
Cockcroft Institute Lectures – Register Attendance 

QR code will take you to a Google form.

Record attendance for each day of lectures.



Short Wavelength Accelerators (II)

Guoxing Xia
Cockcroft Institute and the University of Manchester

226/01/2026 CI Postgraduate Lectures



26/01/2026 3CI Postgraduate Lectures



² Particle accelerators
² Why short wavelength accelerators?
² Why plasmas?
² Why lasers?
² Laser wakefield accelerators (LWFA)

v Electron acceleration from LWFA
v Radiation sources 
v Proton/ion acceleration

² Conclusions

Lecture I
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Learning objectives-Lecture I

? Motivations for short wavelength accelerators

? How laser-plasma acceleration works

? Limitations of laser-plasma accelerators

? Applications of laser-plasma accelerators 
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² Why beam driven plasma wakefield accelerators?
² Plasma wakefield accelerators (PWFA)

v Electron driven PWFA
v Positron driven PWFA
v Proton driven PWFA

² Dielectrics in accelerators
v Dielectric laser accelerators (DLA)
v Beam driven dielectric accelerators (DWA)
v THz driven dielectric structures

²Conclusions and future perspectives

Lectures II
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Learning objectives-Lectures II

?  Why beam driven PWFA and how it works
? Electron driven PWFA experiment
?  Positron driven PWFA experiment
?  Why proton driven PWFA and how it works
?  Why dielectric accelerator and how it works
?  Future perspectives
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Why beam driven PWFA?
• Owing to the limited research facilities, PWFAs 

trailed much behind LWFAs in their development
• However, PWFAs possess a few advantages over 

LWFAs
• PWFA drivers propagate through plasma at close 

to the speed of light, c, leading to a plasma wave 
phase velocity much higher than that in LWFA, 
where laser pulses propagate at their group 
velocity, vg, which is less than c. Limiting effect 
such as overtaking and dephasing of accelerated 
particles are mitigated. 
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Why beam driven PWFA?
• In PWFAs, strong transverse focusing fields in the plasma 

prevent the driver beam expansion, allowing much longer 
acceleration lengths than that in LWFAs. Meters long plasma 
was demonstrated

• The increased wake phase velocity reduces unwanted self 
injection of plasma electrons into the wakefield, mitigating the 
dark current

• Beam drivers have much greater parameter stability than the 
high intensity laser drivers

• Particle beams for PWFAs can be generated with megawatt 
power with efficiencies of ~10%. In contrast, state of the art 
high intensity laser systems deliver output power of ~100W 
with ~0.1% level wall-plug efficiency.
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Beam driven facilities: statusBeam-Driven Wakefield Acceleration: Landscape Today

14

Facility Where Drive (D) 
beam Witness (W) beam Start End Goal

AWAKE CERN, Geneva, 
Switzerland

400 GeV 
protons

Externally injected electron 
beam (PHIN 15 MeV) 2016 2020+

Use for future high energy e-/e+ collider.
- Study Self-Modulation Instability (SMI). 
- Accelerate externally injected electrons.
- Demonstrate scalability of acceleration scheme. 

SLAC-FACET SLAC, Stanford, 
USA

20 GeV
electrons
and 
positrons

Two-bunch formed with 
mask
(e-/e+ and e--e+ bunches) 

2012 Sept 
2016

- Acceleration of witness bunch with high quality 
and efficiency 

- Acceleration of positrons
- FACET II preparation, starting 2018

DESY-Zeuthen
PITZ, DESY, 
Zeuthen,
Germany

20 MeV 
electron
beam

No witness (W) beam, only 
D beam from RF-gun. 2015 ~2017 - Study Self-Modulation Instability (SMI)

DESY-FLASH
Forward

DESY, 
Hamburg,
Germany

X-ray FEL 
type 
electron 
beam 1 
GeV

D + W in FEL bunch.
Or independent W-bunch 
(LWFA).

2016 2020+
- Application (mostly) for x-ray FEL 
- Energy-doubling of Flash-beam energy
- Upgrade-stage: use 2 GeV FEL D beam

Brookhaven 
ATF

BNL, 
Brookhaven, 
USA

60 MeV 
electrons

Several bunches, D+W 
formed with mask.

On 
going

- Study quasi-nonlinear PWFA regime.
- Study PWFA driven by multiple bunches
- Visualisation with optical techniques

SPARC Lab Frascati, Italy 150 MeV Several bunches On
going

- Multi-purpose user facility: includes laser- and 
beam-driven plasma wakefield experiments
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Courtesy to Edda Gschwendtner (CERN)
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CLARA                     Daresbury Lab       35-250 MeV     D+W bunches                            on going                    -     LWFA with external injection
                                                                                                                             energy boost, ICS, plasma energy recovery         

2030+

FACET-II (10 GeV e+e-), LUND, BEPCII…



Brief history
• Concept on laser plasma-based accelerator was proposed 

by Tajima & Dawson in 1979.
• The idea was to excite large amplitude plasma electron 

waves by using short pulse laser (LWFA) in high density 
plasma.

• P. Chen et al. proposed to use electron bunch to excite the 
plasma electron wave (PWFA) in 1985 and this idea was 
confirmed experimentally by Rosenzweig et al (1988).

• The PWFA experiments conducted by UCLA/USC/SLAC 
collaboration achieved many highlights (FFTB/FACET at 
SLAC).

• Several other labs, such as ANL, BNL, DESY, INFN, CERN, 
Daresbury Lab joined in this exciting research field
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Seminal papers on PWFA
VOLUME 54, NUMBER 7 PHYSICAL REVIEW LETTERS 18 FEBRUARY 1985

Acceleration of Electrons by the Interaction of a Bunched Electron Beam with a Plasma

Pisin Chen~'~
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

and

J. M. Dawson, Robert W. Huff, and T. Katsouleas
Department ofPhysics, University of California, Los Angeles, California 90024

(Received 20 December 1984)

A new scheme for accelerating electrons, employing a bunched relativistic electron beam in a
cold plasma, is analyzed. We show that energy gradients can exceed 1 GeV/m and that the driven
electrons can be accelerated from yomc to 3yomc before the driving beam slows down enough to
degrade the plasma wave. If the driving electrons are removed before they cause the collapse of the
plasma wave, energies up to 4yomc are possible. A noncollinear injection scheme is suggested in
order that the driving electrons can be removed.

PACS numbers: 52.75.Di, 29.15.—n

In the past several years, the laser-plasma interac-
tion as a mechanism for charged-particle acceleration
has attracted interest' because of the large electric field
which a plasma can support ( —100 GeV/m). Howev-
er, these "beat-wave" accelerators rely heavily on
the state of the art of laser technologies. For example,
the scheme requires a fine tuning between the plasma
frequency co~ and the beat-wave frequency of the laser
in order that the wake plasma wave excited by the laser
beat wave grows linearly. This in turn either puts a
severe constraint on the uniformity of the plasma den-
sity, or relies on very high-power lasers to shorten the
time of growth. In addition, it may be necessary to
deliver the laser energy in a pulse shorter than 10 ps in
order to avoid competing instabilities. 5

This Letter presents another scheme for a plasma
accelerator. Lasers are not required and large energy
gradients are attained. The idea is to inject a sequence
of bunched high-energy electrons into a cold plasma.
As in the two-stream instability, the streaming elec-
trons lose energy to the background plasma by exciting
a wake plasma wave. If a late-coming electron bunch
rides on the wave at a proper phase, it will be boosted
to a higher energy as a result of the longitudinal elec-
tric field in the wave.
Consider a system in which a chain of relativistic

electron bunches with initial Pp = ub/c & 1 stream
through a cold, uniform plasma along the z axis with a
constant separation d. With the assumption that the
longitudinal spread I& of each electron bunch is much
smaller than the plasma wavelength, X~, the whole
bunch of q electrons behaves as a single particle with
charge g = qe.
The linearized equation of motion and equation of

continuity for the cold, nonrelativistic background
plasma are Btv&~= —(e/m)E~ and ct, n~~+n&pV ' v&~= 0, respectively, where E~ is the electric field of plas-
ma and beam: E& =E»+ E&&, where the plasma velo-
city is v~ = v~p+ v&~ (vip= 0), and the plasma density

is n~ =n~p+n~t (n~p && n&~). For N driving-electron
bunches, the charge and current densities are

p, (x) = —en~, (x)—g +(x—x, ),

J, (x) = —en~ pvv ~ (x) —g vb X5(x—x, ),

V'(8,'+k,')@,=4 g ga,'n(x —x, ),
where

and

k~ =~p/ub = (4vrn~pe /m ub)

x—x; = pe~ —[(N —i)d —(]e3.
The solution of this equation requires that we solve

(tlt2+k~')@, = —g Qt)t2(1/(x —x; ~), (4)

respectively, where x = pc~ +z c3 in cylindrical coordi-
nates, x s are the instantaneous positions of the N
bunches, x; = [ubt + (N —i )d ]e3, and the summa-
tions are overi =1, . . . , N.
The longitudinal electric field in the wake of these N

bunches is Et = —(I/c)B, A~ —V'$&. For an ultrarela-
tivistic electron beam, where pp= 1, ub is approxi-
mately constant over several plasma wavelengths,
even though substantial energy is transferred to the
plasma wave. It is thus convenient to work with the
variable (=z —ubt ~ 0 which measures the distance
behind the last bunch, and we may put 8, = —ub t)& and
8, =8&. In the Coulomb gauge, the equation for the
scalar potential is '7 @~= —47rp&, and that for the vec-
tor potential is '7~A~ = —(4m. /c) J&—ppV'Btp, , where
V2~ is the transverse Laplacian and (1—pp) is neglect-
ed.
To solve for P, , we take the g derivative twice and

combine the result with the equations of motion and
continuity, and Eq. (1) to obtain

Qc 1985 The American Physical Society 693
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Particle Accelerators, 1985, Vol. 17, pp. 171-189 
0031-246018511704-01711$20.0010 
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A PLASMA WAKE FIELD ACCELERATOR? 

R. D. RUTH, A. W. CHAO, P. L. MORTON and P. B. WILSON 

Stanford Linear Accelerator Center 
Stanford University, Stanford, California, 94305 

(Received December 14, 1984) 

1. INTRODUCTION 

One of the main parameters that determines the next generation of high energy 
accelerators is the acceleration gradient. Recently there has been interest in the 
use of plasma density waves for obtaining high acceleration gradients. The Plasma 
Beat-Wave scheme of Tajima and Dawson uses two beating lasers to excite the 
plasma at its resonant frequency.' The driven plasma provides an accelerating 
field that in principle can be of the order of several GeV/m.2-' This scheme has 
also been modified in the S ~ r f a t r o n , ~ '  although the basic principle is similar. 

One of the complications of the Plasma Beat-Wave scheme is the need for 
high-power, high-quality lasers. Recently it has been suggested that the driving 
lasers could be replaced by a driving electron In the simplest case, a 
single driving electron bunch enters a plasma and excites a plasma-density wave; a 
second beam trailing the driving beam is then accelerated provided that it is at the 
correct phase on the plasma wave. It is also possible to have several appropriately 
spaced bunches in the driving beam. 

This idea is similar to various wake field accelerator schemes'' with the plasma 
playing the role of the cavity or accelerator structure. In this paper we analyze the 
idea suggested in Refs. 9 and 10 in more detail and point out the similarities with 
wake field schemes suggested in Refs. 11-15. After we review some basic results 
of wake fields, we calculate the wake field in a plasma and show that the plasma 
wake obeys the general rules of all wake fields. We then address various other 
accelerator physics issues associated with acceleration in a plasma density wave. 
Lastly, we give some numerical design examples. 

2. ENERGY TRANSFER IN CO-LINEAR WAKE FIELD 
ACCELERATORS 

In this section, we discuss a general property of energy transfer in wake field 
accelerators, which is valid whether the source of the wake field is a metallic 

7 Work supported by the Department of Energy, contract DE-AC03-76SF00515. 
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Basic principle of PWFAs

13

driving force: Space charge of drive 
beam displaces plasma 
electrons.

restoring force: Plasma ions exert 
restoring force

Electron motion solved with ...

Space charge 
oscillations
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Longitudinal fields can accelerate and decelerate!
26/01/2026 CI Postgraduate Lectures



• Space charge of drive beam displaces plasma electrons

• Transformer ratio

• Wake Phase Velocity = Beam Velocity (like wake behind a boat)

• Plasma ions exert restoring force => Space charge oscillations

E Ezacc dec beam. .

• Wake amplitude ∝ Nb zσ
2 ( for 2σ z ≈λp ∝

1
np
)

Basic principle
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Some useful tips
Relativistic plasma wavelength

Plasma frequency

The field of a linear plasma wave

The field is thus proportional to the square-root of the plasma density 
np. This means that a plasma density of 1018 cm-3 gives an accelerating 
gradient of 1 GeV/cm. In the nonlinear plasma wave, the field is even 
larger.

26/01/2026 15

λp = 2πc /ω p

ω p = npe
2 / (ε0m)!" #$

1/2

E0 =
mω pc
e

≈ 0.96np
1/2 V/cm[ ]
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Some useful tips
• The plasma wave is linear as long as the density 

perturbation is small, i.e., δnp/np << 1. A 
nonlinear wave can be excited in the case of 
δnp/np >> 1.

• In the PWFA case, if the drive beam density nb > 
np, and in LWFA case, if the normalized vector 
potential exceeds unity, a0 > 1. The nonlinear 
wave can be excited.

• Beam density is given by 

26/01/2026 16

nb =
Nb

2π( )3/2σ r
2σ z
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Relativistic, short, dense bunch:

with σ z

λp

≅
1
2π

and σ r

λp

<< 2π

Typically for 1GV/m:

€ 

N = 2×1010

€ 

σ r <<137µm np =1.4×10
15cm−3

€ 

σ z ≅ 200µm in

Blowout, nonlinear regime: nb
np
>1

Pure ion column focusing:
Bθ
r
=
1
2
npe
ε0c

≅ 42kT /m free of geometric aberrations

Combination of large transverse focusing gradient and large accelerating field
leads to large energy gain 

All the beam particles and the wake are ultra-relativistic        no dephasing!
High energy (per particle) drive bunch

€ 

EWB = 3.6GV /mWave-breaking field:

Key facts in PWFA
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Eacc MV/m⎡⎣ ⎤⎦= 244
Nb

2×1010
600um
σ z

⎛

⎝
⎜⎜

⎞

⎠
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First experiment in 1988
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VOLUME 61, NUMBER 1 PHYSICAL REVIEW LETTERS 4 JULY 1988

Experimental Observation of plasma Wake-Field Acceleration

J. B. Rosenzweig, D. B. Cline, ' B.Cole, H. Figueroa, ' W. Gai, R. Konecny, J. Norem,
P. Schoessow, and J. Simpson

High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois 60439
(Received 21 March 1988)

We report the first experimental test of the physics of plasma wake-field acceleration performed at the
Argonne National Laboratory Advanced Accelerator Test Facility. Megavolt-per-meter plasma wake
fields are excited by a intense 21-MeV, multipiscosecond bunch of electrons in a plasma of density
n, =10' cm, and probed by a low-intensity 15-MeV witness pulse with a variable delay time behind
the intense bunch. Accelerating and deflecting wake-field measurements are presented, and the results
compared to theoretical predictions.

PACS numbers: 52.75.Di, 52.40.Mj

The plasma wake-field accelerator (PWFA) concept
has been the subject of much theoretical discussion in
the last few years, in large part because of the possibility
of the achievement of ultrahigh accelerating gradients
for high-energy-physics use through this scheme. The
predictions of the linear fluid theory and computer simu-
lation' in two dimensions have identified certain issues
for experimental study and verification. These include
the fundamental excitation of the electron plasma waves
with their associated electrostatic fields, the electromag-
netic self-pinching of a high-intensity driving beam, and
the dependence of these processes on plasma and beam
characteristics. The testing of these issues is naturally
suited to the properties of the Argonne National Labora-
tory Advanced Accelerator Test Facility (AATF).
A schematic of the AATF layout is shown in Fig. l.

