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Abstract

In plasma-based acceleration, an ultra-relativistic particle
bunch—or an intense laser beam—is used to expel electrons
from its propagation path, forming a wake that is devoid
of electrons. The ions, being significantly more massive,
are often assumed to be stationary. However, both theory
and simulations suggest that any sufficiently dense electron
bunch can trigger ion motion, and its effect must be taken
into account. We simulate beam-driven plasma wakefields
to identify key features—such as longitudinally dependent
emittance growth—that could be observed in an experiment
using plasma and beam parameters from the FLASHForward
facility at DESY.

INTRODUCTION

Plasma-acceleration is a method of accelerating electrons
on a significantly shorter length scale than conventional RF-
accelerators [1-3]. By injecting a high-intensity laser or
an ultra-relativistic charged particle beam—referred to as a
driver—into a plasma, the longitudinal electric field within
the plasma can reach the order of tens of gigavolts per meter
[4-6]. In the most extreme case, the driver completely expels
the plasma electrons from its path—creating a bubble void
of plasma electrons. The ions however, are often considered
stationary due to their mass.

As shown in Refs. [7-9], intense electron bunches are
capable of inducing non-negligible ion motion. This ion mo-
tion will induce non-linear focusing forces that can cause the
emittance of the witness to increase [10]. The preservation
of emittance is critical in applications within high-energy
physics, such as for free electron lasers and linear colliders.
It is therefore of interest to measure and quantify the effects
of ion motion experimentally.

In this paper, we show a possible experiment to measure
the effects of ion motion; we show the expected results—
obtained through simulations—and what would be the di-
agnostic setup. The simulations are based on the beam and
plasma parameters available at the FLASHForward facility
at DESY [11].
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THEORY

The amount of ion motion for a round beam can be ap-
proximated by the equation given in Ref. [7],

A = T2 ()14, (M
& n,x

The parameters of the equation are the phase-advance, A ¢;
the net charge of the plasma ion species, Z; the classical
radius of a singly charged ion of mass 1 amu, r,; the rms
bunch-length, ¢ ; the number of bunch-electrons, N,,; the
atomic mass of the ion-species (in amu), A; the normal-
ized horizontal emittance, &, ,; the classical electron radius,
r,; the unperturbed ion/electron density, n, and the beam
Lorentz-factor, y. The phase-advance is a measure of how
much the ions oscillate while under the focusing field of the
bunch—assumed to be cylindrically symmetric. Maximum
ion motion occurs after a phase-advance of 7, leading to a
full collapse of the ion column.

The effects of the ion motion grow towards the back of
the bunch—corresponding to lower values in the co-moving
frame of the bubble, z—as it is where the ions have spent
the most time within its fields. If we insert a single driver
into the plasma, and make it long enough to fill most of the
bubble, we can correlate the higher energies with the back of
the bunch. Measuring the emittance as a function of energy
towards the back of the bunch should therefore give us an
indicator of ion motion.

SIMULATIONS

In this section, we present the results obtained in the sim-
ulation study. To simulate the plasma-acceleration, we used
HiPACE++ [12]. For the simulations, we use a constant
plasma density of 2 x 10" cm™3 (up/down-ramps [13]), and
1.2 x 1016 cm=3 (flattop). The flattop length is 40 mm, and
the ramp lengths are 12 mm each. The beam has an en-
ergy of 1 GeV, emittances of (1.5 mm mrad (horizontal) and
2.5 mmmrad (vertical), a charge of —0.75 nC, and a relative
energy spread of 0.5 %. The g-functions are down-ramped
to five times the matched value in the flattop region, from an
initial value that is 30 times larger than the matched value.
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The current profile is a realistic non-Gaussian profile based
on experiments [11, 14] with an rms bunch-length of 71 m
and a peak current of 1.1 kA. The simulation box uses mesh
refinement and has two regions. In the flattop, the larger re-
gion covers a length in z of 815.0 um (877 cells) and a width
in both x and y 0f 950.6 um (1023x1023 cells), and a central
region with the same length and resolution in z but with 16
times the resolution in x and y (+ 6.1 um, 511x511 cells).
In the ramps, the transverse size and resolution are all mul-
tiplied by a factor 2.45. The number of macro-particles
(constant weight) is 8 x 10°.

For the spectrometer simulations, we used ImpactX [15].
The beam was obtained from the output of the HIPACE++
simulation. The spectrometer consists of 5 quadrupoles, a
dipole, and a spectrometer screen. The first two quadrupoles
have the same field gradient, the same goes for the next two,
while the last has a third, different gradient. The gradient
for the first two quadrupoles is 29.55 T/m, for the next two it
is —40.62 T/m, and for the final it is 43.92 T/m. The lengths
of all the quadrupoles are 0.1137 m. The dipole has a mag-
netic field of —0.28 T and a length of 1.07 m. The distances
between the elements (starting at the plasma) are 0.66 m,
0.27m, 0.26 m, 0.27m, 0.38m, 3.9m and 1.38 m.

