionization rates on the
laser field typically yields steep density gradients surrounding
the central region of full ionization, which we model as cos2-
shaped ramps of length lramp, in total expressed by

nT

nT, 0
(r, z) =

⎧⎪⎨
⎪⎩

1, r < rcore

cos 2
(

π
2

r−rcore
lramp

)
, rcore � r < rcore + lramp

0, r > rcore + lramp,

(2)

where z denotes the propagation direction of the plasma torch
laser. These shapes are in good agreement with tunneling ion-
ization calculations following [53] and with PIC simulations.

To compare injection yields from the model and PIC sim-
ulation, we explore two different regimes, namely, one with
central torch diameter wider than the blowout [Fig. 2(a)] and
one where the torch is thinner than the blowout [Fig. 2(b)]. In
both regimes, we scan across steep to gentle ramp lengths and
plot the injected charge in Figs. 2(c) and 2(d). For wide torch
configurations, we find that the injected charge is maximal for
shortest ramps and decreases monotonically towards longer
ramps. This is known from classical gas density downramp
injectors [46,52,54] and shows that wide plasma torches can
resemble their 1D gas-dynamic counterparts. In contrast, nar-
row torch distributions with core diameter much smaller than
the blowout radius display a rapid decrease of injected charge
once the ramp becomes shorter than ∼λp. In this case, the
effective plasma torch extent shrinks and, notably, becomes

FIG. 2. Established and novel regimes of density downramp
injection using plasma torches with nT,0 = 0.5 × nch. Three-
dimensional PIC simulations use plasma torches with cores (a) wider
and (b) narrower than the blowout. Varying the torch ramp length
changes the injected charge Q from the PIC simulation (black)
and the model (orange) for PWFAs with plasma wavelengths
(c) λp ≈ 43 μm and (d) λp ≈ 93 μm (d). The other parameters
are (c) rcore,wide = 40 μm and rcore,thin = 2.5 μm and (d) rcore,wide =
80 μm and rcore,thin = 3.5 μm. Gray shades indicate regions lramp �
λp. For narrow torches, these regions reveal a novel regime of density
downramp injection unlocked by volumetric effects.

smaller than the blowout radius in the transverse direction.
This reduces the volumetric overlap with the wakefield and
yields less charge according to Eq. 1.

Predictions by the model and values obtained from PIC
simulations are in good agreement for the two different PWFA
densities over the full range of scanned ramp lengths. These
results emphasize that density downramp injection indeed
represents a multidimensional process that has only been em-
ployed in its 1D limit so far. The all-optical plasma torch
injector can realize and exploit these multidimensional aspects
of density downramps.

III. PLASMA TORCH DOWNRAMP INJECTION
AT SLAC FACET

We have realized an experimental demonstration of den-
sity downramp injection at FACET. In [29] we exploited the
approach as an enabling diagnostic step to enter the plasma
photocathode regime [24,55]. Here we demonstrate, by com-
bining the present model, simulations, and experimental data,
that the plasma torch technique enables volumetric and tem-
poral density downramp injection control.

A. Experimental setup

We developed the capabilities required to explore and
demonstrate plasma torch density downramp injection at
SLAC FACET within the E-210 collaboration. The linear ac-
celerator provided electron drive beams with charge QD ≈ 3.2
nC, energy WD ≈ 20 GeV, length σrms,x ≈ 25–40 μm, and
typical widths at focus of σrms,y ≈ 15–30 μm and σrms,z ≈
20–30 μm. This drive beam was focused into an experimental
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FIG. 3. Replication of the FACET experiment in 3D PIC simulations. Interactions with different torch distributions nT from (a)–(c) 0.5,
(d)–(f) 1, and (g)–(i) 5 mJ torch laser energy are shown at different times (a), (d), and (g) tsim = 0; (b), (e), and (h) tsim = 0.5; and (c), (f), and
(i) tsim = 12.5 ps. The torch profiles (red) differ in composition, peak density, and volume as illustrated in (a), (d), and (g). The plasma torch
modulates the blowout structure [(b), (e), and (h)] and selected trajectories show electron dynamics, which cause injection and witness beam
formation for the cases in (f) and (i).

chamber filled with a premixed 50:50 hydrogen-helium gas
mixture. Selective ionization of the hydrogen component
was achieved by a laser pulse focused with a holographic
axilens [56,57] that produced a plasma channel of ∼1 m
length and maximum diameter of ∼100 μm [29] to sustain
the PWFA. The plasma channel density was nch ≈ 1.3 ×
1023 m−3.

