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14University of Wisconsin, Madison, Wisconsin 53706, USA
15Philipps-Universität Marburg, 35032 Marburg, Germany

16Technical University of Denmark, 2800 Kgs. Lyngby, Denmark
17STFC/ASTeC, Daresbury Laboratory, Warrington WA4 4AD, United Kingdom

18TRIUMF, Vancouver, British Columbia V6T 2A3, Canada
19Budker Institute of Nuclear Physics SB RAS, 630090 Novosibirsk, Russia

20Novosibirsk State University, 630090 Novosibirsk, Russia
21Angstrom Laboratory, Department of Physics and Astronomy, 752 37 Uppsala, Sweden

22Heinrich-Heine-Universität Düsseldorf, 40225 Düsseldorf, Germany
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Experimental results show that hosing of a long particle bunch in plasma can be induced by wakefields
driven by a short, misaligned preceding bunch. Hosing develops in the plane of misalignment, self-
modulation in the perpendicular plane, at frequencies close to the plasma electron frequency, and are
reproducible. Development of hosing depends on misalignment direction, its growth on misalignment
extent and on proton bunch charge. Results have the main characteristics of a theoretical model, are relevant
to other plasma-based accelerators and represent the first characterization of hosing.
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Introduction.—Hosing of a charged particle bunch in
plasma is a fundamental mode of interaction and instability
of such a system [1]. Studying hosing is important because
it could impose a limit on the distance a bunch can
propagate in plasma. This is the case, e.g., when using a
preformed plasma to guide a beam through the atmosphere
([2], resistive hosing). Hosing is posited to be a limit for
propagation of both witness [3] and drive bunches [4,5] in
plasma-based accelerators. These accelerators are of inter-
est and importance because they can operate at much higher
accelerating gradients (1–100 GeV=m [6,7]) than conven-
tional, rf-based accelerators (< 1 GeV=m [8,9]). Deve-
lopment of hosing would disrupt driving wakefields and
the acceleration process, thus, the quality of the witness
bunch. Choosing accelerator parameters to avoid hosing
might limit the efficiency of the energy transfer process [3],
a crucial parameter, e.g., for collider applications. The
disruptive nature of hosing motivates studying its mitiga-
tion [5,10–12].
Hosing of charged particle bunches propagating in

plasma is well described by theory [1,2,13–15] and
numerical simulations [4]. While we focus on the case
of particle bunches, laser pulses propagating in plasma are
also subject to this instability [16,17], though the under-
lying physics is quite different.
Hosing occurs when the centroid position of a particle

bunch couples to that of the focusing force (i.e., position
where the axisymmetric force is zero) exerted by plasma
[1], or to that of the wakefields [10]. With a long bunch, the
axisymmetric wakefields force leads to self-modulation
(SM), which transforms the bunch into a train of micro-
bunches [18,19]. Nonaxisymmetric coupling results in
transverse oscillation of the two centroid positions.
When viewed in the laboratory reference frame, growth
occurs because the displacement of each successive trans-
verse slice of the bunch depends on that of all previous
slices, through the focusing force sustained by oscillating
plasma electrons. Growth thus occurs along the bunch and
plasma. Hosing can initiate from global misalignment of
the bunch with respect to a pre-existing focusing structure,
notably in the case of a preformed focusing channel [1].
Alternatively, this process could start from variations in the
local bunch centroid position, e.g., when the focusing force
is driven by the bunch itself [12,15].
Transverse displacement of the centroid position of an

electron bunch or a laser pulse was observed in a number of
plasma wakefield experiments and was attributed to the
occurrence of hosing [20,21]. However, very few funda-
mental characteristics of hosing (other than its possible
occurrence) were deduced.
In this Letter, we show that hosing of a long, relativistic

proton bunch propagating in an overdense plasma can be
induced, and thus observed in a reproducible way. Hosing
is induced by relative misalignment between the trajectory
of a short electron bunch, hence the wakefields it drives,

