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Plasma accelerators for high-energy physics: the status and the challenge
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The P5 (Particle Physics Project Prioritization Panel) released 
the decadal report in 2023, which recommends support for: 

“4.a) R&D toward a cost-effective 10 TeV pCM collider based 
on proton, muon, or possible wakefield technologies.”

2023 P5 Reports

Plasma accelerators have produced multi-GeV, high-brightness electron beams 
with ~10 GeV/m gradient 
in a single stage Zhang et al, Nat Commun (2025)

Reaching TeV-scale energy remains a big challenge

More examples:
Corde et al, Nat. Commun (2016)
Litos et al, PPCF(2016)
Litos et al, Nature (2014)
Picksley et al, PRL (2024)
Miao et al, PRX (2022)
Gonsalves et al, PRL (2019)
etc



How do you reach TeV-scale energy? Staging.
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Using a laser or electron beam driver, ~10 GeV per stage demonstrated. 
To reach TeV, we need to link 100 such stages

42 GeV e+ collides with 375 GeV e-; Separated linacs

Leemans & Esarey, Physics Today (2009)

symmetric e-e+ collider design

asymmetric e-e+ collider design



But staging is hard
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• Same witness through all stages 
• challenging alignment/sync/

matching 
• energy scaling: linear addition 
• brightness degrades 
• many stages (lengthy/expensive 

optics)

Steinke et al, Nature (2016)

• ~100 MeV gain in the 2nd stage 
• large energy spread (60% FWHM) 
• low charge coupling efficiency (~3.5%)

Luo et al, PRL (2018)

Knetsch et al, PRL (2023)
LWFA staging expt. More staging ideas:
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FIG. 1. (a) The PARC (Plasma Acceleration via Regenera-
tive Cascading) concept. A high-charge beam (e.g., 45 GeV,
100 nC) drives the first PWFA stage, where a trailing bunch is
self-injected from the plasma and gets accelerated. After the
first stage, the trailing bunch is compressed by a magnetic chi-
cane and then serves as the driver for the second stage, where
a fresh trailing bunch is again self-injected and accelerated to
TeV energy. (b) Conventional staging concept, in which the
same trailing bunch traverses many (N � 2) stages, each re-
quiring a fresh driver and precise alignment, synchronization,
and matching at every interface.

stage is driven by a high-charge, relatively low-energy
bunch from a conventional accelerator. The driver’s cur-
rent profile is shaped to achieve high-transformer-ratio
acceleration [19–21]. A trailing bunch is created inside
the wake via controlled injection (e.g., density downramp
injection [22–24] or ionization injection [25]). After injec-
tion, the trailing bunch gains energy as the driver decel-
erates over the rest of the plasma. Upon exit, the spent
driver is removed by a dipole magnet using the large en-
ergy di↵erence between the depleted driver and the accel-
erated trailing bunch. The trailing bunch underloads the
wake [26] so that it develops a large, nearly linear energy
chirp, and can therefore be compressed by a modest-size
chicane with minimal emittance growth induced by co-
herent synchrotron radiation (CSR) [27]. After compres-
sion, the trailing bunch is sent into the second stage and
now acts as the driver to repeat the process whereby a
fresh trailing bunch is once again self-injected and accel-
erated.

Each stage can be characterized by the energy trans-
former ratio Ri ⌘ �ET /�ED, where �ET is the trailing
bunch energy gain and �ED is the driver energy loss.
When the driver approaches pump depletion, �ED ap-
proaches its initial energy, so Ri ⇡ ET /ED. The trailing
bunch energy after N stages is therefore

EN = E0

NY

i=1

Ri, (1)

where E0 is the initial driver energy. With a driver-to-

trailing energy conversion e�ciency ⌘i in each stage, the
maximum achievable trailing bunch charge afterN stages
is

QN = Q0

NY

i=1

⌘iR
�1
i , (2)

where Q0 is the initial driver charge.
Three consequences follow. First, energy accumulates

multiplicatively, so TeV energies can be reached in just a
few stages using a tens of GeV driver for Ri � 1. Second,
a high initial driver charge is necessary to deliver useful
trailing charge at the last stage. Third, the overall energy
e�ciency scales as ⌘N rather than ⌘ for conventional stag-
ing at the same per-stage e�ciency (e.g. ⌘ ⇠ 0.4 [5, 28]),
favoring small N .

