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Plasma-based accelerators
Chances and challenges

Target chamber and plasma cell

FLASHForward Experiment

Plasma cell

Designed for the FLASHForward Experiment
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Miniaturisation with plasma-based accelerators
A key technology for future compact and affordable particle accelerators?

Conventional accelerator
FLASH at DESY

>> Accelerating fields ~10-50 MV/m 

>> Electrons accelerated to ~1GeV in ~80 m

4

>> Accelerating fields ~10-100 GV/m 

>> Electrons accelerated to ~1 GeV in ~1 cm

Module of a plasma-based accelerator
Designed for the FLASHForward project, DESY
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A key technology for future compact and affordable particle accelerators?
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>> Accelerating fields ~10-100 GV/m 

>> Electrons accelerated to ~1 GeV in ~1 cm

Module of a plasma-based accelerator
Designed for the FLASHForward project, DESY

Chance: High energy gain on short distances

Plasma-based accelerators provide gradients > 10 GV/m

Challenge: Stability

Stability is of utmost importance for any application
Extreme focusing fields entail large growth rates for beam 
breakup instability!
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Hose instability
Show-stopper for stable plasma wakefield accelerators?

Plasma wakefield acceleration with a tilted beam 

3D PIC simulation using the code HiPACE

Significant tilt from here

Witness beam to be accelerated here (?)

Plasma electrons

Drive beam 
(no energy spread)

HiPACE 
A highly efficient plasma accelerator emulation

H PACE
H PACE

H PACE

Propagation direction

- Small beam asymmetries amplified

- Is beam breakup inevitable ?

Hosing is a challenge!

Hosing)
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Hosing in Plasma Wakefield Acceleration 
3D Simulation with the PIC code HiPACE

Hose instability
Show-stopper for stable plasma wakefield accelerators?

HiPACE 
A highly efficient plasma accelerator emulation

H PACE
H PACE

H PACE
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Basic mechanisms of hosing

Plasma electrons

Beam

Plasma wakefield acceleration 
in the blowout regime

HiPACE 
A highly efficient plasma accelerator emulation

H PACE
H PACE

H PACE

Ion channel
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Plasma electrons

Ion channel

Basic mechanisms of hosing
Illustration with finite number of beam slices

First 
beam slice

Beam



T.J. Mehrling  |  Mitigation of the hose instability in plasma wakefield accelerators |  3rd European Advanced Accelerator Concepts Workshop |  September 27, 2017                 10

Harmonic 
oscillation

Second 
beam slice

Plasma electrons

First 
beam slice

Ion channel

Basic mechanisms of hosing
Illustration with finite number of beam slices

⇠ = ct� z
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Harmonic 
oscillation

Linearly 
amplified 
oscillationQuadratically 

amplified 
oscillation

Third 
beam slice

…
Exponential 

growth
 in time and 
along beam

Plasma electrons

Chain of beam 
particles

Ion channel

First 
beam slice

Second 
beam slice

Basic mechanisms of hosing
Illustration with finite number of beam slices

⇠ = ct� z
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Whittum et al:
Centroid deviations amplified exponentially in time and along beam!

12

Hosing - a crucial challenge for PWFA
Seminal model predicts exponential growth of beam centroid deviations

- Beam expels plasma electrons      ion channel

- Beam centroid deviation      generates 

deviation of channel centroid      along beam

-       feeds back into temporal evolution of     

 Electron beam

Ion channel

Xb
E

x

, B
y

Simple picture for Hose-Instability 
(HI) in the ion-focused regime

Xb

Xb

Plasma electrons

Xc

D. H. Whittum, et al. Phys. Rev. Lett. 67, 991 (1991).
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Plasma-wakefield accelerators have remarkable features, such as accelerating fields three orders of
magnitude greater than those in conventional accelerators. However, current models predict that
the hose instability will crucially limit their applicability. This work demonstrates that the evolution
of the electron-beam driver in the plasma can self-consistently suppress the hose instability. The
energy change occurring as the beam drives the plasma wave, along with its initial correlated and
uncorrelated energy spread, detune the betatron oscillations, and thereby damp the hose instability.
It is also shown that realizable longitudinally tapered plasma profiles can strongly mitigate the
initial hosing seeds. Hence, this work demonstrates that the propagation of a particle beam driver
can be stabilized over long propagation distances, allowing for high quality particle acceleration in
plasma. We find excellent agreement between our models and particle-in-cell simulations.

PACS numbers: 52.40.Mj, 41.75.Ht, 29.27.Bd, 52.35.-g, 52.65.Rr

Introduction - Plasma-based accelerators provide ac-
celerating fields in excess of 10 GV/m [1, 2] and hence
are considered a technology candidate capable of lever-
aging a dramatic miniaturization of future accelerators
and to prevent the current scientific progress from fal-
tering in terms of provided beam energy, versatility and
availability of accelerator facilities. In plasma-wakefield
accelerators (PWFA) [3–5], charged particle beams are
used as drivers to excite high amplitude plasma waves.
Of particular interest is the blowout regime, in which a
particle beam with a charge density much greater than
the ambient plasma density expels all plasma electrons
from its vicinity, thereby generating ion-channels with
linear focusing properties for electron-witness beams and
with extreme accelerating fields [6].

While the large amplitude longitudinal electric field
enables rapid acceleration, the comparable magnitude of
the transverse fields entails large growth rates for the hose
instability. The hose instability was early identified as a
crucial challenge for stable acceleration in PWFA [7]. It
is seeded by an initial transverse asymmetry of the beam
charge density which couples to the electrons surrounding
the ion channel. According to current models, an initial
beam centroid deviation is thereby amplified exponen-
tially during the acceleration process [7–11], resulting in
unstable propagation or beam-breakup for not perfectly
symmetric beams in PWFA.

The coupled evolution of the ion-channel centroid
X

c

(⇠, t) and the beam centroid X

b

(⇠, t) in the blowout
regime using the rigid beam model is given by the di↵er-
ential equations [11]
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(⇠) account for a rel-
ativistic motion of electrons in the plasma sheath, and
for a ⇠-dependence of the blowout radius and the beam
current [11]. Equations (1) and (2) infer that a beam
centroid deviation results in a change of the ion-channel
centroid along the beam and the deviation of X
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back to the temporal evolution of X
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t) can be found [8, 9], suggesting an expo-
nential growth of the instability. As demonstrated in
Ref. [11], the exponential growth rate is reduced for
c

 

c

r

< 1. However, according to these models the hose
instability can pose a strong constraint for the applica-
bility of plasma-wakefield accelerators.

In this work, we show that initial properties of the
electron-beam driver along with the dynamics during its
propagation in the plasma can self-consistently suppress
the hose instability. The energy gain/loss, occurring as
the beam excites the plasma wave, or an initial beam
energy chirp, detune the betatron oscillations along the
beam, therefore resulting in a damping of the hose in-
stability. In addition, a finite uncorrelated energy spread
leads to a betatron decoherence of the electrons within
the beam slices and hence to a reduction of the hose in-
stability. Moreover, we present that the hose seed can be
vitally reduced by the use of tailored vacuum-to-plasma
transitions, which can be produced in the laboratory.

