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Abstract
Plasma accelerators can generate ultra high brightness

electron beams which open the door to light sources with
smaller physical footprint and properties un-achievable with
conventional accelerator technology. In this work [1] we
have shown that electron beams from Plasma WakeField
Accelerators (PWFAs) can generate coherent tunable soft
X-ray pulses with TW peak power and a duration of tens
of attoseconds in a m-length undulator. These X-ray pulses
are an order of magnitude more powerful, shorter and can
be produced with better stability than state-of-the-art X-ray
Free Electron Lasers (XFELs). The X-ray emission in this
approach is driven by coherent radiation from a pre-bunched,
near Mega Ampere (MA) current electron beam of attosec-
ond duration rather than the SASE FEL process starting from
noise. This significantly relaxes the restrictive requirements
on emittance, energy spread and pointing stability which
have thus far hindered the realization of a high-gain FEL
driven by a plasma accelerator. Here we discuss the method
and progress towards the experimental realization of this
concept at the FACET-II accelerator facility.

INTRODUCTION
Plasma accelerator technology has continued to mature

in the past decades and has demonstrated the ability to
generate well understood electron beams with properties
that are attractive for state-of-the-art light source applica-
tions. These include fs-duration and kA-level peak current
bunches, which combined with the sub-µm emittance pre-
dicted from simulation studies leads to ultra-high 5D bright-
ness (1017 − 1019 Am−2rad−2). All of these properties
are typically leveraged in proposed P(L)WFA-FEL schemes
which promise to significantly shrink the physical footprint
of future FEL facilities.

Another feature of plasma accelerated bunches, which is
typically thought of as an obstacle for a plasma-driven FEL,
is the presence of a natural energy chirp imparted on the
electron beam at the exit of the plasma accelerator stage. In
this work we discuss an approach to leverage this existing
chirp to further compress the electron beam downstream of
the plasma stage to attosecond duration and thereby drive
the coherent emission of attosecond soft X-ray pulses in
a downstream bending or undulator magnet. This differs
from previously considered plasma FEL approaches in that it
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does not require the microbunching structure that drives the
Self-Amplified Sponatenous Emission (SASE) process at
X-ray wavelengths to develop from noise during the radiative
interaction inside the undulator. This increases by more than
an order of magnitude the typical tolerance to trajectory jitter
inside the undulator, and the emittance and energy spread
at the undulator entrance. This approach was presented
for the first time in Ref. [1], and here we discuss progress
towards an experimental demonstration of this approach at
the FACET-II facility.

PWFA-DRIVEN ATTOSECOND LIGHT
SOURCE CONCEPT

We examine the acceleration of electron bunches in a
beam-driven PWFA, with the understanding that many of
these considerations are similarly applicable to the laser
driven case. In the nonlinear blowout regime of PWFA [2,3]
the longitudinal electric field has a well-known dependence
on the beam co-ordinate inside the bubble 𝜉 and has an ap-
proximately linear slope given by 𝐸′

𝜉 = 𝑚𝑒𝜔2
𝑝/2𝑒 where

𝜔2
𝑝 = 𝑒2𝑛𝑝/𝑚𝑒𝜖0 is the plasma frequency and 𝑛𝑝 is the

plasma density. In the case of weak beam loading the en-
ergy gain at the exit of a plasma stage of length 𝐿𝑝 is given
by Δ𝛾 = 𝛾𝑓 − 𝛾𝑖 = 𝑒𝐸′

𝜉𝐿𝑝𝜉/𝑚𝑒𝑐2 = 2𝜋𝑟𝑒𝑛𝑝𝐿𝑝𝜉 where
𝑟𝑒 = 𝑒/𝑚𝜖0𝑐2 is the classical electron radius. The relative
energy chirp ℎ ≡ 𝛾−1

𝑓 𝑑𝛾𝑓/𝑑𝜉 at the plasma exit can then be
written as:

ℎ =
2𝜋𝑟𝑒𝑛𝑝𝐿𝑝

𝛾𝑖 + 2𝜋𝑟𝑒𝑛𝑝𝐿𝑝𝜉𝑤
≈

⎧{
⎨{⎩

2𝜋𝑟𝑒𝑛𝑝𝐿𝑝𝛾−1
𝑖 for Δ𝛾 ≪ 𝛾𝑖

𝜉−1
𝑤 for Δ𝛾 ≫ 𝛾𝑖,

(1)
where 𝜉𝑤 = ⟨𝜉⟩ is the average position of the witness beam
relative to the center of the bubble. The two limiting cases
displayed in Eq. (1) correspond to the situations in which
there is large energy gain inside the plasma (which we refer
to as a plasma injector) or the case in which there is negli-
gible energy gain inside the plasma (which we refer to as a
plasma chirper). Both of these cases have been studied in
the numerical simulations and are being targeted for experi-
mental demonstration (see next section). Examining Eq. (1)
we can readily see that in the plasma chirper case the exiting
chirp can reach large values 0 (%/µm) using existing plasma
sources 𝑛𝑝 = 1016-1018 cm−3, 𝐿𝑝 = 0.1 − 1 m and GeV-
energy electron beams. In the plasma injector case where
the witness beam is accelerated towards the back of the bub-
ble the exiting chirp can be similarly large as it tends to its
asymptotic value ℎ = 𝜉−1

𝑤 ∼ 𝑟−1
𝑚 where 𝑟𝑚 = 2.58√Λ𝑐/𝜔𝑝

is the blowout radius and Λ ≡ ∫ 𝑟𝑛𝑏𝑑𝑟 ∼ 𝑂(1) is the nor-
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Figure 1: Schematic of the FACET-II Experimental area with the planned location of an additional small chicane and
radiation diagnostic to be used for Plasma FEL experiments.

malized charge per unit length of the drive beam [3]. For
example, for the parameters considered in Ref. [1] based
on Particle In Cell simulations with Λ = 4 and a density
downramp injection mechanism, 𝜉𝑤 = 27 µm the relative
chirp at the plasma exit is 3.7% µm.

Such strongly-chirped electron bunches can be fully com-
pressed in a downstream chicane with small bend angles, lim-
iting the impact of deleterious collective effects like CSR on
the electron bunch distribution. At full compression where
𝑅56 = −ℎ−1 the bunch length for a Gaussian beam with
initial RMS bunch length 𝜎𝑧𝑖 is 𝜎2

𝑧𝑓 = 𝛾2
𝑖 𝜎2

𝛿𝑖
𝛾2

𝑓 ℎ2 + 2𝑟2ℎ2𝜎4
𝑧𝑖

where 𝑟 ≡ 𝑇566/𝑅56 ≈ -3/2 for a chicane. Second order
compression effects can be neglected for sufficiently short
bunches (2𝑟2𝜎2

𝑧𝑖 ≪ 𝛾𝑖𝜎𝛿𝑖/𝛾𝑓), however in general they will
contribute to increasing the final bunch length. The final
bunch length at the exit of the compressor in the plasma
injector and plasma chirper case is given by substituting the
limiting expressions in Eq. (1) for the chirp:

𝜎2
𝑧𝑓 ≈

⎧{
⎨{⎩

( 𝛾𝑖
2𝜋𝑟𝑒𝑛𝑝𝐿𝑝

)
2

𝜎2
𝛿𝑖 + 9

2 ( 𝛾𝑖
2𝜋𝑟𝑒𝑛𝑝𝐿𝑝

)
−2

𝜎4
𝑧𝑖; Δ𝛾 ≪ 𝛾𝑖

𝜉2
𝑤𝜎2

𝛿𝑖 + 9
2𝜉−2

𝑤 𝜎4
𝑧𝑖 ; Δ𝛾 ≫ 𝛾𝑖,

(2)
which is a useful for evaluating the bunching factor
𝑏 = ⟨𝑒𝑖𝑘𝑧⟩ = exp(−𝑘2𝜎2

𝑧𝑓/2) of a Gaussian beam at the
compressor exit. In the case where second order compres-
sion effects are non-negligible the longitudinal phase space
becomes distorted and the current profile exhibits strongly
non-Gaussian features which can lead to current spikes with
significant bunching content at short wavelengths on the or-
der of the bunch length. We present a numerical example of
such a configuration in the following section where nm-level
compression of electron beams leads to percent-level bunch-

ing at XUV/soft X-ray wavelengths. Such a pre-bunched
beam can be used to drive coherent emission generating
attosecond XUV/X-ray pulses in a bend magnet or short
downstream undulator.

