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Experimental Observation of the Motion of Ions in a Resonantly Driven Plasma
Wakefield Accelerator
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We show experimentally that an effect of motion of ions, observed in a plasma-based accelerator,
depends inversely on the plasma ion mass. The effect appears within a single wakefield event and manifests
itself as a bunch tail, occurring only when sufficient motion of ions suppresses wakefields. Wakefields are
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driven resonantly by multiple bunches, and simulation results indicate that the ponderomotive force causes
the motion of ions. In this case, the effect is also expected to depend on the amplitude of the wakefields,
experimentally confirmed through variations in the drive bunch charge.

DOI: 10.1103/PhysRevLett.134.155001

Plasma wakefield acceleration is a novel and innovative
concept for accelerating charged particles [1,2]. Acceleration
with gradients of tens of GeV/m [3,4] has been experi-
mentally demonstrated. As these gradients are significantly
larger than those sustained by radio-frequency cavities
(~100 MV/m), the concept has the potential to reduce
the footprint of future high-energy linear accelerators.

In plasma wakefield accelerators, the accelerating struc-
ture is formed and sustained by plasma electrons, which
oscillate collectively (with a plasma period 7,, [5]) in a
background of positively charged plasma ions (often
assumed to be immobile and uniformly distributed).
Most commonly, wakefields are excited by a single, short,
and dense or intense driver (relativistic charged particle
bunch or laser pulse) fitting within 7,,. However, wake-
fields can also be excited resonantly by a train of less dense
or intense drivers spaced at 7,,. Such a driver train can be
preformed [6-8] or be the result of a self-modulation
process [9—11]. In both schemes, a properly placed charged
particle bunch (witness) is accelerated and transversely
focused by the wakefields.

With a single driver and the accelerated bunch in the same
period of the wakefields, the accelerator usually operates in
the blow-out regime [12]. In this case, a negatively charged
witness bunch travels in the uniform ion column left behind
the driver, which provides an ideal restoring force profile,
i.e., increasing linearly with distance from the axis. However,
the force profile is modified when motion of ions, e.g.,
caused by the response to the impulse force from the fields of
the driver or of the accelerated bunch, leads to a nonuniform
ion density distribution within one period of the wakefields.
This leads to witness bunch emittance growth, which may be
unacceptable, particularly in the context of a collider [13].
However, motion of ions has also been proposed as a
beneficial mechanism, specifically to suppress beam-hose
instability [14,15], which compromises the acceleration
process [16,17] and may impose a fundamental limitation
on acceleration efficiency [18]. In this scenario, motion of
ions serves as a suppression mechanism, similar to the
Balakin-Novokhatski-Smirnov (BNS) damping [16,19].
BNS damping is an established technique for enhancing
the performance of conventional linear accelerators, e.g., for
increasing their luminosity [20].

When using a train of drivers to excite wakefields
resonantly, the witness bunch is placed not in the first
but in the n* (n > 1) period of the wakefields, since the
amplitude of the wakefields grows along the train.
Therefore, the effect of the motion of ions over n periods
must be considered. A new cause for the motion of ions

may become dominant, i.e., the cumulative effect of the
ponderomotive force of the wakefields themselves acting
on the ions [21-23]. In this case, the motion of ions
indirectly perturbs the acceleration process by perturbing
the driving of the wakefields.
The expression for the ponderomotive force of a plasma
wave of angular frequency @ = w,, is [22]:
2
F,o~— ¢
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viR2, (1)

where e is the electron charge, m, is the electron mass,

w,e =1/ (n,c€*/€gm,) is the plasma electron angular

pe

frequency, n,, is the plasma electron density, €, is the

vacuum dielectric constant, and VV, is the envelope of the
transverse wakefield. Eq. (1) shows that |F | scales with

the square of the envelope of the transverse wakefields W,
(for a fixed transverse bunch size o,, as W, is zero on axis
and increases radially to a maximum value over a distance
of approximately o,). The effect of the ponderomotive
force on the ion density was evidenced with a shadowg-
raphy diagnostic [24] following a single electron bunch
driving wakefields.

Using theory and simulations, the effects of F,, and its
dependencies can be quantified. In Ref. [25], it was found
that the time along the bunch for wave breaking to occur as
a result of motion of ions scales as mi_l/ 3, where m; is the
ion mass. We note here that the expected inverse relation-
ship with plasma ion mass is common to all effects caused
by motion of ions (e.g., resonance detuning, emittance
growth) and regardless of the force moving the ions,
through Newton’s equation.