PARC therefore di↵ers from the conventional staging
concept shown in Fig. 1(b) by transferring the energy of a
single high-charge driver through a regenerative chain of
PWFA stages, rather than distributing it among multiple
identical fresh drivers for independent stages. This elim-
inates the stringent staging tolerances that have limited
conventional approaches and enables more rapid trailing
bunch energy gain, at the cost of the ⌘N e�ciency.

We demonstrate the PARC concept using start-to-end
PIC simulations combining two codes: OSIRIS [29] and
QPAD [30]. The former is a fully relativistic, multi-
dimensional code that resolves the injection dynamics,
and the latter uses the quasi-static approximation for e�-
cient modeling of long-distance acceleration. Downramp
injection and pre-acceleration to >100 MeV are modeled
in OSIRIS; the resulting 6D phase space of the driver and
trailing bunch are then imported into QPAD for the sub-
sequent acceleration. Simulation details are described in
Appendix A.

Stage 1. The first stage uses a 45 GeV, 100 nC bunch
with an approximately triangularly ramped current pro-
file rising from head to tail over ⇠33 ps and peaking at
6.2 kA [see the black line in Fig. 2(b)] to drive the PWFA
in a plasma with the density profile shown in Fig. 2(a).
The driver’s current profile is optimized using the method
of Ref. [19] so that it excites a nonlinear wake [31, 32] in
which the entire bunch decelerates at nearly the same
rate, enabling high-transformer-ratio acceleration [Fig.
2(b)]. As the driver traverses the sudden density down-
ramp, the abrupt elongation of the wake traps plasma
electrons, forming a fresh trailing bunch that is then ac-
celerated over the rest of the plasma. At the stage exit
[Fig. 2(c)], the trailing bunch reaches ⇠400 GeV mean
energy with 2.3 nC total charge, a peak current of 2.4
kA over ⇠120 µm rms length (⇠500 µm full length), a
normalized emittance of ⇠160 mm ·mrad, and a large,
nearly linear energy chirp suitable for compression. On
its own, this beam already exceeds the highest electron
energy previously produced in the laboratory and could
enable strong-field quantum electrodynamics (SFQED)



Or: get rid of the conventional staging
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• Self-injected witness in each stage 
• inherent alignment/sync/matching 
• energy scaling: multiplication 
• brightness boost (increasing 

plasma density) 
• few stages (fewer optics)

• Same witness through all stages 
• challenging alignment/sync/

matching 
• energy scaling: linear addition 
• brightness degrades 
• many stages (lengthy/expensive 

optics)
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FIG. 1. (a) The PARC (Plasma Acceleration via Regenera-
tive Cascading) concept. A high-charge beam (e.g., 45 GeV,
100 nC) drives the first PWFA stage, where a trailing bunch is
self-injected from the plasma and gets accelerated. After the
first stage, the trailing bunch is compressed by a magnetic chi-
cane and then serves as the driver for the second stage, where
a fresh trailing bunch is again self-injected and accelerated to
TeV energy. (b) Conventional staging concept, in which the
same trailing bunch traverses many (N � 2) stages, each re-
quiring a fresh driver and precise alignment, synchronization,
and matching at every interface.

stage is driven by a high-charge, relatively low-energy
bunch from a conventional accelerator. The driver’s cur-
rent profile is shaped to achieve high-transformer-ratio
acceleration [19–21]. A trailing bunch is created inside
the wake via controlled injection (e.g., density downramp
injection [22–24] or ionization injection [25]). After injec-
tion, the trailing bunch gains energy as the driver decel-
erates over the rest of the plasma. Upon exit, the spent
driver is removed by a dipole magnet using the large en-
ergy di↵erence between the depleted driver and the accel-
erated trailing bunch. The trailing bunch underloads the
wake [26] so that it develops a large, nearly linear energy
chirp, and can therefore be compressed by a modest-size
chicane with minimal emittance growth induced by co-
herent synchrotron radiation (CSR) [27]. After compres-
sion, the trailing bunch is sent into the second stage and
now acts as the driver to repeat the process whereby a
fresh trailing bunch is once again self-injected and accel-
erated.