PROGRESS TOWARDS EXPERIMENTAL
DEMONSTRATION AT FACET-II

In this section we describe the parameters and experimen-
tal setup of the planned Plasma-driven Attosecond X-ray
(PAX) experiment at FACET-II. Figure 1 shows a schematic
of the experimental area with a series of electron beam longi-
tudinal phase spaces at different locations along the beamline
(before the plasma, after the plasma and after the final com-
pression stage). The electron distribution is tracked from
the start of the FACET-II RF photoinjector to the exit of
the final chicane downstream of the plasma source where
it is fully compressed and generates coherent radiation in
the final bend of the bunch compressor. The start-to-end
simulation uses General Particle Tracer [4] to simulate the
photoinjector, Lucretia [5] to simulate the linac upstream
and downstream of the plasma source and PLEBS [6] to
simulate the PWFA process.

Our simulations use similar parameters to the baseline
two-bunch configuration of the FACET-II facility (see Table
III in Ref [7]) with a smaller drive-witness bunch separa-
tion and a lower witness beam charge. The plasma source
is based on a Lithium vapor oven with a plasma density
𝑛𝑝 = 3.5 × 1016 cm−3 and a flattop region of length
𝐿𝑝 = 0.5 m. This is the same plasma source that will
be used for many of the PWFA experiments at FACET-II [8].
We use a <50 pC witness beam charge (20 pC in the exam-
ple in Fig. 1) in order to minimize the slice energy spread
at the plasma entrance, reduce the beam loading and maxi-
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mize the chirp induced on the witness beam in the PWFA
stage. The drive-witness separation of 50 µm is chosen to
place the witness beam in the decelerating phase of the wake
such that the witness beam is chirped while its energy is
simultaneously reduced by ∼ 20%. This choice is made so
that we can generate the required 𝑅56 using a weak chicane
with few-mrad bend angles and < 2.5 m total length such
that it fits in the beamline between the existing quadrupole
focusing triplet and the electron spectrometer dipole (see
Fig. 1).

The simulations show the witness bunch exiting the
plasma with a slice energy spread of 9 × 10−4 before en-
tering the final compressor, which is configured with an
𝑅56 = 120 µm to achieve a final bunch length of 40 nm
FWHM. As is shown in Fig. 1, the current profile at the exit
of the compressor is distinctly non-Gaussian with a large
current spike at the head followed by a rapidly decaying
tail. The bunching factor resulting from such a distribution
has few-percent level magnitude at wavelengths as short as
20 nm and in the experiment we plan on measuring these fre-
quency components by analyzing the Coherent Synchrotron
Radiation (CSR) spectrum in the XUV/soft X-ray range from
the radiation emitted in the last dipole of the bunch compres-
sor. Analytical calculations of the CSR spectrum emitted in
the last dipole are shown in Fig. 2. The example shows 21 µJ
of energy radiated in the 5-25 eV range at an observation
distance of 5 m over a 38 mm horizontal stripe. The CSR
will be out-coupled through an in-vacuum mirror located in

Figure 2: Analytic calculation of CSR spectrum emitted by
the fully compressed witness beam in the final dipole of the
chicane located downstream of the plasma source (see Fig. 1
for schematic).

a downstream vacuum chamber and directed into an XUV
spectrometer for spectral analysis.