Centroid equations

Seminal model: Dramatic implications for PWFA!
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are considered a technology candidate capable of lever-
aging a dramatic miniaturization of future accelerators
and to prevent the current scientific progress from fal-
tering in terms of provided beam energy, versatility and
availability of accelerator facilities. In plasma-wakefield
accelerators (PWFA) [3–5], charged particle beams are
used as drivers to excite high amplitude plasma waves.
Of particular interest is the blowout regime, in which a
particle beam with a charge density much greater than
the ambient plasma density expels all plasma electrons
from its vicinity, thereby generating ion-channels with
linear focusing properties for electron-witness beams and
with extreme accelerating fields [6].

While the large amplitude longitudinal electric field
enables rapid acceleration, the comparable magnitude of
the transverse fields entails large growth rates for the hose
instability. The hose instability was early identified as a
crucial challenge for stable acceleration in PWFA [7]. It
is seeded by an initial transverse asymmetry of the beam
charge density which couples to the electrons surrounding
the ion channel. According to current models, an initial
beam centroid deviation is thereby amplified exponen-
tially during the acceleration process [7–11], resulting in
unstable propagation or beam-breakup for not perfectly
symmetric beams in PWFA.
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< 1. However, according to these models the hose
instability can pose a strong constraint for the applica-
bility of plasma-wakefield accelerators.

In this work, we show that initial properties of the
electron-beam driver along with the dynamics during its
propagation in the plasma can self-consistently suppress
the hose instability. The energy gain/loss, occurring as
the beam excites the plasma wave, or an initial beam
energy chirp, detune the betatron oscillations along the
beam, therefore resulting in a damping of the hose in-
stability. In addition, a finite uncorrelated energy spread
leads to a betatron decoherence of the electrons within
the beam slices and hence to a reduction of the hose in-
stability. Moreover, we present that the hose seed can be
vitally reduced by the use of tailored vacuum-to-plasma
transitions, which can be produced in the laboratory.

Beam centroid equation

Channel centroid equation (adiabatic channel generation, non-relativistic)
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- Limited stable propagation
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- Emittance growth
- Beam breakup
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In the hose instability, 

transverse phase space 

asymmetries  

of beam particles 

and plasma electrons are 

coherently  

coupled  

and thereby amplified.

Coupling

Asymmetry

Coherence of  
beam particle oscillations  

or plasma electron oscillations

Reviewing the basic mechanisms of hosing
Hose instability in a nutshell
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Hosing mitigation mechanisms
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growth rate
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amplitude

Stopping growth 
and/or 

damp oscillations
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Effect

Reduction 
of seed 

Disrupting 
coherence

Reduction of 
coupling
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Mitigation of the hose instability
Reduction of coupling, coherence and seed

Plasma Wakefield Acceleration with a tilted beam 
3D Simulation using the HiPACE code

H PACE
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Plasma-wakefield accelerators have remarkable features, such as accelerating fields three orders of
magnitude greater than those in conventional accelerators. However, current models predict that
the hose instability will crucially limit their applicability. This work demonstrates that the evolution
of the electron-beam driver in the plasma can self-consistently suppress the hose instability. The
energy change occurring as the beam drives the plasma wave, along with its initial correlated and
uncorrelated energy spread, detune the betatron oscillations, and thereby damp the hose instability.
It is also shown that realizable longitudinally tapered plasma profiles can strongly mitigate the
initial hosing seeds. Hence, this work demonstrates that the propagation of a particle beam driver
can be stabilized over long propagation distances, allowing for high quality particle acceleration in
plasma. We find excellent agreement between our models and particle-in-cell simulations.
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celerating fields in excess of 10 GV/m [1, 2] and hence
are considered a technology candidate capable of lever-
aging a dramatic miniaturization of future accelerators
and to prevent the current scientific progress from fal-
tering in terms of provided beam energy, versatility and
availability of accelerator facilities. In plasma-wakefield
accelerators (PWFA) [3–5], charged particle beams are
used as drivers to excite high amplitude plasma waves.
Of particular interest is the blowout regime, in which a
particle beam with a charge density much greater than
the ambient plasma density expels all plasma electrons
from its vicinity, thereby generating ion-channels with
linear focusing properties for electron-witness beams and
with extreme accelerating fields [6].

While the large amplitude longitudinal electric field
enables rapid acceleration, the comparable magnitude of
the transverse fields entails large growth rates for the hose
instability. The hose instability was early identified as a
crucial challenge for stable acceleration in PWFA [7]. It
is seeded by an initial transverse asymmetry of the beam
charge density which couples to the electrons surrounding
the ion channel. According to current models, an initial
beam centroid deviation is thereby amplified exponen-
tially during the acceleration process [7–11], resulting in
unstable propagation or beam-breakup for not perfectly
symmetric beams in PWFA.
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In this work, we show that initial properties of the
electron-beam driver along with the dynamics during its
propagation in the plasma can self-consistently suppress
the hose instability. The energy gain/loss, occurring as
the beam excites the plasma wave, or an initial beam
energy chirp, detune the betatron oscillations along the
beam, therefore resulting in a damping of the hose in-
stability. In addition, a finite uncorrelated energy spread
leads to a betatron decoherence of the electrons within
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stability. Moreover, we present that the hose seed can be
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are considered a technology candidate capable of lever-
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and to prevent the current scientific progress from fal-
tering in terms of provided beam energy, versatility and
availability of accelerator facilities. In plasma-wakefield
accelerators (PWFA) [3–5], charged particle beams are
used as drivers to excite high amplitude plasma waves.
Of particular interest is the blowout regime, in which a
particle beam with a charge density much greater than
the ambient plasma density expels all plasma electrons
from its vicinity, thereby generating ion-channels with
linear focusing properties for electron-witness beams and
with extreme accelerating fields [6].

While the large amplitude longitudinal electric field
enables rapid acceleration, the comparable magnitude of
the transverse fields entails large growth rates for the hose
instability. The hose instability was early identified as a
crucial challenge for stable acceleration in PWFA [7]. It
is seeded by an initial transverse asymmetry of the beam
charge density which couples to the electrons surrounding
the ion channel. According to current models, an initial
beam centroid deviation is thereby amplified exponen-
tially during the acceleration process [7–11], resulting in
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ativistic motion of electrons in the plasma sheath, and
for a ⇠-dependence of the blowout radius and the beam
current [11]. Equations (1) and (2) infer that a beam
centroid deviation results in a change of the ion-channel
centroid along the beam and the deviation of X
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i.e. for a linear response of the sheath electrons, asymp-
totic solutions in the short-beam, long-propagation limit
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t) can be found [8, 9], suggesting an expo-
nential growth of the instability. As demonstrated in
Ref. [11], the exponential growth rate is reduced for
c

 

c

r

< 1. However, according to these models the hose
instability can pose a strong constraint for the applica-
bility of plasma-wakefield accelerators.