When a microbunch train is formed by self-modulation,
it was shown in theory and simulations [22,23] that the
motion of ions leads to the crossing of plasma electron
trajectories [26] late along the bunch train and plasma. This
results in a loss of coherence in the collective motion of
plasma electrons and therefore to a decrease in wakefield
amplitude that imprints itself on the bunch during the self-
modulation process.

In this Letter, we demonstrate experimentally for the
first time that an effect of motion of ions observed in a
plasma-based accelerator depends on the mass of the
plasma ions. The effect appears within a single wakefield
event and, as expected, first with lighter ions, all other
parameters kept equal. Since wakefields are driven by
multiple bunches, simulation results indicate that the
ponderomotive force causes the motion of ions. In this
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FIG. 1. Schematic of the experimental setup.

case, the effect is also expected to scale with the amplitude
of the wakefields, also confirmed by our observations.
When the motion of ions becomes significant, wakefields
and the formation of the microbunch train are suppressed.
This suppression manifests itself as a “tail”—a late increase
in density—in time-resolved images of the bunch, as
previously predicted by simulation studies [22,23]. Since
the tail is caused by decoherence of electron motion, or
wave breaking, the effect scales with m; /~, as in Ref. [25].
Measurements are performed at AWAKE (Advanced
WAKefield Experiment) at CERN. A schematic layout
of the experiment is shown in Fig. 1. AWAKE uses a
bunch of 400 GeV protons from the Super Proton
Synchrotron (SPS) to drive wakefields over 10m of
plasma. The bunch contains N, = (0.7-3) x 10" pro-
tons, is transversely focused t0 an rms size of o , ~
(160 & 4) pm near the plasma entrance, and has an
rms duration of oy~ (170 =2) ps. The bunch is much
longer than 7, =27/w,, = (10=3) ps[n,, = (1-10) x
10'] cm=3, typlcal of these experiments, and under-
goes the self-modulation instability (SMI) over the first
few meters of plasma [27-29]. The SMI results in the
formation of a periodic microbunch train with a spacing

of ~7,.. This train drives wakefields resonantly along
the bunch and plasma, producing large amplitude
wakefields.

The plasma is provided by a pulsed DC discharge source
[30,31] and is either made of helium (“He), argon (*°Ar), or
xenon (131Xe [32]) (ma, & 10 X my, and mye = 3 X my,).
The discharge source has 0.2 mm aluminum windows at its
entrance (and exit) that exclude the option of seeding with a
relativistic ionization front [27,33] or with a low-energy
electron bunch [34]. Therefore, in these experiments, self-
modulation grows from noise as an instability.

Gases are only partially and at most singly ionized [31].
The plasma density is adjusted by changing the gas pressure
(8 to 45 Pa), the peak discharge current (300 to 600 A, pulse
duration ~25 ps), and the timing between the discharge and
the arrival time of the proton bunch, so that similar plasma
densities can be reached with different gases. Reachable
plasma density ranges are n, = (0.1 4 8) x 10" cm
= (0.1- 10) X 1014 cm~> with argon, and

npe = (1-17) x 1014 cm > with xenon. Plasma densities are
measured either by longitudinal, double-pass interferometry
(prior to the experiment) or by measuring the modulation

with helium, Npe

10
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FIG. 2. Single bunch measurements of the time-resolved proton
bunch density n,+(x,&) with N, = (2.8+£0.1) x 10! mea-
sured 3.5m downstream of the plasma exit without plasma (a) and
with 10m of n,, = (4.8 £0.2) x 10" cm™ xenon (b), argon (c),
and helium (d) plasmas. Red lines show the vertical sum. The
longitudinal bunch center is at £ = 0. Bunches propagate to the
right as indicated by the arrow on the top right. Color scale
saturated to highlight the bunch tail. Identical streak camera
settings used for all measurements.

frequency of the microbunch trains resulting from SMI
[27,31,35], and are averages over the plasma length [36].

At a distance of 3.5 m downstream of the plasma exit,
protons traverse a screen (150 pm thick SiO,, aluminum
coated) and emit transition radiation (Fig. 1). Wavelengths
in the (450 £ 25) nm range are imaged onto the entrance
slit of a streak camera that provides time-resolved images
of the bunch density distribution in a Ay = 80 pm-wide
slice around its axis [37].