The high-intensity 21-MeV driving-beam pulse traverses
the upper beam line. The low-intensity, 15-MeV witness
beam, which is created by our degrading a portion of the
driver on a carbon target just prior to the facility en-
trance, is transported through the lower beam line. The
witness leg contains an adjustable "trombone" section

1 METER—

FIG. 1. Schematic of Argonne National Laboratory AATF
layout.

which allows variation of the delay time between driver
and witness. The two beams are recombined at the end
of the facility and pass through the experimental section.
Both beams are analyzed for energy spectra and trans-
verse deflections by a high-resolution, broad-range spec-
trometer. The high intensity and short pulse length of
the facility driving beam make it useful for driving plas-
ma waves and their strong wake fields. However, the
crucial unique experimental tool that the AATF
possesses is its witness pulse, which allows the probing of
the plasma wake fields at arbitrary positions behind the
driver. The operational characteristics of the AATF are
described in greater detail in Ref. 4.
The two-dimensional linear theory of plasma wake

fields, as formulated by Chen, ' provides a simple model
for the calculation of expected wake fields in a PWFA
experiment. This model has been used in the optimiza-
tion of the experimental parameters to match the beam
characteristics at the AATF. These may be summarized
as follows: beam length, as measured by a 2-psec-reso-
lution streak camera, cr, =2.4 mm; beam width cr„2.4
mm; and total driver-beam charge 2-3 nC. The driver-
and witness-beam dimensions are approximately equal,
with the full width at half maximum of their respective
density distributions in z and r defined to be equal to 2cr.
According to theory, plasma wake fields inside a driv-

ing beam are both electrostatic and electromagnetic.
These fields have two effects in general —deceleration
and focusing of the beam. On the other hand, the wake
fields left behind the bunch are purely electrostatic oscil-
lations which are sinusoidal at the plasma frequency
co~ =(4xe n, /m, ) '~, where n, and m, are the equilibri-
um plasma density and the electron mass, respectively.
The phase velocity of the waves is the beam velocity vb,
and thus the oscillation wave number and wavelength are
k~ =co~/vb and A~ =2m/k~.
A straightforward way of understanding the expected

wake fields is to note that the longitudinal wake-field
amplitude can be expressed in terms of the driver charge
g and two geometric factors. An infinitesimally short

98

21 MeV drive beam,
15 MeV Witness beam,
Delay distance is variable.
Plasma density 1012-1013 cm-3
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Experiments at FFTB@SLAC
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3 km e-/e+

LINAC
Final Focus 
Test Beam
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Experiments by UCLA/USC/SLAC collaboration
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P. Muggli, M.J. Hogan / C. R. Physique 10 (2009) 116–129 119

Fig. 2. Generic experimental set up for the PWFA experiments at SLAC. (1) Final beam focusing quadrupole doublet. (2) Plasma, in this case
a Li vapor column, with variable density and length, produced in a heat-pipe oven. (3) OTR foils located ≈1 m upstream and downstream from
the plasma entrance and exit, respectively. (4) Plasma light and beam diagnostic with wavelength resolution. (5) Energy spectrometer bending
magnets. (6) Cherenkov radiator (aerogel). (7) CCD camera recording the visible Cherenkov light yielding the bunch energy spectrum after that
plasma. (8) Magnetic quadrupoles imaging the beam at the plasma exit onto the Cherenkov radiator. (9) Weak vertical magnetic chicane where
the beam dispersed in energy in the horizontal plane radiates synchrotron radiation, yielding the incoming bunch spectrum. (10) CTR diagnostic
including bunch-to-bunch CTR energy measurement and CTR interferometry (multi-bunch). (11) Betatron x-ray diagnostics, including energy
spectrum of e−/e+ pairs produced in a target.

Table 1
Typical parameters for the long and short bunch experiments.

Parameter/symbol/unit Long bunch Short bunch

Beam e− and e+ e−
Energy E0 (GeV) 28.5 28.5, 42
Beam relativistic factor γ0 55,773 55,773, 82,192
Bunch length σz (µm) 730 50 to 15
Bunch radius σx,y (µm) 30, 30 10, 10
Bunch population Nb 1.8 × 1010e−, 1.2 × 1010e+ 1.8 × 1010

Beam density nb (cm−3) 1.8 × 1015, 1.2 × 1015 2.3 × 1017 to 7.6 × 1017

Normalized emittancea εNx,y (m-rad) 50, 5 × 10−6 50, 5 × 10−6

Lithium plasma Photo-ionized Field-ionized
Density range ne (cm−3) 1012–5 × 1014 1016–3 × 1017

Length Lp (cm) 140 10, 20, 30, 60, 90, 120
a Before scattering through foils and pellicles.

in Table 1. Strong quadrupoles (1) focus the beam near the entrance of the plasma (2) to reach a transverse beam
size smaller than the plasma collisionless skin depth c/ωpe. The transverse shape and size of the beam are monitored
by imaging the optical transition radiation (OTR) emitted by the beam when traversing thin (1–25 µm) metallic foils
(3) placed ≈1 m upstream and downstream from the plasma entrance and exit, respectively. The typical resolution is
≈6–10 µm. The OTR light imaged onto CCD cameras is used to discriminate against bunches that enter the plasma
with a transverse tilt (upstream), and to observe the effect of the plasma focusing force on the beam (downstream).
The Cherenkov radiation emitted by the beam in the He buffer gas of the lithium source or the OTR and coherent
transition radiation (CTR) emitted at a thin foil placed ≈50 cm from the plasma exit (4) is also collected and dispersed
in wavelength. A bending magnet (5) disperses the particle beam in energy to reveal the energy change imparted by
the plasma. For long bunch (σz

∼= 700 µm) experiments, a measurement without plasma yields the incoming energy
spectrum. The dispersed beam produces visible light in a Cherenkov radiator (6) such as aerogel or air. The visible
Cherenkov light is imaged onto a CCD camera (7) for time integrated energy spectrum measurements or on a streak
camera for time resolved energy spectrum measurements with bunches longer than a few picosecond. In order to
unambiguously measure energy change, as opposed to transverse momentum imparted by the very strong plasma
focusing force on a beam with a transverse tilt, quadrupoles magnets (8) image the beam at the plasma exit onto the
Cherenkov radiator [6]. Alternatively, a two-screen method can be used when the energy spectrum of the beam is too
wide for the magnetic imaging spectrometer [18].

For ultra short (σz < 50 µm, τ < 170 fs) bunches produced by magnetic compression [19], the incoming bunch
spectrum is recorded using the synchrotron radiation the beam emits in a soft vertical magnetic chicane (9) placed in
a region of the beam line with horizontal magnetic dispersion (last compression stage) [20]. The synchrotron x-rays
intercept a cerium doped yag scintillator screen producing visible light that is recorded by a CCD camera. Numerical

Long beam vs. short beam

P. Muggli, M. Hogan, C.R. Physique 10, 116 (2009)
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Wakefield Acceleration e-Focusing e-

Phys. Rev. Lett. 88, 154801 (2002)

E-157/162  Results with 600 micron electron bunches
X-ray Generation

Phys. Rev. Lett. 88, 135004 (2002)
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Wakefield Acceleration e+

Phys. Rev. Lett. 90, 214801 (2003)Phys. Rev. Lett. 93, 014802 (2004)

Phys. Rev. Lett. 93, 014802 (2004)
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Energy gain scaling law
14 GeV Energy Gain in less than 30 cm !
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Long electron beam
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e-, e+
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Located in the FFTB

e- or e+

N=2·1010

sz=0.6 mm
E=30 GeV

Ionizing
Laser Pulse
(193 nm)

Li Plasma
ne≈2·1014 cm-3

L≈1.4 m

Cerenkov
Radiator
(Aerogel)

Streak Camera
(1ps resolution)

Quad+Bend
Magnets

X-Ray
Diagnostic

Optical Transition
Radiators Dump

12 m

∫Cdt

E-162 plasma wakefield experiment

FFTB
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PWFA experiment E162
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2-D PIC Simulation OSIRIS
ne=1.5´1014 cm-3

Blow-Out. Focusing @ sr

Long e-- beam:
E 28.5 GeV
N <2´1010 e-

sz 0.63 mm (2.1 ps)
sx=sy ≤70 µm
 nb ≥4´1014 cm-3

exN 5´10-5 m-rad
eyN 0.5´10-5 m-rad

Plasma:
ne 0-2´1014 cm-3

L 1.4 m, laser ionized

Experiment:  nb>ne => nonlinear, blow-out regime
• Uniform focusing field (r,z) 

Typical parameters:
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Plasma focusing
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Beam Envelope Model for Plasma Focusing

Multiple foci (betatron oscillation) within the plasma

Plasma Focusing Force > Beam “Emittance Force” 
  (bbeam=1/K> bplasma)

0
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BeamFocusing(z).graph

No Plasma
ne=0.03×1014 cm-3 Plasma Lens

ne=1.5×1014 cm-3 3rd Betatron Pinch
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m

)

z (m) lb

OTR

∂ 2σ
∂z2

+ K 2σ =
ε 2

σ 3

K =
ω pe

2γc
∝ np( )

1/2

In an ion channel:

Envelope equation:

W =
Er
rc
=
Bθ
r
=
1
2
npe
ε0c

with a focusing strength:

=6 kT/m
@ np=2´1014 cm-3
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e+ and e- as drive beams
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e- e+

• Blow-Out

• Accelerating “Spike”

• Fields vary along r, stronger

• Less Acceleration, “linear-like”

np=1.5´1014 cm-3

homogeneous, QUICKPIC

sr = 35 µm

N = 1.8´1010
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e+ acceleration
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PRE-IONIZED plasma 
LONG bunch operation

Energy gain smaller than, hidden by, incoming energy spread
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Peak energy gain: 279 MeV, L=1.4 m, ≈200 MeV/m

PRL  93, 014802 (2004)

sz ≈ 730 µm
N = 1.2´1010 e+

kpsz ≈ √2

Time resolution needed, but shows the physics
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Acceleration gradient vs. bunch length

E-164X:

sz = 20 - 10 µm
> 10 GeV/m 

gradient!
(sr dependent! kpsr ≈ 1)

fp = 2.8 THz, W = 3MT/m
 @ ne = 1017 cm-3
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• Bunch length/current profile is the 
convolution of an incoming 
energy spectrum and the 
magnetic compression

Chirping Compression
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〈E〉 =  28.493 GeV, N
e
 =  2.133×1010 ppb

28 GeV

Existing bends compress to < 100 fsec

~1 Å

Add 12-meter chicane compressor 
in linac at 1/3-point (9 GeV)

Damping Ring

9 ps 0.4 ps <100 fs

50 ps
SLAC Linac

1 GeV 20-50 GeV

FFTBRTL

30 kA

80 fs FWHM

1.5%

Short bunch experiment@ FFTB
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Accelerating Gradient > 27 GeV/m!
(Sustained Over 10cm)

No Plasma np = 2.8 x 1017 e-/cm3

En
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• Large energy spread after the
  plasma is an artifact of doing single
  bunch experiments

• Electrons have gained > 2.7 GeV
  over maximum incoming energy in
  10cm

• Confirmation of predicted
  dramatic increase in gradient with
  move to short bunches

• First time a PWFA has gained
  more than 1 GeV

• Two orders of magnitude larger
  than previous beam-driven results

• Future experiments will accelerate
  a second “witness” bunch

M.J. Hogan et al. Phys. Rev. Lett. 95, 054802 (2005)26/01/2026 31

GeV energy gain
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Plasma source starts with
metal vapor in a heat-pipe oven

€ 

E = 6GV /m N
2x1010

20µ
σ r

100µ
σ z

Peak Field For A Gaussian Bunch: Ionization Rate for Li:

See D. Bruhwiler et al, Physics of Plasmas 2003

Space charge fields are high enough to field (tunnel) ionize - no laser!
- No timing or alignment issues
- Plasma recombination not an issue

- However, can’t just turn it off!
 - Ablation of the head
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Plasma source
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Energy doubling experiment

33

Electron beam (beam energy 42 GeV, bunch length 50 fs, bunch 
charge 2.9 nC)

Plasma (heat Li oven, length 85 cm, density 2.7e17 cm-3)

Max. energy gain
43 GeV (85 cm column) = 52 GeV/m !

Energy spectrum of the electrons in the
35-100 GeV range as observed in plane 2

Blumenfeld et al., Nature 445 (2007) 741
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2nd generation PWFA experiment---FACET

34

Physical mechanism of the Plasma Wakefield Accelerator for previous single bunch experiments 
in the FFTB (top) and the two bunch case proposed for FACET (bottom)

The Facility for Advanced Accelerator Experimental Tests (FACET)

26/01/2026 CI Postgraduate Lectures
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Figure 4. Schematic of the SLAC site with proposed FACET modifications to
the linac systems marked in red. The positron bunch compressor is at Sector 10
and the experimental area is at Sector 20 along the linac. A shielding wall at the
end of Sector 20 will allow access to the upstream portion of the linac during
LCLS operations.

Table 2. FACET beam parameters.
Energy 23 GeV with full compression and

maximum peak current
Charge per pulse 3 nC per pulse with full compression
Pulse length at the focal point or 25 µm with 4% full-width (fw) momentum spread with

interaction point IP (�z) full compression and 40 µm with 1.5% fw momentum
spread with partial compression

Transverse spot size at IP (�x,y) <10 µm nominal
Momentum spread 4% full-width with full compression (3% full-width at

half-maximum (FWHM)) <0.5% full
width without compression

Momentum dispersion at IP (⌘ and ⌘0) 0
Drift space available for experimental 2 m from the last quadrupole to the focal point;

apparatus approximately 23 m from the focal point to the
beam dump

Transverse space available for 3 m (width)⇥3 m (height)
experimental apparatus

2 km of the SLAC linac to produce approximately 23 GeV electron and positron beams with
small emittances.

A final focus system and an experimental area have been designed to fit in the existing
linac tunnel in Sector 20. The Sector 20 beam line will consist of a chicane, which has
four dipole magnets to compress the beam longitudinally followed by an arrangement of
quadrupole magnets to focus the beam to an interaction point near the middle of the sector.
Tracking programs that include second-order effects have been used to verify the FACET beam
parameters summarized in table 2. This new—Sector 20—beam line will start downstream of
the positron production extraction point (where electrons are directed to the positron production
target) and extend to a new beam dump near the end of Sector 20, a few meters upstream of

New Journal of Physics 12 (2010) 055030 (http://www.njp.org/)

M. Hogan,  et al., New Journal of Physics 12 (2010) 055030

Layout of FACET
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end of Sector 20 will allow access to the upstream portion of the linac during
LCLS operations.
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Pulse length at the focal point or 25 µm with 4% full-width (fw) momentum spread with

interaction point IP (�z) full compression and 40 µm with 1.5% fw momentum
spread with partial compression
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Momentum spread 4% full-width with full compression (3% full-width at

half-maximum (FWHM)) <0.5% full
width without compression

Momentum dispersion at IP (⌘ and ⌘0) 0
Drift space available for experimental 2 m from the last quadrupole to the focal point;

apparatus approximately 23 m from the focal point to the
beam dump

Transverse space available for 3 m (width)⇥3 m (height)
experimental apparatus

2 km of the SLAC linac to produce approximately 23 GeV electron and positron beams with
small emittances.

A final focus system and an experimental area have been designed to fit in the existing
linac tunnel in Sector 20. The Sector 20 beam line will consist of a chicane, which has
four dipole magnets to compress the beam longitudinally followed by an arrangement of
quadrupole magnets to focus the beam to an interaction point near the middle of the sector.
Tracking programs that include second-order effects have been used to verify the FACET beam
parameters summarized in table 2. This new—Sector 20—beam line will start downstream of
the positron production extraction point (where electrons are directed to the positron production
target) and extend to a new beam dump near the end of Sector 20, a few meters upstream of

New Journal of Physics 12 (2010) 055030 (http://www.njp.org/)

FACET beam parameters

M. Hogan,  et al., New Journal of Physics 12 (2010) 055030
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Figure 5. Evolution of longitudinal phase space of the FACET beam as seen
in a 2D particle tracking simulation, illustrating the three-stage compression
process that yields a beam with a 14 µm rms bunch length and a 22 kA peak
current. The middle column (a)–(g) shows the bunch phase space, i.e. the relative
longitudinal momentum of particles (1pz/pz) versus position along the bunch at
the locations along the linac indicated by the red arrows on the linac schematic,
also labeled (a)–(g). The left-hand-side column shows the corresponding relative
momentum spectra (projection of phase space along z). The right-hand-side
column shows the corresponding bunch current profile (projection of phase space
along 1pz/pz).

The buffer gas confines the hot alkali vapor at both ends. Lithium, for instance, has a relatively
low ionization potential for the first electron (5.4 eV), allowing complete ionization of lithium
vapor to generate densities of up to 4 ⇥ 1017 cm�3 over a broad range of beam parameters. The
larger ionization potential of the second electron of the Li atom (75.6 eV) ensures that the plasma
density does not evolve significantly along the bunch due to secondary ionization. The plasma
density is then equal to the lithium vapor density.

An important issue in FACET experiments might be beam head erosion resulting from
nonzero beam emittance [28] in the tunnel-ionized plasma. This effect was identified as the

New Journal of Physics 12 (2010) 055030 (http://www.njp.org/)

FACET bunch compression
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Figure 2. (a) Nonlinear longitudinal wakefield excited by the drive beam in
a plasma. (b) Peak accelerating field versus drive electron bunch length for
N = 2 ⇥ 1010 electrons for a fixed beam spot size of 5 µm. The density is
varied such that the normalized bunch length is kept fixed at kp�z = p

2. As the
bunch length is shortened, there is a transition from the linear to the nonlinear
regime. The dashed line is the prediction from linear theory for narrow bunches
(equation (1)). The squares are the results obtained from QuickPIC simulations.
The circles are experimental data points. Note that in the experiments the
bunch length is not exactly matched to kp�z = p

2. When the exact experimental
parameters are simulated, the gradients are in agreement, e.g. see [8].

have demonstrated, as shown in figure 2(b), the dramatic increase in accelerating gradients
predicted by equation (1) as the bunch length is reduced. The ion column generated by the head
of the bunch provided a very large focusing gradient (⇡3 MT m�1 or np = 1017 cm�3), which
maintained the beam density by guiding the beam [23] and allowed the beam to drive the wake
over an extended distance. The combination of large focusing and accelerating gradients led to
large energy gains (shown in figure 3) using ultrashort, 42 GeV electron bunches, where some
of the electrons doubled in energy [8] in just 85 cm of plasma with a density of 2.7 ⇥ 1017 cm�3.