A separate laser arm was split off from the main laser and
compressed to a FWHM duration of τL ≈ 64 fs. A fraction of
this laser pulse was used for electro-optical sampling (EOS)
upstream of the interaction area and another fraction was
focused perpendicularly to the electron-beam path with an
off-axis parabola ( f /22.9) to a spot size of w0,L ≈ 20 μm rms
to generate the plasma torch at the interaction point. This laser
pulse could be switched on and off, tuned in energy, and its
spatial alignment and synchronization with the electron driver
beam could be varied. This allowed for controlled generation
of cold plasma torches with spatially and temporally modified
density distributions nT via local ionization of helium for in-
jection of witness beams. Their charge and energy distribution
were measured with beam position monitors and an imaging
spectrometer.

B. Variation of the injector profile

An attenuator allowed adjusting the torch laser pulse en-
ergy up to EL ≈ 5.1 mJ, corresponding to focus intensities up
to IL ≈ 1.2 × 1016 W/cm2. Varying the laser energy and the
corresponding intensity profile changed the volume and shape
of the plasma torch density distribution nT(x, y, z) accord-
ing to intensity-dependent tunneling ionization rates [53,58–
62]. Larger EL produce additional He+ and He2+ at higher
intensities, resulting in steeper and steplike plasma density
gradients.

Figure 3 shows simulations resembling the experimental
configuration at FACET for three different torch laser energies

EL ≈ 0.5, 1.0, and 5.0 mJ. With increasing energy, both the
peak plasma density of the torch and its radial extent grow
as visualized in Figs. 3(a), 3(d), and 3(g). For the minimum
torch laser energy EL ≈ 0.5 mJ, the central peak of the arising
plasma torch shown in Fig. 3(a) results from partial ionization
of He in the center of the laser pulse. This combination of
torch width, peak density, and gradient does not suffice for
trapping electrons into the plasma wave from the density
downramp, as visualized by representative electron trajecto-
ries. As a side note, such subthreshold laser energy conversely
allows isolation and realization of the plasma photocathode
scheme via optical ionization injection when the laser pulse
releases electrons directly inside the blowout [29].

As shown in Fig. 3(d), doubling the torch laser energy
to EL ≈ 1 mJ increases the peak torch density and provides
steeper ramps by producing a fully ionized central flat-top
region of He+. This causes a more pronounced deformation of
the blowout such that the trajectories of electrons originating
from the torch volume overlap longer with the elongating
wakefield than in the previous scenario. These particles thus
gain more energy and can be captured. The trajectories also
indicate the region of origin of trapped electrons, which will
be investigated further in Sec. IV. Here the formed beam con-
sists of a Q1 mJ ≈ 94 pC charge, compared to Q1 mJ,M ≈ 105
pC predicted by the model.

Further increased torch laser energy EL ≈ 5 mJ provides
intensities up to IL ≈ 1.2 × 1016 W/cm2, which also ionizes
the second atomic level of helium and thus increases the peak
plasma density to nT + nch ≈ 2.6 × 1023 m−3. The resulting
torch distribution is much wider and provides steeper density
gradients, which intensifies the deformation of the plasma
blowout as shown in Fig. 3(h). This configuration injects a
large amount of charge Q5 mJ ≈ 498 pC, again in excellent
agreement with the model prediction of Q5 mJ,M ≈ 495 pC.
After injection, the blowout structure is significantly length-
ened due to the space charge of the trapped beam and is

043163-4



ALL-OPTICAL DENSITY DOWNRAMP INJECTION IN … PHYSICAL REVIEW RESEARCH 3, 043163 (2021)

FIG. 4. Impact of transverse variation of volumetric torch-
wakefield overlap. (a) Injected charge as a function of transverse
offset �y for the experimental 5-mJ case obtained from the model
and PIC simulation, compared to a much wider torch with rcore =
100 μm and an infinitely wide slab. For improved stability, the two
latter are implemented in a much wider channel, and for laser pa-
rameters that ionize only He+, which reduces the injected charge.
(b) Simulation snapshot of the average slice electron density for
�y = 30 μm. The origin of electrons subsequently forming the
witness beam is colored in yellow.

accompanied by stronger beam loading than in the previous
case [63,64].

