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Abstract
The Plasma-driven Attosecond X-ray source (PAX)

project at FACET-II aims to produce attosecond EUV/soft
x-ray pulses with milijoule-scale pulse energy via nearly
coherent emission from pre-bunched electron beams. In the
baseline approach [1, 2], a beam is generated using the den-
sity downramp injection scheme with a percent-per-micron
chirp and 10−4 scale slice energy spread. Subsequent com-
pression yields a current spike of just 100 as duration which
can emit 10 nm light nearly coherently due to its strong pre-
bunching. In this work, we report simulation studies of a
scheme to generate similarly short beams without relying
on plasma injection. Instead, we utilize a high-charge beam
generated at an RF photocathode, with its tail acting as the
witness bunch for the wake. The witness develops a percent-
per-micron chirp in the plasma which is then compressible
downstream. The final bunch length demonstrated here is
as short as 100 nm, and is limited primarily by emittance
effects. The configurations studied in this work are available
for experimental testing at existing PWFA facilities such as
FACET-II.

INTRODUCTION
There is significant recent interest in attosecond science

due to the realization of attosecond x-ray pulse genera-
tion with high pulse energy at x-ray free-electron lasers
(XFELs) [3]. Typical performance in this case for soft x-ray
wavelengths is typically tens of microjoules per pulse and
several hundred attosecond pulse durations. To push the
pulse energy higher and the pulse duration shorter while
still utilizing the relatively high efficiency of the FEL pro-
cess, one requires higher electron beam brightness. It was
proposed in [1] to take advantage of the high-quality beams
projected to be generated by plasma wakefield accelerators to
achieve this goal. This scheme is called the Plasma-driven
Attosecond X-ray source (PAX). PAX combines two key
concepts to generate mega-ampere class, sub-femtosecond
electron beams. The first is the production of an initial beam
with very low emittance and energy spread from advanced
wakefield injection techniques - in this case, density down-
ramp injection [4]. The plasma injected beam can naturally
be produced with very high linear energy chirp on the or-
der of a few %/𝜇m due to the sawtooth nature of nonlinear
plasma wakes. Such high chirps, when compressed in a
magnetic chicane, lead to very short beams with minimal
length limited to 𝑅56𝜎𝛾 where 𝑅56 is the momentum com-
paction of the chicane and 𝜎𝛾 is slice energy spread of the
original beam. In reality, chromatic and collective effects
∗ riverr@stanford.edu

can conspire to limit the final pulse length to values larger
than this minimum.

One of the key prerequisites of the PAX project as outlined
in [1] is the demonstration of density downramp injection to
achieve the high beam brightness. Before density downramp
injection is available at FACET-II, it was also suggested that
one could achieve a similar final beam profile by accelerating
drive and witness bunches generated by an RF photoinjector
together to produce a strongly chirped beam. In the present
work we present yet another mechanism, in which a single
bunch is accelerated through a standard RF accelerator such
that it enters the plasma with a long tail. The tail then ex-
periences the wake of the core of the bunch the same way
as a separately generated witness bunch, and can similarly
be compressed to ultrashort duration thereafter. We present
simulation results based on the FACET-II facility indicating
performance fitting for a stepping stone towards the plasma
injected case [5].

BEAMLINE OVERVIEW

The simulation results presented below were all obtained
using the Lucretia code [6]. The FACET-II beamline con-
sists of a conventional RF photoinjector which injects the
beam into the primary linac at roughly 135 MeV. From there
the beam goes through three linac sections, L1, L2, and
L3, arriving at the final energy 10 GeV. Between L1/L2
and L2/L3 there are four-dipole chicanes, BC11 and BC14,
which facilitate compression of the beam. Finally, at the end
of L3 immediately preceding the plasma portion of the beam-
line is a third bunch compressor, BC20, which employs a
complicated set of optics to achieve anomalous compression.

The FACET-II injector can operate in single and dual
bunch mode. In the present work we focus on the single
bunch configuration, launching a 2 nC beam from the cath-
ode with a 4 ps laser pulse length. The quality of the result-
ing beam is summarized in Fig. 1, as simulated in General
Particle Tracer (GPT) [7].

From then on the beamline is optimized to achieve the
highest possible peak current at the end of BC20. The lon-
gitudinal phase spaces and current profiles are shown after
each bunch compressor in Fig. 2. By the time the beam
has been compressed in BC14 there is a clear third-order
curvature, which after subsequent acceleration and compres-
sion in BC20 transforms the beam into a highly nonlinear
S-shaped longitudinal phase space. On either side of the
>100 kA core are long regions of the beam with roughly
flat phase space, low slice energy spread, and currents still
largely exceeding 1 kA.
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Figure 1: The longitudinal phase space (top) and slice cur-
rent and emittance (bottom) of the beam at the exit of the
injector.

Figure 2: The longitudinal phase space and current are plot-
ted after each of the three bunch compressors.