Each stage can be characterized by the energy trans-
former ratio Ri ⌘ �ET /�ED, where �ET is the trailing
bunch energy gain and �ED is the driver energy loss.
When the driver approaches pump depletion, �ED ap-
proaches its initial energy, so Ri ⇡ ET /ED. The trailing
bunch energy after N stages is therefore

EN = E0

NY

i=1

Ri, (1)

where E0 is the initial driver energy. With a driver-to-

trailing energy conversion e�ciency ⌘i in each stage, the
maximum achievable trailing bunch charge afterN stages
is

QN = Q0

NY

i=1

⌘iR
�1
i , (2)

where Q0 is the initial driver charge.
Three consequences follow. First, energy accumulates

multiplicatively, so TeV energies can be reached in just a
few stages using a tens of GeV driver for Ri � 1. Second,
a high initial driver charge is necessary to deliver useful
trailing charge at the last stage. Third, the overall energy
e�ciency scales as ⌘N rather than ⌘ for conventional stag-
ing at the same per-stage e�ciency (e.g. ⌘ ⇠ 0.4 [5, 28]),
favoring small N .

PARC therefore di↵ers from the conventional staging
concept shown in Fig. 1(b) by transferring the energy of a
single high-charge driver through a regenerative chain of
PWFA stages, rather than distributing it among multiple
identical fresh drivers for independent stages. This elim-
inates the stringent staging tolerances that have limited
conventional approaches and enables more rapid trailing
bunch energy gain, at the cost of the ⌘N e�ciency.

We demonstrate the PARC concept using start-to-end
PIC simulations combining two codes: OSIRIS [29] and
QPAD [30]. The former is a fully relativistic, multi-
dimensional code that resolves the injection dynamics,
and the latter uses the quasi-static approximation for e�-
cient modeling of long-distance acceleration. Downramp
injection and pre-acceleration to >100 MeV are modeled
in OSIRIS; the resulting 6D phase space of the driver and
trailing bunch are then imported into QPAD for the sub-
sequent acceleration. Simulation details are described in
Appendix A.

Stage 1. The first stage uses a 45 GeV, 100 nC bunch
with an approximately triangularly ramped current pro-
file rising from head to tail over ⇠33 ps and peaking at
6.2 kA [see the black line in Fig. 2(b)] to drive the PWFA
in a plasma with the density profile shown in Fig. 2(a).
The driver’s current profile is optimized using the method
of Ref. [19] so that it excites a nonlinear wake [31, 32] in
which the entire bunch decelerates at nearly the same
rate, enabling high-transformer-ratio acceleration [Fig.
2(b)]. As the driver traverses the sudden density down-
ramp, the abrupt elongation of the wake traps plasma
electrons, forming a fresh trailing bunch that is then ac-
celerated over the rest of the plasma. At the stage exit
[Fig. 2(c)], the trailing bunch reaches ⇠400 GeV mean
energy with 2.3 nC total charge, a peak current of 2.4
kA over ⇠120 µm rms length (⇠500 µm full length), a
normalized emittance of ⇠160 mm ·mrad, and a large,
nearly linear energy chirp suitable for compression. On
its own, this beam already exceeds the highest electron
energy previously produced in the laboratory and could
enable strong-field quantum electrodynamics (SFQED)
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Related concept: "self-similar staging using wake-induced ionization injection”, Martinez de la Ossa et al., PoP (2015)



Start-to-end PIC simulation: 45 GeV in, 1.2 TeV out
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• Starting with a 45 GeV, 100 nC drive bunch, we get a 1.2 TeV, 0.12 nC bunch in two stages 
• Modeled using OSIRIS (injection) and QPAD (acceleration over 10s to 100s of meters)



Inter-stage compression modeled by beam-tracking (using Ocelot)
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Chicane Compression

500 µm 50 µm

Beam Beam

1st stage witness 2nd stage driver

Large energy chirp —> “moderate” chicane (0.7 T, four-dipole, ~60 m) 
Emittance growth negligible (<20%) — the 2nd stage does not care about it anyways



The evolving wake accelerates and dechirps at once
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(a)

(b)

(c)

• Two phases: 
• 0-20 m, non-evolving wake — stable 

acceleration, constant ~5% energy spread 
(chirp) 

• beyond 20m, driver partially depletes — 
constantly evolving wake acts as a built-in 
dechirper 