These findings are consistent with experimental trends and
show that witness beam charge can be tuned over hundreds
of pC simply by tuning the torch laser pulse energy due to
its effect on the plasma torch profile. We note that charge
tunability can also be obtained from tuning of the spot size
similar to Fig. 2.

C. Variation of the injector position

Optically generated plasma torches do not require any me-
chanical parts close to the interaction point and thus facilitate
free positioning of the injector while maintaining undisturbed,
decoupled wakefield excitation and acceleration elsewhere.
This enables all-optical injection at any desired longitudinal
position along the accelerator, e.g., to define the final witness
beam energy. On the other hand, this also allows for trans-
versely shifted torches that alter the volumetric overlap with
the blowout. This 3D effect is unavailable with conventional
1D downramp injection.

Figure 4(a) shows the witness beam charges in dependence
on transverse offsets �y based on the model and PIC simula-
tions for the experimental scenario of laser energy EL ≈ 5 mJ.
Increasing the transverse torch shift reduces the overlap with
the plasma wave, which decreases the injected witness charge.

FIG. 5. Temporal variation of the torch-wave overlap. (a) Charge
obtained from experiment, simulations, and model as a function of
TOA. For timing TOAs less than −0.15 ps, the torch laser arrives
before the drive beam and creates a fully formed plasma torch, while
for TOAs greater than 0.9 ps the torch forms too late to interact with
the wakefield. For such timings, only torch-independent dark current
is measured. In the transition region, the torch is partially formed to
varying degree. (b) Corresponding electron line spectra as a function
of TOA.

Injection also becomes less symmetric with increasing
torch offsets. For large offsets, all injected electrons originate
from a dense region at one side of the blowout as shown in
Fig. 4(b). Beams generated in such configurations perform
large-scale centroid oscillations perpendicular to the torch
axis and may be diagnosed by or exploited for betatron ra-
diation generation.

For wider torches or slab torch geometries, the injection
dynamics converge towards the established 1D longitudinal
downramp picture, where the impact of transverse offsets
is eliminated. It is therefore possible to realize and explore
conventional 1D downramp injection and the new multidi-
mensional downramp physics with the plasma torch approach.

D. Variation of the injector delay

At FACET, the relative time of arrival (TOA) between
the torch-generating laser pulse and the electron drive beam
was varied by an optical delay stage. The EOS setup [65,66]
upstream of the interaction point measured the TOA with an
accuracy of τEOS ≈ 25.8 ± 2.5 fs. This provided time stamp-
ing of the acquired data and quantified the shot-to-shot TOA
jitter of 109 ± 12 fs (rms) obtainable at FACET.

Figure 5(a) shows an experimental TOA scan for EL ≈ 5
mJ laser energy. For timings where the laser arrives suffi-
ciently early, the torch is fully formed and resembles the
situation simulated in Figs. 3(g)–3(i). The corresponding
plateau of trapped charge of ∼543 ± 97 pC (rms) extends
over 2 ps of TOA in this measurement. It could be maintained
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over hundreds of picoseconds in complementary shot series,
since such cold plasma distributions evolve over nanosec-
ond timescales [67,68]. Operation in the laser-early mode
therefore makes injection independent of timing jitter. The
charge stability of ∼18% observed in this demonstration of
the plasma torch is already comparable to state-of-the-art
(downramp-assisted) injection in LWFAs [39,69–72].

For TOA of approximately zero, the drive beam coincides
with the laser pulse at the injection position, so the plasma
torch is only partially formed at the arrival of the blowout.
During this interaction, the laser continues to ionize and
causes an overlay of plasma torch and direct ionization injec-
tion. The overlap of plasma torch and wakefield decreases for
larger delays and a decreasing amount of charge is injected.