In running the simulations, we have used the Advanced
Beginning-to-End Linac (ABEL) simulation framework [16].
ABEL combines different codes, which allows for agile de-
sign and simulations of various beamline elements.

ITon Motion

For the stated parameters, equation 1 predicts a phase-
advance through the beam, A¢ = 0.66 for hydrogen, and
A¢ = 0.10 for argon. Since the equation is derived for round
beams we use ¢, = /€, ,&,,,- These parameters do not
correspond to a complete collapse of the ion column, even
for hydrogen, but we still see a significant difference in the
predicted amount of ion motion. Figure 1 shows the plasma
density for both electrons and ions in argon and hydrogen.
The presence of ion motion is clearly more prevalent in
hydrogen compared to argon.

Longitudinal Phase Space

In order to correlate energy with the longitudinal position
along the beam, we must verify that the energy of the parti-
cles is indeed increasing with longitudinal position within
the beam (for the accelerated part of the beam). The longi-
tudinal phase space of the beams after traversing the plasma
is shown in Fig. 2. Above 1.02 GeV the only particles are
the ones in the back of the bubble. Beyond this point, we
can be confident in correlating energy with the longitudinal
position of the beam.

Horizontal Emittance

Figure 3 shows the emittance evolution—post plasma-
acceleration—for both a mismatched and matched beam,
in both argon and hydrogen. In both the matched and mis-
matched cases, the emittance evolution in hydrogen stands
out from that in argon. In the case of a matched beam, the
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Figure 1: Plasma density of plasma electrons (blue col-
ormap) and plasma ions (green colormap) in (a) argon and
(b) hydrogen, without showing the beam density. A strong
on-axis ion spike is visible in hydrogen.
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Figure 2: The simulated longitudinal phase space of an

electron beam after traversing a plasma. This resulting phase

space will generally be similar for both hydrogen- and argon-

based acceleration.

difference is subtle (~10 %), and therefore likely to be dif-
ficult to measure. The difference is much less subtle in the
case of a mismatched beam, as the emittance is seen growing
substantially more in hydrogen, as opposed to argon. The
reason for this is that the particles will have a larger oscilla-
tion amplitude, which will in turn make them see more of
the nonlinear focusing induced by the ion motion [10, 17].

Spectrometer Imaging

To verify Fig. 3 experimentally, one can perform an object-
plane scan using an imaging spectrometer [14]. We simulate
a spectrometer setup similar to that of FLASHForward at
DESY—sketched in Fig. 4. The beam is focused by the
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Emittance vs. energy in hydrogen and argon plasmas
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Figure 3: Emittance evolution along both matched and mis-
matched beams in hydrogen and argon plasmas. Energies
above 1.02 GeV correlate with lower values of z (see Fig. 2).

Il Plasma

O X Quadrupoles

Figure 4: The imaging spectrometer setup. The quadrupoles
captures and focuses the beam, the dipole bends the beam
in the vertical plane, and the spectrometer screen captures
the transverse profile of the beam.
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quadrupoles and bent vertically towards the spectrometer
screen by the dipole. The screen captures the transverse
profile of the dispersed beam, which allows for measuring
the energy spectrum in the vertical plane, and the transverse
phase space in the horizontal plane. Figure 5 shows a single
spectrometer image, point-to-point imaged at 1 GeV. The
same exact parameters have been used in both images, except
for the choice of ion species. A distinct feature of these
images is the shape of the beam. In the argon plasma, the
beam has maintained its Gaussian shape in the horizontal
plane, while in the hydrogen plasma, this is not the case.

CONCLUSION

We have simulated a beam in both hydrogen and argon
plasmas, and simulated the resulting beam through a spec-
trometer. We have covered two distinct features of ion mo-
tion, namely emittance growth, and a change in transverse
particle distribution. The emittance growth in hydrogen is
significantly larger than in argon, and is therefore a clear
sign of ion motion. In addition, the simulated spectrometer
images show a non-Gaussian shape in the case of hydrogen-
based acceleration, whereas the argon-simulated beam main-
tained its Gaussian shape. The results are promising for the
prospects of observing ion motion induced emittance growth
at FLASHForward.
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Spectrometer image (energy vs. horizontal)
after acceleration in argon le—6
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Spectrometer image (energy vs. horizontal)
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Figure 5: Simulated spectrometer images for (a): Argon and
(b): Hydrogen. There is a clear difference in both size and
shape between a beam accelerated in hydrogen-plasma, and
one accelerated in argon-plasma. The beam is mismatched
in both plots.
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