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Goal: Generating low-emittance beams using downramp trapping in a plasma wakefield accelerator 

What’s been done: 

• FY 2024-2025: multiple campaigns and publication 
of the “Plasma Wakefield Dual-Transformer” paper

Goals and status of E304
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Plasma-wakefield accelerator simultaneously
boosts electron beam energy and brightness
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High-energy particle colliders and X-ray free-electron lasers demand electron
beams with qualities currently achieved only in kilometer-scale radio-fre-
quency accelerators. Plasma accelerators promise a compact alternative but
have faced challenges in delivering the needed beam quality at relevant
energies. Here, we demonstrate that a plasma-wakefield accelerator operating
in the nonlinear regime acts as a transformer to simultaneously boost the
energy and brightness of an electron bunch injected from the plasma. Using a
10-GeV drive bunch and a three-stage meter-scale plasma source, we gener-
ated electron bunches exceeding 20GeV with sub-percent energy spread,
2mm·mrad normalized emittance, and multi-kA peak current. A significant
number of drive-bunch electrons lost over 90% of their energy, a prerequisite
for high energy-conversion efficiency. This demonstration of an energy
transformer ratio exceeding two and a brightness enhancement over an order
of magnitude opens a path towards cost-effective accelerators for future
colliders and light sources.

Advances in conventional radio-frequency (RF) particle accelerators
have driven the frontiers of scientific discovery, from probing the
subnuclear structure ofmatter and forces with high-energy colliders1,2,
to enabling femto- and atto-science with ultrabright X-ray free-elec-
tron lasers (XFELs)3,4. However, these powerful discovery tools require
extremely large and expensive facilities, due to the effective electric
field breakdown limits (currently at ~100MV/m) in RF cavities5. This
limitation has prompted the development of plasma-based accel-
erators (PBAs)6, which can support acceleration gradients orders of
magnitude larger than conventional approaches7.

Plasma accelerators use either relativistic charged particle beams
(plasma wakefield accelerators, PWFAs8) or intense laser pulses (laser
wakefield accelerators, LWFAs9) to drive large-amplitude plasma

waves. In the nonlinear ‘blowout’ regime10 of the PWFA, the driver
completely expels plasma electrons from its path, forming a nearly
spherical ion cavity enclosed by a thin plasma electron sheath moving
at nearly the speed of light11. This cavity, with radially uniform accel-
erating fields and linear focusing forces, creates ideal acceleration
conditions for electrons11,12—essential for preserving beam quality
during acceleration.

The plasma acceleration concept has advanced significantly over
the past two decades, demonstrating energy gain of ~10 s of GeV in a
meter-scale plasma13–15, a few percent energy spread and high-
efficiency energy transfer to a second distinct trailing bunch16, initial
demonstration of energy spread, emittance and charge
preservation17–19, energy reproducibility20, proof-of-principle staging21,
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energy difference between the highest energy gain ( > 20GeV) and
energy loss (≤ 10GeV). Figure 1b shows an example of the drive bunch
energy loss in the ~1–4GeV range, where electrons at the peak of the
positive electric field of the wake reach the 1 GeV limit of the spec-
trometer—indicating that some drive bunch electrons have lost 90% of
their energy. Charge measurements using beam position monitors
(BPMs) immediately downstream of the plasma show that ~200 pC of
drive bunch charge was lost, providing additional evidence of energy
depletion of the drive bunch, as electrons must lose nearly all their
energy before they are overtaken by the wake37.

Figure 1c displays the energy spectrum in the 4–12GeV range.
While some charge remains at 10GeV, consisting of electrons ahead of
the beam-induced ionization front (previously quantified to be up to
30% of the total charge30), the majority of the bunch’s interacting
electrons experience significant deceleration. The energy loss spec-
trum exhibits pronounced beam spot size modulations (blue curve),
arising from varying divergence angles at different betatron oscillation
phases upon exiting the plasma. Applying the analysis method from
ref. 12 to these modulations revealed that the 10GeV electrons
undergo ~57 betatron oscillations, while decelerated electrons
(9–5GeV) experience an additional 3-16 oscillations. This corresponds
to an effective plasma length of 1.7 ±0.3m and a maximum deceler-
ating gradient of 5-7 GeV/m. As we shall see later not all of this plasma
length is useful for accelerating the injected particles which are always
produced at the downramp.