For timings where the laser pulse arrives even later, the
plasma wave does not interact with the torch at all and
no plasma torch injection occurs. This laser-late TOA al-
lows quantification of dark current of ∼73 ± 52 pC, which
is attributed to the influence of the plasma channel on the
plasma wakefield. Dark current is also present in the laser-
early regime, albeit overshadowed by the much higher charge
amounts injected by the plasma torch. Taking into account this
dark current offset, the model from Eq. 1 and PIC simulations
agree well with the experimental data.

The data show that plasma torch injection, for TOAs of
approximately zero, has a temporal dependence which can be
exploited. This steep transition region marks the relative TOA
where electron beam and injector laser pulse overlap, and
hence also represents an inherent method to quantify beam-
laser synchronization. We used this aspect of torch injection
to demonstrate the plasma photocathode technique in [29].
Using the transition as a marker in turn also allows one to
operate the plasma torch safely in the laser-early regime,
independently of shot-to-shot timing jitter.

Figure 5(b) shows the witness beam spectra measured dur-
ing the TOA scan. In the laser-early regime, the beams obtain
a mean energy of W T ≈ 0.78 ± 0.23 GeV and rms energy
spread of 0.05 ± 0.03 GeV, corresponding to a relative energy
spread of 6.4%. Again, these values obtained in the experi-
mental demonstration of plasma torch downramp injection are
already comparable to state-of-the-art LWFA density down-
ramp and/or ionization injectors [39,71]. Further optimization
during acceleration, e.g., by beam loading and/or witness
beam rephasing [69,70,72], is also possible, particularly fa-
cilitated by the phase-constant nature of PWFAs.

As discussed in the following section, the injector charge
and energy stability may also be further improved. Similar
arguments apply to the low energy gain, which was limited
by the plasma channel shape as discussed in [29].

E. Optimization strategies

We have identified major constraints and effective coun-
termeasures to further push the performance of plasma torch
downramp injectors. As discussed above, the laser-produced
torch shape as well as its position and timing with respect to
the wakefield determines the properties of injected beams. The
obtained output-electron-beam stability is therefore strongly
influenced by the shot-to-shot jitter of the incoming laser
pulse. This can be mitigated by employing wide or slab

torches, as shown in Fig. 4(a). However, this stabilization
strategy restricts the injection capabilities to the 1D down-
ramp limit. For exploitation of multidimensional injection
modes, separate millijoule-level laser systems could be em-
ployed even with picosecond-level jitter when used in the
laser-early regime. Such state-of-the-art laser systems offer
subpercent parameter stability in terms of energy, power,
pointing, and pulse quality and could be an alternative to split-
off pulses from multiple-terawatt class laser systems as used
at FACET. This would substantially improve the obtainable
electron-beam stability, tunability, and control. Furthermore,
such low-power lasers allow kilohertz-repetition-rate opera-
tion and are therefore compatible with kilohertz-rate linear
accelerators.

Another key source of shot-to-shot jitter is the plasma
channel, as discussed in [29]. For example, the channel width
compromised a regular plasma wave formation in our proof-
of-concept experiments (as seen in Fig. 3), and witness beam
injection and acceleration were therefore prone to parameter
jitter of the preionization laser. Furthermore, PIC simula-
tions indicate that the observed dark current originates from
the variations of the plasma channel in combination with
an evolving driver beam. These experimental constraints can
be straightforwardly eliminated by generating wider plasma
channels, e.g., via increased preionization laser energy and/or
optimized preionization optics.

The electron driver beam is the third major jitter source.
Photogun-based state-of-the-art linear accelerators such as at
FACET-II bear large potential for improved shot-to-shot sta-
bility and therefore nurture prospects for much higher stability
from future implementations of plasma torch injectors.

Concluding, the already attractive output-beam perfor-
mance observed during the experimental implementation may
be significantly improved by various measures, which ensures
enhanced stability and exploitation of different capabilities of
plasma torch injectors.