Current and proposed experiments operate in a regime where linear plasma theory is not
valid. To help interpret the experimental data and design new experiments, two numerical
codes are used, OSIRIS [24] and QuickPIC [25]. OSIRIS is a three-dimensional (3D), fully
electromagnetic, relativistic, parallelized PIC code that has been benchmarked against other
codes and model problems that can be solved analytically. QuickPIC is a 3D, PIC code that uses
a quasi-static approximation to decrease the computing time. OSIRIS and QuickPIC include the
effects of field ionization and electron beam energy loss due to radiation from oscillations in
the ion column. OSIRIS and QuickPIC are now the standard tools for simulating beam–plasma
interactions in experiments proposed at FACET. These codes have successfully described many
of the observed phenomena in a quantitative manner [4, 6, 7, 24] and are being used to design
the future plasma wakefield accelerator linear collider (PWFA-LC).

3. PWFA experiments at FACET

FACET will demonstrate the high-gradient acceleration of a witness bunch with low energy
spread and high beam loading (energy extraction efficiency). Furthermore, the emittance

New Journal of Physics 12 (2010) 055030 (http://www.njp.org/)
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interactions in experiments proposed at FACET. These codes have successfully described many
of the observed phenomena in a quantitative manner [4, 6, 7, 24] and are being used to design
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3. PWFA experiments at FACET

FACET will demonstrate the high-gradient acceleration of a witness bunch with low energy
spread and high beam loading (energy extraction efficiency). Furthermore, the emittance

New Journal of Physics 12 (2010) 055030 (http://www.njp.org/)

M. Hogan,  et al., New Journal of Physics 12 (2010)055030

Simulation results
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FACET
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PAC09
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Two bunch acceleration at FACET
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May 5, 2009 PAC 2009 Vancouver, B.C. Page

FACET Experiments will accelerate a discrete 
bunch of  particles with narrow energy spread

15

* Double Energy of a 25GeV Beam in ~1m

* Drive beam to witness beam efficiency of ~30% with small dE/E

WE6RFP097 – Chengkun Huang

M. Hogan, PAC09CI Postgraduate Lectures
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QuickPIC simulation, D: sz=30µm, N=3x1010e-
     W: sz=10µm, N=1x1010e-, sr0=3µm
     ∆z=115µm, np=1017cm-3, E0=25GeV

Lp=80cm, gain 25GeV, ∆E/E0≈3%, 
BUNCH ACCELERATION!
D to W energy transfer efficiency ≈30% 

Witness
Bunch

Drive
Bunch

Wake evolution “bends” energy gain 

E0

Hogan, New J. Phys. 12, 055030 (2010)

e-/e-

W

No bunch shaping, bunches carved out of a single SLAC bunch
26/01/2026

Bunch acceleration at FACET
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Multibunch experiment @ BNL
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M. Hogan, EuroNNAc Workshop 2011
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e- and e+:
Driver bunches:     sz=63 µm, sr=5 µm, N=3´1010

 e-/e+, 50 -> 0 GeV
Witness bunches:     sz=32 µm, sr=5 µm, N=1´1010

 e-/e+, 50 -> 100+ GeV
Delay:      d=200 µm
Plasma:     ne=1.8 ´1016 cm-3, L=7, 21 m
Accelerating gradient: 8, 3 GV/m, ∆E/E <10%

Applications---afterburner scheme

S. Lee et al., PRST-AB (2001)

3 km

IP

50 GeV e- 50 GeV e+

e-PWFA e+PWFA

LENSES

7m 21m

100+ GeV, e-/e+ Collider
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Driver Witness

>0.5 TeV

L=0 m L≈10 m

L≈20 m L≈30 m

Simulations
by

C. Huang 
UCLA

Simulation results

Doubling the energy of 500 GeV bunch possible! ,… in only ≈30 m! (simulation)

ND=3x1010, Nw=1010,
eNx=eNy=2230x10-6 m-rad, sx=sy=15 µm , (beam matched to the plasma) 
szD=145 µm , szW=10 µm, ∆z=100 µm
Ne=5.66x1016 cm-3, Lp=30 m, pre-ionized, Gradient>17 GeV/m
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Accelerating gradient 4.4 GeV/m
Final energy spread of training bunch:0.7%
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Two bunches at FACET
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Longitudinal profile of two bunch
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Plasma density profile
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Positrons in hollow plasma
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Gessner et al., Nat. Commun. 7: 11785 (2016) 
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Positrons in hollow plasma
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Gessner et al., Nat. Commun. 7: 11785 (2016) 
Deceleration field: 220 MV/m!
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FACET IIFACET-II project

Timeline: 
• Nov. 2013, FACET-II proposal, Comparative review 
• CD-0 Aug. 2015 
• CD-1 Oct.  2015 
• CD-2/3A  Sep. 2016 
• CD-2/3  Apr. 2018 
• CD-4         2021 
• Experimental program (2019-2026) 

!3V. Yakimenko, Workshop on Beam Acceleration in Crystals, June 24-25, 2019

Key R&D Goals: 
• High brightness beam generation, preservation, 

characterization 
• e+ acceleration in e- driven wakes  
• Staging challenges with witness injector 
• Generation of high flux gamma radiation 

Three stages:  
• Photoinjector   (e- beam only)  
• e+ damping ring  (e+ or e- beams) 
• “sailboat” chicane  (e+ and e- beams)

On schedule to start commissioning in 2019

User Programs 2019-2026
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FACET-II project

Timeline: 
• Nov. 2013, FACET-II proposal, Comparative review 
• CD-0 Aug. 2015 
• CD-1 Oct.  2015 
• CD-2/3A  Sep. 2016 
• CD-2/3  Apr. 2018 
• CD-4         2021 
• Experimental program (2019-2026) 

!3V. Yakimenko, Workshop on Beam Acceleration in Crystals, June 24-25, 2019

Key R&D Goals: 
• High brightness beam generation, preservation, 

characterization 
• e+ acceleration in e- driven wakes  
• Staging challenges with witness injector 
• Generation of high flux gamma radiation 

Three stages:  
• Photoinjector   (e- beam only)  
• e+ damping ring  (e+ or e- beams) 
• “sailboat” chicane  (e+ and e- beams)

On schedule to start commissioning in 2019

User Programs 2019-2026
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FACET II parameters
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B. Single-bunch, high charge density mode (electron)

Filamentation experiments, future nonlinear QED experi-
ments, and others benefit from having as high peak-current
and/or high 3D charge density beams as possible delivered to
the sector 20 interaction point (see Table IV).

C. Single-bunch, high-quality mode (electron)

For initial strong-field QED experimental studies to
characterize the FACET laser-beam interaction, a stable
beam with well-defined Gaussian profile characteristics is
desired. This mode of operation is also desirable for the
initial commissioning of the accelerator. This is achieved
by using moderate compression and focusing settings
while operating at as high an energy as stably achievable

to minimize coherent effects in the BC20 compressor
chicane. A final beam energy of 13 GeV is possible by
operating all L3 accelerating structures on crest while still
maintaining the designated longitudinal feedback and spare
stations to maintain tunability (see Table V).

D. Kraken waist configuration (electrons)

In addition to the three experimental area configurations
outlined above, an upstream waist location is provided in
the final focus system in sector 20 for additional experi-
ments within the so-called “Kraken chamber.” The Kraken
chamber is a device installed to accommodate various
experimental installations in an upstream area of sector 20
(as can be seen in Fig. 2). Two configurations are supported
for this location: with either round or flat beams at the waist
(flat means a 100∶1 ratio of the beta function at the waist).
See Table VI.

TABLE II. Common machine parameters for all following
FACET-II configurations.

Parameter e− eþ

Injected energy @ sector 11, Ei, MeV 335
Pulse rep. rate frep, Hz 1–30 1–5
Emittance into sector 20, γεx;y, μm-rad 3–4 13

TABLE III. Two-bunch mode parameters. β" refers to the
optical beta function magnitude at the interaction waist in
sector 20.

Parameter (units) Drive pulse Witness pulse

Final beam energy Ef (GeV) 10.0
Bunch charge Qb (nC) 1.3 0.6
Peak current Ipk (kA) 30 15
β" (cm) 5–50
Bunch spacing (μm) 150
Final rms energy spread, dE/E (%) 0.8 0.3

TABLE IV. Single-bunch, high Q mode parameters.

Parameter (units) Value

Final beam energy Ef (GeV) 10.0
Bunch charge Qb (nC) 2.0
Peak current Ipk (kA) 50–200
β" (cm) 5–100
Final rms energy spread, dE/E (%) 1.2

TABLE V. Single-bunch, high-quality mode parameters.

Parameter (units) Value

Final beam energy Ef (GeV) 13.0
Bunch charge Qb (nC) 2.0
rms bunch length σz (mm) 0.1
β" (m) 10
Final rms energy spread, dE/E (%) 0.05

FIG. 2. Beam optical functions in the interaction region with focusing set for PWFA experiments and an imaging condition in the
electron beam energy spectrometer.

V. YAKIMENKO et al. PHYS. REV. ACCEL. BEAMS 22, 101301 (2019)

101301-4

B. Single-bunch, high charge density mode (electron)

Filamentation experiments, future nonlinear QED experi-
ments, and others benefit from having as high peak-current
and/or high 3D charge density beams as possible delivered to
the sector 20 interaction point (see Table IV).
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characterize the FACET laser-beam interaction, a stable
beam with well-defined Gaussian profile characteristics is
desired. This mode of operation is also desirable for the
initial commissioning of the accelerator. This is achieved
by using moderate compression and focusing settings
while operating at as high an energy as stably achievable

to minimize coherent effects in the BC20 compressor
chicane. A final beam energy of 13 GeV is possible by
operating all L3 accelerating structures on crest while still
maintaining the designated longitudinal feedback and spare
stations to maintain tunability (see Table V).

D. Kraken waist configuration (electrons)

In addition to the three experimental area configurations
outlined above, an upstream waist location is provided in
the final focus system in sector 20 for additional experi-
ments within the so-called “Kraken chamber.” The Kraken
chamber is a device installed to accommodate various
experimental installations in an upstream area of sector 20
(as can be seen in Fig. 2). Two configurations are supported
for this location: with either round or flat beams at the waist
(flat means a 100∶1 ratio of the beta function at the waist).
See Table VI.

TABLE II. Common machine parameters for all following
FACET-II configurations.

Parameter e− eþ

Injected energy @ sector 11, Ei, MeV 335
Pulse rep. rate frep, Hz 1–30 1–5
Emittance into sector 20, γεx;y, μm-rad 3–4 13

TABLE III. Two-bunch mode parameters. β" refers to the
optical beta function magnitude at the interaction waist in
sector 20.

Parameter (units) Drive pulse Witness pulse

Final beam energy Ef (GeV) 10.0
Bunch charge Qb (nC) 1.3 0.6
Peak current Ipk (kA) 30 15
β" (cm) 5–50
Bunch spacing (μm) 150
Final rms energy spread, dE/E (%) 0.8 0.3

TABLE IV. Single-bunch, high Q mode parameters.

Parameter (units) Value

Final beam energy Ef (GeV) 10.0
Bunch charge Qb (nC) 2.0
Peak current Ipk (kA) 50–200
β" (cm) 5–100
Final rms energy spread, dE/E (%) 1.2

TABLE V. Single-bunch, high-quality mode parameters.

Parameter (units) Value

Final beam energy Ef (GeV) 13.0
Bunch charge Qb (nC) 2.0
rms bunch length σz (mm) 0.1
β" (m) 10
Final rms energy spread, dE/E (%) 0.05

FIG. 2. Beam optical functions in the interaction region with focusing set for PWFA experiments and an imaging condition in the
electron beam energy spectrometer.

V. YAKIMENKO et al. PHYS. REV. ACCEL. BEAMS 22, 101301 (2019)
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V. Yakimenko et al., Phys. Rev. Accel. Beams 22, 101301 (2019)
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Latest FACET-II results

and PWFA as a beam quality transformer22. These continuous
advancements have recently enabled demonstration of PBA-driven
free electron lasing in the extreme ultraviolet (EUV) to optical
wavelengths23–25. Despite this remarkable progress, plasma accel-
erators have yet to simultaneously deliver the combination of high
energy (multi-GeV), narrow energy spread, and high beam brightness
required for applications in hard X-ray FELs26. Achieving these beam
parameters may also enable a near term demonstration of PWFA
technology in a hybrid plasma/RF linear collider27.

Here we demonstrate that a plasma wakefield accelerator can be
used as a transformer to simultaneously boost the energy and
brightness of a self-injected electron bunch. Using the 10GeV electron
bunch (Methods), delivered by the recently commissioned FACET-II
National User Facility28 at SLAC National Accelerator Laboratory, and a
meter-scale three-stage beam-ionized hydrogen plasma source29,30, we
have generated electronbunches that havemore than twice the energy
of the drive bunch, a sub-percent energy spread, an order of magni-
tude smaller emittance, and kA-level peak currents. These parameters
yield an energy transformer ratio exceeding two and a brightness
enhancement of more than an order of magnitude in comparison to
the drive bunch.

Results
Experimental setup
Our plasma wakefield transformer consists of a three-stage plasma
source (Fig. 1a) that integrates drive bunch focusing, injection of the
trailingbunch, and accelerationof the trailingbunch tobeyond20GeV
(Methods). The drive bunch contains variable current spikes (15-
100 kA) which induce ionization of hydrogen gas while a longer, lower
current base produces the plasma wake30,31.

The first stage comprises a 1.25-meter-long low-density hydrogen
gas region upstream of the gas jet. A 10GeV electron bunch (1.6 nC
charge, 22.6±1.9mm·mrad emittance, ~20 µm r.m.s. bunch length)
from the FACET-II linac operating at 5Hz was focused at variable
positions with respect to the gas jet using quadrupole focusing

magnets with a nominal β* of 50 cm. The high-current spike(s) of the
drive bunch31 partially ionize the hydrogen gas before the drive bunch
reaches the gas jet, creating a variable density plasma that acts as a
thick, passive lens32. This plasma lens further focuses the drive bunch
to a few microns (much smaller than its vacuum waist spot size of
~25 µm), increasing the beam density well above the plasma density—
essential for exciting a reproducible nonlinear wake33 even before the
drive bunch reaches the gas jet. While this plasma lens section
improves the reproducibility of the wake at the gas jet, the position of
the of plasma/wake formation with respect to the gas jet varies from
shot to shot because of the shot-to-shot variation of the magnitude of
the current spike(s) in the drive bunch caused by the amplitude and
phase jitter of the RF30. As a result, the drive bunch enters the gas jet
having lost 1-3GeV energy to the wake. The second stage is the sharp
density downramp with a scale length of a few hundred micrometers,
created by a movable blade that intercepts the gas flow at the jet exit
(see Fig. 1a), which enables injection of plasma electrons as the phase
velocity of the wake’s trailing edge suddenly becomes subluminal34,35.
The third stage consists of the 2.85-meter-long gas region downstream
of the gas jet, where the injected electrons are further accelerated until
energy of the drive bunch is nearly fully depleted and wake is termi-
nated. The gradual density transition from the higher-density jet to the
lower-density gas region self-matches the injected bunch into the
acceleration stage35, as evidenced by the lack of characteristic betatron
oscillation features in the bunch’s energy spectrum, which will be
discussed later. This design eliminates the need for additional plasma-
channel guiding36 or external magnetic elements, as both the unmat-
ched drive and self-matched injected bunches are self-guided by the
wakefields throughout the entire meter-scale plasma.

Drive bunch depletion and 26GeV injected bunch gain
The energy loss of the drive bunch and energy gain of the injected
electrons (Methods) are evident in the energy spectra shown in
Fig. 1b–d. These three spectra were measured in different shots while
using different spectrometer settings to accommodate the large

Fig. 1 | Experimental setup, drive-beamdepletion, and self-injection in ameter-
scale plasmawakefield. aA 10GeV electron drive bunch is focused by quadrupole
magnets into a four-meter-long hydrogen-filled region confined by beryllium win-
dows with sub-mm apertures. A two-centimeter-long supersonic gas jet with a
movable blade creates a sharp density downramp. As the drive bunch approaches
its vacuum waist, its electric field ionizes the hydrogen to form a plasma column
(magenta cylinder) and excite a wake. The plasma prior to the gas jet acts as a
plasma lens to further focus the drive bunch. Plasma electrons injected at the
downramp are accelerated in the wake formed in the subsequent acceleration

section. b Energy spectrum showing drive beam depletion to ~1 GeV (at 5.3 Torr,
1.7 × 10¹⁷ cm⁻³, gas jet off), indicating significant energy transfer to the wake. The
spectrometer is focused at 2 GeV. c Energy-dependent betatron oscillations of the
drive bunch envelope (at 2.4 Torr, 7.8 × 1016 cm⁻³, gas jet off) enable determination
of the effective plasma length12. d A distinct injected bunch accelerated to 26GeV
with 0.7% r.m.s. energy spread appears only when the gas jet is activated (at 4 Torr,
1.3 × 10¹⁷ cm⁻³, gas jet on). For this shot, the spectrometer quadrupoles focus
at 15GeV.

