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Abstract
In future plasma wakefield acceleration-based scenarios

for linear colliders, beams with highly asymmetric emittance
are expected. In this case, the blowout region is no longer
axisymmetric, but elliptical in cross-section, which implies
that the focusing is not equal in the two transverse planes.
In this paper, we analyze simulations for studying the asym-
metries in flat-beam driven plasma acceleration using the
round-to-flat-beam transformer at the Argonne Wakefield
Accelerator. Beams with high charge and emittance ratios,
in excess of 100:1, are routinely available at the AWA. We
use particle-in-cell codes to compare various scenarios in-
cluding a weak blowout, where the plasma focusing effect
exhibits higher order mode asymmetry. Further, practical
considerations for tunable plasma density using capillary dis-
charge and laser ionization are compared for implementation
into experimental designs.

INTRODUCTION
Beam based plasma wakefield accelerators (PWFA) oper-

ate in two main regimes - linear and nonlinear, or blowout,
regime [1]. In the blowout case, the strong electric fields
of the beam force the plasma electrons outward, resulting
in a plasma column that is completely devoid of electrons.
The collective separation of the plasma species leads to a
wakefield that is essentially electrostatic in nature with the
associated electric fields in the transverse and longitudinal
directions. The scenario for the case of the axisymmetric
beam has been studied extensively [2,3]. However, investiga-
tions into the asymmetric beam scenario are not as extensive
in the literature, leaving a lot of scope to answer questions
about the physics associated with plasma structures formed
by asymmetric beams.

Asymmetric, or flat, beams have been studied in dielectric
structures with slab geometries [4, 5]. In order to mitigate
radiation effects at the interaction point in a future collider
application, one could use transversely asymmetric beams
with asymmetric transverse emittances, also in PWFA sce-
narios. These beams could be produced using several ap-
proaches via round-to-flat transformations of beams having
asymmetric emittances generated using a magnetized photo-
cathode [6, 7], and be used to analyze plasma dynamics that
are not seen present in near-axisymmetric bunches.

SETUP OF EXPERIMENT
The AWA facility is an ideal location to test key concepts

of the flat beam PWFA scenario, due to their recent experi-
ence in generating and characterizing asymmetric beams [7],
∗ pkmanwani@gmail.com

Table 1: Parameters for AWA

Parameter Value Unit

Beam

Peak density, 𝑛𝑏/𝑛0 6.54 -
Energy, 𝐸𝑏 50 MeV

𝜎𝑧 674 µm
𝜎𝑥, 𝜎𝑦 113, 11.3 µm

𝜖𝑛,𝑥, 𝜖𝑛,𝑦 200, 2 µm − rad

Plasma

Species H+ -
Density, 𝑛0 1.4 × 1014 cm−3

Particles per cell 4 -

Simulation

Simulation window (x,y,z) (8, 8, 14) 𝑘−1
𝑝

Grid (1024)3 -
Timestep 0.25 𝜔−1

𝑝
Beam particles 1.68 × 107 -

and recent experiments on PWFA interactions with shaped
bunches [8]. Diagnostics at the AWA facility include a com-
plete longitudinal characterization of the beam, before and
after interaction with the plasma, using a deflector cavity
and dipole spectrometer. Practical considerations for tunable
plasma density generation include the use of high-voltage
capillary discharge [9], and ionization of a plasma column
in a dielectric capillary with a high intensity laser [10]. For
the relatively modest plasma densities targeted by this ex-
periment (see Table 1), the capillary discharge approach is
adequate. Beam alignment through the plasma capillary is
accomplished with two profile monitors immediately down-
stream and upstream of the capillary, which also yields valu-
able information on the beam focus and beam sizes during
the interaction. The incorporation of multiple turbomolecu-
lar pumps near the plasma chamber, and the use of a rapid-
action valve for gas introduction into the capillary to reduce
gas load on the system, will allow for windowless opera-
tion [11]. This latter point is important, as any intercepting
media (such as a window to prevent escape of gas in the
beamline) would have an emittance spoiling effect for the
asymmetric beam.

SIMULATION RESULTS
The simulations were performed using QuickPIC [12], a

3D quasi-static particle-in-cell code, to explore the general
characteristics of the scheme. The simulations were first
run with an axisymmetric beam to establish the regime of
operation. The simulation parameters were kept the same as
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those given in Table 1 but the emittance and beam spot sizes
were kept equal in both transverse planes. The normalized
transverse emittance, 𝜖⟂, is equal to 20 µm − rad and beam
spot size, 𝜎⟂, is equal to 35.9 µm. The plasma wake is
concomitantly axisymmetric and both the beam and the weak
blowout that is formed are shown in Fig. 1.

Figure 1: Beam and plasma electron densities for the sym-
metric AWA case at the initial time step (a-b) and after prop-
agating a distance of 12cm (c-d).