IV. UNIQUE BEAMS FROM PLASMA TORCH INJECTION

The above observations illustrate the general temporal and
volumetric dependence of multidimensional downramp injec-
tion and the resulting tunability of witness beam charge. In
the following, we show that plasma torches which are thin
and steep compared to the size of the wakefield furthermore
yield unique output-beam modalities. Here we use a simula-
tion setting with strongly improved grid resolution and wide
plasma channel to exclude the associated effects observed in
the experiments.

Figure 6 compares injection from a wide plasma torch
with injection from a narrow plasma torch by means of the
respective trapping volumes ntrap, which represent the vol-
ume of origin of the plasma electrons that are captured to
form the witness beams. The shape of these structures vi-
sualizes the initial conditions of the subsequently trapped
electrons and in turn determines witness beam dynamics.
The wide torch configuration is characterized by an annular
trapping volume or “doughnut” reflecting the radial sym-
metry of the torch-wakefield interaction, similar to merely
longitudinal gas-dynamic downramps [44,73]. The thin torch
configuration, in contrast, exhibits a cropped trapping volume,
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FIG. 6. Illustration of spatial torch variations on the trapping volume: (a)–(c) radially symmetric trapping volume obtained from a wide
torch using rcore = 50 μm and lramp = 10 μm and (d)–(f) trapping volume from a narrow torch with rcore = 10 μm and lramp = 10 μm. Here
the smaller extent in y reduces the volumetric overlap with the plasma wave such that injection originates predominantly from two mirror-
symmetric regions within the remaining plane in z.

visualizing that injection can be tailored by the volumetric
overlap. In this scenario, a sufficiently thin plasma torch yields
two distinct trapping volumes along the torch axis, which
manifests in two mirror-symmetric electron populations that
form two distinct twin beamlets.

The details of such a beamlet pair and their evolution
are visualized in Fig. 7. Here each of the distinct beamlets
carries 120 pC charge and exhibits identical current, energy,
and emittance distributions. Both beamlets, being born off
axis, perform synchronous counteroscillating large-amplitude
betatron oscillations, predominantly in the z plane, and occupy
distinct trace space volumes, as shown in Figs. 7(b) and 7(c),
respectively. In the y plane, both beamlets inhabit the same
phase space area such that the total beam emittance εn,y equals

the emittance of each beamlet. In contrast, the total beam
emittance εn,z in the oscillation plane defined by the propa-
gation direction of the torch laser amounts to approximately
twice the emittance of each beamlet due to the mirror symme-
try, as shown in Figs. 7(e) and 7(f), respectively.

Both beamlets occupy the same longitudinal phase space,
as indicated in Fig. 7(d), and have low slice energy spreads.
Since witness electrons in PWFAs propagate at the same ve-
locity as the plasma wave, the injected charge can be exploited
well for beam loading. This can be used to control and mini-
mize the energy chirp the beam accumulates in the wakefield,
such that the resulting spectrum becomes narrow.

Adjusting the trapping volume can be exploited not only
for tuning the injected charge, but also to tune the degree

FIG. 7. Twin beamlets from reduced volumetric overlap. Shown is the witness beam from the narrow plasma torch in Fig. 6 after ∼1.6 mm
of acceleration in the PWFA. Red colors correspond to the beamlet injected from the upper region where z � 0 and blue corresponds to
injection from z < 0. All presented particle densities are obtained from projections to the respective planes. (a) and (b) Visualization of the
witness beam’s planar spatial distribution, with arrows indicating the population’s oscillation direction. (c) Trace space of the witness beam
in the torch plane, displaying two counteroscillating populations. All panels display clear separation of the beamlets along the torch axis. The
longitudinal phase space in (d) exhibits a flattened accelerating field profile from beam loading, which reduces the energy chirp. (e) and (f)
Evolution of the transverse normalized emittance in both planes along the PWFA, displaying a strong asymmetry between y and z.
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FIG. 8. Generation of planar beams from controlled volumetric
overlap. (a) Aspect ratio of witness beam parameters σz/σy, σpz/σpy,
and εz/εy integrated over 2.5 mm of propagation. Beams are injected
on torches with varying core diameters at constant short ramp lramp =
10 μm. For small core diameters corresponding to reduced spatial
overlap, the beams become wider in z and narrow in y and lead
to increasingly planar distributions. (b) Projections to the transverse
plane integrated over all PIC snapshots for beams from a narrow and
a wide torch injector as well as the limit of an infinitely wide slab.