We further highlight the properties of the long tail in Fig. 3.
Here we have plotted the current, normalized emittance, and
energy spread along the bunch length. We see that within

the tail the current remains above 1 kA out to about 100 𝜇m
behind the core, and the slice energy spread is roughly 0.5
MeV uniformly. The normalized slice emittance is well-
preserved up to 25 𝜇m behind the core before beginning to
grow to > 10 𝜇m further beyond that.

Figure 3: The longitudinal phase space of the tail of the
bunch after BC20 is plotted along with its slice current,
emittance, and energy spread.

PLASMA SECTION
Estimates for Available Sources

We with some general considerations regarding the
plasma interaction in the blowout regime [8]. The plasma
bubble in the blowout regime is roughly 𝜆𝑝 long, with

𝜆𝑝 = 2𝜋𝑐/𝜔𝑝 where 𝜔𝑝 = √𝑒2𝑛/𝑚𝑒𝜖0 is the plasma fre-
quency. Thus the location of the zero-crossing of the wake is
at roughly 𝜆𝑝/2 behind the bunch core. The default plasma
source at FACET-II is a meter long lithium oven with achiev-
able densities in the range 1016 − 1017 cm−3. This would
place the center of the bubble in the range 50-160 𝜇m behind
the bunch core. This places the portion of the tail which
is at slightly higher emittance at the zero-crossing of the
wakefield, which is not ideal but not necessarily devastating.

In addition to the oven, FACET-II also supports a gas jet
with densities as high as 5 × 1018 − 1020 cm−3 [9]. This
places the wakefield zero crossing as close as a few microns
from the drive bunch. This would enable us to access the
higher current, lower emittance portion of the tail. The gas
jet itself would only produce a 5 mm long plasma, but with
the much higher densities the expected chirp is still large.

The wakefield in the bubble is roughly linear with a gradi-
ent given approximately by 𝐸′

𝑧 ≃ 𝑚𝜔2
𝑝/2𝑒. Thus the relative

chirp for central energy 10 GeV is in the range 0.9−9%/𝜇m
for the oven and 2.3 − 45%/𝜇m for the gas jet. These chirps
are on the same order as that obtained in [1], with similarly
comparable slice energy spread.

Semi-analytic Tracking
In lieu of full PIC simulations, we have implemented

the equations in [10], since for the low current tail beam
loading effects should be negligible. We begin by simulat-
ing the dynamics of the tail through a 5 mm long plasma
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with a super-gaussian plasma density profile with peak value
5 × 1018 cm−3. The characteristics of the tail of the beam
following the plasma section are outlined in Fig. 4. Com-
paring it to Fig. 3, we note that aside from the strong linear
chirp imposed on the longitudinal phase space, the slice-
wise qualities of the beam can be roughly preserved so long
as the beam is properly matched transversely into the plasma.
The linear chirp is roughly 0.26 GV/𝜇m.

Figure 4: The longitudinal phase space of the tail of the
bunch after the gas jet plasma is plotted along with its slice
current, emittance, and energy spread.

Compressing this chirp has some limitations, however, in
particular from the impact of emittance-induced debunching
which results from the reduction of axial velocity due to
transverse angles: 𝛽𝑧 = √1 − 1

𝛾2 − (𝑥′)2 − (𝑦′)2. In the
FACET-II beamline the beam will have to propagate several
meters between the end of the gas jet and the compressing
chicane. This fact, coupled with the very small matched
beam size in the high density plasma, causes substantial
debunching from emittance. Attempts to mitigate this effect
are in progress.

These effects are slightly less exaggerated for the lithium
oven plasma source due to the shorter distance between it
and the chicane, as well as the larger matched beam size in
the plasma. This is the case in spite of the larger emittance
in the portion of the beam left at 10 GeV in the lithium oven.
In this case due the longer plasma, the emittance debunching
effects are stronger during acceleration, as seen in Fig. 5.

The behavior of the quadrupole triplet and compressor is
modelled in elegant [11], and is summarized for the lithium
oven in Fig. 6. We note that the compression is highly non-
linear, but still yields a > 40 kA spike of roughly 100 nm
full-width at half-maximum. Furthermore, slice emittance
reduction is observed in the current spike as a result of emit-
tance debunching preferentially delaying high-divergence
particles.

CONCLUSIONS AND OUTLOOK
We have presented preliminary simulation studies imple-

menting the PAX concept with a single bunch generated
by an RF photocathode by treating the tail of the bunch as
an effective witness beam. Due to the naturally low energy

Figure 5: The longitudinal phase space of the tail of the
bunch after the lithium oven plasma is plotted along with its
slice current, emittance, and energy spread.

Figure 6: The longitudinal phase space (bottom) and slice
properties (top) of the beam accelerated in the lithium oven
plasma is shown after compression in a magnetic chicane.

spread found in the bunch tail and its proximity to the core, it
can be given a very large chirp in the plasma which can sub-
sequently be compressed to a very short, sub-femtosecond
current spike. These results provide benchmark goals for
the large PAX project on the way to the ultimate realization
in the style of [1].
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