and that of the trailing proton bunch [22]. Hosing and SM
develop simultaneously, in perpendicular planes. With no
electron bunch, SM instability without hosing occurs [23],
showing that wakefields induce hosing. The electron bunch
drives wakefields at the plasma electron frequency fpe ¼
ωpe=2π [24], therefore the frequency of hosing is close to
that of SM, both close to fpe. The development of hosing
depends on the direction of misalignment. For misalign-
ment extents Δx > 0.5c=ωpe (c=ωpe—cold plasma skin
depth), the amplitude of hosing decreases with increasing
Δx. When Δx > 2.5c=ωpe, SM develops as an instability
without hosing. The amplitude of hosing increases with
larger proton bunch charge Qp (fixed Δx). We find good
general agreement between hosing observed and a theo-
retical model [15], despite differences between assump-
tions of the model and the experimental conditions. Finally,
we note that SM grows because each microbunch drives its
own wakefields, which, in the plane of SM, add to those
driven by previous microbunches. These microbunches
therefore drive wakefields in the plane of hosing as well,
i.e., their off-axis wakefields add to those of the previous
off-axis microbunches and thus lead to the growth of
hosing. The xc oscillation we observe is therefore unam-
biguous evidence of the growth of hosing, as opposed to a
betatron oscillation in the growing fields of SM.
The results were obtained in the AWAKE experiment

[25]. Previously, hosing was observed only at low plasma
densities (< 0.5 × 1014 cm−3) when SM was not seeded
[26], and has not been a limitation for acceleration experi-
ments performed at higher densities. Numerical simulation
results show that seeding SM with a relativistic ionization
front suppresses hosing [10]. However, seeding of SM with
an electron bunch may be required in future experiments
using, e.g., a preformed plasma [27]. The results of the
study presented here are thus an essential first step in
identifying mechanisms that can seed hosing, and in
understanding its development. Further studies will have
to determine tolerances in parameter space for SM seeded
by the electron bunch to dominate over hosing.
We note that since the bunch density is lower than the

plasma electron density, and the wakefields’ amplitude
never reaches the wave-breaking amplitude, one can expect
the evolution of hosing and SM to be essentially indepen-
dent of the charge sign of the long bunch. In addition,
misalignment between drive and witness bunches in
plasma-based accelerators using short drivers is also a
seed for hosing.
Experimental setup.—The proton bunch from the CERN

Super Proton Synchrotron has an energy of 400 GeV per
particle and an approximately Gaussian temporal distribu-
tion with root mean square (rms) duration σt ≈ 220 ps. It
has a round Gaussian rms transverse waist size σr0 ≈
0.2 mm at the entrance of a 10 m-long vapor source
[28] (Fig. 1). The source contains rubidium vapor with
uniform temperature, and therefore density [29] nRb,
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adjustable in the ð0.5 − 10Þ × 1014 cm−3 range. The vapor,
and, indirectly, the plasma density is measured to better
than 0.5% accuracy [30]. A Ti:Sapphire laser generates a
∼120 fs-long, ∼110 mJ pulse. This pulse provides full,
single ionization of the rubidium vapor, creating a plasma
column of ∼1 mm radius.
The laser pulse propagates 620 ps (∼2.8σt) ahead of the

proton bunch longitudinal center and is aligned on its axis;
thus, it does not seed SM [23] or induce hosing. A
18.9 MeV, ∼225 pC, ∼4 ps-long electron bunch [31,32]
placed 600 ps ahead of the proton bunch center, i.e., in
plasma, 20 ps behind the laser pulse, drives seed
wakefields.
Protons pass through an aluminum-coated silicon wafer

located 3.5 m downstream of the plasma exit, where they
emit optical transition radiation (OTR). The OTR is trans-
ported, split, and imaged onto the entrance slit of two streak
cameras providing time-resolved images of the bunch
charge density distribution [33]. A 90° spatial rotation is
applied to one of the OTR signals; thus the images are in
perpendicular planes (x, t) and (y, t) (inset, Fig. 1). A
CMOS camera yields time-integrated bunch charge dis-
tribution on the same OTR screen. This setup is crucial for
detecting simultaneous occurrence of hosing and SM. The
spatial resolution of the optical system is ∼0.18 mm [34].
The temporal resolution of the streak cameras is ∼1 ps
[34,35], sufficient for the measurements presented here.
To circumvent the 5 ps rms jitter of the triggering system,

thus, to determine the precise timing of hosing and SM
along the bunch, we use a bleed-through of the ionizing
laser pulse from a mirror. This pulse is synchronized with
the main pulse and with the electron bunch. It is imaged
onto the streak cameras and serves as a timing reference
that allows temporal alignment of images at the sub-ps level
[36]. This is essential to demonstrate the reproducibility of
the observed phenomena, as shown later.
Experimental results.—We first introduce experimental