When the gas jet was activated, a distinct spectral peak appeared
(in the case of shot shown in Fig. 1d) at 26GeV with smaller divergence
than the drive bunch. The injected bunch was only observed when the
gas jet was turned on and the relative positions of the gas jet and the
blade were optimized (to give approximately a factor of two density
change in a few hundred µm distance), confirming its origin from the
downramp injection process. The bunch in Fig. 1d exhibited an r.m.s.
energy spread of only 0.7% and a total charge of 2.3 pC.

High transformer-ratio acceleration
To change the acceleration length sampled by the injected electrons
we positioned the drive bunch vacuum waist at variable distances
downstream of the gas jet, effectively shifting the whole plasma, while

keeping the injection point fixed at the gas jet downramp. By max-
imizing the acceleration length (drive bunch vacuum waist 75–100 cm
downstream of the gas jet), we achieved electron beam energies
exceeding 20GeV. Figure 2a presents background-subtracted, linear-
ized energy spectra (Methods) of 20 shots, arranged in ascending
order of energy, each displaying a well-defined, narrow peak above
20GeV. Several shots show spectral charge density levels high enough
to cause signal saturation on the camera. When we shifted the drive
bunch vacuum waist by one meter in four equal 25 cm steps beyond
the gas jet, the final energy of the injected bunch increased linearly
from ~13 GeV to ~26GeV.While the wakefield strengthmay have varied
with this change, the linear trend of energy gain with acceleration
length indicates that the interaction length was the primary factor
determining the final energy, corresponding to an effective average
accelerating gradient of 13GeV/m. Even higher energy but low charge
peaks were occasionally seen with a maximum energy up to 29GeV as
shown in Fig. 2a.

We have estimated the energy transformer ratio (E-TR) —defined
here as the energy gained by the accelerating bunch divided by energy
lost by the drive bunch. The E-TR versus charge contained in the
injected bunch plotted in Fig. 2b shows two branches: the first has less
than 5 pC of charge but energy higher than 20GeV, while the second
has higher charge ( > 5 pC) with lower energy. For the low-charge
branch, E-TR rapidly increases as the charge decreases due to injection
nearer the bubble’s high-field region combined with negligible beam
loading, whereas for >5 pC charge the E-TR decreases slowly with
charge as onset of beam loading occurs. We note that for injected
charge >5 pC, approximately half of the shots achieved E-TR exceeding
2, with maximum measured charge of 40 pC. Since linear wakes pro-
duced by a longitudinally symmetric drive bunch cannot achieve a
transformer ratio greater than two38,39, our results show that we are in
the nonlinear regime. Previous high-gradient nonlinear plasma wake-
field experiments with unshaped drive bunches showed E-TRs of only
1-1.540,41. While higher ratios have been demonstrated using shaped
drive bunches, those proof-of-principle experiments were limited to
~MeV energy gains using low-gradient acceleration42,43. Simulations
show that ~3 GeV of the 10GeV drive bunch energy is lost before it
encounters the downramp. Thus, for a bunch accelerated to 20GeV

Fig. 2 | High energy transformer ratio acceleration. a Twenty shots showing
background-subtracted, linearized energy spectra of injected bunches with peak
energies exceeding 20GeV, sortedby energy gain. Datawas acquiredwith the drive
beam waist positioned 75 cm downstream of the gas jet and spectrometer focused
at 15 GeV. The three highest energy shots were taken with the drive bunch waist at
100 cm downstream. Approximately 15% of shots showed energy gains of >15 GeV
in the best datasets. Energy gains of >20GeV are shown here because these peaks
were separated from any acceleration of residual electrons from the tail end of the
drive bunch. Amaximumenergygainof 29GeVwas seenwithfirst signsof a head to
tail tilt of the accelerated bunch. The color bar applies to all shots, with the intensity
of the rightmost two shots enlarged by a factor of three for better visibility.