of planarity of the betatron oscillations. Figure 8 presents
the effect of different torch core diameters on the planarity
of beamlet production in terms of oscillation amplitudes,
momenta, and emittances. It is evident that adequately wide
plasma torches produce radially symmetric witness beams
with equal transverse positions, momenta, and emittances
in both planes, as expected from 1D downramp mechanics.
In contrast, when reducing the torch diameter, the cropped
trapping volumes inject increasingly distinct twin beamlets
with increasingly planar oscillation, asymmetric emittances,
and aspect ratios in both transverse planes. The degree of
betatron oscillation planarity may thus be tuned by changing
the plasma torch diameter, while the oscillation plane can be
rotated by rotating the plasma torch laser pulse.

Planar betatron oscillation is expected to produce polarized
betatron radiation, which may be exploited for light sources
and imaging applications. The inherently phase-locked coun-
teroscillation of beamlets provides another interesting feature
in the context of betatron radiation sources, and exploration of
its potential for diagnostics and applications is left for future
work. The asymmetric emittances may also be exploited for
wakefield studies [74] and collider research and development,
for example, in the context of beamstrahlung [75].

The experiments at FACET have shown signatures of the
potential to produce unique beam modalities by showing evi-
dence of the effect of a temporally evolving torch during the
interaction, as shown in Fig. 5, and by varying the plasma
torch width via the laser energy as shown in Fig. 3, consistent
with corresponding model and simulation. This consistency
encourages designing experimental setups suitable to explore
this further. Various advanced injector geometries are con-
ceivable, such as plasma torches at nonperpendicular angles,
crossed torch geometries or non-Gaussian torch laser pulses,
and associated plasma torch injector profiles.

V. CONCLUSION

We have revealed the multidimensionality of density down-
ramp injection, a highly successful scheme which has hitherto
been exploited only in its 1D longitudinal limit. This gener-
alization of density downramp injectors is unlocked by the
plasma torch method, which can produce density structures
below the spatiotemporal scales of the plasma accelerator.
The shape and spatiotemporal overlap of the all-optically gen-
erated plasma density spikes with the wakefield determines
the properties of injected electron beams. We established a
model that reflects this and predicts the charge of the injected
electron beam, in agreement with PIC simulations and exper-
iments at SLAC FACET. The electron-beam quality produced
in this demonstration of density downramp injection in PW-
FAs is already promising, and strategies have been identified
to improve injection and acceleration stability in further in-
stallations and to exploit the unique capabilities arising from
multidimensional downramp shaping. Simulation-based ex-
ploration of these capabilities demonstrates the possibility to
form unique electron beams originating from tailored trapping
volumes. For example, the constellation of plasma torches
much thinner than the plasma wave can produce counteroscil-
lating beamlet twins, and the planarity of oscillation can be
adjusted all optically via the torch thickness. Such planar
large-amplitude oscillations could be exploited for polarized
betatron radiation, and the beam asymmetries may be useful
for test beams in wakefield and collider studies. Our findings
present an opportunity for unique electron-beam configura-
tions from plasma wakefield accelerators and to study and
exploit downramp injection beyond its 1D limit. In the fu-
ture, experimental implementations may be realized not only
at linear-accelerator-driven plasma accelerators, but also at
compact hybrid LWFA-PWFA systems [76–78].