Figure 2(a) shows the time-resolved measured proton
bunch density n,:(x,&) with N, = (2.84+0.1) x 10"
after propagation in vacuum (no plasma). The distribution
is approximately bi-Gaussian with a transverse rms size of
Oxysc = 625 pm (> Ay). Figure 2 shows the density after
propagating in xenon (b) and argon (c) plasmas with
npe = (4.8 £0.2) x 10" em™, the highest density reach-
able with helium. These show typical features of successful
SMI [27,28]: observable microbunch structure when using
shorter time windows (73 ps, Supplemental Material [38])
[27]; decrease of the transverse bunch size (visible from the
front of the bunch to &=~ 250 ps), caused by adiabatic
focusing of the bunch in plasma [41]; signal decrease
[visible for £ <200 ps, when compared to the no-plasma
case on Fig. 2(a)], caused by the increase of proton
divergence along the bunch [42]. The divergence increases
because the transverse wakefield amplitude increases due to
resonant wakefield excitation. Protons with larger trans-
verse momentum diverge more during vacuum propagation
downstream of the plasma exit, leading to a lower bunch
density measured with the streak camera because of the

155001-3



PHYSICAL REVIEW LETTERS 134, 155001 (2025)

2 1
u Npe, Np+ Npe, 5 Np+ Npe, 5 Np+ 2Npe, Np+
e NoO Plasma (a) = No Plasma (b) m—t No Plasma (C) =t No Plasma (d)
30 7 === Xenon 1 === Xenon 1 === Xenon 1 ==== Xenon
o5 | = Argon | === Helium | === Helium | === Argon
E_ m Helium
S 201
=
=154
o4
10 4
5
0 - : , . T . : . =3 " . : : : : . . :
-400  -200 0 200 400 -400 -200 0 200 400 -400 -200 0 200 400 -400 -200 0 200 400
& [ps] & [ps] & [ps] & [ps]

FIG. 3. Bunch density profiles 7, (£) of time-resolved images using the range |x| < 0.75 mm of the 7, (x,£) measurements.
Each line represents the average of typically ten measurements. The standard deviation is shown by vertical error-bars. Bunches

propagate to the right. Bunch and plasma parameters given in the titles and labels, with n

and N,- = (2.8 +0.1) x 10'1,

effect of the slit. Very little to no signal is observed for
£ < —100 ps in Figs. 2(b) and 2(c).

The bunch density measured with helium [Fig. 2(d)]
closely resembles those with argon [Fig. 2(c)] or xenon
[Fig. 2(b)] from the front of the bunch to &~ —100 ps,
showing essentially the same SMI development and wake-
field growth along the bunch and plasma. Microbunches are
visible with all three plasmas on shorter time windows also in
this case (Supplemental Material [38]). However with
helium [Fig. 2(d)] and for £ < —100 ps, the bunch density
increases again, leading to the appearance of a bunch tail, not
present on Figs. 2(b) and 2(c) [43]. This is the signature
expected from the effect of the motion of ions on self-
modulation [22,23]. This occurs when the mass of the ions is
sufficiently low and the amplitude of the wakefields is
sufficiently high for motion of ions to suppress the wake-
fields in the back of the bunch. Where wakefields are
suppressed, the SMI development is suppressed and protons
acquire much less transverse momentum, leading to much
smaller divergence and increased proton bunch density,
visible as a tail on the time-resolved image [Fig. 2(d)].
The expected inverse dependence with m; is confirmed, as,
with this amplitude of wakefields, only the bunch density
measured with the lightest ions (helium) is disturbed.
Simultaneous measurements with two streak cameras
with orthogonal slits recording n,:(x,£) and n,:(y.&)
(Supplemental Material [38]) confirm that the core of the
bunch and its tail are radially symmetric, as expected.

The influence of motion of ions on self-modulation is
also evident from bunch density profiles n,,+ (£), presented
in Fig. 3 as averages of typically ten measurements with
their standard deviation. Figure 3(a) displays profiles
corresponding to the four images in Fig. 2. These profiles
again show the focusing effect in the front (¢ 2 250 ps),
i.e., higher densities with plasma compared to without
plasma (black line), as well as the presence of a clear
tail in the distribution observed with helium (blue line
£ < —100 ps). The profiles highlight again the similarity of
the bunch densities with all three plasmas between the front

pe = (48 £0.2) x 10" cm™

of the bunch and & ~ —100 ps. In that range, the develop-
ment of self-modulation is primarily influenced by the
response of the plasma electrons.