In this work, we show that initial properties of the
electron-beam driver along with the dynamics during its
propagation in the plasma can self-consistently suppress
the hose instability. The energy gain/loss, occurring as
the beam excites the plasma wave, or an initial beam
energy chirp, detune the betatron oscillations along the
beam, therefore resulting in a damping of the hose in-
stability. In addition, a finite uncorrelated energy spread
leads to a betatron decoherence of the electrons within
the beam slices and hence to a reduction of the hose in-
stability. Moreover, we present that the hose seed can be
vitally reduced by the use of tailored vacuum-to-plasma
transitions, which can be produced in the laboratory.
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Reduced coupling
Coupling between beam and plasma is reduced in the blowout regime

In the nonlinear blowout:

- Force depends on beam current and blowout radius. 

- Response depends on relativistic mass of sheath electrons

Beam to plasma

No!

Is response of sheath electrons given
 by            in any kind of ion channel?kp/

p
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HiPACE 
A highly efficient plasma accelerator emulation
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Reduced coupling
Coupling between beam and plasma is reduced in the blowout regime

Mitigation of the hose instability in plasma-wakefield accelerators
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Plasma-wakefield accelerators have remarkable features, such as accelerating fields three orders of
magnitude greater than those in conventional accelerators. However, current models predict that
the hose instability will crucially limit their applicability. This work demonstrates that the evolution
of the electron-beam driver in the plasma can self-consistently suppress the hose instability. The
energy change occurring as the beam drives the plasma wave, along with its initial correlated and
uncorrelated energy spread, detune the betatron oscillations, and thereby damp the hose instability.
It is also shown that realizable longitudinally tapered plasma profiles can strongly mitigate the
initial hosing seeds. Hence, this work demonstrates that the propagation of a particle beam driver
can be stabilized over long propagation distances, allowing for high quality particle acceleration in
plasma. We find excellent agreement between our models and particle-in-cell simulations.

PACS numbers: 52.40.Mj, 41.75.Ht, 29.27.Bd, 52.35.-g, 52.65.Rr

Introduction - Plasma-based accelerators provide ac-
celerating fields in excess of 10 GV/m [1, 2] and hence
are considered a technology candidate capable of lever-
aging a dramatic miniaturization of future accelerators
and to prevent the current scientific progress from fal-
tering in terms of provided beam energy, versatility and
availability of accelerator facilities. In plasma-wakefield
accelerators (PWFA) [3–5], charged particle beams are
used as drivers to excite high amplitude plasma waves.
Of particular interest is the blowout regime, in which a
particle beam with a charge density much greater than
the ambient plasma density expels all plasma electrons
from its vicinity, thereby generating ion-channels with
linear focusing properties for electron-witness beams and
with extreme accelerating fields [6].

While the large amplitude longitudinal electric field
enables rapid acceleration, the comparable magnitude of
the transverse fields entails large growth rates for the hose
instability. The hose instability was early identified as a
crucial challenge for stable acceleration in PWFA [7]. It
is seeded by an initial transverse asymmetry of the beam
charge density which couples to the electrons surrounding
the ion channel. According to current models, an initial
beam centroid deviation is thereby amplified exponen-
tially during the acceleration process [7–11], resulting in
unstable propagation or beam-breakup for not perfectly
symmetric beams in PWFA.

The coupled evolution of the ion-channel centroid
X

c

(⇠, t) and the beam centroid X

b

(⇠, t) in the blowout
regime using the rigid beam model is given by the di↵er-
ential equations [11]
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m. The coe�cients c

 

(⇠) and c

r

(⇠) account for a rel-
ativistic motion of electrons in the plasma sheath, and
for a ⇠-dependence of the blowout radius and the beam
current [11]. Equations (1) and (2) infer that a beam
centroid deviation results in a change of the ion-channel
centroid along the beam and the deviation of X
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i.e. for a linear response of the sheath electrons, asymp-
totic solutions in the short-beam, long-propagation limit
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t) can be found [8, 9], suggesting an expo-
nential growth of the instability. As demonstrated in
Ref. [11], the exponential growth rate is reduced for
c

 

c

r

< 1. However, according to these models the hose
instability can pose a strong constraint for the applica-
bility of plasma-wakefield accelerators.

In this work, we show that initial properties of the
electron-beam driver along with the dynamics during its
propagation in the plasma can self-consistently suppress
the hose instability. The energy gain/loss, occurring as
the beam excites the plasma wave, or an initial beam
energy chirp, detune the betatron oscillations along the
beam, therefore resulting in a damping of the hose in-
stability. In addition, a finite uncorrelated energy spread
leads to a betatron decoherence of the electrons within
the beam slices and hence to a reduction of the hose in-
stability. Moreover, we present that the hose seed can be
vitally reduced by the use of tailored vacuum-to-plasma
transitions, which can be produced in the laboratory.
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Plasma-wakefield accelerators have remarkable features, such as accelerating fields three orders of
magnitude greater than those in conventional accelerators. However, current models predict that
the hose instability will crucially limit their applicability. This work demonstrates that the evolution
of the electron-beam driver in the plasma can self-consistently suppress the hose instability. The
energy change occurring as the beam drives the plasma wave, along with its initial correlated and
uncorrelated energy spread, detune the betatron oscillations, and thereby damp the hose instability.
It is also shown that realizable longitudinally tapered plasma profiles can strongly mitigate the
initial hosing seeds. Hence, this work demonstrates that the propagation of a particle beam driver
can be stabilized over long propagation distances, allowing for high quality particle acceleration in
plasma. We find excellent agreement between our models and particle-in-cell simulations.

PACS numbers: 52.40.Mj, 41.75.Ht, 29.27.Bd, 52.35.-g, 52.65.Rr

Introduction - Plasma-based accelerators provide ac-
celerating fields in excess of 10 GV/m [1, 2] and hence
are considered a technology candidate capable of lever-
aging a dramatic miniaturization of future accelerators
and to prevent the current scientific progress from fal-
tering in terms of provided beam energy, versatility and
availability of accelerator facilities. In plasma-wakefield
accelerators (PWFA) [3–5], charged particle beams are
used as drivers to excite high amplitude plasma waves.
Of particular interest is the blowout regime, in which a
particle beam with a charge density much greater than
the ambient plasma density expels all plasma electrons
from its vicinity, thereby generating ion-channels with
linear focusing properties for electron-witness beams and
with extreme accelerating fields [6].

While the large amplitude longitudinal electric field
enables rapid acceleration, the comparable magnitude of
the transverse fields entails large growth rates for the hose
instability. The hose instability was early identified as a
crucial challenge for stable acceleration in PWFA [7]. It
is seeded by an initial transverse asymmetry of the beam
charge density which couples to the electrons surrounding
the ion channel. According to current models, an initial
beam centroid deviation is thereby amplified exponen-
tially during the acceleration process [7–11], resulting in
unstable propagation or beam-breakup for not perfectly
symmetric beams in PWFA.

The coupled evolution of the ion-channel centroid
X
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(⇠, t) and the beam centroid X

b

(⇠, t) in the blowout
regime using the rigid beam model is given by the di↵er-
ential equations [11]
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, the elementary charge e and the electron rest mass
m. The coe�cients c

 

(⇠) and c
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(⇠) account for a rel-
ativistic motion of electrons in the plasma sheath, and
for a ⇠-dependence of the blowout radius and the beam
current [11]. Equations (1) and (2) infer that a beam
centroid deviation results in a change of the ion-channel
centroid along the beam and the deviation of X
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t) can be found [8, 9], suggesting an expo-
nential growth of the instability. As demonstrated in
Ref. [11], the exponential growth rate is reduced for
c
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< 1. However, according to these models the hose
instability can pose a strong constraint for the applica-
bility of plasma-wakefield accelerators.