Article https://doi.org/10.1038/s41467-025-65742-8

Nature Communications | �������(2025)�16:10719� 2
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Figure 1: Layout of a 500 GeV PWFA Linear Collider. Each main bunch is accelerated by 25 GeV in each of ten plasma
stages. The plasma is driven by e− bunches, generated by a SCRF CW recirculating linac, and distributed co-linearly
with the main beams.

decelerating field; the transformer ratio. We design for a
transformer ratio of 11. A transformer ratio higher than 1
would reduce the drive beam energy, but tighten the main
bunch injection tolerances, as the main bunch needs to be
positioned closer to the trailing edge of the bubble. Using
Gaussian beam current profiles, the optimization yields [6]
a drive bunch charge of 2x1010, drive bunch length of 40m
(approx. the plasma wavelength/2π), a distance between
the drive bunch and the main bunch of 187 um and a final
main bunch energy spread of a few %. Assuming opera-
tion in the PWFA blow-out with the stated parameters and
electron bunches with a Gaussian charge profile, an over-
all drive bunch to main bunch power transfer efficiency of
50% is achieved in QuickPIC [7] simulations. The drive to
plasma transfer efficiency is 77% and the plasma to main
bunch transfer efficiency is 65% [6]. For positron accel-
eration other regimes such as the near hollow channel pro-
posed most recently by [8] shows promise, however precise
efficiency calculations have not yet been performed for this
regime.

DRIVE BEAM GENERATION
The plasma cells are powered by trains of bunches pro-

duced using recirculating linac acceleration. Each drive
bunch powers one single plasma cell accelerating one sin-
gle main bunch by 25 GeV, and is then ejected to a dump.
The process starts with a CW SC linac for optimum effi-
ciency and a recirculating beam line to reduce the overall
drive beam linac length and the associated cost and cryo-
genics power. The bunches are fed into an accumulator
ring to generate the time structure required to power the

1In the blow-out regime the transformer ratio could be chosen to be
significantly larger than 1.

plasma stages, see Fig. 1. When enough bunches to accel-
erate a single electron and positron bunch to their final en-
ergy have been accumulated in the ring, they are extracted
and distributed to the plasma cells from a co-linear distri-
bution system. This system uses fast kickers, small angle
bends and magnetic chicanes as delay lines to satisfy the
time constraints. Due to the co-linear drive beam, and ex-
ploiting the energy difference drive beam and main beam,
the kick angle required for drive beam injection before a
plasma stage is at most 9 mrad (varying with energy), and
we foresee that a solution based on conventional technol-
ogy (septa and kickers) will fulfill the timing requirements
of the PWFA-LC. More details about the drive beam gen-
eration and injection/extraction can be found in [9].

POWER ESTIMATES
The estimated total wall plug power consumption of the

complex is summarized in Fig. 2. It assumes 50% drive
to main bunch efficiency as discussed above, a realistic
power supply efficiency of 90% and a klystron efficiency
of 65% (based on LEP or CEBAF experience with CW op-
eration). With these efficiencies the rf power to accelerate
the drive beam up to the requested energy of 25 GeV varies
from 26 MW to 114 MW at center of mass energy of 250
GeV and 3 TeV respectively. In addition 1 MW to 13 MW
have to be provided to compensate for synchrotron radi-
ation losses in the accumulator ring. Thus the wall plug
power for drive beam acceleration varies from 61 MW to
211 MW corresponding to the lion’s share of the total wall
power consumption. The cryogenic power of the SC linacs
is only 15.7 MW using recirculation. The resulting drive
beam wall-plug to drive beam efficiency is 40%, and the
total beam acceleration efficiency of about 20% is partic-
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Figure 1: Layout of a 500 GeV PWFA Linear Collider. Each main bunch is accelerated by 25 GeV in each of ten plasma
stages. The plasma is driven by e− bunches, generated by a SCRF CW recirculating linac, and distributed co-linearly
with the main beams.

decelerating field; the transformer ratio. We design for a
transformer ratio of 11. A transformer ratio higher than 1
would reduce the drive beam energy, but tighten the main
bunch injection tolerances, as the main bunch needs to be
positioned closer to the trailing edge of the bubble. Using
Gaussian beam current profiles, the optimization yields [6]
a drive bunch charge of 2x1010, drive bunch length of 40m
(approx. the plasma wavelength/2π), a distance between
the drive bunch and the main bunch of 187 um and a final
main bunch energy spread of a few %. Assuming opera-
tion in the PWFA blow-out with the stated parameters and
electron bunches with a Gaussian charge profile, an over-
all drive bunch to main bunch power transfer efficiency of
50% is achieved in QuickPIC [7] simulations. The drive to
plasma transfer efficiency is 77% and the plasma to main
bunch transfer efficiency is 65% [6]. For positron accel-
eration other regimes such as the near hollow channel pro-
posed most recently by [8] shows promise, however precise
efficiency calculations have not yet been performed for this
regime.

DRIVE BEAM GENERATION
The plasma cells are powered by trains of bunches pro-

duced using recirculating linac acceleration. Each drive
bunch powers one single plasma cell accelerating one sin-
gle main bunch by 25 GeV, and is then ejected to a dump.
The process starts with a CW SC linac for optimum effi-
ciency and a recirculating beam line to reduce the overall
drive beam linac length and the associated cost and cryo-
genics power. The bunches are fed into an accumulator
ring to generate the time structure required to power the

1In the blow-out regime the transformer ratio could be chosen to be
significantly larger than 1.

plasma stages, see Fig. 1. When enough bunches to accel-
erate a single electron and positron bunch to their final en-
ergy have been accumulated in the ring, they are extracted
and distributed to the plasma cells from a co-linear distri-
bution system. This system uses fast kickers, small angle
bends and magnetic chicanes as delay lines to satisfy the
time constraints. Due to the co-linear drive beam, and ex-
ploiting the energy difference drive beam and main beam,
the kick angle required for drive beam injection before a
plasma stage is at most 9 mrad (varying with energy), and
we foresee that a solution based on conventional technol-
ogy (septa and kickers) will fulfill the timing requirements
of the PWFA-LC. More details about the drive beam gen-
eration and injection/extraction can be found in [9].

POWER ESTIMATES
The estimated total wall plug power consumption of the

complex is summarized in Fig. 2. It assumes 50% drive
to main bunch efficiency as discussed above, a realistic
power supply efficiency of 90% and a klystron efficiency
of 65% (based on LEP or CEBAF experience with CW op-
eration). With these efficiencies the rf power to accelerate
the drive beam up to the requested energy of 25 GeV varies
from 26 MW to 114 MW at center of mass energy of 250
GeV and 3 TeV respectively. In addition 1 MW to 13 MW
have to be provided to compensate for synchrotron radi-
ation losses in the accumulator ring. Thus the wall plug
power for drive beam acceleration varies from 61 MW to
211 MW corresponding to the lion’s share of the total wall
power consumption. The cryogenic power of the SC linacs
is only 15.7 MW using recirculation. The resulting drive
beam wall-plug to drive beam efficiency is 40%, and the
total beam acceleration efficiency of about 20% is partic-
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Figure 1: Layout of a 500 GeV PWFA Linear Collider. Each main bunch is accelerated by 25 GeV in each of ten plasma
stages. The plasma is driven by e− bunches, generated by a SCRF CW recirculating linac, and distributed co-linearly
with the main beams.

decelerating field; the transformer ratio. We design for a
transformer ratio of 11. A transformer ratio higher than 1
would reduce the drive beam energy, but tighten the main
bunch injection tolerances, as the main bunch needs to be
positioned closer to the trailing edge of the bubble. Using
Gaussian beam current profiles, the optimization yields [6]
a drive bunch charge of 2x1010, drive bunch length of 40m
(approx. the plasma wavelength/2π), a distance between
the drive bunch and the main bunch of 187 um and a final
main bunch energy spread of a few %. Assuming opera-
tion in the PWFA blow-out with the stated parameters and
electron bunches with a Gaussian charge profile, an over-
all drive bunch to main bunch power transfer efficiency of
50% is achieved in QuickPIC [7] simulations. The drive to
plasma transfer efficiency is 77% and the plasma to main
bunch transfer efficiency is 65% [6]. For positron accel-
eration other regimes such as the near hollow channel pro-
posed most recently by [8] shows promise, however precise
efficiency calculations have not yet been performed for this
regime.

DRIVE BEAM GENERATION
The plasma cells are powered by trains of bunches pro-

duced using recirculating linac acceleration. Each drive
bunch powers one single plasma cell accelerating one sin-
gle main bunch by 25 GeV, and is then ejected to a dump.
The process starts with a CW SC linac for optimum effi-
ciency and a recirculating beam line to reduce the overall
drive beam linac length and the associated cost and cryo-
genics power. The bunches are fed into an accumulator
ring to generate the time structure required to power the

1In the blow-out regime the transformer ratio could be chosen to be
significantly larger than 1.

plasma stages, see Fig. 1. When enough bunches to accel-
erate a single electron and positron bunch to their final en-
ergy have been accumulated in the ring, they are extracted
and distributed to the plasma cells from a co-linear distri-
bution system. This system uses fast kickers, small angle
bends and magnetic chicanes as delay lines to satisfy the
time constraints. Due to the co-linear drive beam, and ex-
ploiting the energy difference drive beam and main beam,
the kick angle required for drive beam injection before a
plasma stage is at most 9 mrad (varying with energy), and
we foresee that a solution based on conventional technol-
ogy (septa and kickers) will fulfill the timing requirements
of the PWFA-LC. More details about the drive beam gen-
eration and injection/extraction can be found in [9].

POWER ESTIMATES
The estimated total wall plug power consumption of the

complex is summarized in Fig. 2. It assumes 50% drive
to main bunch efficiency as discussed above, a realistic
power supply efficiency of 90% and a klystron efficiency
of 65% (based on LEP or CEBAF experience with CW op-
eration). With these efficiencies the rf power to accelerate
the drive beam up to the requested energy of 25 GeV varies
from 26 MW to 114 MW at center of mass energy of 250
GeV and 3 TeV respectively. In addition 1 MW to 13 MW
have to be provided to compensate for synchrotron radi-
ation losses in the accumulator ring. Thus the wall plug
power for drive beam acceleration varies from 61 MW to
211 MW corresponding to the lion’s share of the total wall
power consumption. The cryogenic power of the SC linacs
is only 15.7 MW using recirculation. The resulting drive
beam wall-plug to drive beam efficiency is 40%, and the
total beam acceleration efficiency of about 20% is partic-
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PWFA at CLARA/FEBE
• Why it makes sense

– Free space available close to CLARA beam line
– Unique beam properties (low emittance, high charge, relativistic, ultrashort)
– Diverse beam operation modes 
– Well developed beam diagnostic equipment for VELA and CLARA (deflecting cavities, 

longitudinal bunch length measurement, etc.)
– FEBE 100 TW laser will be available in 2025/26

• Possible contributions to advanced accelerator community
– Two-bunch experiment for energy doubling of CLARA beam
– High transformer ratio (laser shaping of the bunch density profile, hard-edge bunch 

for an efficient wakefield excitation)
– Ultrashort pulse x-rays production from betatron radiation
– Plasma lens focusing effect
– Hybrid wakefield acceleration
– External injection in LWFA
– Inverse Compton scattering based radiation source
– Many others…
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Plasma acceleration research station (PARS->FEBE)
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FEBE beam line at CLARA
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CLARA beam parameters
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CLARA CDR, July 2013
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CLARA Conceptual Design Report 13

Operating Modes

Parameter Seeding SASE Ultra-short Multibunch

Max Energy (MeV) 250 250 250 250
Macropulse Rep Rate (Hz) 1–100 1–100 1–100 1–100
Bunches/macropulse 1 1 1 16
Bunch Charge (pC) 250 250 20–100 25
Peak Current (A) 125–400 400 ⇠1000 25
Bunch length (fs) 850–250 (flat-top) 250 (rms) <25 (rms) 300 (rms)
Norm. Emittance (mm-mrad)  1  1  1  1
rms Energy Spread (keV) 25 100 150 100
Radiator Period (mm) 27 27 27 27

Table 3.1: Main parameters for CLARA operating modes.

'250 fs. The specification for the flatness of
the current within this region is �I/I  7%, as
discussed in Section 3.3.5. The reason for the flat
top is to make the FEL performance insensitive
to up to ±100 fs temporal jitter between the
electron bunch and seeding laser. The required
peak current to reach saturation at 100 nm in a
sufficiently compact undulator section, taking into
account the expected emittance and energy spread
in the beam, is 400 A. These requirements lead
to a necessary bunch charge of 250 pC of which
approximately 100 pC is within the flat top region
and the remainder is in the head and tail.

For schemes where the beam is modulated with
the long wavelength seed the bunch length must be
longer. This is because of the slippage that occurs
between the seed field and the electrons in the
modulator undulator—every period of the undulator
the electrons slip back one wavelength. For a 50 µm
seed interacting in a 4-period modulator the slippage
time is '650 fs so the flat region of the bunch must
be at least this duration. Adding contingency for
±100 fs temporal jitter the flat top region must be
&850 fs duration. Fortunately, the gain length is
shorter at longer wavelengths so the peak current
to reach saturation in the same length of undulator
as required for 100 nm operation is only 125 A. The
charge in the flat top region is therefore 100 pC as
before, so a total charge of 250 pC is well matched
to the requirements.

In this mode it is important to keep the energy
spread small so that the ratio between the energy
modulation applied by the laser and the beam energy
spread is as high as possible to enable strong

bunching to be generated at high harmonics.

3.3.2 SASE Mode
This mode is designed for operating the FEL in
SASE mode. This is the ‘base’ FEL operation mode
because no seed fields or optics are required but
will be an essential mode of operation for validating
the performance of the accelerator, the properties
of the electron bunch and the alignment within
the undulator sections. In addition, many of the
schemes proposed for CLARA aim to improve the
temporal coherence and/or stability of SASE so it is
important to be able to use SASE as a control. The
bunch charge and peak current have already been
set by the requirements of the Seeding Mode so we
adopt the same maximum charge and peak current
for SASE mode. There is however, no requirement
for a flat-top profile so this mode of operation
will be easier to demonstrate. The SASE FEL
performance is quite insensitive to energy spread at
the 25–100 keV level so in this mode we allow the
energy spread to be higher than in the seeding mode.

3.3.3 Ultra-Short Pulse Mode
This mode is specific to research into ultra-short
bunch generation and transport, and the use of such
bunches for single spike SASE FEL operation, where
the bunch length must be shorter than the typical
SASE spike separation of 2⇡lc . The cooperation
length lc depends strongly on the peak current,
which itself of course depends on the bunch charge
and bunch duration. To generate and transport very
short bunches is only possible if the charge is quite
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Two-bunch acceleration
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Two-bunch acceleration
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Plasma density scan
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Proton driven plasma wakefield
acceleration (PDPWA)
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HERA TEVATRON LHC

Circumference [km] 6.336 6.28 26.659

Maximum energy [TeV] 0.92 0.98 7.0

Energy spread [10-3] 0.2 0.14 0.113

Bunch length [cm] 8.5 50 7.55

Transverse emit. [10-9 π m rad] 5 3 0.5

Particles per bunch [1010] 7 26 11.5
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high energy proton beam as driver

• Huge energy stored in current proton machines like 
Tevatron, HERA, SPS and LHC

• For example, the SPS/LHC beam carries
    significant stored energy for driving plasma waves

• SPS (450 GeV, 1.3e11 p/bunch)      ~ 10 kJ
• LHC (1 TeV, 1.15e11 p/bunch)         ~ 20 kJ 
• LHC (7 TeV, 1.15e11 p/bunch)         ~ 140 kJ 
• SLAC (50 GeV, 2e10 e-/bunch)        ~ 0.1 kJ

• However, the current proton bunches are quite longer
to use as driver directly. Need much effort to
compress the beam

• How to couple the energy of driver to the plasma and
the witness beam efficiently?
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PWFA and PDPWA
Pros. of PWFA
Plasma electrons are expelled by space charge of beam, a nice bubble will be 

formed for beam acceleration and focusing.
The short electron beam is relatively easy to have (bunch compression).
Wakefield phase slippage is not a problem.