Figure 3(b) shows that with helium (blue line) and %N ot
ie., a lower peak wakefield amplitude (decrease by
approximately 1/3 in numerical simulation [44]; numerical
simulations detailed later) and thus less motion of ions
expected, the size of the tail is reduced when compared to
that with N ,+. Figure 3(c) shows that no tail is measurable
with %N »+» 1.€., with even lower wakefield amplitude (peak
field in simulations approximately half of that with N ).
For Figs. 3(b) and 3(c), we do not plot the lines obtained
with argon, since there is no measurable difference with the
ones with xenon [as is the case in Fig. 3(a)]. These show
that, for sufficiently low wakefield amplitude, achieved by
decreasing N+, the effect of motion of ions disappears
even with the lightest ions.

Figure 3(d) shows that when increasing n,,, (by approxi-
mately a factor of 2), the effect of motion of ions becomes
observable with N ,+ and argon (red line, m, = 10 X myg).
This is because of the higher amplitude of the wakefields
(increase by ~60% in simulations compared to the ones
with n,, = 4.8 x 10"cm™) and the shorter 7, (earlier
decoherence for shorter 7,,). We note that such a high
density was not reachable with helium within the safe
current limit of the pulse generator [30]. The effect
observed with argon is similar to that observed at lower
density using helium, showing that the same physics is at
play. The fact that we still do not observe a tail with xenon
[Fig. 3(d), green line] shows that the amplitude of wake-
fields at this plasma density is now sufficient to make the
bunch tail observable with argon [Fig. 3(d), purple line] but
not for xenon plasma (my, = 3 X my,).

To confirm that the observed bunch tails result from the
motion of ions [23], we conduct particle-in-cell simulations
using 2D-cylindrical LCODE [45,46] with input bunch (bi-
Gaussian proton bunch distribution) and plasma parameters
from Fig. 2. The simulated proton bunch distributions are
propagated in vacuum from the plasma exit to the location
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FIG. 4. Numerical simulation results (average of five simula-
tions with different noise in the bunch particle distribution) with
experimental parameters from Fig. 2 (n,,, = 4.8 x 10" ecm~3 and
N,+ = 2.8 x 10'"). (a)-(d) Bunch distributions at the location of
the streak camera screen and with: immobile (a), xenon (b), argon
(¢), and helium (d) ions. Effect of the streak-camera slit included.
(e)—(h) Corresponding densities of plasma ions at the plasma exit
(z = 10 m). Orange lines: envelope of the average transverse
wakefields (W,) within ¢/®,,, also at z = 10 m. Error-bars:
standard deviation of the simulation results. Numerical simu-
lation result with argon and n,, = 9.3 x 10" cm™ (2n,,) in
Supplemental Material [38].

of the screen in the experiment (see Fig. 1). In Fig. 4, we
display the density distributions of a Ay-wide slice (width
of the camera slit) around the bunch axis for immobile ions
(a) and mobile ions of xenon (b), argon (b), and helium (c).

The SMI develops from noise in the randomly initiated
drive bunch distribution, leading to variations in the results
from simulation to simulation. For the density plots of Fig. 4
we show averages of five simulation results for different
numerical seeds. For the amplitude of the transverse wake-
fields, we show the peak field values within one oscillation
(envelope, orange lines) and standard deviations as error
bars. As with experimental results (Fig. 2), we observe aclear
bunch tail only with helium. Otherwise, distributions exhibit
only subtle differences, which would be difficult to distin-
guish in experiments due to the finite temporal and spatial
resolutions of the experimental images [42]. Simulated
density profiles generally show shorter bunch fronts and
higher density and longer bunch tails than experimental ones
[Fig. 2(d)]. This difference reflects stronger wakefield
growth in the simulations, where the initial seed wakefield
amplitudes are larger than in the experiment due to the
necessary use of fewer macroparticles compared to the
number of protons in the experiment.

Nevertheless, profiles retain the same features, and given
the striking similarity between the bunch density distribu-
tions observed in simulations and experiments, we can

deduce the underlying cause for the formation of the bunch
tail from simulation results.

With mobile ions, ion density distributions [Figs. 4(f)—4(h)]
exhibit typical features caused by the ponderomotive force of
wakefields driven by a narrow bunch [21,22], rather than from
the impulse response to the bunch. Since transverse wake-
fields are axially symmetric and peak near o, ,, from the axis,
their ponderomotive force creates a high ion density region
near the axis (x ~0 mm) and a low density surrounding it,
especially visible with helium [Fig. 4(h)]. This ion density
perturbation changes the local plasma electron oscillation
period, leading to a loss of coherence in their collective
motion. The loss of coherence leads to a decrease of the
wakefield amplitude in the back of the bunch [ < —50 ps in
Fig. 4(h)], which stops the formation of the microbunch train
and results in the appearance of a bunch tail [21,22].