In this work, we show that initial properties of the
electron-beam driver along with the dynamics during its
propagation in the plasma can self-consistently suppress
the hose instability. The energy gain/loss, occurring as
the beam excites the plasma wave, or an initial beam
energy chirp, detune the betatron oscillations along the
beam, therefore resulting in a damping of the hose in-
stability. In addition, a finite uncorrelated energy spread
leads to a betatron decoherence of the electrons within
the beam slices and hence to a reduction of the hose in-
stability. Moreover, we present that the hose seed can be
vitally reduced by the use of tailored vacuum-to-plasma
transitions, which can be produced in the laboratory.

Centroid equations - blowout regime (Huang)

Beam centroid equation (same as Whittum)

Channel centroid equation in blowout regime Beam to plasma
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In the nonlinear blowout:

- Force depends on beam current and blowout radius. 

- Response depends on relativistic mass of sheath electrons

C. Huang, et al. Phys. Rev. Lett. 99, 255001 (2007). 
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Mitigation of the hose instability
Investigated PWFA example

Tilted beam with triangular current profile

Init. centroid:
Energy: 28.5 GeV; Peak current: 6.65 kA

Initial beam centroid

Beam 
current profile

4

We regard a beam with the parameters used in Ref. [10]. It has an energy of �
0

= 55773, and a transverse Gaussian
density distribution with transverse dimensions k
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= 13.0 ⇥ 10�3. The current profile is triangular with

the current rising from zero at k
p

⇠ = �0.8 to the peak value of Î
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= 6.65 kA at k
p

⇠ = �0.53. From this position, the
current decreases linearly to zero at k
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⇠ = 3.19. The initial beam centroid is given by X
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⇠),
hence, a tilt is introduced from position k
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⇠ = 0. The beam propagates through a flat-top plasma target with density
n

0

and drives a plasma wave in the blowout regime. We investigate the hose instability for the case of no beam
energy spread as in Ref. [10], and study the dependence of hosing on the degree of the initial relative uncorrelated
energy spread �� = �
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. Case S
2a

is without energy spread, �� = 0.0, case S
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has a relative energy spread of
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PIC: Triangular beam, ∆γ = 0.0 (S2a)
PIC: Triangular beam, ∆γ = 0.005 (S2b)
PIC: Triangular beam, ∆γ = 0.01 (S2c)
PIC: Triangular beam, ∆γ = 0.02 (S2d)
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FIG. S.3: a) Evolution of beam centroid at the beam-tails (at kp⇠ = 4.0) for cases S2a (blue), S2b (green), S2c (yellow) and S2d

(red) obtained from PIC simulations. b) Centroid evolution along z and ⇠ for case S2a, from a PIC simulation.

The simulations are performed using the quasi-static PIC code HiPACE [9]. The dimensions of the simulation box
are 5⇥9⇥9 k�3

p

and the number of cells 512⇥512⇥512. The time step is adjusted dynamically during the simulation
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= 20.0 at the beginning of the simulation to !
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= 6.0 at the end of the simulation
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= 1.0 ⇥ 105). Four particles per cell are used to model the plasma and 6 ⇥ 105 beam particles are used for
case S

2a

and 2⇥ 107 beam particles for cases S
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and S
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, where a quadratic charge interpolation is employed.
Fig. S.3a depicts the temporal evolution of the beam centroid at the tail of the beam (k
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⇠ = 3.15) for all four
cases. The beam centroid amplitude grows exponentially until k
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z ⇠ 35, in agreement with the result provided in
Ref. [10]. However, we find that the growth rate for greater propagation distances is not exponential. In the contrary,
for case S
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, the beam centroid reaches a maximum at k
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z ⇠ 70 and then saturates at an amplitude smaller than
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⇠ 50 (compare Eq. (S.11)), in good qualitative agreement with the simulation
results.

It can also be seen that a sub-percent relative energy spread (0.5% in case S
2b

) already significantly reduces the
beam centroid. An energy spread of 1.0% in case S

2c

damps the centroid amplitude to about half the the value as
compared to case S

2a

. An energy spread of 2.0% in case S
2d

even reduces the centroid oscillation amplitude to a value
lower than the initial beam centroid deviation.

Setup as in C. Huang, et al. PRL 99, 255001 (2007). 
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Reduced coupling
Growth rate is reduced in blowout regime but still exponential

- Coupling and growth rate reduced

- But: Growth still exponential

- Small centroid deviations eventually lead to beam breakup!

Growth still exponential

Assumption: 
Beam is mono-energetic and 

energy does not evolve!
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Plasma-wakefield accelerators have remarkable features, such as accelerating fields three orders of
magnitude greater than those in conventional accelerators. However, current models predict that
the hose instability will crucially limit their applicability. This work demonstrates that the evolution
of the electron-beam driver in the plasma can self-consistently suppress the hose instability. The
energy change occurring as the beam drives the plasma wave, along with its initial correlated and
uncorrelated energy spread, detune the betatron oscillations, and thereby damp the hose instability.
It is also shown that realizable longitudinally tapered plasma profiles can strongly mitigate the
initial hosing seeds. Hence, this work demonstrates that the propagation of a particle beam driver
can be stabilized over long propagation distances, allowing for high quality particle acceleration in
plasma. We find excellent agreement between our models and particle-in-cell simulations.

PACS numbers: 52.40.Mj, 41.75.Ht, 29.27.Bd, 52.35.-g, 52.65.Rr

Introduction - Plasma-based accelerators provide ac-
celerating fields in excess of 10 GV/m [1, 2] and hence
are considered a technology candidate capable of lever-
aging a dramatic miniaturization of future accelerators
and to prevent the current scientific progress from fal-
tering in terms of provided beam energy, versatility and
availability of accelerator facilities. In plasma-wakefield
accelerators (PWFA) [3–5], charged particle beams are
used as drivers to excite high amplitude plasma waves.
Of particular interest is the blowout regime, in which a
particle beam with a charge density much greater than
the ambient plasma density expels all plasma electrons
from its vicinity, thereby generating ion-channels with
linear focusing properties for electron-witness beams and
with extreme accelerating fields [6].

While the large amplitude longitudinal electric field
enables rapid acceleration, the comparable magnitude of
the transverse fields entails large growth rates for the hose
instability. The hose instability was early identified as a
crucial challenge for stable acceleration in PWFA [7]. It
is seeded by an initial transverse asymmetry of the beam
charge density which couples to the electrons surrounding
the ion channel. According to current models, an initial
beam centroid deviation is thereby amplified exponen-
tially during the acceleration process [7–11], resulting in
unstable propagation or beam-breakup for not perfectly
symmetric beams in PWFA.