Cons. of PWFA
One stage energy gain is limited by transformer ratio, therefore maximum electron 

energy is about 100 GeV using SLC beam.
Easy to be subject to the head erosion due to small mass of electrons

Pros. of PDPWA
Very high energy proton beam are available today, the energy stored at SPS, LHC, 

Tevatron, HERA
   SPS (450 GeV, 1.3e11 p/bunch) ~ 10 kJ

LHC (1 TeV, 1.15e11 p/bunch)   ~ 20 kJ 
LHC (7 TeV, 1.15e11 p/bunch)   ~ 140 kJ 

   SLAC (50 GeV, 2e10 e-/bunch)  ~ 0.1 kJ

Cons. of PDPWA
Flow-in regime responds a relatively low field vs. blow-out regime.
Long proton bunches (tens centimeters), bunch compression is difficult.
Wave phase slippage for heavy mass proton beam (small γ factor), 
especially for a very long plasma channel
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Schematics of PDPWA
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A thin tube containing Li plasma is 
surrounded by quadrupole 
magnets with alternating polarity. 
The magnification shows the 
plasma bubble created by the 
proton bunch (red). The electron 
bunch (yellow) undergoing 
acceleration is located at the back 
of the bubble. Note that the 
dimensions are not to scale.

* A. Caldwell et al., Nature Physics 5, 363 (2009)
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Parameter setting
Symbol Value

Drive Beam

Protons in drive bunch [1011 ] Np 1

Proton energy [TeV ] Ep 1

Initial proton momentum spread σp/p 0.1

Initial longitudinal spread [µm ] σz 100

Initial angular spread [mrad ] σθ 0.03

Initial bunch transverse size [mm ] σX,Y 0.4

Witness Beam

Electrons in witness bunch [1010 ] Ne 1.5

Energy of electrons [GeV ] Ee 10

Plasma Parameters

Free electron density [cm-3 ] np 6×1014

Plasma wavelength [mm ] λp 1.35

External Field

Magnetic field gradient [T/m ] 1000

Magnetic length [m ] 0.7
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Simulation

• 2 D and 3 D Particle-In-Cell (PIC) codes are employed to simulate the 
interactions between plasma and beams.
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Fig.a-d), Simulation results for the 
unloaded (no witness bunch) case (a,b) 
and in the presence of a witness bunch 
(c,d). The witness bunch is seen as the 
black spot in the first wave bucket in d). 
d) also shows the driving proton bunch 
at the wavefront (red). e) The on-axis 
accelerating field of the plasma wave for 
the unloaded (blue curve) and loaded 
(red curve) cases. 

* A. Caldwell et al., Nature Physics 5, 363 (2009)
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Simulation results

• Energy gain
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1 TeV

10 GeV
phase
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Phase space of driver & witness
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Fig. a-h), Snapshots of the combined longitudinal phase space of the driver and the witness 
bunches (energy versus coordinate) (a–d) and corresponding energy spectra (e–h). The snapshots 
are taken at acceleration distances L=0, 150, 300, 450 m. The electrons are shown as blue points 
and the protons are depicted as red points.

* A. Caldwell et al., Nature Physics 5, 363 (2009)
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Energy gain & energy spread
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Fig. a,b), The mean electron energy in TeV (a) and the r.m.s. variation of the energy in    the 
bunch as a percentage (b) as a function of the distance travelled in the plasma.

620 GeV beam can be obtained

energy spread less than 1 %

* A. Caldwell et al., Nature Physics 5, 363 (2009)
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Simulation results

• Proton bunch can indeed to be used as
the drive beam for exciting a large 
amplitude wakefield

• Proton-driven PWFA can bring a bunch
of electrons to the energy frontier in 
only one stage.

• An unsolved questions, short beam!
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Magnetic bunch compression
q Beam compression can be achieved:
    (1) by introducing an energy-position correlation along the bunch with an RF section at zero-crossing of voltage 
    (2) and passing beam through a region where path length is energy dependent:   
        this is generated by bending magnets to create dispersive regions.
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-z
DE/E

lower energy trajectory

higher energy trajectory

center energy trajectory

q  To compress a bunch longitudinally,  trajectory in dispersive region must be shorter for tail of the bunch 
than it is for the head.  

Tail 
(advance)

Head (delay)
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Bunch compressor design
Value

Bunch charge 1011

Proton energy [TeV] 1

Initial energy spread [%] 0.01

Initial bunch length [cm] 1.0

Final bunch length [µm] 165

RF frequency [MHz] 704.4

Average gradient of RF [MV/m] 25

Required RF voltage [MV] 65,000

RF phase [degree] -102

Compression ratio ~60

Momentum compaction (MC) [m] -1.0

Second order of MC [m] 1.5

Bending angle of dipole [rad.] 0.05

Length of dipole [m] 14.3

Drift space between dipoles [m] 190.6

Total BC length [m] 4131

Final beam energy [GeV] 986.5

Final energy spread [%] 0.93
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For a thousand-fold compression, one
stage compression looks infeasible

We expect that the ring could compress the 
bunch by a factor of 10 and the rest will be 
realized via magnetic chicane
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Phase space of beam
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Phase space of beam
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G. Xia,  A. Caldwell et al., Proceedings of PAC09 (FR5RFP011)
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Plasma wakefield slicing via modulation
• Magnetic bunch compression: formidable RF power for energy chirp!
• Self-modulation via plasma wakefield (the transverse instability modulates the 

long bunch into many ultra short beamlets at plasma wakelength.
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SPS beam at 5m
Plasma @ 1e14 cm-3

density modulation effect

G. Xia, et al., AIP Proceedings of Advanced Accelerators Concepts 2010, 510-515.

on-axis (X = 0) beam density profile
after 5 m propagation in plasma

G. Xia, F.Zimmermann, et al., Proceedings of PAC09, (FR5RFP004)
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From idea to real experiment
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Abstract. The proton bunch-driven plasma wakefield acceleration (PWFA) has been
proposed as an approach to accelerate an electron beam to the TeV energy regime
in a single plasma section. An experimental program has been recently proposed to
demonstrate the capability of proton-driven PWFA by using existing proton beams
from the European Organization for Nuclear Research (CERN) accelerator complex.
At present, a spare Super Proton Synchrotron (SPS) tunnel, having a length of 600 m,
could be used for this purpose. The layout of the experiment is introduced. Particle-
in-cell simulation results based on realistic SPS beam parameters are presented.
Simulations show that working in a self-modulation regime, the wakefield driven by
an SPS beam can accelerate an externally injected ∼10 MeV electrons to ∼2 GeV
in a 10-m plasma, with a plasma density of 7 × 1014 cm−3.

1. Introduction

Over the past decade, there has been significant progress
in developing the advanced accelerator concepts and
possible technologies needed to produce and accelerate
particle beams to high energies in short distances [1, 2].
These so-called plasma accelerators have opened new
research frontiers and hold great promise to decrease
the scale and therefore the cost of future machines.
Developments in these research areas have paved the
way for a new generation of plasma accelerators not
only for high-energy physics [3] but also for many other
applications such as table-top x-ray Free Electron Lasers
(FELs) [4], compact proton (carbon) treatment facilities,
etc [5]. By employing an ultra-short, ultra-intense laser
pulse as a driver, the Laser Wakefield Acceleration
(LWFA) at Lawrence Berkeley National Laboratory
(LBNL) has successfully demonstrated generation of
1 GeV electron beam in a few centimeter long plasma
cell [6]. With rapid progress in laser technology and laser
guiding technique in plasmas, it is foreseen to reach a
few tens of GeV electron acceleration for high-energy
physics application [7]. Meanwhile, the electron beam-
driven plasma wakefield acceleration (PWFA) experi-
ment, conducted at the Final Focus Test Beam (FFTB)
at SLAC, has doubled the energy of some fraction of
electrons of the Stanford Linear Collider (SLC) beam
[8] in only 85 cm of plasma, which corresponds the
wakefield amplitude in excess of 50 GeV/m, more than

two orders of magnitude higher than the current radio-
frequency technology in use. The next generation PWFA
experiment foreseen at FACET will accelerate a separate
witness electron bunch to high energy with narrow
energy spread and preserved emittance [9]. However,
to reach the energy frontier of Teraelectron volts (or
TeV) energy regime, both LWFA and PWFA still face
some practical challenges, for instance, synchronizing
and aligning of many similar accelerating modules may
become difficult.

In general, plasma acts as an energy transformer
in both LWFA and PWFA. The plasma itself cannot
produce the net energy. However, it is a perfect medium
to transfer energy from a driver pulse (beam) to the
witness beam. Since plasma is already an ionized (broken
down) medium, there is no further breakdown. It can
therefore sustain very large electric fields. In contrast,
the metallic radiofrequency (RF) structures, from which
the particles gain energies in conventional accelerators,
are subject to material breakdown in high electric field.
Generally, the conventional RF cavity cannot endure
the electric field higher than 200 MeV/m [10].

More recently, Caldwell et al. [11] proposed a new
scheme, the so-called ‘proton-driven plasma wakefield
acceleration’. The underlying physics is similar to the
other beam-driven plasma wakefield acceleration. That
is, the space charge of the drive beam sets the ambient
plasma electrons in motion. The heavy plasma ions

26/01/2026 CI Postgraduate Lectures



AWAKE
• Advanced Proton Driven Plasma Wakefield Acceleration Experiment

– Final Goal: Design high quality & high energy electron accelerator based on acquired knowledge.

• Proof-of-Principle Accelerator R&D experiment at CERN
– First proton driven wakefield experiment worldwide
– Study the Self-Modulation Instability
– Demonstration of high-gradient acceleration of electrons
– Approved in 2013
– First beam in late 2016

• AWAKE Collaboration: 23 Institutes world-wide
– Spokesperson: Allen Caldwell->Patric Muggli, MPI Munich
– Deputy Spokesperson: Matthew Wing, UCL
– Physics and Experiment Coordinator: Patric Muggli, MPI Munich
– Simulation Coordinator: Alexander Pukhov, BINP
– Technical Coordinator and CERN AWAKE Project Leader: Edda Gschwendtner, CERN
– Deputy: Chiara Bracco, CERN
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Drive beam: SPS proton beam

80

SPS: 400 GeV

CNGS

à Proton beam for AWAKE requires:
– High charge
– Short bunch length
– Small emittance

AWAKE was installed in the CNGS, CERN 
Neutrinos to Gran Sasso, experimental facility.
CNGS physics program finished in 2012.

è SPS Beam at 400 GeV/c
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Proton beam specifications

81

Nominal SPS Proton Beam Parameters
Momentum 400 GeV/c
Protons/bunch 3x1011

Bunch length sz = 0.4 ns (12 cm)-0.2ns 
(6 cm)

Bunch size at plasma entrance s*
x,y = 200 µm

Normalized emittance (r.m.s.) 3.5 mm mrad
Relative energy spread Dp/p = 0.35%

Long proton beam sz = 12cm! çèCompare with plasma wavelength of l = 1mm. 
è Experiment based on Self-Modulation Instability!

Self-modulation instability of the proton beam:  modulation of a long (SPS) beam in a series of ‘micro-
bunches’ with a spacing of the plasma wavelength. 
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AWAKE: 1st experimental phase
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Laser 
dumpSPS

protons

10m plasma cell Proton 
beam 
dump

Laser

Proton diagnostics
OTR, CTR, TCTR

p 

• Perform benchmark experiments using proton bunches to drive wakefields for the first time ever.
• Understand the physics of self-modulation instability processes in plasma.
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Drive beam diagnostics
Direct Measurement of self-modulation instability of the proton beam 

à results in radial modulation of the proton beam (micro-bunches) 
– Measured by using the radiation emitted by the bunch when traversing a dielectric interface or by directly sampling 

the bunch space charge field. à streak-camera.
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sp ~ 400 ps

4 ps

CTR  & TCTR

OTR

Optical Transition Radiation (OTR)
Coherent Transition Radiation (CTR) 
Transverse Coherent Transition Radiation (TCTR)

Laser 
dump

SPS
protons

10m

SMI

Proton 
beam 
dump

Laser

p 

BTV BTV

Laser 
dump

Indirect Measurement by observing the proton bunch defocusing downstream the plasma
à Proton bunch: 1mrad divergence
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Witness beam
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à Optimal electron energy is 10-20 MeV
– Electron velocity = wakefield phase velocity at self-modulation stage.

à Electron bunch length:  
- Should be small to be in phase with high field region.

à Electron beam should have small enough size and angular 
divergence to fit into high capture efficiency region. 

à Electron beam intensity:  get good signal in diagnostics!

Electron beam Baseline Range for upgrade 
phase

Momentum 16 MeV/c 10-20 MeV
Electrons/bunch (bunch charge) 1.25 E9 0.6 – 6.25 E9
Bunch charge 0.2 nC 0.1 – 1 nC
Bunch length sz =4ps (1.2mm) 0.3 – 10 ps
Bunch size at focus s*

x,y = 250 µm 0.25 – 1mm

Normalized emittance (r.m.s.) 2 mm mrad 0.5 – 5 mm mrad

Relative energy spread Dp/p = 0.5% <0.5%
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Electron source
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PHIN Photo-injector for CTF3/CLIC:
– Charge/bunch: 2.3 nC
– Bunch length: 10 ps 
– 1800 bunches/train, 1.2µs train-length
à Program will stop end 2015

à Fits to requirements of AWAKE
à Photo-injector laser derived from low power 

level of plasma ionization laser system. 

Length ~ 4 m
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Laser 
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Power and phase

Spectrometer

Corrector

MTV
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Accelerator
MTV,
Emittance

Matching 
triplet

BPRBPR

Incident, Reflected, 
transmitted Power

Klystron from CTF3

electron beam line

1m booster linac
(Cockcroft)

e-beam diagnostics

Laser beam for electron source

Laser type Ti:Sapphire Centaurus
Pulse wavelength l0 = 260 nm
Pulse length 10 ps
Pulse energy (after compr.) 500 µJ
Electron source cathode Copper
Quantum efficiency 3.00 E-5
Energy stability ±2.5% r.m.s.
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AWAKE: 2nd experimental phase
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RF gun
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Proton diagnostics
OTR, CTR, TCTR

p 

Probe the accelerating wakefields with externally injected electrons, including energy spectrum 
measurements for different injection and plasma parameters.

laser pulse

proton bunch
gasplasma

electron bunch

0.0
E (GeV)

0.5 1.0 1.5 2.0 -6
r' (mrad)

0-4 -2 2 4 6

N
um

be
r o

f e
le

ct
ro

ns
• Trapping efficiency: 10 – 15 %
• Average energy gain: 1.3 GeV
• Energy spread: ± 0.4 GeV
• Angular spread up to ± 4 mrad
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LHC
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AWAKE at CERN
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AWAKE at CERN
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AWAKE milestone in 2016
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AWAKE highlight 2018
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AWAKE highlights in 2018
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AWAKE highlights in 2018
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AWAKE highlights

FIG. 1. The protons together with the laser pulse (red marker in the depicted proton bunches) enter

the plasma. The first half of the bunch propagates in Rubidium while the second half propagates

in a plasma. After the plasma the laser hits a beam dump and the modulated bunch hits a foil

where optical transition radiation (OTR) is created. The light is imaged onto the slit of a streak

camera and is streaked to obtain a time resolved image. The optical filters limit the bandwidth of

the light to ensure the time resolution.

time ⌧ 1
!pe

, much shorter than the expected wakefield period (3 � 10ps), thus e↵ectively

seeding initial wakefields. The density of the Rubidium vapour, and indirectly of the plasma,115

is measured with white light interferometry at the beginning and end of the source with an

accuracy of  0.5% [22]. Densities quoted in this Letter are the mean of both measurements.

If no density gradient is mentioned it is < 0.5% over the ten meters of the vapour source.

The plasma radius[? ] is ⇠ 1mm. Alignment between the proton bunch and the laser

pulse (and thus the plasma) is obtained and maintained using a virtual laser line and proton120

beam position monitors that are part of the standard beam line equipment. The seeded

self-modulation process develops along the plasma with saturation expected before the end

of the plasma [16]. At saturation the microbunches are fully formed and propagate towards

the end of the plasma and the diagnostics. The radially modulated bunch exits the plasma

and the laser pulse is blocked by a 200µm Aluminum foil that acts as a laser beam dump125

to protect downstream diagnostics. At the diagnostic, the proton bunch travels through a

280µm Silicon wafer (OTR foil in Fig. 1) coated with 1µm mirror-finished Aluminum. The

protons create (incoherent) backwards optical transition radiation (OTR) when crossing the

vacuum-Aluminum boundary. The prompt OTR [23] has the same time and spatial struc-

ture as the p
+ bunch distribution at the OTR foil. The light is transported and the image130

of the p
+ bunch is formed onto the entrance slit of a streak camera [24]. The motorized

5

a) b) e)

c) d)

Fig. 3. Streak camera images on the fast (73ps) timescale a) at low (nRb = 2.457⇥ 1014cm�3) and

c) at high (nRb = 6.994 ⇥ 1014cm�3) plasma densities. Profiles obtained by summing the images

along the spatial axis from �0.4mm to 0.6mm are displayed on the left hand side of each image.

Image c) is obtained ⇠ 10ps behind the ionizing laser pulse that is placed in the middle of the bunch

as in Fig. 2. Image c) is obtained with a narrower band pass filter (25nm) than for image a) and

e) (50nm) to reduce the intensity of the light and decrease time resolution limitations originating

from broad spectrum light reaching the streak photocathode [24]. Figures b) and d) show the DFT

power spectra for the two profiles (black diamonds) as well as for background images (blue lines).