These are followed by the simulations of the asymmetric
beam using the parameters described in Table 1. The plasma
wake is elliptical as can be seen in Fig. 2. The transverse
forces in this elliptical blowout structure can be calculated
analytically by approximating it as an infinitely long cylinder
of ions with an elliptical cross section [13] and is given by:

𝐸𝑥 = 𝑒𝑛0𝑏𝑥
𝜖0(𝑎 + 𝑏) = 𝑒𝑛0𝑥

𝜖0(1 + 𝑚) (1)

𝐸𝑦 = 𝑒𝑛0𝑎𝑦
𝜖0(𝑎 + 𝑏) = 𝑒𝑛0𝑚𝑦

𝜖0(1 + 𝑚) , (2)

where 𝑎 and 𝑏 are the semi-major and semi-minor axis of the
elliptical column respectively and 𝑚 = 𝑎/𝑏. In the transverse
plane, where the beam is small, the beam is completely
submerged in the ion cavity and strongly focused by the
linear focusing forces which are linear and stronger in this
dimension. In the other plane, the beam is larger than the ion
column due to the weak blowout, causing head erosion of
the beam electrons outside of the blowout region. The part
of the beam inside the ion column is still linearly focused
but the scaling factor of the focusing force is smaller. The
transverse forces per unit charge, ⃗𝐹/ ∣𝑞∣, along these planes
are shown in Fig. 3. The single density spike that is observed
in the axisymmetric case is replaced with a line of high
density behind the blowout region. The evolution of the
beam transverse emittances and spot sizes for this case are
shown in Fig. 4.

EXTENSION TO FACET-II
We extend the flat beam case for possible application

at the FACET-II facility [14] (see Table 2 for simulation

Figure 2: Beam and plasma electron densities for the asym-
metric AWA case at the initial time step, x-𝜁 (a-b) y-𝜁 (e-f)
and after propagating a distance of 12cm, x-𝜁 (c-d) y-𝜁 (g-h).

Figure 3: Transverse forces per unit charge, ⃗𝐹/ ∣𝑞∣, for the
asymmetric AWA case at the initial time step, x-𝜁 (a) y-𝜁 (b)
and after propagating a distance of 12cm, x-𝜁 (c) y-𝜁 (d).

parameters), and explore the case where the beam density
is much larger than the plasma density, 𝑛𝑏 ≫ 𝑛0. The beam
and strong blowout wake in this case are shown in Fig. 5 and
it is significantly different from the AWA case as the wake
is quite axisymmetric. The plasma wake initially overlaps
with the beam but gradually increases in size to a maximum
point in both the transverse planes. The beam is smaller
than the blowout cavity in both transverse planes, and the
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(a) (b) (c)
Figure 4: Evolution of the beam transverse emittances (a), spot sizes (b), and bunch length (c) for the asymmetric AWA
case.

Table 2: Parameters for FACET

Parameter Value Unit

Beam

Peak density, 𝑛𝑏/𝑛0 186 -
Energy, 𝐸𝑏 10 GeV

𝜎𝑧 20 µm
𝜎𝑥, 𝜎𝑦 3.7, 0.37 µm

𝜖𝑛,𝑥, 𝜖𝑛,𝑦 100, 1 µm − rad

Plasma

Species H+ -
Density, 𝑛0 1.5 × 1017 cm−3

Particles per cell 4 -

Simulation

Simulation window (x,y,z) (10, 10, 11) 𝑘−1
𝑝

Grid (2048)2 × 1024 -
Timestep 2.5 𝜔−1

𝑝
Beam particles 3.36 × 107 -

head erosion is notably reduced. The fields calculated earlier
approach, 𝐸𝑥 = 𝐸𝑦 = 𝑒𝑛0𝑟

2𝜖0
, where 𝑟 is the radial coordinate.

This implies that the magnitude of the transverse forces no
longer depends on the asymmetry of the beam, resulting in
equal focusing in both the transverse planes. However, due
to the intense beam density, there is significant asymmetric
ion motion which would have nonlinear asymmetric effects.

Increasing the duration of the simulation in the cases
described above resulted in the bifurcation of the beam, in
which the beam splits into two equal halves. However, this
bifurcation was dependent on the simulation parameters and
is preliminarily attributed to a numerical instability. The
source of the bifurcation is under current investigation, and
may be a potential violation of the quasi-static assumption
used in the simulation.

CONCLUSION
In this paper we have discussed the physics associated with

elliptical wakes with weak blowout driven by asymmetric
beams having high transverse emittance ratios. Understand-
ing the plasma wakefield structure corresponding to these

Figure 5: Beam and plasma electron densities for the asym-
metric FACET case at the initial timestep, x-𝜁 (a-b) y-𝜁
(e-f) and after propagating a distance of 12cm, x-𝜁 (c-d) y-𝜁
(g-h).

flat beams is important as these beams are demanded for
future linear collider scenarios to mitigate beamstrahlung at
the interaction point [15].
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