The coupled evolution of the ion-channel centroid
X

c

(⇠, t) and the beam centroid X

b

(⇠, t) in the blowout
regime using the rigid beam model is given by the di↵er-
ential equations [11]
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m. The coe�cients c
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(⇠) account for a rel-
ativistic motion of electrons in the plasma sheath, and
for a ⇠-dependence of the blowout radius and the beam
current [11]. Equations (1) and (2) infer that a beam
centroid deviation results in a change of the ion-channel
centroid along the beam and the deviation of X
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back to the temporal evolution of X
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i.e. for a linear response of the sheath electrons, asymp-
totic solutions in the short-beam, long-propagation limit
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t) can be found [8, 9], suggesting an expo-
nential growth of the instability. As demonstrated in
Ref. [11], the exponential growth rate is reduced for
c

 

c

r

< 1. However, according to these models the hose
instability can pose a strong constraint for the applica-
bility of plasma-wakefield accelerators.

In this work, we show that initial properties of the
electron-beam driver along with the dynamics during its
propagation in the plasma can self-consistently suppress
the hose instability. The energy gain/loss, occurring as
the beam excites the plasma wave, or an initial beam
energy chirp, detune the betatron oscillations along the
beam, therefore resulting in a damping of the hose in-
stability. In addition, a finite uncorrelated energy spread
leads to a betatron decoherence of the electrons within
the beam slices and hence to a reduction of the hose in-
stability. Moreover, we present that the hose seed can be
vitally reduced by the use of tailored vacuum-to-plasma
transitions, which can be produced in the laboratory.

Mitigation of the hose instability in plasma-wakefield accelerators

T.J. Mehrling,1, 2 R.A. Fonseca,2, 3 A. Martinez de la Ossa,1 and J. Vieira2

1Institut für Experimentalphysik, Universität Hamburg, 22761 Hamburg, Germany
2GoLP/Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico,
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Plasma-wakefield accelerators have remarkable features, such as accelerating fields three orders of
magnitude greater than those in conventional accelerators. However, current models predict that
the hose instability will crucially limit their applicability. This work demonstrates that the evolution
of the electron-beam driver in the plasma can self-consistently suppress the hose instability. The
energy change occurring as the beam drives the plasma wave, along with its initial correlated and
uncorrelated energy spread, detune the betatron oscillations, and thereby damp the hose instability.
It is also shown that realizable longitudinally tapered plasma profiles can strongly mitigate the
initial hosing seeds. Hence, this work demonstrates that the propagation of a particle beam driver
can be stabilized over long propagation distances, allowing for high quality particle acceleration in
plasma. We find excellent agreement between our models and particle-in-cell simulations.

PACS numbers: 52.40.Mj, 41.75.Ht, 29.27.Bd, 52.35.-g, 52.65.Rr

Introduction - Plasma-based accelerators provide ac-
celerating fields in excess of 10 GV/m [1, 2] and hence
are considered a technology candidate capable of lever-
aging a dramatic miniaturization of future accelerators
and to prevent the current scientific progress from fal-
tering in terms of provided beam energy, versatility and
availability of accelerator facilities. In plasma-wakefield
accelerators (PWFA) [3–5], charged particle beams are
used as drivers to excite high amplitude plasma waves.
Of particular interest is the blowout regime, in which a
particle beam with a charge density much greater than
the ambient plasma density expels all plasma electrons
from its vicinity, thereby generating ion-channels with
linear focusing properties for electron-witness beams and
with extreme accelerating fields [6].

While the large amplitude longitudinal electric field
enables rapid acceleration, the comparable magnitude of
the transverse fields entails large growth rates for the hose
instability. The hose instability was early identified as a
crucial challenge for stable acceleration in PWFA [7]. It
is seeded by an initial transverse asymmetry of the beam
charge density which couples to the electrons surrounding
the ion channel. According to current models, an initial
beam centroid deviation is thereby amplified exponen-
tially during the acceleration process [7–11], resulting in
unstable propagation or beam-breakup for not perfectly
symmetric beams in PWFA.

The coupled evolution of the ion-channel centroid
X
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(⇠, t) and the beam centroid X
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(⇠, t) in the blowout
regime using the rigid beam model is given by the di↵er-
ential equations [11]
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ativistic motion of electrons in the plasma sheath, and
for a ⇠-dependence of the blowout radius and the beam
current [11]. Equations (1) and (2) infer that a beam
centroid deviation results in a change of the ion-channel
centroid along the beam and the deviation of X

c

couples
back to the temporal evolution of X

b

. For c

 

= c

r

= 1,
i.e. for a linear response of the sheath electrons, asymp-
totic solutions in the short-beam, long-propagation limit
(k

p

⇠ ⌧ !

�

t) can be found [8, 9], suggesting an expo-
nential growth of the instability. As demonstrated in
Ref. [11], the exponential growth rate is reduced for
c

 

c

r

< 1. However, according to these models the hose
instability can pose a strong constraint for the applica-
bility of plasma-wakefield accelerators.

In this work, we show that initial properties of the
electron-beam driver along with the dynamics during its
propagation in the plasma can self-consistently suppress
the hose instability. The energy gain/loss, occurring as
the beam excites the plasma wave, or an initial beam
energy chirp, detune the betatron oscillations along the
beam, therefore resulting in a damping of the hose in-
stability. In addition, a finite uncorrelated energy spread
leads to a betatron decoherence of the electrons within
the beam slices and hence to a reduction of the hose in-
stability. Moreover, we present that the hose seed can be
vitally reduced by the use of tailored vacuum-to-plasma
transitions, which can be produced in the laboratory.

Centroid equations - blowout regime (Huang)

Beam centroid equation (same as Whittum)

Channel centroid equation in blowout regime

C. Huang, et al. Phys. Rev. Lett. 99, 255001 (2007). 

Predictions of hosing models at tail of beam
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Disrupting coherence along beam
Intrinsic beam energy change plays an essential role

Effects of beam energy spread and evolution

1) Initial corr. energy spread (chirp)

3) Evolution of energy chirp

‣Betatron oscillations along 
beam are decoupled

‣Betatron oscillations are detuned

�

⇠

�

⇠

Individual-electron energy:

2) Uncorrelated slice energy spread
‣Betatron decoherence 

within beam slices

!� =
!pp
2�

Betatron-frequency in ion channel:

� = �(⇠, t)

Disrupting 
coherence of beam 

particles

Do beam particles with differing initial

Oscillate coherently in time?

In homogeneous ion-channel: !� =
!pp
2�

Different situation for: 
- Inhomogeneous channel/wide beam
- Linear regime

x, p

x

, ⇠, �



T.J. Mehrling  |  Mitigation of the hose instability in plasma wakefield accelerators |  3rd European Advanced Accelerator Concepts Workshop |  September 27, 2017                 22

Disrupting coherence along beam
Beam energy effects play an essential role

Demonstrating impact of intrinsic energy change on hosing

Beam with no initial energy spread:  Comparison of PIC & different hosing models

- Striking difference between PIC results and 
current models!

- Only accurately described when including 
self consistent energy change!

Beam energy change plays an essential role

H PACE
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Disrupting coherence along beam
Beam energy evolution leads to saturation of hosing

Beam centroid equation incl. energy spread and change*

*T. Mehrling et al., PRL 118, 174801 (2017).