The green lines depict the interpolated power spectrum. The orange line is a noise threshold used

for detecting frequencies. Image e) shows a low density case (nRb = 2.190 ⇥ 1014cm�3) where

the full train of microbunches is shown. On the profile of image e) it can be seen that directly

behind the laser there is an increased charge density on axis and on image a) it is shown that the

microbunches form from the very beginning behind the laser. The Rubidium density in image e)

has a density gradient of 3.4%/10m.

density used (10.5⇥ 1014cm�3).

Modulation frequency dependency

We present in Fig. 4 a) the result of modulation frequency measurements for seeded (la-

ser placed in the middle) events with Rubidium densities between (1.3� 10.5)⇥ 1014cm�3.240

10

AWAKE Collaboration, PRL 122 (5) 054801 (2019) 
AWAKE Collaboration, PRL 122 (5) 054802 (2019)
AWAKE Collaboration, PRL 125 (26) 264801(2020)
AWAKE Collaboration, PRL 126 (16) 164802(2021)
AWAKE Collaboration, PRL 129 (2) 024802 (2022)
AWAKE Collaboration, PRL 132 (7) 075001 (2024)
AWAKE Collaboration, PRL 134 (15) 155001 (2025)

a) b)

FIG. 4. a) Measured mean modulation frequencies (red, with standard deviation of the measured

frequencies) as a function of the Rb vapour density nRb on a log-log plot. b) Bayesian fit to the mean

detected frequencies, with the priors (green dotted) given in the text, results in the probability

curve for the parameters with the marginalized variables ↵ = 0.497 ± 0.004 (Mode and standard

deviation) and � ⇠ 1. The orange dotted line in a) corresponds to the expected ↵ = 0.5,� = 1

dependency of the modulation frequency. The Mode values of the posterior distribution are plotted

in a) as the blue line.

The detected frequencies for each Rubidium density are expected to follow the depen-

dency fmod = fpe =
q

e2

me✏0
1
2⇡n

1/2
pe ⇠ 89.8�1/2

n
1/2
Rb Hz m

3/2, where � is the degree of ioni-

zation of the Rubidium. We perform a Bayesian fit of the mean detected frequencies with

fmod,detetected = 89.8�↵( nRb
1014cm�3 )↵GHz. The resulting posterior of the fit is shown in Fig.4 b).

The independent priors for the fit parameters (green dotted) we used are a Gaussian distri-245

bution with µ = 0.5, � = 0.01 for the exponent ↵ and a prior p(�) = exp(� � 1)/l0, l0 = .05

for �  1 and p(�) = 0 elsewhere. The marginalized posterior distribution over the expo-

nent ↵ has its mode at 0.497 and a standard deviation of 0.004, The mean is located at

0.499. The marginalized posterior distribution over the ionization � has its mode at 0.999

corresponding to 99.9% ionization. The fit with the mode values is shown on Fig.4 a) as250

the blue line. These results show that the power dependency of the modulation frequency

of the microbunches is in agreement with that of the plasma frequency. Similar results were

obtained with seeding times early in the bunch.
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AWAKE highlights

bunch.110

A 10 m-long vapor source [23, 24] provides a rubidium density adjustable in the n = (1 �111

10)⇥ 1014 atoms/cm3 range. A 120 fs, 450 mJ laser pulse ionizes the outermost electron of each112

rubidium atom creating a plasma with a radius of approximately 1 mm [11]. The laser pulse113

creates a relativistic ionization front, much shorter than the wakefield period, that effectively114

seeds the wakefields [25]. When the ionization front is placed near the middle of the proton115

bunch, the seed wakefields reach an amplitude of a few MV/m, far above the expected noise116

amplitude of a few tens of kV/m [26]. From this initial seed amplitude, the wakefields and the117

proton bunch modulation grow along the bunch and plasma.118

To experimentally diagnose proton bunch self-modulation, we measure the transverse and119

longitudinal bunch density as shown in Fig. 1a): the structure of the bunch in space and time120

with a streak camera [20, 27] and the time-integrated transverse distribution with imaging121

stations (IS) [28].122

Figure 1. a) Schematic location of the imaging stations (IS1 and IS2) and of the OTR streak camera
screen with respect to the plasma. The proton bunch moves from left to right. b) Schematic drawing
of the optical setup of the imaging stations.

The streak camera produces an image of the transverse bunch distribution as a function123

of time (Fig. 2), with pico-second resolution. As protons traverse a metallic foil, they emit124

5

M. Turner et al. “Experimental observation of plasma 
wakefield growth driven by the seeded self-modulation of 
a proton bunch”, arXiv:1809.01191 (2018)

Figure 3. Time-integrated proton bunch charge distributions after the bunch propagated in rubidium
vapor with a density of 7.7⇥1014 atoms/cm3 (a,c) and plasma with a density of 7.7⇥1014 electrons/cm3

(b,d). Panels a) and b) show core camera and panels c) and d) halo camera measurements. In panels c)
and d), the center of the proton bunch is blocked by a mask. Note the logarithmic scales. e) Combined
projections of the images of Fig. 3a-d). The blue lines show the measurement without plasma and
the red lines with plasma. Green vertical bars show the maximum radius of the proton distribution,
defocused by the plasma.

have a comparable growth rate, seeding of the symmetric self-modulation process can suppress203

the development of the asymmetric process.204
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AWAKE current activity - Run 2

AWAKE Run 2, 2021-202x (after LHC LS2) : main goals

Laser 
dump

Optimized
SPS

protons

10m plasma 

SMI Acceleration

Proton 
beam 
dump

RF gun
Laser

Proton diagnostics
BTV,OTR, CTR

e- spectrometer

~4m plasma 

e- (~100s fs, > 20 MeV)
Bunch compression, increased acceleration

e- emittance
measurement

Demonstrate scalability of the AWAKE concept
• sustain gradient in SMI wake over long distance 
• scalable length plasma sources

Accelerate an electron beam, while preserving beam quality as well as possible
• injection: into the wake of an already modulated proton beam
• generate optimum electron bunch to be accelerated 

Possible injectors?

Scalable sources?
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AWAKE Run 2a,2b (2021-2026)

Accelerate an electron beam to high energy (gradient of 0.5-1GV/m)
Preserve electron beam quality as well as possible (emittance preservation at 10 mm mrad level) 
Demonstrate scalable plasma source technology (e.g. helicon plasma source or discharge plasma source)

Goals:
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Experimental setup for Run II (2021-LS3)
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AWAKE Run 2c,2d (2028-203x)-> application

• A long and modular plasma cell to boost e- 
energy up to 100 GeV

• A fix target experiment at CERN (50-100 GeV 
electron), similar to NA64-dark side of the 
universe and looking for new bosons!
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e+e- and e-p colliders

99

An e+ e- collider

An e-p collider

Collider design issues based on proton-driven plasma
wakefield acceleration

G. Xia a,b,n, O. Mete a,b, A. Aimidula b,c, C.P. Welsch b,c, S. Chattopadhyay a,b,c,
S. Mandry d, M. Wing d,e

a School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
b The Cockcroft Institute, Sci-Tech Daresbury, Daresbury, Warrington, United Kingdom
c The University of Liverpool, Liverpool, United Kingdom
d Department of Physics and Astronomy, University College London, London, United Kingdom
e Deutsche Elektronen-Synchrotron DESY, Hamburg, Germany

a r t i c l e i n f o

Keywords:
PDPWA
Colliders
Self-modulation instability
Dephasing

a b s t r a c t

Recent simulations have shown that a high-energy proton bunch can excite strong plasma wakefields
and accelerate a bunch of electrons to the energy frontier in a single stage of acceleration. It therefore
paves the way towards a compact future collider design using the proton beams from existing high-
energy proton machines, e.g. Tevatron or the LHC. This paper addresses some key issues in designing a
compact electron–positron linear collider and an electron–proton collider based on the existing CERN
accelerator infrastructure.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

With the recent discovery of the Higgs boson at the Large
Hadron Collider (LHC) at CERN [1,2], the high energy physics
community anticipated the construction of a dedicated Higgs
factory, which may be an electron–positron ðeþ e# Þ linear collider
for the precise measurement of the properties of the Higgs
particle, e.g. its mass, spin, couplings with other particles and
self-couplings, etc. However, current eþ e# linear collider designs
at the energy frontier (TeV, or 1012 electronvolts) such as the
International Linear Collider (ILC) and Compact Linear Collider
(CLIC) extends over 30 km and costs over multi-billion dollars. The
sizes of these machines are heavily dependent on the length of the
RF linac, which is subject to a maximum material breakdown field
(of % 150 MeV=m) and is the main cost driver for next generation
linear colliders. The obvious question is can we make the future
machine more compact and cost effective?

In addition, the possibility of a lepton–hadron (e.g. ep) collider
at CERN has been of interest since the initial proposal of the LHC. It
has long been known that lepton–hadron collisions play an
important role in the exploration of the fundamental structure of
matter. For example, the quark-parton model originated from
investigation of electron–nucleon scattering. The currently

proposed LHeC design employs the LHC beam colliding with the
electron beam from a newly designed energy recovery linac (ERL)
based ring or from a linac [3]. However, this design is expensive,
e.g. the ring based design needs about 9 km tunnel and a 19 km
bending arcs. The electron beam power is greater than 100 MW
and the project is not listed as the high priority for the recently
updated European strategy for particle physics [4].

The development of plasma accelerators has achieved tremen-
dous progress in the last decade. Laser wakefield accelerators
(LWFAs) can routinely produce %GeV electron beams of percen-
tage energy spread with only a few centimeter plasma cell and the
accelerating gradient ð % 100 GeV=mÞ is more than three orders of
magnitude higher than the fields in conventional RF based
structures [5]. Charged particle beam driven plasma wakefield
acceleration (PWFA) has successfully demonstrated energy dou-
bling from 42 to 85 GeV of the electron beam from the Stanford
Linear Collider (SLC) within an 85 cm plasma cell [6]. These
significant breakthroughs have shown great promise to make a
future machine more compact and cheaper. Based on these LWFA/
PWFA schemes, a future energy frontier linear collider will consist
of multi-stages, on the order of 100/50, to reach the TeV energy
scale with each stage yielding energy gains of % 10=20 GeV. It
should be noted that the multi-stage scheme introduces new
challenges such as tight synchronization and alignment require-
ments of the drive and witness bunches and of each accelerator
module (plasma cell). Staging also means a gradient dilution due
to long distances required between each accelerator module for
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2022 fast plasma recovery time-60ns
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Recovery time of a plasma-wakefield 
accelerator

R. D’Arcy1 ✉, J. Chappell2, J. Beinortaite1,2, S. Diederichs1,3, G. Boyle1, B. Foster4, M. J. Garland1, 
P. Gonzalez Caminal1,3, C. A. Lindstrøm1, G. Loisch1, S. Schreiber1, S. Schröder1, R. J. Shalloo1, 
M. Thévenet1, S. Wesch1, M. Wing1,2 & J. Osterhoff1

The interaction of intense particle bunches with plasma can give rise to plasma 
wakes1,2 capable of sustaining gigavolt-per-metre electric !elds3,4, which are orders of 
magnitude higher than provided by state-of-the-art radio-frequency technology5. 
Plasma wake!elds can, therefore, strongly accelerate charged particles and o"er the 
opportunity to reach higher particle energies with smaller and hence more widely 
available accelerator facilities. However, the luminosity and brilliance demands of 
high-energy physics and photon science require particle bunches to be accelerated at 
repetition rates of thousands or even millions per second, which are orders of 
magnitude higher than demonstrated with plasma-wake!eld technology6,7. Here we 
investigate the upper limit on repetition rates of beam-driven plasma accelerators by 
measuring the time it takes for the plasma to recover to its initial state after 
perturbation by a wake!eld. The many-nanosecond-level recovery time measured 
establishes the in-principle attainability of megahertz rates of acceleration in 
plasmas. The experimental signatures of the perturbation are well described by 
simulations of a temporally evolving parabolic ion channel, transferring energy from 
the collapsing wake to the surrounding media. This result establishes that 
plasma-wake!eld modules could be developed as feasible high-repetition-rate energy 
boosters at current and future particle-physics and photon-science facilities.

Radio-frequency (RF) accelerator technology has driven material- 
science and particle-physics research for the past century. Maximizing 
accelerated charge per second maximizes the brilliance of free-electron 
lasers8,9 and the luminosity of future linear colliders10. The high quality  
factor of metallic super-conducting RF cavities, maintaining up to 
1011 electromagnetic oscillations before substantial dissipation11, ena-
bles the efficient extraction of energy over long bunch trains at high 
repetition rates. However, because of electrical breakdowns, such 
cavities are incapable of sustaining electric fields greater than about  
40 megavolts-per-metre (MV m–1)5, thus necessitating large facilities 
to reach high particle energies.

Plasma wakes1,2 driven by intense particle bunches3,4 represent a dis-
ruptive development owing to their ability to sustain gigavolt-per-metre 
(GV m–1) electric fields. To exceed the luminosity and brilliance demands 
of current facilities, however, plasma-acceleration techniques must 
also be capable of accelerating particle bunches at high repetition 
rates. The electromagnetic fields in plasma, unlike those in RF cavities, 
are significantly damped after only a few oscillations, at which point 
the plasma wake collapses and its stored energy dissipates into the 
surrounding media. Therefore, it is essential to use the first oscilla-
tion of the wakefield for acceleration and then wait for the perturbed 
background plasma to recover to approximately its initial state before 
the next acceleration. This recovery time places an upper limit on the 
maximum achievable repetition rate of plasma accelerators.

During excitation of a particle-beam-driven plasma wake, electrons 
and ions are separated by the space-charge field of the intense, rela-
tivistic particle beam. On the timescale of this motion, defined by the 
plasma-electron frequency, the plasma ions are typically treated as 
being stationary. On longer timescales, however, the plasma ions move 
towards the beam axis12–15, impelled there by the strong radial electric 
fields of the beam and the decaying plasma wave. The timescale of 
this movement is defined by the mass and charge of the ions and the 
strength of the radial fields. After the on-axis ion density reaches a 
maximum, the ion wave continues to propagate outwards, assisted by 
the pressure gradient between regions of differing plasma density and 
temperature, until uniform conditions are re-established. Laser-based 
optical-probing techniques have been used to observe the onset of ion 
motion16 and subsequent ion acoustic waves17 in the form of on-axis 
electron-density peaks. To measure the collective ion motion, a diag-
nostic technique based on the interaction of multiple electron bunches 
with plasma has been developed.

The collective motion of ions was measured at the plasma-wakefield 
research facility FLASHForward18. The initial plasma, with electron den-
sity 1.75 × 1016 cm−3, was generated by sending a high-voltage discharge 
through a capillary filled with argon gas (Methods). A large-amplitude, 
non-linear wakefield (1.6 GV m–1) was then driven by an intense leading 
electron bunch (1.5 kA peak current), produced by a photocathode 
laser temporally locked to the plasma generation, and accelerated by 
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Free-electron lasing with compact 
beam-driven plasma wakefield accelerator

R. Pompili1 ✉, D. Alesini1, M. P. Anania1, S. Arjmand1, M. Behtouei1, M. Bellaveglia1, A. Biagioni1, 
B. Buonomo1, F. Cardelli1, M. Carpanese2, E. Chiadroni1, A. Cianchi3,4,5, G. Costa1, A. Del Dotto1, 
M. Del Giorno1, F. Dipace1, A. Doria2, F. Filippi2, M. Galletti3,4,5, L. Giannessi1, A. Giribono1, 
P. Iovine6, V. Lollo1, A. Mostacci7, F. Nguyen2, M. Opromolla8, E. Di Palma2, L. Pellegrino1, 
A. Petralia2, V. Petrillo8, L. Piersanti1, G. Di Pirro1, S. Romeo1, A. R. Rossi8, J. Scifo1, A. Selce2, 
V. Shpakov1, A. Stella1, C. Vaccarezza1, F. Villa1, A. Zigler1,9 & M. Ferrario1

The possibility to accelerate electron beams to ultra-relativistic velocities over short 
distances by using plasma-based technology holds the potential for a revolution in 
the !eld of particle accelerators1–4. The compact nature of plasma-based accelerators 
would allow the realization of table-top machines capable of driving a free-electron 
laser (FEL)5, a formidable tool to investigate matter at the sub-atomic level by 
generating coherent light pulses with sub-ångström wavelengths and 
sub-femtosecond durations6,7. So far, however, the high-energy electron beams 
required to operate FELs had to be obtained through the use of conventional 
large-size radio-frequency (RF) accelerators, bound to a sizeable footprint as a result 
of their limited accelerating !elds. Here we report the experimental evidence of FEL 
lasing by a compact (3-cm) particle-beam-driven plasma accelerator. The accelerated 
beams are completely characterized in the six-dimensional phase space and have high 
quality, comparable with state-of-the-art accelerators8. This allowed the observation 
of narrow-band ampli!ed radiation in the infrared range with typical exponential 
growth of its intensity over six consecutive undulators. This proof-of-principle 
experiment represents a fundamental milestone in the use of plasma-based 
accelerators, contributing to the development of next-generation compact facilities 
for user-oriented applications9.