The all-optical plasma torch downramp injection approach
is aligned with the overarching trend away from the use of
mechanical structures with limited lifetimes, where injection,
acceleration, diagnostics [66], focusing [79], and radiation
production [80] may be provided by purely plasma-optical
approaches.
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APPENDIX A: MODEL

In the quasistatic approximation [81], the wake potential
�(ξ, y, z) defines the accelerating field

c Eξ (ξ, y, z) = − ∂

∂ξ
�(ξ, y, z), (A1)

which is radially uniform in the nonlinear blowout regime
when excited by radially symmetric drivers. This potential
determines if single charged particles can reach the speed
of light and get trapped inside the blowout. For an initially
resting test particle in the presence of the passing wakefield,
we can rewrite this potential �(ξ ′, y, z) = λ−1

p [�(ξ, y, z) ∗
δ(ξ, y, z)](ξ ′) by means of the cross-correlation operator ∗ in
longitudinal direction. Here λ−1

p = λ−1
p (nch ) expresses the pe-

riodicity of the wake potential that is sustained by the plasma
channel density nch. Via the transition from a single particle to
a function of the density transition δ(ξ, y, z) → η[nT(ξ, y, z)],
we define the associated potential

�T = λ−1
p � ∗ η. (A2)

To account for the change of the blowout volume as a func-
tion of nT, we incorporate η = C(�λp/λp)3, where �λp/λp =
1 − (1 + nT/nch )−1/2 denotes the variation of the plasma pe-
riod. We use C ≈ 565 as a constant scaling factor throughout
the paper, chosen to yield good agreement between the PIC
simulation, experiment, and model.

Combining Eqs. (3) and (4) with η connects the acceler-
ating field and the torch density distribution such that Eξ,T =
λ−1

p Eξ ∗ η. The model charge Q is then obtained using Gauss’s
law

Q(ξ ′) = −ε0C

λp

∫∫
Eξ ∗

(
�λp

λp

)3

dy dz. (A3)

The minimum QM = Q(ξ ′)|min ξ corresponds to the overlap
of the peak wakefields with the density gradient and approx-
imates the witness beam charge provided by the downramp
that can be sustained by the wakefield.

All presented model values are obtained by combining
wakefield distributions generated in PIC simulations at high

resolution with the respective torch distribution function [cf.
Eq. 2].

APPENDIX B: PARTICLE-IN-CELL SIMULATIONS

Three-dimensional PIC simulations recapture the condi-
tions in the experiment using a simulation box size of 500 ×
332 × 332 μm3 in x, y, and z with cubic cells of 2 μm size.
The FACET drive beam is represented by 16 particles per cell
(PPCs) and propagates through a preionized plasma channel
distribution (eight PPCs) obtained from the experiment, as
shown in Fig. 3(a). The simulation starts at the beginning of
the plasma at x = −0.2 m and self-consistently models the
drive beam evolution until the injection point. There, various
plasma torch distributions are implemented according to tun-
neling ionization caused by different laser configurations. All
simulations presented in Sec. III use this simulation setting
consistent with [29].

In Secs. II and IV, all simulations using λp = 93 μm
were conducted at much higher resolution combined with an
advanced solver avoiding numerical Cerenkov radiation [82]
to capture the fine details of plasma torch injection and the
subsequent acceleration including beam loading with high
accuracy. The simulation box now spans over 167 × 122 ×
122 μm3 in x, y, and z with asymmetric cells of 0.13 × 0.24 ×
0.24 μm3 corresponding to 114kp in x and 57kp in y and
z. This allows for modeling the drive beam and the plasma
torch injector by two PPCs and the preionized plasma vol-
ume by one PPC while maintaining smooth currents and high
numbers of witness beam particles. The FACET-II-like [83]
drive beam carries 1.56 nC charge within rms dimensions
11.8 × 3.9 × 3.9 μm3 in x, y, and z. It has 10 GeV mean
energy with 0.02% energy spread and normalized emittance of
100 mm mrad. Initialization of the electric self-fields happens
in vacuum by a Poisson solver before the beam enters the
cold homogeneous plasma via a smooth density ramp. The
plasma torch injector region is then reached after ∼0.8 mm
of propagation inside the plasma. There, various plasma torch
distributions can be implemented according to different laser
configurations. If not stated otherwise, the torch peak density
is set to nT = 0.5 × nch. All particles originating from this
region are tracked along the subsequent acceleration.

For the λp = 43 μm case shown in Fig. 2(c), the simulation
size and resolution was reduced. Here the grid cells span
over 0.25 × 0.50 × 0.50 μm3. Furthermore, the drive beam
is reduced to 7.5 × 3.0 × 3.0 μm3 (rms) containing 0.6 nC
charge.
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