Channel centroid equation, blowout regime**

**C. Huang et al., PRL 99, 255001 (2007). 

Mitigation of the hose instability in plasma-wakefield accelerators

T.J. Mehrling,1, 2 R.A. Fonseca,2, 3 A. Martinez de la Ossa,1 and J. Vieira2

1Institut für Experimentalphysik, Universität Hamburg, 22761 Hamburg, Germany
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(Dated: July 15, 2016)

Plasma-wakefield accelerators have remarkable features, such as accelerating fields three orders of
magnitude greater than those in conventional accelerators. However, current models predict that
the hose instability will crucially limit their applicability. This work demonstrates that the evolution
of the electron-beam driver in the plasma can self-consistently suppress the hose instability. The
energy change occurring as the beam drives the plasma wave, along with its initial correlated and
uncorrelated energy spread, detune the betatron oscillations, and thereby damp the hose instability.
It is also shown that realizable longitudinally tapered plasma profiles can strongly mitigate the
initial hosing seeds. Hence, this work demonstrates that the propagation of a particle beam driver
can be stabilized over long propagation distances, allowing for high quality particle acceleration in
plasma. We find excellent agreement between our models and particle-in-cell simulations.

PACS numbers: 52.40.Mj, 41.75.Ht, 29.27.Bd, 52.35.-g, 52.65.Rr

Introduction - Plasma-based accelerators provide ac-
celerating fields in excess of 10 GV/m [1, 2] and hence
are considered a technology candidate capable of lever-
aging a dramatic miniaturization of future accelerators
and to prevent the current scientific progress from fal-
tering in terms of provided beam energy, versatility and
availability of accelerator facilities. In plasma-wakefield
accelerators (PWFA) [3–5], charged particle beams are
used as drivers to excite high amplitude plasma waves.
Of particular interest is the blowout regime, in which a
particle beam with a charge density much greater than
the ambient plasma density expels all plasma electrons
from its vicinity, thereby generating ion-channels with
linear focusing properties for electron-witness beams and
with extreme accelerating fields [6].

While the large amplitude longitudinal electric field
enables rapid acceleration, the comparable magnitude of
the transverse fields entails large growth rates for the hose
instability. The hose instability was early identified as a
crucial challenge for stable acceleration in PWFA [7]. It
is seeded by an initial transverse asymmetry of the beam
charge density which couples to the electrons surrounding
the ion channel. According to current models, an initial
beam centroid deviation is thereby amplified exponen-
tially during the acceleration process [7–11], resulting in
unstable propagation or beam-breakup for not perfectly
symmetric beams in PWFA.

The coupled evolution of the ion-channel centroid
X

c

(⇠, t) and the beam centroid X

b

(⇠, t) in the blowout
regime using the rigid beam model is given by the di↵er-
ential equations [11]

@
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c

@⇠
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+
k

2

p

c
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�X
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) = 0 , (1)

@
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+ !
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(X
b

�X

c

) = 0 , (2)

with the time t, the co-moving coordinate ⇠ = ct � z,
where z is the longitudinal coordinate and c is the speed
of light. The inverse plasma skin depth is denoted by
k

p

= !

p

/c, and the betatron frequency by !

�

= !

p

/

p
2�,

with the Lorentz factor �, where !

p

=
p
4⇡n

0

e

2

/m is
the plasma frequency with the ambient plasma density
n

0

, the elementary charge e and the electron rest mass
m. The coe�cients c

 

(⇠) and c

r

(⇠) account for a rel-
ativistic motion of electrons in the plasma sheath, and
for a ⇠-dependence of the blowout radius and the beam
current [11]. Equations (1) and (2) infer that a beam
centroid deviation results in a change of the ion-channel
centroid along the beam and the deviation of X

c

couples
back to the temporal evolution of X

b

. For c

 

= c

r

= 1,
i.e. for a linear response of the sheath electrons, asymp-
totic solutions in the short-beam, long-propagation limit
(k

p

⇠ ⌧ !

�

t) can be found [8, 9], suggesting an expo-
nential growth of the instability. As demonstrated in
Ref. [11], the exponential growth rate is reduced for
c

 

c

r

< 1. However, according to these models the hose
instability can pose a strong constraint for the applica-
bility of plasma-wakefield accelerators.

In this work, we show that initial properties of the
electron-beam driver along with the dynamics during its
propagation in the plasma can self-consistently suppress
the hose instability. The energy gain/loss, occurring as
the beam excites the plasma wave, or an initial beam
energy chirp, detune the betatron oscillations along the
beam, therefore resulting in a damping of the hose in-
stability. In addition, a finite uncorrelated energy spread
leads to a betatron decoherence of the electrons within
the beam slices and hence to a reduction of the hose in-
stability. Moreover, we present that the hose seed can be
vitally reduced by the use of tailored vacuum-to-plasma
transitions, which can be produced in the laboratory.

Predictions of different hosing models at tail of beam 
(without initial energy spread)

Saturation of hosing!

Saturation!

@2Xb

@t2
+ �(⇠, t)

@Xb

@t
+ ⌦2(⇠, t)(Xb �Xc) = 0

Acceleration rate-dependent 
frequency

“Friction” term for finite energy 
spread (and/or energy gain)

- Intrinsic energy evolution leads to decoupling of 
slice-betatron oscillations.

- Hosing stops when individual slices are decoupled.

Difference to 
PIC result
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Channel centroid for blowout regime including 
finite sheath thickness:

New channel centroid equation in blowout regime***

24

Disrupting coherence along beam
New blowout model and energy change in excellent agreement with PIC simulations 

***T. Mehrling et al., in preparation

@2Xc

@⇠2
+

k2p
2

[cc(⇠)Xc � cb(⇠)Xb] = 0

�⇢

Predictions of different hosing models at tail of beam 
(without initial energy spread)

Excellent agreement

Excellent agreement between model & PIC

Saturation mechanism generally effective ?

Beam centroid equation incl. energy spread and change*

*T. Mehrling et al., PRL 118, 174801 (2017).

@2Xb

@t2
+ �(⇠, t)

@Xb

@t
+ ⌦2(⇠, t)(Xb �Xc) = 0

Acceleration rate-dependent 
frequency

“Friction” term for finite energy 
spread (and/or energy gain)
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- Since                              and 

25

Disrupting coherence along beam 
Hosing saturation from intrinsic energy evolution generally effective 

Using a two-particle model beam:

3

f?(x0

, p

x,0

) f

�

(�
0

). While the distribution f?(x0

, p

x,0

)
is arbitrary (apart from assuming f? = 0 outside the
channel) with a mean spatial value x

0

= X

b,0

, the energy
distribution considered here complies with a Gaussian
distribution f

�

= (
p
2⇡�

�

)�1 exp
����2/2�2

�

�
. Averag-

ing over the initial transverse phase space distribution
and over the Gaussian energy distribution, neglecting the
variation of A owed to ��, yields

X
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with the initial relative energy spread �� = �

�

/�

0

and
the amplitude A = (�

0

/�)1/4 and ↵ = '!