• Field transformer ratio ~2 
• Energy transformer ratio ~3 (additional energy 

gained beyond pump partial depletion) 

• Dynamic beam loading reduces the energy 
spread from 5% to ~0.3% (projected) 

• Slice energy spread 0.02%

Trailing bunch

Drive bunch



Dynamic beam loading delivers 0.2% projected spread
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• 1.18 TeV, 0.12 nC 
• efficiency: ~3% (5x room for 

improvement)  
• peak current 8 kA 
• normalized emittance 4 mm-mrad 

• Total plasma length 825 meters 
• Two stages (one inter-stage optics) 

• 1st stage 785 m is a working point, 
not fully optimized (could be halved)

Similar DBL effects also observed in
T. N. Dalichaouch et al, PRR (2025)



PARC vs conventional staging
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• Different energy and efficiency scaling

EN = E0

N

∑
i=1

RiEN = E0

N

∏
i=1

Ri

QN = Q0/N
N

∑
i=1

(ηiR−1
i ) ∝ η̄QN = Q0

N

∏
i=1

(ηiR−1
i ) ∝ η̄N

PARC: Conventional staging:

Energy multiplies, goes up more rapidly, at the cost of lower efficiency)
—> favors large R and small N

• The trailing bunch brightness resets in every stage 
• the injection in the last stage matters the most 
• no need for a high-quality driver (plasma acts as an energy/brightness dual transformer)

• In PARC, self-injected trailing bunch is automatically aligned, synchronized, and 
matched to the wake



A near-term test: EIC's spare/spent beam as a driver
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CHAPTER 1. INTRODUCTION

Figure 1.1: The EIC scope starts downstream of the “YD26” dipole in the last section of the
AGS-to-RHIC transfer line. For the EIC, the warm transfer line is extended to the IR4 HSR
area, where the beam is injected into the cold HSR. Apart from this transfer line extension,
the EIC scope does not include any other modifications to the existing Hadron Injector.

maximum hadron energy, addition of a superconducting RF system, and a revised AGS-
to-RHIC (AtR) injection beamline. The HSR beampipe vacuum chamber, bellows, and
diagnostics are modified and updated. The existing RHIC superconducting hadron spin
rotators are upgraded and relocated to support high beam polarization.

Cryogenic systems. The Collider-Accelerator Department (C-AD) upgrades the RHIC Liq-
uid Helium (LHe) central refrigerator plant to improve efficiency, reduce helium loss, and
meet the EIC cryogenic load requirements. The EIC project provides 2 K helium to the SRF
cavities and the new superconducting magnets near the interaction pont, using three new
satellite plants that draw 4.6 K liquid helium from the central cryogenic plant.

Collider Parameters. The following two tables list reference EIC collider beam parameters
for representative ion species and center of mass collision energies. Full ranges of colliding
beam energies are identified in the respective ESR and HSR chapter tables.

The parameters in this document are based on the EIC design evolution from that de-
scribed in the Conceptual Design Report. Changes since that time are documented in the
upcoming Preliminary Design Report.
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• 10 GeV beam energy 

• 28 nC bunch charge 

• 23 ps bunch length (compressible to kA) 

• 400 mm·mrad normalized emittance 

• Dumped frequently (to maintain polarization) 

• Currently discarded — could drive PWFA

Driverself-inj. beam

EIC beam



86 GeV in two stages
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• Driver: 
• 10 GeV, 28 nC, 400 mm·mrad emittance 

• Plasma: 
• Stage 1: 55 meters @ 5e14 cc 
• Stage 2: 4 meters @ 1e17 cc 

• Final injected bunch: 
• 86 GeV in two stages 
• 0.2 nC 
• rms energy spread: 

0.8% projected and 0.02% slice 
• peak current 5 kA 
• normalized emittance 1.4 mm·mrad



Summary
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• Reaching TeV energies using PWFA requires tens to hundreds of stages 

• Staging is an unsolved problem — not limited by physics but by stringent alignment, 
synchronization, and matching challenges 

• We propose the “Plasma Acceleration via Regenerative Cascading” idea to bypass the 
conventional staging challenges 

• A fresh bunch is injected in each stage and accelerated, then becomes the driver for 
the next stage 

• TeV in two stages, sub-percent spread, µm-level emittance, in less than 1 km plasma 

• A near-term test could be conducted using the EIC beam