b Energy transformer ratio (E-TR) versus injected bunch charge, calculated
assumingmaximumpossible energy loss of 10GeVby thedrive bunch.Orangedots
represent shots shown in panel a. Horizontal arrows indicate the actual charge
exceeds the plotted value due to camera saturation. The green curve represents a
fit combining an exponential decay and a linear term, visually highlighting the
transition between different regimes with their distinct slopes. Low-charge shots
achieve higher E-TR primarily due to injection closer to the back of the bubble
where accelerating fields are stronger, withminimal beam loading preserving these
field strengths. The observed data spread results primarily from shot-to-shot var-
iations in the drive bunch current profile, not from the uncertainty in the energy
measurement ( < 1%).
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energy, the E-TR is likely to be up to 3, anestimate that accounts for the
~3 GeV of drive bunch energy lost prior to the injection point. In other
words, the E-TR estimates are likely to be an underestimate.

A bunch charge of 10s pC may be adequate for an XFEL, but a
future plasma collider will need hundreds of pC charge per bunch for a
high drive-to-trailing-bunch energy transfer efficiency and to get the
required luminosity at a practical repetition rate27. While our current
experiments show a maximum injected charge of tens of pC, theore-
tical beam loading studies using shaped bunches indicate the potential
to load several hundred pCwith preservation of beamquality44. Such a
shaped bunch can, in principle, be produced via downramp injection
by tailoring the density profile of the ramp35,45.

Simultaneous brightness enhancement
We now demonstrate that our plasma wakefield energy transformer
also acts as a brightness transformer. Beam brightness is defined as
Bn =

2Ipeak
ϵ2n

, where Ipeak and ϵn are the peak current and normalized
transverse emittance. Clearly, the brightness can be increased by
either raising peak current or reducing emittance or both. Here we
show that the injected bunch inherently possesses much lower emit-
tance, giving it higher brightness despite lower current than the
drive bunch.

Figure 3a presents a high-resolution energy spectrum of an
injected bunch captured by Camera 1 (Fig. 1a). The bunch has the
smallest waist size at the spectrometer focusing energy of 16.5 GeV in
thenon-disperseddirection, and the size σx increases aswemove away
from this value, as also shown by the blue curve in Fig. 3b. The best fit
using the transport matrix of the spectrometer gives a normalized
emittance of 2.4mm·mrad for this shot (Methods). Unlike the drive
bunch spectrum (Fig. 1c), the injected bunch shows weak or no beta-
tron envelope oscillations, indicating it is matched. Its emittance is an
order of magnitude smaller than the drive bunch, and it remains
matched to the plasma by gradually decreasing its transverse spot size

σx = ϵn
c
ωp

! "
2
γ

! "1=2
# $1=2

as it gains energy46.

To determine the current profile generating themeasured energy
spectrum, we developed a physics-informed machine learning frame-
work (Methods) to solve the inverse problem. In this framework, we
employed amulti-sheathmodel47 that accurately describes the plasma
wakefield to map an arbitrary injected bunch current profile to a final
energy spectrum and iteratively optimized the trial current profile
until the calculated spectrum matched experimental measurements
(charge is therefore implicitly conserved). The multi-sheath model
parameters were adjusted as a function of propagation distance based
on PIC simulations to account for wake evolution and dynamic beam
loading to improve accuracy. The method was benchmarked using
energy spectrum and current profile of downramp injected bunches
obtained from PIC simulations, showing good agreement (Methods).