The ion density perturbation is visible even with the
heaviest ions [xenon, Fig. 4(f)] but becomes noticeable
only very late along the bunch. Since in this case the
relative density perturbation remains small, we observe no
significant effect on the outcome of the self-modulation
process. The effect occurs earlier and is larger with argon
ions but is too small for a significant tail to form.

Numerical simulation results also show that the time for
the tail to form along the bunch scales with ml-_l/ ’
(Supplemental Material [38]). This scaling is logical, as
the tail formation is due to the loss of coherence in plasma
electron motion or wave breaking, which has been dem-

onstrated to scale with mi_l/ 3 in Ref. [25]. All experimental
results obtained are consistent with this scaling.

In the absence of significant motion of ions [immobile
ions and xenon Figs. 4(e) and 4(f)] the wakefields maintain
an approximately constant amplitude after saturation
(¢ < —100 ps). With argon, the motion of ions is sufficient
to cause a decrease in the wakefield amplitude for & <
—100 ps but not sufficient for a tail to form. With helium
the wakefield amplitude plummets around & < —50 ps and
thus a tail forms.

The slow decrease in wakefield amplitude observed with
immobile ions later than & ~ +100 ps is due to the non-
optimal evolution of self-modulation in a uniform plasma
[11,47]. This evolution also leads to the relatively small
peak wakefield amplitudes (~200 MV/m) at 10 m, from
~600 MV /m at 6 m. Numerical simulation results suggest
that with a plasma density step placed early along the
plasma, wakefields maintain an amplitude close to their
peak value [48,49]. Interestingly, the small ion density
perturbation observed with xenon [Fig. 4(f)] has a positive
effect on the amplitude of the wakefields [25,50,51]. In this
case, changes in the plasma electron oscillation period
counteract the wakefield phase velocity shifts that arise
during the development of self-modulation.

In AWAKE, the plasma typically consists of rubidium, and
both simulation and experimental results indicate that the
mass of rubidium ions (mgy, > 2 X my,,) is sufficiently large
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to prevent motion of ions from having negative effects under
any anticipated experimental conditions. Additionally, no
bunch tails, such as those observed in these experiments,
were ever seen with rubidium in previous experiments, even
at densities as high as 9.9 x 10"cm™ [52]. From the
presented experimental study, we can also establish “safe
limits”—defined as the clear absence of bunch tails—of
1 x 10" cm™3 with helium, 4 x 10'* ¢cm™3 with argon, and
no upper limit was observed for xenon. However, most
importantly, the appearance of beam tails will serve as a clear
diagnostic method in all future experiments. In acceleration
experiments, the witness bunch is positioned at the point
along the bunch where wakefields reach their maximum
amplitude. This would be £ ~ 0 ps [as shown in Figs. 4(f)
and 4(g)], though it may be positioned further along the
bunch when, for example, density steps are used [48]. Any
motion of ions affecting wakefields beyond the maximum
amplitude point is irrelevant to the acceleration process.

We also note that the long-timescale (> 1 ns) effect of
the motion of plasma ions extends beyond that on bunch
emittance and energy gain. It potentially imposes a limi-
tation on the repetition rate of the acceleration process due
to the time it takes for the energy of wakefields to dissipate
[53] and, correspondingly, the time the plasma takes to
recover from the excitation-acceleration process that leaves
energy in the plasma. This recovery time includes reaching
again a uniform plasma density, i.e., uniform electron, ion,
and neutral densities, as measured in Ref. [54].

The combination of experimental and simulation results
presented in this Letter clearly show an effect of the motion
of ions within a single wakefield event and for the first time
with different ion masses. This effect (formation of a bunch
tail) is caused by the ponderomotive force of the wake-
fields. The experimental results confirm that the effect
depends inversely on the mass of the ions (helium, argon,
xenon), i.e., appears first with lighter ions and increases
with the amplitude of the wakefields. The dependence
observed with mass, and that with amplitude, are in
agreement with those of theoretical and simulation models
[22,23,25]. The scaling with mi_l/ 3 can be used to evaluate
the possible effect of the motion of ions, e.g., in single and
multiple driver wakefield accelerators that may use light
ions to avoid multiple ionization levels in the strong fields
of the intense driver and witness beams.
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