observation of hosing and SM occurring simultaneously.
The proton bunch has a charge Qp ¼ ð14.9� 0.1Þ nC and
initially (in vacuum) a continuous charge density distribu-
tion. In order to induce hosing, we misalign the trajectory of
the preceding electron bunch byΔx¼ð0.95�0.16Þc=ωpe (at
npe¼0.96×1014 cm−3, i.e., c=ωpe¼0.52 mm) with respect

to the proton bunch propagation axis, in the x direction of the
streak camera coordinate system. The Δx is an average
misalignment extent value with error bar representing the
position jitter of both bunches summed in quadrature. Time-
resolved images (Fig. 2) show typical distributions corre-
sponding to the simultaneous occurrence of hosing in the
plane of misalignment [x, Fig. 2(a)] and of SM in the
perpendicular plane [y, Fig. 2(b)].We define t ¼ 0 as 279 ps
(∼1.3σt) ahead of the longitudinal center of the proton
bunch, propagating to the right. Images aligned in time are
averaged over ten consecutive events. The average images
show clear ps-scale features of hosing, i.e., oscillation of
centroid position, and of SM, i.e., microbunches [23,32].
This indicates that both processes are reproducible, and thus
confirms that both are induced by the initial wakefields of
the electron bunch [23,32].
The centroid position of the bunch in the SM plane

[Fig. 2(c), yc, solid green line], and when propagating in
vacuum (gray line, image not shown), remains close to the
bunch axis (within �0.05 mm) and does not exhibit any
periodic pattern. On the contrary, it clearly oscillates with
growing amplitude (up to 0.28 mm) in the plane where
hosing occurs (xc, dashed black line). A 1.2 × 0.07 ½ps;mm�
median filter was applied to the time-resolved data to obtain
smoother curves.
Wedetermine the frequencies of hosing (fH) andSM(fSM)

by performing a discrete Fourier transformof xcðtÞ for hosing
and of the on-axis longitudinal (time) profile obtained within
the proton bunch core radius for SM (not shown) [33]. With
npe¼0.96×1014 cm−3 (Fig. 2), i.e.,fpe¼ð87.99�0.18ÞGHz,

FIG. 1. Schematic of the experimental setup (not to scale)
showing main components used for the measurements. Inset:
sketch of the images recorded—time-integrated (x, y), time-
resolved (x, t), (y, t) images when hosing and SM develop
simultaneously.

FIG. 2. Time-resolved images of the proton bunch (npe¼
0.96×1014cm−3, Qp¼ð14.9�0.1Þ nC, Δx ¼ ð0.95 �
0.16Þ c=ωpe). (a) x plane, hosing; (b) y plane, SM. Images—
averages of ten consecutive single events recorded simultaneously,
same color scale. Inset (a): single-event 3σ contours of time-
integrated proton bunch charge distribution for the same ten events.
Dashed red lines: position of the slit of the streak cameras.
Elongation of the distribution indicates the plane of hosing.
(c) Centroid position along the bunch in vacuum (gray line),
undergoing SM (solid green line) and hosing (dashed black line).
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we obtain fH ¼ ð86.76� 1.53Þ GHz and fSM ¼ ð86.27�
1.54Þ GHz, with npe ¼ 2.03 × 1014 cm−3 (curves not
shown), i.e., fpe ¼ ð127.80� 0.26Þ GHz, fH ¼ ð125.31�
1.56Þ GHz and fSM ¼ ð125.41� 1.26Þ GHz. At both den-
sities fH ≈ fSM ≈ fpe. This is expected, as the electron bunch
drives initial wakefields at fpe.
Figure 3 shows that, when reversing the misalignment

direction (þΔx → −Δx), hence, the direction of the non-
axisymmetric wakefield force acting on each slice of the
bunch, the xc oscillation is reflected with respect to the
bunch propagation axis. This reflection is clearly visible in
Figs. 3(a) [same as Fig. 2(a)], (b), and on the corresponding
xcðtÞ curves [Fig. 3(c), e.g., at t ≈ 124 ps, dashed red line).
Alignment in position and angle between the two particle