When applied to the experimentally measured energy spectrum
(Fig. 3a), this approach revealed the current profile shown in Fig. 3c,
which has an approximately trapezoidal shape with ~2 µm (FWHM)
bunch length and ~3.5 kA peak current, with a total charge of 25 pC
matching the measurement. The corresponding longitudinal phase
space (LPS) of the injected bunch is shown in Fig. 3d. The LPS exhibits a
nearly linear positive energy chirp with reduced slope at higher ener-
gies—a signature of the onset of beam loading. Given that the con-
tained charge is modest and the reconstructed LPS indicates an
underloaded wake, the peak current obtained here represents a lower
bound of the actual peak current. More than 100 optimizations with
different initial current profiles having peak magnitudes ranging from
0.1 to 5 kA converged to similar current profiles as shown in Fig. 3c,
indicating that this is a robust solution.

When comparing the energy spectrum derived from this recon-
struction (Fig. 3e), assuming a 0.1% slice energy spread reproduces the
measured spectrum more accurately than the measured 0.5% r.m.s.
projected energy spread, which gives a broader spectral peak with a
lower charge density. Using the 0.1% slice energy spread, the long-
itudinal emittance of the injected bunch is calculated to be ~74 keV·ps,
which is comparable to LCLS linacbeams (13.6 GeV, ~0.01% sliceenergy
spread3, 3–16 µm bunch length48, corresponding to longitudinal

Fig. 3 | Plasmawakefield accelerator as a brightness transformer. aBackground-
subtracted, linearized energy spectrum of a representative shot captured by
Camera 1 (see Fig. 1a) with the imaging spectrometer focused at 16.5 GeV.b Energy-
dependent beam size (blue) and fit (orange), revealing a 2.4mm·mrad normalized
transverse emittance of the injected bunch. c Reconstructed current profile of the
injected bunch. The bunch has a triangular shape with ~2 µm FWHM length and
~3.5 kA peak current that properly loads the wake to reproduce the measured
energy spectrum. dCorresponding longitudinal phase space of the injected bunch,
showing a nearly linear positive chirp with reduced slope at the back of the bunch.

e Energy spectra deduced from the longitudinal phase space with 0.1% (orange
dashed) and 0.5% (green dash-dotted) slice energy spread added, showing the
former agrees with the measured spectrum (blue) while the latter does not.
f Brightness versus energy spread for injected bunches (orange) and drive bunch
(blue; error bar represents the brightness uncertainty due to measured emittance
variations), demonstrating up to 38-fold brightness enhancement. The green dia-
mond represents PIC simulation result confirming the experimental findings
(Supplementary Fig. 1).
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Issues: Plasma was beam-ionized and its length varied a lot from shot to shot; 
injection happened in ~15% of the shots.



Updated goal: Generating stable, lower-emittance, pre-bunched beams in a plasma wakefield 
accelerator 

What we are working on: 

• FY 2026: 

• Experiment: a new plasma source, two shifts, trying to get more stable multi-GeV beams 

• Publication: Multi-GeV electron combs, under review. (E300 data, the 2nd part of this talk) 

• Simulation: Plasma Acceleration via Regenerative Cascading, TeV beams in two regenerative 
stages totaling less than 1 km. Under review at PRL. (arXiv:2607.07979) 

Mid-term evolution (as stated in the 24 PAC review): 

• Modulated downramp injection for generating pre-bunched beams 

• Post compression of the injected bunch (in collaboration with E338)

Goals and status of E304
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https://arxiv.org/abs/2607.07979


A 15-cm nozzle was built, tested, installed and used in the experiment

4

drive beam direction

200 psi, 2 ms opening Note: 

1) obvious shock structure 
(density downramp exists) 

2) plasma light ratio ~ 5:1, 
but the actual density 
ratio could be smaller



Downramp injection did not happen this time
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charge: 1.6 nC 
sigma_x/y: 29/35 µm 
sigma_z: ~30 µm 
beta: 25 cm

March 2024: 
sigma_x/y: 48/70 µm 
sigma_z: ~19 µm 
beta: 50 cm

June 2024: 
sigma_x/y: 30/19 µm 
sigma_z: 21 µm 
beta: 50 cm
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Beam could ionize Helium

Beam did not 
ionize Helium

•No built-in plasma lens to accommodate large initial beam size. 
•The beam has to do good ionization/wake excitation right at the start of the gas jet.