�

/2!
�,0

.
Interpretation using a two-particle beam - We use a

two-particle model beam, such that
X

b

(⇠, t) = X

b,1

(⇠, t)�(⇠ � ⇠

1

) + X

b,2

(⇠, t)�(⇠ � ⇠

2

), so
as to understand the physical predictions of Eqs. (1)
and (??). Assuming the absence of an initial correlated
and uncorrelated energy spread and neglecting the im-
pact of A, one finds that the oscillation of the trailing
particle at ⇠

2

is in the beginning temporally resonantly
driven by the transverse motion of the first particle at
⇠

1

. Thus, the amplitude of oscillation grows initially. At
time !

�,0

t

d,✏

' p
3⇡/�✏, with �✏ = |✏(⇠

1

)� ✏(⇠
2

)|, the
amplitude of the trailing particle has a maximum, and
subsequently saturates at ⇠ 0.746 times the maximum
value. This indicates that the oscillations of two slices
within the beam are decoupled approximately from time
t

d,✏

for a given �✏. The energy-depletion time for a wit-
nessing slice at ⇠

2

is given by !
�,0

t

ed

= �1/✏(⇠
2

). Hence,
assuming the seeding slice is located at a position with a
comparative small acceleration rate |✏(⇠

1

)| ⌧ |✏(⇠
2

)| ⌧ 1,
decoupling of the slices occurs before depletion, i.e. t

d,✏

<

t

ed

, suggesting that the growth of the hose instability of
the drive beam is typically significantly mitigated during
the acceleration process in PWFA.

For a beam with an initial linear energy chirp � =
�

�1

b

k

�1

p

d�/d⇠ one finds that two spatially resonant beam
slices are decoupled and oscillations stop growing at time
!

�,b

t

d,�

' 2/ |�| when using the two-particle model beam
as described above, assuming c

r

c

 

= 1 and ✏ = 0. Here,
�

b

and !

�,b

refer to the initial beam-averaged Lorentz
factor and according betatron frequency, respectively.

Additionally, equation (??) indicates that for a finite
uncorrelated energy spread, the centroid oscillations are
damped exponentially as ��2↵(t)2 increases with time.
Specifically for times t & t

d,✏

, the amplitude of the sec-
ond term in Eq. (??) stops growing and the exponential
damping dominates. It may be noted that the damp-
ing from a finite energy spread always dominates for

t (ω−1
β,0)
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C1: ϵ = 0, ∆γ = 0.0

C2: ϵ ̸= 0, ∆γ = 0.0

C3: ϵ ̸= 0, ∆γ = 0.05

PIC: C2

PIC: C3

FIG. 2. Absolute value of the beam centroid at kp⇠ = 3.0
for the physical setup described in the text. Depicted are the
numerical results of equation (6) for no energy change ✏ = 0
(green solid) and with energy change ✏(⇠) 6= 0 (blue solid)
and for energy change and a relative initial energy spread of
�� = 0.05 (red solid). The numerical curves are compared
with the results of PIC simulations (dashed).

times considerably greater than the decoherence time
!

�,0

t

d,�

' 1/��.
Numerical results & comparison to PIC simulations -

Because fully analytical solutions of our model are com-
plex, we complement the analysis of the two-particle
beam with numerical solutions of our model and de-
tailed comparisons with PIC simulations using the osiris
framework [12–14]. We numerically solve Eq. (1) to-
gether with the di↵erential form of Eq. (??), given by
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with 
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=
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)3/4, and where terms O(��4)
and O(✏2) were neglected.
We consider a Gaussian electron beam with �

b

=
1956.95, a peak current of I

b

= I

A

/4, where I

A

'
17 kA is the Alfvén current, transverse dimensions of
k

p

�

x

= k

p

�

y

= 0.1, and longitudinal dimension of
k

p

�

z

= 1.0 traverses a plasma target with a flat-top den-
sity n

0

and drives a plasma wave in the blowout regime
(cf. Fig. 1). The initial centroid along the beam is given
by k

p

X

b,0

(⇠) = 0.01⇥⇥(⇠), where ⇥(⇠) is the Heaviside-
step function. The centroid o↵set is introduced from the
peak current location at ⇠ = 0. The beam has no initial
energy chirp. The dimensions of the simulation box are
9 ⇥ 9 ⇥ 9k�3

p

and the number of cells 512 ⇥ 320 ⇥ 320.
The chosen time step is !

p

�t = 0.0169 using a numeri-
cal Cherenkov-radiation suppressing field solver [18]. The
plasma is modeled with 4 particles per cell and the beam
with 18 particles per cell using quadratic charge inter-
polation. The coe�cients c

r

(⇠) = ⇤
b

(⇠)/(k
p

R(⇠))2 and
c

 

(⇠) = 1/(1 +  (⇠)) in Eq. (1), as well as E

z

(⇠) for
Eq. (6) are computed numerically using the di↵erential
equations for the blowout model in Refs. [19–21]. Here,
R refers to the unperturbed (in terms of the hose insta-

Interpretation using a two-particle model beam

- Decoupling generally occurs before depletion 
time,                              , if  

- Decoupling occurs at            
where                         
and

t ' !�,0
�1

r
3⇡

�✏
�✏ = |✏(⇠2)� ✏(⇠1)|
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ized rate of energy change per betatron cycle, ✏ = �
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2/�
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, can be estimated with ✏ ' �
p

2I
b

/(I
A

�

0

), and all
cases feature a comparable ✏(⇠) along the beam. Hence, the mitigation of the hose instability is expected to occur on
the same time scale (when normalized to the individual initial beam betatron frequencies) for all three cases. If we
assume for simplicity that the di↵erence of the acceleration rates �✏ for a slice at the tail and a driving slice scales as

�✏ ⇠
q

2Î
b

/(I
A

�

0

), where Î

b

is the beam peak current, we obtain �✏ ⇠ 0.007� 0.008 for the three cases. This yields

!

�,0

t

d,✏

⇠ 34�37 for all the cases (damping time given given by Eq. (S.11)). This simple estimate qualitatively agrees
with the results shown in S.1a. The beam centroid oscillations stop growing on the same timescale (!

�,0

t ⇠ 40) and
saturate at comparable values for t > t

d,✏

.
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FIG. S.2: The relative energy change per betatron cycle ✏ = �
p

2/�0 Ez/E0 as a function of the co-moving coordinate ⇠ for
cases S1a (blue), S1b (green) and S1c (red) obtained from PIC simulations.