The second phase of the experiment will utilize a single
drive bunch from the FACET-II linac and a witness elec-
tron beam generated by a plasma injector in a configuration
similar to that described in Ref. [1]. This will make use of
a different gas-jet plasma source of cm-length and plasma
density 𝑛𝑝 ∼ 1017-1018 cm−3 that are being developed for
studying ultra-low emittance beam generation in plasmas
and different plasma injection schemes [8]. The goal of this
second phase of experiments would be to generate and mea-
sure attosecond XUV/X-ray pulses with a short (m-length)
undulator which would be installed between at the exit of
the compressor chicane and the electron beam dump.

CONCLUSION
We have discussed the concept and plans for a plasma

driven attosecond XUV/soft X-ray generation experiment at
the FACET-II facility. Our approach relies on compressing
the witness beam downstream of the PWFA stage to attosec-
ond bunch length and we have discussed its applicability in
both a plasma-injector configuration and a plasma chirper
setup where the witness beam is generated by an RF photo-
cathode. Progress towards the experimental realization of
this concept will enable higher power photon pulses of near
single-cycle duration in the soft X-ray range, expanding the
capability of existing attosecond high harmonic generation
or attosecond XFEL sources.

ACKNOWLEDGEMENTS
Work supported by the U.S. Department of Energy under

contract number DE-AC02-76SF00515. This work was also
supported by SLAC LDRD Grant No 20086-Y8001 and
partially supported by DOE grant DE-SC0009914.

REFERENCES
[1] C. Emma et al., “Terawatt attosecond X-ray source driven by

a plasma accelerator”, 2021. arXiv:2011.07163

[2] J. B. Rosenzweig, B. Breizman, T. Katsouleas, and J. J. Su,
“Acceleration and focusing of electrons in two-dimensional
nonlinear plasma wake fields”, Phys. Rev. A, vol. 44, p. R6189,
1991. doi:10.1103/PhysRevA.44.R6189

[3] W. Lu, C. Huang, M. Zhou, W. B. Mori, and T. Katsouleas,
“Nonlinear Theory for Relativistic Plasma Wakefields in the
Blowout Regime”, Phys. Rev. Lett., vol. 96, p. 165002, 2006.
doi:10.1103/PhysRevLett.96.165002

[4] M. J. de Loos and S. B. van der Geer, “General Particle Tracer:
A New 3D Code for Accelerator and Beamline Design”, in
Proc. 5th European Particle Accelerator Conf. (EPAC’96),
Sitges, Spain, Jun. 1996, paper THP001G, pp. 1245 – 1247.

[5] P. Tenenbaum, “Lucretia: A Matlab-Based Toolbox for the
Modeling and Simulation of Single-Pass Electron Beam
Transport Systems”, in Proc. 21st Particle Accelerator Conf.
(PAC’05), Knoxville, TN, USA, May 2005, paper FPAT086,
pp. 4197 – 4199.

12th Int. Particle Acc. Conf. IPAC2021, Campinas, SP, Brazil JACoW Publishing
ISBN: 978-3-95450-214-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2021-WEPAB072

MC2: Photon Sources and Electron Accelerators

A23 Other Linac-Based Photon Sources

WEPAB072

2757

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
21

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I



[6] P. Baxevanis and G. Stupakov, “Novel fast simulation technique
for axisymmetric plasma wakefield acceleration configurations
in the blowout regime”, Phys. Rev. Accel. Beams, vol. 21,
p. 071301, 2018. doi:10.1103/PhysRevAccelBeams.21.
071301

[7] V. Yakimenko et al., “FACET-II facility for advanced accel-
erator experimental tests”, Phys. Rev. Accel. Beams, vol. 22,

p. 101301, 2019.
doi:10.1103/PhysRevAccelBeams.22.101301

[8] C. Joshi et al., “Plasma wakefield acceleration experiments at
FACET-II”, Plasma Physics and Controlled Fusion, vol. 60,
p. 034001, 2018. doi:10.1088/1361-6587/aaa2e3

12th Int. Particle Acc. Conf. IPAC2021, Campinas, SP, Brazil JACoW Publishing
ISBN: 978-3-95450-214-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2021-WEPAB072

WEPAB072C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
21

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

2758

MC2: Photon Sources and Electron Accelerators

A23 Other Linac-Based Photon Sources