Tried ionization injection using a H2/He (90/10) gas mixture
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•We then switched to He/H2 and tried ionization injection. 
•Saw some interesting spectral features looked like injected beam. 
•But they are the less decelerated tail of the drive bunch (double-value decelerating field).

1 Torr H2/He; Laser OFF; Quad 12 GeV, Dipole 12 GeV; with collimator.
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What looks like injection is the drive bunch's decelerated tail



Multi-GeV Electron Combs from a Plasma Wakefield Accelerator
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In a 2024 single-bunch E300 shift aimed at maximizing beam-to-plasma energy transfer 
efficiency, we observed injected electrons. 
The experimental setup:



Multi-GeV Electron Combs from a Plasma Wakefield Accelerator
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Waist scan
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Combs at optimal waist location
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a b
A gallery of 20 shots



Indirect evidence of microbunching from energy spectrum analysis
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a bExperiment Simulation

•Microbunches are short (sub-fs) 
•Data: spacing falls at high energy → early injected microbunches load the wake hard → 
several-kA current → pC ÷ kA = sub-fs 

•Sim: short trailing spike ionizes He in a narrow wake phase → born short 
•Separated in time (few fs) 

•Data: all teeth share percent-level spread → overlap would broaden most → separated 
•Sim: density gradient maps injections to distinct positions → separated



The status of the multi-GeV electron comb paper
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•It has finished review 
•Two reviewers questioned the temporal structure of the comb 
•Do we have new data for this?



Next steps
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Updated goal: Generating stable, low-emittance, pre-bunched beams in a plasma wakefield 
accelerator 

Plan: 

• FY 2026-27: 

• Experiment: 

• laser pre-ionize the 15-cm jet and try the downramp injection experiment again 

• modulated downramp injection 

• post-compression 

• Publications: 

• finish the Multi-GeV electron comb and the PARC paper; 

• more if we have new data
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Modulated downramp injection: the concept

15
Xu, Xinlu, et al. "Generation of ultrahigh-brightness pre-bunched beams from a plasma 
cathode for X-ray free-electron lasers." Nature communications 13.1 (2022): 3364.



How to create a modulated downramp
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Plasma Phys. Control. Fusion 63 (2021) 095011 C Zhang et al

Figure 1. Experimental setup and formation of ionization IPG.
Figure (a) shows the experimental setup. Two identical pump pulses
(λ0 = 0.8 µm, τ ∼ 43 fs) intersect each other at an angle of 12.8◦ to
form the plasma grating. A frequency doubled (0.4 µm) probe pulse
is sent to the plasma grating at the Bragg angle. A photo of the spots
of all four beams on a white paper is shown. The scattered and
transmitted photon flux are measured simultaneously to determine
the scattering efficiency. The inset shows the coordinate system
used in (b) and (c). Figure (b) is an image of the plasma
fluorescence light taken using the top view camera which clearly
shows the grating grooves. Figure (c) shows a lineout of the
fluorescence image where the blue line is the data, I, and the red
dashed line is the estimated background I0. The relative intensity
modulation δI/I0 calculated as (I− I0)/I0 is shown in (d).

present, significant amount of probe photons were scattered
and collected using a low-noise scientific camera (PIXIS from
Princeton Instruments). In front of the camera, a 400 nm nar-
row band filter (10 nm bandwidth) was used to block the
scattered light with unwanted wavelengths and an f = 150 mm
spherical lens was used to reduce the beam size on the charge-
coupled device (CCD) to enhance signal to noise ratio. The
majority of the probe photons were transmitted and collected
by another CCD (Point Grey). In front of the camera, neutral
density filters and a color filter (BG-40) were used to attenuate
the transmitted probe and block the noise light, respectively,
and a f = 150 mm lens was used to reduce the probe beam size
on the CCD chip. Both cameras were calibrated such that the
number of scattered and transmitted photons can be deduced
from the measured signal counts and therefore the scattering
efficiency can be determined.