Particle accelerators have been one of the key engines for new advance-
ments in physics, giving researchers a valuable tool to investigate mat-
ter with atomic and sub-atomic resolution. Their implementation in 
fourth-generation light sources based on FELs, for instance, allowed 
the generation of coherent light pulses that can even reach the hard 
X-rays range at the attosecond timescale by using electron beams with 
tens of GeV energies6,7. However, the underlying accelerator technol-
ogy that makes use of RF waves has mostly remained unchanged over 
the decades. Achieving such large energies required therefore the 
realization of machines with large sizes and prohibitive costs, mostly 
owing to the limited accelerating fields provided by RF technology10.

Such a limitation has stimulated a rapidly growing research area 
exploiting the huge electric fields generated in a plasma11 and paving 
the way towards the development of futuristic compact machines, such 
as EuPRAXIA9. Tremendous progress was achieved with pioneering 
experiments driven by high-intensity laser pulses12,13 or ultra-relativistic 
particle beams3,14 that demonstrated accelerations up to hundreds of 
GV m−1, that is orders of magnitude larger than current RF technol-
ogy. However, despite such large gradients and following advances 
to improve the resulting beam quality15–18, the first lasing of a FEL was 

demonstrated only very recently adopting a laser-driven wakefield 
accelerator19.

Here we present the first proof-of-principle experiment demon-
strating self-amplified spontaneous emission (SASE) in a FEL from a 
centimetre-scale beam-driven plasma wakefield accelerator (PWFA)20. 
The experiment is performed at the SPARC_LAB test facility21, where 
the accelerating field, generated in the plasma by a relativistic particle 
bunch acting as driver, is used to accelerate a trailing witness bunch. 
The witness gains about 6 MeV energy over a 3-cm-long plasma, has 
low energy spread (≈0.3%) and emittance (a few microns) and is highly 
stable and reproducible. The six-dimensional phase space of the accel-
erated beam is completely characterized and matched into the FEL 
beamline to drive light amplification. Here we observed the spectrum 
and exponential growth of the amplified light along six planar undula-
tors, confirming the typical features of SASE.

The experimental setup is shown in Fig. 1. Two ultra-short driver 
and witness electron bunches are generated by the SPARC_LAB 
photo-injector, consisting of a RF gun followed by three accelerat-
ing sections. The bunches come from the photoemission of a copper 
cathode illuminated by two ultraviolet pulses22 and are compressed 
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down to durations of a few tens of femtoseconds by tuning the first 
accelerating section at close-to-zero phase23. The beam diagnostics 
upstream of the plasma module consists of a non-intercepting and 
single-shot electro-optical sampling (EOS) that continuously monitors 
the bunch durations and separation24. Downstream of the plasma, a RF 
deflector and a magnetic spectrometer allow to characterize the time 
and energy profiles of the beam, in correspondence of a cerium-doped 
yttrium aluminium garnet (Ce:YAG) screen25.

The plasma accelerator module consists of a 3D-printed capillary 
with length Lp = 3 cm and a diameter of 2 mm. The capillary is filled with 
hydrogen gas through two symmetric inlets. The plasma is generated 
by ionizing the gas with a high-voltage discharge providing 5-kV pulses 
with a current of 120 A and duration ≈1 µs. The stability and repeat-
ability of the plasma formation is obtained by pre-ionizing the gas 
with a Nd:YAG laser focused at the capillary entrance. This reduces the 
discharge timing jitter from tens to a few nanoseconds and, in turn, the 
plasma density fluctuations from 12% to 6% (ref. 26). Two triplets of mov-
able permanent-magnet quadrupoles (PMQs) are installed upstream 
and downstream of the capillary to focus the beam into the plasma and 
extract from it after acceleration27.

The FEL beamline consists of six undulators, each one of length 2.15 m 
with 77 periods, with each period λu = 2.8 cm. A quadrupole is installed 
between two consecutive undulators to transport the beam. The gap of 
each undulator can be tuned to adjust the undulator parameter in the 
range Ku ≈ 0.4–3. Downstream of each undulator, an in-vacuum metallic 
mirror can be inserted to send the FEL radiation to a calibrated photodi-
ode. At the exit of the last undulator, the radiation spectrum is measured 
using an imaging spectrometer equipped with a diffraction grating and a 
cooled intensified camera (iCCD). More details are reported in Methods.

The experiment was performed by using driver and witness bunches 
separated by ∆t = 1.21 ± 0.02 ps. These are focused at the plasma 
entrance with the PMQs down to σr,d = 20 ± 1 µm and σr,w = 14 ± 1 µm, 
respectively. The driver charge is Qd = 200 ± 5 pC with duration 
σt,d = 215 ± 5 fs. For the witness, the charge is Qw = 20 ± 2 pC and the dura-
tion is σt,w = 30 ± 3 fs. With the plasma turned off, the driver energy is 
Ed = 88.5 ± 0.1 MeV with energy spread σE,d = 0.23 ± 0.01 MeV, whereas for 
the witness, Ew = 88.1 ± 0.1 MeV and σE,w = 0.31 ± 0.02 MeV. The respec-
tive initial normalized emittances are %d,x(y) = 2.5 ± 0.2(1.7 ± 0.2) µm and  
%w,x(y) = 1.4 ± 0.5(1.2 ± 0.4) µm. All the quantities are quoted as rms.  
The witness energy chirp is made positive (higher-energy particles on 
the head) to compensate for the plasma wakefield slope and assist the 
beam-loading process8. Figure 2a shows a single-shot energy spectrum 
of the driver and witness obtained without plasma on the Ce:YAG screen 
downstream of the spectrometer.

By turning on the plasma and setting its density to ne ≈ 1.6 × 1015 cm−3, 
we obtain the spectrum shown in Fig. 2b. The plot shows both the 

accelerated witness and the decelerated driver. Considering 500 con-
secutive shots of the accelerated witness, its energy and energy spread 
distributions are reported in Fig. 2c. The resulting average energy is 
Ew = 93.9 ± 0.3 MeV, corresponding to ≈200 MV m−1 accelerating gradi-
ent. The achieved 0.3 MeV energy jitter is mainly owing to fluctuations 
of the driver–witness distance and plasma density28. The energy spread 
of the accelerated witness is preserved, σE,w = 0.31 ± 0.08 MeV, whereas 
its normalized emittance grew to %w,x(y) = 2.7 ± 0.7(1.3 ± 0.2) µm, indicat-
ing a transverse mismatch of the beam in the plasma29. Further details 
are provided in Methods.

Numerical simulations for the plasma wakefield acceleration have 
been performed with the Architect code30 to support the experimental 
observations. The interaction between the bunches and the plasma is 
in the quasi-nonlinear regime31, in which the driver density exceeds the 
plasma density and induces blowout, but — owing to its relatively small 
charge — the produced perturbation is linear. The driver and witness 
bunches are thus propagated in a 3-cm-long plasma whose longitudinal 
profile resembles the experimental one. Figure 2d shows a snapshot 
of the two bunches propagating in the plasma background. The hori-
zontal and vertical axes represent the co-moving longitudinal (ξ) and 
radial (r) coordinates. The witness is located in the positively charged 
region produced by the driver and is accelerated with an average field 
of ≈200 MV m−1, gaining approximately 6 MeV. The bottom plot reports 
the evolution of the witness energy and energy spread along the capil-
lary longitudinal coordinate z, showing the progressive reduction (that 
reaches its minimum at z ≈ Lp/2) and then growth of the energy spread 
owing to the phase-space rotation during the acceleration process.

Downstream of the capillary, the beam is extracted by means of the 
second PMQ triplet and matched into the FEL beamline. Passing through 
the undulators, the beam produces FEL radiation with spectrum peaked 
at a resonance wavelength λ λ K γ= (1 + /2)/2 ≈ 830nm,r u u

2 2  in which γ is 
the relativistic Lorentz factor and Ku ≈ 1.4. A proof of the light amplification 
along the undulators is provided by measuring the growth of the pulse 
energy after each undulator with the photodiodes. They collect the light 
emitted by the witness and driver, as both bunches are transported through 
the undulators. The latter, however, has a much larger energy spread and 
is optically mismatched to the FEL beamline lattice. This is sufficient to 
prevent light amplification from the driver alone, as it was verified by 
comparing the photodiode signals with and without the witness bunch 
(see Methods). Figure 3 shows the resulting energies (Epd) measured by 
the six photodiodes as a function of the longitudinal coordinate (z) at 
which the light is extracted from the undulators beamline. For each pho-
todiode, 200 consecutive shots were acquired. The values reported cor-
respond to the average energy measured considering only the 10% most 
intense pulses. An average background signal resulting from the 
energy-depleted driver was separately measured by turning off the witness 
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Fig. 1 | Experimental setup. The driver (D) and witness (W) electron bunches 
are produced by the photo-injector and their temporal separation is 
continuously monitored with a non-intercepting EOS diagnostics. The bunches 
are focused by a triplet of PMQs in a 3-cm-long capillary containing the plasma 
produced by ionizing hydrogen gas with a high-voltage discharge. The 
accelerated witness is extracted by a second triplet of PMQs and transported 
using six electromagnetic quadrupoles. A dipole spectrometer is used to 

measure its energy with a scintillator screen installed on a 14° beamline.  
The FEL beamline consists of six planar undulators with tunable gaps and five 
quadrupoles in between to transport the beam. The emitted FEL radiation is 
collected by an in-vacuum metallic mirror and measured with an imaging 
spectrometer equipped with a diffraction grating and a cooled intensified 
camera (iCCD).

Riccardo Pompili Massimo FerrarioR. Pompili et al., Nature 605, 659 (2022)
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Why dielectrics?

• A dielectric material is an 
electrical insulator that can 
be polarized by an applied 
electric field. When a 
dielectric is placed in an 
electric field, electric 
charges do not flow 
through the material as 
they do in a conductor, but 
only slightly shift from 
their average equilibrium 
positions causing dielectric 
polarization
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Why dielectrics?

• Dielectric strength of an insulating material is 
the maximum electric field that a pure 
material can withstand under ideal conditions 
without breaking down (i.e., without 
experiencing failure of its insulating 
properties).

• For example, dielectric strength for diamond is 
about 2000 MV/m. For the fused silica (SiO2) is 
about 1500 MV/m

26/01/2026 103CI Postgraduate Lectures



Dielectric Laser Accelerators (DLA)

S-Band RF

X-Band RF

Optical

f = 2-4 GHz, λ= 10-20 cm

f = 8-12 GHz, λ= 2.5-3.75 cm

f ≈10-100 THz, λ ≈1-10 µm 

RF structures
• high gradient

• machining tolerance
• transverse wakefield
• breakdown (Ez ≤ 100 MV/m)

Laser-driven photonic crystal
• higher field gradient (1 GV/m)
• Dielectric : high breakdown 

threshold (1-5 GV/m)

metal 

metal 

dielectric materials 
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Typical structures of DLA

T. Plettner, et al, PRST-AB, 9, 111301 (2006).

X. Lin, PRST-AB, 4, 051301 (2001).

B. Cowan, et al, PRST-AB, 11, 011301 (2008).

Silicon,	λ=2200nm,	 Ez=400	MV/m

Silica,	λ=1890	nm,	E	=400	MV/m

Silica,	λ=800nm,	 Ez=830	MV/m
Phase Mask Structure

Wave Guiding Structures
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Dielectric dual-grating structure

106

Working principle
Structure overview Simulation result
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Laser driven dielectric accelerators

107

Photo by Brad Plummer, 
SLAC (2013)
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Laser driven dielectric acceleration
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Scanning electron microscope image of the longitudinal cross-section of a DLA 
structure fabricated as depicted in Extended Data Fig. 1a. Scale bar, 2 µm. b, 
Experimental set-up.

CI Postgraduate Lectures

60 MeV injected electron beams;
250 MeV/m accelerating field;
~ 563 optical period in structures;
1e6 electrons
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Milestone experiment
E. A. Peralta1 et al. NATURE  
VOL 503 (2013)
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One more step forward (nonrelativistic beam)

John Breuer and Peter Hommelhoff
Laser-Based Acceleration of Nonrelativistic Electrons at a Dielectric Structure
Phys. Rev. Lett. 111, 134803 (2013)

Electron source: 28 keV

Observed maximum 
acceleration gradient: 
25 MeV/m
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Beam driven dielectric acceleration

26/01/2026 111

T. Pacey
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Beam driven dielectric accelerators
• High gradient DWA applications

– HEP
– Radiation Source
– Advanced accelerator for future FEL

• ~GV/m fields reduce size of machine
• Larger scales (THz), relax emittance, higher 

charge beams
• Relevant Issues in DWA research

– Determine achievable field gradients
– High energy gain in acceleration
– Transformer ratio enhancement
– Resonant excitation of structure
– Dielectric/metal heating issues
– Cladding composition, dielectric material 

and thickness
– Alternate geometries (planar)
– Periodic structure development (1D, 3D)
– Transverse modes and beam-breakup

€ 

E ~ Nb

σ z
2

Accelerating gradient 
scales with high charge, 
short beams
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Dielectric wakefield accelerators

• Electron bunch (b ≈ 1) drives wake in 
cylindrical dielectric structure
•Dependent on structure properties
• Generally multi-mode excitation

•  Wakefields accelerate trailing bunch

• Peak decelerating field

€ 

eEz,dec ≈
−4Nbremec

2

a 8π
ε −1

εσ z + a
' 

( 
) 

* 

+ 
, 

•  Design Parameters

€ 

a,b

€ 

σ z

€ 

ε

Ez on-axis, OOPIC

€ 

R =
Ez,acc

Ez,dec

≤ 2

•Transformer ratio (unshaped beam)
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Recent results from FACET (2016)
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A cutaway view with the dielectric shown in grey and metal cladding in copper. The beam 
(dark red) travels along the structure in the vacuum region, leaving an idealized 
accelerating wakefield Ez shown in a colour intensity map (red to blue). The wakefield 
inside of the excited wave-train is shown as constant in magnitude as a function of distance 
behind the beam, consistent with theory and simulation assuming lossless media. 

B.D. O’Shea et al., Nat. Commun. 7: 12763 (2016).
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Recent results from FACET (2016)
Histogram of centroid energy of 
(a) the driver and (b) witness 
bunch. Blue and red indicate 
measurements made with and 
without the structure, 
respectively. A mean decelerating 
gradient of 252±14 MeV m−1 is 
observed in the driver; a mean 
accelerating gradient of 
320±17 MeV m−1 is seen by the 
witness. (c) Theoretical prediction 
of wake from beam current 
(blue), with (black) and without 
(dashed) witness beam.

B.D. O’Shea et al., Nat. Commun. 7: 12763 (2016).
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DWA experiment at DL
were recessed into copper substrates leaving the first
10 mm of the structure to act as a beam collimator.
Several options for the output coupling antenna were
simulated in CST Microwave Studio and a simple horn
of 10 mm long and 12° half angle opening in the vertical (y)
plane was found to be satisfactory in terms of gain and
directivity. The radiation was emitted in two lobes with the
same forward angle as the angle of the taper. The structure
tunability caused only a weak decrease in gain with
increasing structure gap. The gap (2a) between the quartz
plates was controlled by two in vacuum picomotors and
was evaluated using high resolution CCD cameras. This
method resulted in a precision of !20 μm in setting the
structure gap.
Experiments were conducted on CLARA/VELA facility

at Daresbury Laboratory, STFC [20]. An electron beam
with 10 Hz bunch repetition frequency was generated in the
3 GHz RF photoelectron gun of the CLARA front end
followed by a normal conducting linac. The 35 MeV
electron beam was then injected into the VELA beamline
via a short dog-leg section where longitudinal compression
of the electron bunch from ≈2 ps down to ≈0.3 ps RMS
took place. Bunch compression could be varied by chang-
ing the linac off-crest accelerating phase. The beam was
transported to an experimental area equipped with large
2.3 m long vacuum chamber and a set of standard
diagnostics (energy spectrometer, YAG screens, and beam
position monitors). Transverse beam size at the interaction
point was typically 70–100 μm RMS at bunch charges of
up to 100 pC. The DLW structure was mounted on a multi-
axis in-vacuum motorized assembly to ensure its transverse
position and angular alignment to the electron beam.
The THz radiation measurement system is shown sche-

matically in Fig. 1. CCR was collected using an off-axis
parabolic (OAP) mirror with a hole at the center for the
electron beam to pass through. The OAP mirror was
positioned such that the output of the DLW was at its
focal point (101.6 mm). The OAP collimated the radiation
and transported it out of the vacuum chamber through a
z-cut quartz window. The radiation was either focussed by a
TPX lens onto the pyroelectric detector for direct meas-
urement of the pulse energy, or transported further to a
Martin-Puplett interferometer (MPI) [21]. The MPI is
operationally similar to a Michelson interferometer used
in a number of other CCR studies, but uses wire grid
polarizers as beam splitters for increased efficiency and
therefore requires the input radiation to be polarized. As the
CCR from our DLW is polarized vertically, along the
variable gap axis (y), the MPI accepts the radiation through
the input polarizer without substantial losses. It is worth
noting that previous similar experiments [2,3] have employed
liquid helium cooled bolometers for THz detection. It was
established in these experiments that pyroelectric detectors
(Gentec THZ5I-BL-BNC-D0) had sufficiently high sensitiv-
ity and signal to noise ratio for interferometric measurements.