beams with significantly different parameters is the main
challenge in these experiments. Time-integrated images of
the proton bunch transverse charge distribution are shown
in insets of Fig. 2(a) and Figs. 3(a), 3(b) as 3σ contours of
the distribution of single events. These contours exhibit the
elongation expected when hosing occurs. They show that
the direction of elongation is in the general direction of
misalignment, i.e., x direction, but with an angle of ∼27.5°
with respect to it. Whenþ Δx → −Δx, the angle is
reflected from þ27.5° to 180° − 26.2°. This indicates a
possible angular misalignment between the trajectories of
the two bunches. This misalignment might also be the
cause of the different amplitudes of the xc oscillation curves
of Fig. 3, since the amplitude depends on Δx (see below).
The accuracy of the available diagnostics was not sufficient
to correct this misalignment. Simulation results [26] indi-
cate that time-resolved images nevertheless retain the
main characteristics of both SM and hosing (as in
Fig. 2), even when the observation plane is different from

the misalignment plane by angles similar to those observed
in the experiment.
Numerical simulation results [37] show that the amplitude

of the wakefields, driven by an electron bunch with
parameters similar to those of the experiment, as a function
of distance from the bunch axis peaks beforeΔx ¼ 0.5c=ωpe
and then monotonically decreases. The effect of these
wakefields on the proton bunch centroid therefore de-
pends on Δx (other parameters kept constant). Figure 4(a)
shows that, as expected, the amplitude of xc oscillation
decreases as Δx increases. The amplitude, measured at
t ≈ 163 ps, is xc½Δx ≈ 0.5c=ωpe� ≈ 0.198 mm (green line),
xc½Δx ≈ 1.0c=ωpe� ≈ 0.173 mm (black line), and xc½Δx ≈
1.5c=ωpe� ≈ 0.108 mm (red line). When Δx is sufficiently
large (> 2.5c=ωpe, not shown) the wakefields’ effect is not
strong enough to seed either hosing, which is not observed,
or SM, which develops as an instability.
Theory (e.g., [15]) suggests that the number of exponen-

tiations of hosing Nh, or the growth rate, increases with
bunch density nb0, i.e., withQp [see Eq. (2) below]. Results
show that, with Qp ≈ 46.5 nC (nb0 ≈ 7 × 1012 cm−3), the
amplitude of hosing is on average 2.1 times higher [Fig. 4(b),
red line] than with Qp ≈ 14.9 nC (nb0 ≈ 4.3 × 1012 cm−3,
black line). We note that nb0 varies less than Qp due to the
change in the transverse emittance and hence transverse size
of the bunch at the plasma entrance. Also, the measurement
of xc is performed not in plasma (as in [15]), but after 3.5 m
of propagation from the plasma exit to the OTR screen.
Therefore the values of xc and Nh that we calculate
overestimate those in plasma.
The development of hosing, with or without presence of

SM, in the long-beam early-time regime was considered
theoretically [15]. In that study, the growth of the two

FIG. 3. Time-resolved images (npe ¼ 0.96 × 1014 cm−3,
Qp ¼ ð14.9� 0.1Þ nC). (a) Δx ¼ ð0.95� 0.16Þc=ωpe. (b) Δx ¼
ð−0.93� 0.18Þc=ωpe. Images have the same color scale. Re-
flection of xc oscillation visible, e.g., at t ≈ 124 ps (dashed red
line). (c) xc oscillation curves: dashed black line, top image; solid
blue line, bottom image. Insets (a),(b): single-event 3σ contours
of time-integrated bunch charge distribution.

FIG. 4. Proton bunch centroid position xcðtÞ (npe ¼
0.96 × 1014 cm−3). (a) Qp ¼ ð14.9� 0.1Þ nC. Δx ¼ ð0.53�
0.15Þc=ωpe, green line; Δx ¼ ð0.95� 0.16Þc=ωpe, black line;
Δx ¼ ð1.47� 0.16Þc=ωpe, red line. (b) Δx ≈ 1c=ωpe. Qp ¼
ð46.5� 0.6Þ nC (nb0 ¼ ð7.0� 0.9Þ × 1012 cm−3), red line;
Qp ¼ ð14.9� 0.1Þ nC (nb0 ¼ ð4.3� 0.2Þ × 1012 cm−3), black
line. (c) Same as red line of (b) with rms variation of the data
—red bars and result of the fit of Eq. (1), blue line. R2 ¼ 0.84.
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processes starts from imposed initial centroid position
(hosing) and radius (SM) perturbations of the bunch.
Other assumptions are made for the derivation (see
Supplemental Material [38]).
The asymptotic solution for the centroid position xc of