Once the plasma grating is formed, it can efficiently scat-
ter the probe pulse incident at the Bragg angle. The scatter-
ing has two contributions, one from the plasma and the other
from the unionized neutral gas acts as if it were a neutral
refractive index grating that is ω out of phase with respect
to the plasma grating. The density modulation amplitude of

the plasma grating equals to the neutral gas grating and does
not depend on ionization degree. Since the refractive index of
neutral gas is much smaller than that of plasma, the contri-
bution of scattering from the neutral gas grating is negligible,
except at t0 when the refractive index of the neutral gas grat-
ing is significantly enhanced by the instantaneous n2 effect
induced by the pump lasers. Here t0 denotes the time when the
probe overlaps with the two pump pulses and n2 is the second-
order nonlinear refractive index.

The Thomson scattered power of the probe beam [39] from
a periodic plasma grating is given by:

Ps

Pi
=

(
ne
nc

kd
4

)2

(2)

where Ps and Pi are the power of the scattered and incident
probe, ne and nc denote electron density and the critical dens-
ity for the probe beam, respectively, k is the wavenumber of
the probe beam and d is the thickness of the plasma grating
along the probe beam direction. Using this equation, the abso-
lute plasma density ne can be deduced from the measured scat-
tering efficiency Ps/Pi for a given scattering geometry where
k and d are known. The ionization degree ne/n0 can also be
calculated if the original gas density n0 is also known, for
instance, by inferring from the pressure of a static fill.

3. Dynamics of the plasma grating

Once an ionization IPG is formed, it can last for tens of ps or
longer [40]. Many different mechanisms can lead to the relax-
ation of the plasma grating, including the ambipolar expansion
of the plasma and collision-assisted free electron recombina-
tion [41]. In this section, we present measurements of dynam-
ics of the IPG in hydrogen to illustrate the role of plasma
expansion.

Figure 2 shows the evolution of the scattered probe signal
as a function of delay with respect to the pump beams. The
blue circles show the scattered probe signal when only the two
pump beams were used. The density modulation magnitude
is the largest when the plasma grating is just created. There-
after, the density modulation magnitude starts decreasing and
so does the scattered probe signal. The data shows an approx-
imately exponential decay with a damping constant of 11 ps.
The signal then drops to a very low level after 30 ps.

There are two possibilities for the fast damping of the ion-
ization IPG. One is the ambipolar expansion of the plasma.
Once released, the electrons start moving from the ionized to
neutral region of the grating driven by thermal pressure. The
charge separation then sets up an electric field which drags
the heavier ions. This means that both electrons and ions from
the ionized region move towards the neutral region on either
side reducing the amplitude of the density modulation of the
grating until it eventually vanishes. The other possibility is the
collision-assisted recombination. As the free electrons recom-
bine with the ions, the plasma grating structure also vanishes.

There is a distinguishable difference between these two
scenarios. In the first case, at the time when the scattered probe
signal disappears, the structure of the plasma-neutral mixture

3

• Use a plasma grating to modulate the downramp 
• Tested at UCLA 
• Self-scattering can serve as an indicator of the 

grating, does not need an external probe



Modulated downramp to generate bunched beams
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(a) (c)

(b)

(d)
regular downramp modulated downramp

beam direc4on

• laser beams intersecting angle: 0.1 rad 
• downramp modulation period: 8 µm 
• injected beam bunches at ~500 nm (makes diagnostic easier)



Post-compression
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(d) (e) (f) (g)

(b) (c)
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compressed 
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beam direcAon



Diagnostics
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