Two techniques were employed to increase the signal to
noise ratio from the pyroelectric detectors. First, a third
pyroelectric detector was used to record and subtract the
environmental background noise on a shot-by-shot basis.
Second, multishot averaging (50 successive shots) was used
to accurately resolve the signal at low pulse energies and in
the interferograms, resulting in a detector noise floor of
≤2 mV. Detectors were placed in both output arms of the
MPI and the interferogram was normalised to the signal
difference divided by the signal sum [22].
The CCR is excited as a set of discrete longitudinal

section magnetic (LSM) and longitudinal section electric
(LSE) wakefield modes in the DLW by the electron beam.
The dispersion relation for the LSMm;n modes [19] is:

coth ðkx;maÞ cot ðky;nδÞ −
ky;n
ϵrkx;m

¼ 0; ð1Þ

with kx;m ≡ ð2mþ 1Þ π
wx

(we consider only odd modes,
m ¼ 0, 1, 2, because even modes do not couple efficiently
to the electron beam in a symmetric system) and x, y
defined in Fig. 1. The mode frequencies, fm;n are given by

f2m;n ¼
c2

4π2

!
k2x;m þ k2y;n
ϵr − 1

"
: ð2Þ

Following the notation of [19], the lowest order wakefield
mode is LSM0;0 (also referred to as LSM1;1 in [23] and
other published studies), with ky;0 given by the first solution
to Eq. (1). For brevity we denote the fundamental CCRmode
(LSM0;0) frequency as f0. The contribution of longitudinal

FIG. 1. Experimental setup. The CCR was collected by a
51 mm diameter off axis parabolic (OAP) mirror with a hole
to pass the electron beam. TPX lenses were used for focusing of
the CCR onto the detectors. All mirrors were gold coated and
polished to optical finish. An additional pyroelectric detector (not
shown) was used for shot-to-shot subtraction of environmental
noise. Inset i), cross-section of the DLW with coordinate system
and parameter notation.

T. H. PACEY et al. PHYS. REV. ACCEL. BEAMS 22, 091302 (2019)
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were recessed into copper substrates leaving the first
10 mm of the structure to act as a beam collimator.
Several options for the output coupling antenna were
simulated in CST Microwave Studio and a simple horn
of 10 mm long and 12° half angle opening in the vertical (y)
plane was found to be satisfactory in terms of gain and
directivity. The radiation was emitted in two lobes with the
same forward angle as the angle of the taper. The structure
tunability caused only a weak decrease in gain with
increasing structure gap. The gap (2a) between the quartz
plates was controlled by two in vacuum picomotors and
was evaluated using high resolution CCD cameras. This
method resulted in a precision of !20 μm in setting the
structure gap.
Experiments were conducted on CLARA/VELA facility

at Daresbury Laboratory, STFC [20]. An electron beam
with 10 Hz bunch repetition frequency was generated in the
3 GHz RF photoelectron gun of the CLARA front end
followed by a normal conducting linac. The 35 MeV
electron beam was then injected into the VELA beamline
via a short dog-leg section where longitudinal compression
of the electron bunch from ≈2 ps down to ≈0.3 ps RMS
took place. Bunch compression could be varied by chang-
ing the linac off-crest accelerating phase. The beam was
transported to an experimental area equipped with large
2.3 m long vacuum chamber and a set of standard
diagnostics (energy spectrometer, YAG screens, and beam
position monitors). Transverse beam size at the interaction
point was typically 70–100 μm RMS at bunch charges of
up to 100 pC. The DLW structure was mounted on a multi-
axis in-vacuum motorized assembly to ensure its transverse
position and angular alignment to the electron beam.
The THz radiation measurement system is shown sche-

matically in Fig. 1. CCR was collected using an off-axis
parabolic (OAP) mirror with a hole at the center for the
electron beam to pass through. The OAP mirror was
positioned such that the output of the DLW was at its
focal point (101.6 mm). The OAP collimated the radiation
and transported it out of the vacuum chamber through a
z-cut quartz window. The radiation was either focussed by a
TPX lens onto the pyroelectric detector for direct meas-
urement of the pulse energy, or transported further to a
Martin-Puplett interferometer (MPI) [21]. The MPI is
operationally similar to a Michelson interferometer used
in a number of other CCR studies, but uses wire grid
polarizers as beam splitters for increased efficiency and
therefore requires the input radiation to be polarized. As the
CCR from our DLW is polarized vertically, along the
variable gap axis (y), the MPI accepts the radiation through
the input polarizer without substantial losses. It is worth
noting that previous similar experiments [2,3] have employed
liquid helium cooled bolometers for THz detection. It was
established in these experiments that pyroelectric detectors
(Gentec THZ5I-BL-BNC-D0) had sufficiently high sensitiv-
ity and signal to noise ratio for interferometric measurements.

Two techniques were employed to increase the signal to
noise ratio from the pyroelectric detectors. First, a third
pyroelectric detector was used to record and subtract the
environmental background noise on a shot-by-shot basis.
Second, multishot averaging (50 successive shots) was used
to accurately resolve the signal at low pulse energies and in
the interferograms, resulting in a detector noise floor of
≤2 mV. Detectors were placed in both output arms of the
MPI and the interferogram was normalised to the signal
difference divided by the signal sum [22].
The CCR is excited as a set of discrete longitudinal

section magnetic (LSM) and longitudinal section electric
(LSE) wakefield modes in the DLW by the electron beam.
The dispersion relation for the LSMm;n modes [19] is:

coth ðkx;maÞ cot ðky;nδÞ −
ky;n
ϵrkx;m

¼ 0; ð1Þ

with kx;m ≡ ð2mþ 1Þ π
wx

(we consider only odd modes,
m ¼ 0, 1, 2, because even modes do not couple efficiently
to the electron beam in a symmetric system) and x, y
defined in Fig. 1. The mode frequencies, fm;n are given by

f2m;n ¼
c2

4π2

!
k2x;m þ k2y;n
ϵr − 1

"
: ð2Þ

Following the notation of [19], the lowest order wakefield
mode is LSM0;0 (also referred to as LSM1;1 in [23] and
other published studies), with ky;0 given by the first solution
to Eq. (1). For brevity we denote the fundamental CCRmode
(LSM0;0) frequency as f0. The contribution of longitudinal

FIG. 1. Experimental setup. The CCR was collected by a
51 mm diameter off axis parabolic (OAP) mirror with a hole
to pass the electron beam. TPX lenses were used for focusing of
the CCR onto the detectors. All mirrors were gold coated and
polished to optical finish. An additional pyroelectric detector (not
shown) was used for shot-to-shot subtraction of environmental
noise. Inset i), cross-section of the DLW with coordinate system
and parameter notation.
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section electric (LSE) modes is negligible due to the high
structure aspect ratio, i.e., wx > 2a.
The total emitted CCR energy depends strongly on the

bunch length that, in turn, is determined by the linac off-
crest phase as demonstrated in Fig. 2(a). A coherent
transition radiation (CTR) target was installed alongside
the DLW structure to evaluate the electron bunch length
using the MPI and to confirm the machine setup repro-
ducibility on a daily basis by measuring the CTR total
power as a function of the linac phase. The RMS bunch
length, σt, of 0.3 ps at maximum compression with the linac
set to −9° off-crest phase was measured using an estab-
lished CTR interferogram fitting technique [24,25]. Longer
bunch lengths were evaluated from induced energy modu-
lation along the bunch similar to that reported in [26].
At −16° off-crest phase, the bunch length at 10% level was
estimated as 3.3 ps using the modulation method. The
coherent nature of CCR generation mechanism was con-
firmed by the enhancement of the signal as the bunch was
compressed, see Fig. 2(a).
The variation of CCR signal, I, with bunch charge, Q, is

shown in Fig. 2(b). Tominimize the effect of space charge on
the longitudinal beamdynamics, the bunchchargewas varied
byoccluding thebeam in the injector of the accelerator before
compression in the dog-leg section; instead of varying the
photoinjector laser power. However, computer simulations
indicate that the length of the bunch arriving to experimental
area still depends slightly on the bunch charge and this may
account for the observation that the dependence of CCR
energy on bunch charge does not follow a pure quadratic
function. The experimental data in Fig. 2(b) was fit with the

expression I ∝ Q2jFðσtÞj2, with the Gaussian form factor
F ∝ exp ð−2π2σ2t f20Þ. The frequency f0 was calculated from
Eq. (2) and σt was varied linearly with charge from 0.30 ps at
70 pC to 0.25 ps at 10 pC. The assumption of a Gaussian
bunch profile is corroborated by the fact that the variation of
RMS bunch length in fitting is in agreement to that measured
experimentally using CTR. Beam dynamics simulations
also predict the bunch profile should be quasi-Gaussian at
maximum compression.
The pyroelectric detector used in the pulse energy mea-

surements presented in Fig. 2(b) was not directly calibrated
in the THz frequency range. The detector responsivity was
estimated via calibration with a 532 nm CW diode laser
chopped at 10 Hz with 1.5% duty cycle and assuming the
absorption spectrum as that given by the manufacturer data
for this detector. The maximum observed signal of 110 mV
in Fig. 2(a) was found to correspond to a THz pulse energy
of approximately 0.3 μJ. The losses from the quartz window
were independently measured to be ≈50%. Disregarding
other potential transport losses that were largely unknown,
the pulse energy at source exit can be estimated as exceed-
ing 0.6 μJ.
A representative interferogram registered at 300 μm gap

and corresponding CCR spectrum are shown in Fig. 3.
Figure 3(b) also shows spectra at 480 and 910 μm gaps. The
interferograms were collected by averaging the response of
the pyroelectric detector for 50 successive shots at each delay
step. The standard error for each data point is smaller than

(a)

(b)

FIG. 2. Variation of CCR pulse energy with machine param-
eters. (a) CCR signal as a function of the linac off-crest phase at
bunch charge of 90 pC and 2a ¼ 540 μm. (b) Dependence of the
CCR energy on bunch charge at maximal bunch longitudinal
compression; 2a ¼ 590 μm.

(a)

(b)

FIG. 3. (a) Interferogram for structure gap 2a ¼ 300 μm.
(b) Example CCR power spectra calculated from corresponding
interferograms for structure gaps of 300 μm, 480 μm, and 910 μm.
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the size of the pointmarker. TheCCRspectrawere calculated
from fast Fourier transform of the interferograms without the
use of apodization or zero-padding to smooth and increase
the apparent spectral resolution. Broadband coherent dif-
fraction radiation (CDR) could make a significant contribu-
tion to theCCRspectra [9]. Thiswas not investigated in detail
but the absence of a peak at 0 ps delay in Fig. 3(a) clearly
indicates that the contribution of CDR is negligible due to
our experimental configuration, similar to [2], with output
horn at the exit of the DLW and the fact that CDR from the
OAP hole is largely lost during transport to the MPI.
The continuous tunability of the CCR source under

investigation with thin δ ¼ 25 μm dielectric is demon-
strated in Fig. 4(a). The fundamental mode frequency
varies from 0.55 to 0.95 THz, as the gap of the DLW
structure varies from 150 to 1100 μm. For comparison,
experimental data obtained with quartz layers of 100 μm
and 200 μm thickness and the same planar geometry of
the DLW structure is also given in Fig. 4(a). As expected,
the tunability of structures with thicker dielectrics was
greatly reduced and the intensity of HOMs was higher.
The measured frequencies agree, within experimental errors,
with the theoretical predictions fromEq. (2). The analytically
calculated frequencies are corroborated by CST Wakefield

Solver simulations that are shown with open circles in
Fig. 4(a). Higher order modes (HOMs) are noticeable in
the CCR spectra, with horizontal HOMs (LSM1;0) excited at
frequencies approximately 0.1 THz higher than the funda-
mental mode. Vertical HOMs were also excited, in the
frequency range 1.2 to 1.4 THz (LSM0;1). All HOMs
exhibited very low intensity that could be further reduced
in amplitude by increasing the transverse electron beam
aspect ratio from 1∶1 (horizontal to vertical) to 5∶1, as was
observed in these experiments.
Vertical error bars shown in Fig. 4(a) represent FWHM

values of the measured spectral lines [Fig. 3(b)] that
amount to 50–60 GHz across the whole DLW gap range
with the exception of the smallest gap of 140 μm at which
the FWHM is approximately 150 GHz. At this gap, the
signal to noise ratio was low in the interferogram thus
affecting accuracy of the spectrum calculation. With the
limited interferometer stage travel range used in Fig. 3(a),
the lower limit of the measured width of the spectral lines
is ≈50 GHz. In reality, the bandwidth of the spectral line
should vary significantly over the tunability range of the
DLW. This can be estimated from the time-bandwidth
product assuming a rectangular envelope of the THz pulse.
The radiation pulse length is given by

Δt ¼ L
1 − βg
βgc

ð3Þ

where L is the structure length and βg is the group velocity
of the LSM0;0 mode (normalized to c) which, in turn, is
calculated from the dispersion relation in [23]. Both the
group velocity and the pulse length are presented in Fig. 4(b)
as a function of the structure gap. At larger gaps of
≈1000 μm, the minimum theoretical bandwidth is expected
to be 50–70 GHz which is consistent with the measurements
[Fig. 4(b)]. At lower gaps, 2a < 200 μm, the minimal
bandwidth should reduce to below 10 GHz. Dielectric and
waveguide losses and dispersion within the structure would
also affect the actual bandwidth of the radiation. Investigation
of these effects and improvement of the interferometer
spectral resolution is the subject of further studies.
The CCR pulse energy varied significantly across the

DLW tunability range as shown in Fig. 5. The absorption
spectrum of the pyroelectric detector is approximately flat
across the frequency range of Fig. 5, as follows from the
data provided by the manufacturer. These measurements
were made with the pyroelectric detector within the inter-
ferometer as opposed to direct measurements in Fig. 2. The
electron beam in thesemeasurements had a finitevertical size
of σy ¼ 70 μm that caused effective beam losses through
the structure with gaps lower than 500 μm (f0 > 0.7 THz).
Assuming a Gaussian transverse distribution and quadratic
dependence of the CCR pulse energy on bunch charge,
the experimental data in Fig. 5 (red dots) was adjusted to
show the expected signals without beam losses (black dots).
The detector peak signals are plotted against frequency of

(a)

(b)

FIG. 4. (a) Measured frequency of the fundamental mode as a
function of the structure gap at three dielectric thicknesses of 25,
100, and 200 μm. Vertical error bars represent FWHM width of
spectral lines. Solid lines are solutions of the dispersion relation
in Eq. (1). (b) Calculated CCR group velocity, relative to the
speed of light in vacuum, and corresponding CCR pulse length
[Eq. (3)] as a function of the structure gap for the case of 25 μm
thick dielectric.

T. H. PACEY et al. PHYS. REV. ACCEL. BEAMS 22, 091302 (2019)
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T. Pacey et al., Phys.  Rev. Accel.  Beams 22 (9), 091302 (2019)
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THz driven dielectric structures
• Terahertz (THz) radiation falls in between 

infrared radiation and microwave radiation in the 
electromagnetic spectrum

• Terahertz radiation – also known as 
submillimeter radiation, terahertz waves, 
tremendously high frequency, consists of 
electromagnetic waves within the frequency 
bands from 0.3 to 3 terahertz (THz; 1 THz = 
1012 Hz). Wavelengths of radiation in the 
terahertz band correspondingly range from 1 mm 
to 0.1 mm
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THz driven dielectric structures
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E. A. Nanni et al., THz driven linear acceleration, Nat. Commun. 6, 8486 (2015)

MIT, DESY
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THz driven dielectric structures
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Accelerating gradient: 2.5MV/m!
E. A. Nanni et al., THz driven linear acceleration, Nat. Commun. 6, 8486 (2015)
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THz driven dielectric structures 
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Huang et al., Terahertz driven all optical electron gun,  Optica 3, 1209 (2016)

MIT, DESY

Accelerating field:
300 MV/m!
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Conclusions and future perspectives
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q PWFAs have several advantages over LWFAs due to their intrinsic properties

q The experiments at SLAC (FFTB, FACET/FACET-II) have achieved many milestones 
on electron and positron driven PWFAs

q AWAKE experiment has demonstrated electron acceleration for PDPWFA

q Proton driven PWFA will advance the future collider design in a single stage

q Dielectric laser accelerators have demonstrated several hundreds MV/m field

q THz driven structures have recently achieved 300 MV/m accelerating field

q Beam driven dielectric accelerators can produce THz radiation, accelerate a 
second witness beam efficiently and de-chirp the drive beam energy

q The extensive short wavelength accelerator R&D will open the doors to many 
compact, cheap and advanced accelerators for research and applications 
(radiation sources, colliders, medical, biology, etc.).
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Learning objectives-Lecture II

üWhy beam driven PWFA and how it works
üElectron driven PWFA experiments
üPositron driven PWFA experiments
üWhy proton driven PWFA and how it works
üWhy dielectrics and how it works
üFuture perspectives
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Small is good !
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