the bunch with nonevolving radius is given by Eq. (10) in
[15]. We convert the comoving variable ζ of [15] to time t
for the analysis of the experimental results. We additionally
introduce t0 as the time when the amplitude growth starts
(t0 ¼ 0 in [15]), since it is unknown in the experiment. We
rewrite Eqs. (10) and (11) of [15] as

xc ¼ δc

�
31=4

ð8π1=2Þ
�
eNh

N1=2
h

cos

�
π

12
− ωpeðt − t0Þ −

Nhffiffiffi
3

p
�

ð1Þ

and

Nh ¼
33=2

4

�
μ
me

mb

nb0
npe

1

2γ

�
ωpe

c

�
3

cðt − t0Þz2
�
1=3

: ð2Þ

Here, μ represents the plasma return current, c the speed
of light, mb, γ the mass and relativistic factor of the proton,
and z the distance along the plasma. The evolution of the
amplitude of xc oscillation along the bunch is determined
by Nh as a function of ðt − t0Þ at a given z through the
ðeNh=N1=2

h Þ term. The growth of oscillation starts from the
initial periodic perturbation with amplitude δc (at z ¼ 0).
Some of the assumptions used to obtain Eqs. (1) and (2)

are not verified in the experiments (see Supplemental
Material [38]). Nevertheless, as the derivation was per-
formed for similar conditions, we use Eq. (1) to determine
whether the experimental results retain some of the
characteristics highlighted in [15]. We perform a nonlinear
least squares fit of this equation to the experimental xc
curves, with initial free parameters t0 and δc. Figure 4(c)
shows that the data of Fig. 4(b) (Qp ≈ 46.5 nC, red line)
preserves the main characteristics of the model (blue line,
fit, goodness R2 ¼ 0.84), i.e., xc oscillation at fH ≈ fpe
growing along the bunch. The result of the fit is well within
the rms variations observed over ten events.
We determine the growth of the amplitude of hosing

from the experimental value of xc oscillation peak at t ≈
163 ps and δc obtained from the fit. With xc½t ≈ 163 ps� ≈
0.306 mm and δc ≈ 11.6 μm [Fig. 4(c)], xc½t ≈
163 ps�=δc ≈ 26.3 (Nh ¼ 5.46). Similar growth of the
wakefields’ amplitude in case of SM was shown in [40].
This is expected, since theory suggests that hosing and SM
have similar growth rates (e.g., [15]). The results of the fit
to all the data shown here and more detailed analysis can be
found in the Supplemental Material [38].
While all data presented show the main features of

hosing, when increasingQp, we observe a clear asymmetry
of the xc oscillation with respect to the bunch axis
[Fig. 4(b), red line]. Reference [15] shows that coupling

between hosing and SM developing simultaneously (as in
the experiment) generates such an asymmetry. The strength
of the coupling and the resulting asymmetry depends on,
e.g., initial seed amplitudes for hosing and SM. These
parameters are not measured in the experiment and differ
(wakefields driven by the electron bunch) from the ones in
the theory (initial centroid and envelope perturbations).
Quantitative comparison is therefore elusive.
Summary.—We observe hosing of a long proton bunch

induced by the misalignment of the initial wakefields
driven by a short electron bunch. Experimental results
show a clear periodic centroid position oscillation that
grows along the bunch and plasma, typical of hosing.
Hosing occurs in the plane of misalignment, SM simulta-
neously in the perpendicular plane. Hosing and SM are
induced by the same initial wakefields, therefore both
processes are reproducible. Their frequencies are close to
the plasma electron frequency. When reversing the mis-
alignment direction, the centroid position oscillation is
reflected with respect to the bunch propagation axis. Its
amplitude increases with proton bunch charge and tends to
decrease with larger misalignment extents, as expected
from theory and simulations findings. For misalignment
extent larger than 2.5c=ωpe no hosing is observed, and SM
develops as an instability. The observed centroid position
oscillation follows a theoretical model [15].
Results show that misalignment of the initial wakefields

induces hosing and has to be avoided in plasma-based
accelerators. Studies of tolerance of the system to misalign-
ment have to be conducted, especially when seeding SM
with an electron bunch [32].
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