The subtle di↵erences of the mitigation times for the di↵erent cases, shown in Fig. S.1, come from the fact that ✏(⇠)
does not have precisely the same evolution along the beams for all cases. The above used approximation E

z

/E

0

'
p

I

b

/I

A

, which led to the assumption of an equal ✏(⇠) for all cases, is strictly valid only for beams with a peak current
exceeding I

A

[11, 12]. However, as shown in Fig. S.2, the length of the blowout structure increases with increasing
peak current and ✏(⇠) varies slightly more towards the beam-tail for lower beam-current cases when compared to cases
with higher peak current in the PIC simulations. Hence, the beam centroid amplitude at the tail for S

1a

reaches the
maximum before S

1b

, and S
1b

before S
1c

, respectively.
The evolution of X

b

for the complete beam is depicted in Fig. S.1b for case S
1b

. The beam centroid initially grows
in t and ⇠. However, as soon as the oscillations of beam slices start to decohere with respect to each other, owing to a
di↵ering energy change (@

⇠

✏ 6= 0), the beam centroid stops growing along ⇠. At the tail, X
b

reaches a maximum after
about six oscillation periods (see Fig. S.1a, green curve) and saturates for greater t. This is in fundamental contrast
to current models which predict X

b

to grow steadily for increasing ⇠. The decoherence time and connected hosing
saturation time is di↵erent for di↵erent slices along the beam. This is owed to a variation of @

⇠

✏(⇠), c
r

(⇠) and c

 

(⇠)
along the beam. Saturation of hosing takes place latest slightly behind the co-moving position of maximum E

z

(e.g. at
k

p

⇠ = �0.20 for S
1b

), where @

⇠

✏ ⇡ 0 (compare Fig. S.2). This is due to the existence of sets of slices behind the peak
electric field location, which are driven coherently by slices ahead of the E

z

peak location for a greater span of time
than e.g. slices at the tail. Hence, the beam centroid oscillation amplitude does not grow steadily with increasing
⇠, as predicted in current models, but increases towards the region with minimum ✏, where decoherence takes place
later. The beam centroid amplitude decreases for greater ⇠.

In conclusion, the here presented simulations show that the intrinsic drive-beam energy evolution in PWFA leads
to the mitigation of the hose instability independently of the initial beam energy and for di↵ering initial hosing seeds.
Di↵erent to what is expected from current models, we find that hosing does not grow steadily along ⇠ but increases
towards the region with maximum E

z

and decreases for greater ⇠. This observation complies with the predictions
from the two particle model presented in the main article.

Tilted beam with triangular current profile

In this section we present results from PIC simulations on hosing of a drive beam with triangular current profile.
This is in distinction to the previous examples of beams with Gaussian current profiles in the main article and above.

t ' !�,0
�1

r
3⇡

�✏

One finds:

Hosing saturation from energy evolution generally 
effective before depletion of drive beam

Hosing saturation generally effective

t = [!�,0 min(✏)]�1 �✏/min(✏) > 3⇡ min(✏)

min(✏) ⌧ 10  �✏/min(✏) . 1

�✏ ⇠ 0.01

Predictions of different hosing models at tail of beam 
(without initial energy spread)
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- Slice energy spread causes betatron decoherence 
within individual slices

- For small energy deviations,                 the single-
electron phase advance differs from mean-slice 
phase advance       according to

- Exponential damping of betatron oscillations!
- Damping dominates for times

Damping of hosing can be effective for percent-level 
energy spreads! 

Uncorrelated energy spread is relevant

26

H PACE

Disrupting coherence within a slice
Uncorrelated energy spread damps beam centroid oscillations

Tilted beam with triangular current profile

  Varying energy spread 
  C2a: 0%,  C2b: 0.5%,  C2c: 1%,  C2d: 2%

t � 2�0
!�,0��

But: 
To be effective, mitigation mechanisms need to “kick-in” before beam-breakup!

Damping from uncorrelated energy spread

2

The key finding that the hose instability can be miti-
gated owed to the above described energy e↵ects is illus-
trated in Fig. 1, using an example described later in this
work (case C

3

). The beam with initial spatial centroid
o↵set, introduced at position ⇠ = 0, is subject to the hose
instability. The figure depicts that the linear plasma re-
sponse model [7, 8] strongly overestimates the beam cen-
troid deviation X

b

. The model with variable c

 

(⇠) and
c

r

(⇠), i.e. nonlinear plasma response [11], shows a re-
duced growth rate but hosing still occurs. Illustrated is
also the curve from the model derived within this work,
which includes the e↵ect of energy change along the beam
and an initial energy spread, exhibiting a significantly
reduced centroid amplitude in good agreement with the
result from a PIC simulation using osiris [12–14]. This
model, described below, starts from the single electron
transverse motion, which is then used to describe the
beam centroid evolution by calculating the moments of
the beam distribution function.

FIG. 1. Result from a 3D PIC simulation (corresponds to
case C

3

, investigated later in this work). Beam and plasma
densities at time !�,0t = 71.6. Beam charge density nb is
projected onto the shown x-⇠ plane. Lines indicate Xb(⇠), as
a result from the model in Ref. [7, 8] (orange solid), for the
model in Ref. [11] (green solid), from Eqs. (1) and (7), includ-
ing the e↵ect of energy change and energy spread (red solid)
and Xb(⇠) retrieved from a PIC simulation (black dashed).

Derivation of the beam-centroid equation - The start-
ing point for the derivation of the model is the general
di↵erential equation for the transverse position x of a sin-
gle beam electron relative to the axis in a homogeneous
ion-channel [15, 16]
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) = 0 , (3)

where �̇ = d�/dt. The Lorentz factor � ' p

z

/mc � 1,
with the longitudinal momentum p

z

, is decoupled from
the transverse motion, since dx/dt ⌧ c. Radiation e↵ects
are neglected. The term �̇/� results in a damping or am-
plification of the amplitude of the single-electron oscilla-
tion, depending on whether the electron gains (�̇ > 0) or

loses (�̇ < 0) energy, respectively. The restoring force is
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trons within a slice (5) implies a phase-mixing of the elec-
tron betatron oscillations. This phase mixing can damp
the hose instability, similar to the damping of the hos-
ing of fully self-modulated beams trough a change of the
betatron frequency [17].
In order to assess the e↵ect of the phase-mixing onto

the hose instability, the beam centroid at a given co-
moving position ⇠ is deduced from the single-electron
equation (4) through averaging with respect to an ini-
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The key finding that the hose instability can be miti-
gated owed to the above described energy e↵ects is illus-
trated in Fig. 1, using an example described later in this
work (case C

3

). The beam with initial spatial centroid
o↵set, introduced at position ⇠ = 0, is subject to the hose
instability. The figure depicts that the linear plasma re-
sponse model [7, 8] strongly overestimates the beam cen-
troid deviation X

b

. The model with variable c

 

(⇠) and
c

r

(⇠), i.e. nonlinear plasma response [11], shows a re-
duced growth rate but hosing still occurs. Illustrated is
also the curve from the model derived within this work,
which includes the e↵ect of energy change along the beam
and an initial energy spread, exhibiting a significantly
reduced centroid amplitude in good agreement with the
result from a PIC simulation using osiris [12–14]. This
model, described below, starts from the single electron
transverse motion, which is then used to describe the
beam centroid evolution by calculating the moments of
the beam distribution function.

FIG. 1. Result from a 3D PIC simulation (corresponds to
case C

3

, investigated later in this work). Beam and plasma
densities at time !�,0t = 71.6. Beam charge density nb is
projected onto the shown x-⇠ plane. Lines indicate Xb(⇠), as
a result from the model in Ref. [7, 8] (orange solid), for the
model in Ref. [11] (green solid), from Eqs. (1) and (7), includ-
ing the e↵ect of energy change and energy spread (red solid)
and Xb(⇠) retrieved from a PIC simulation (black dashed).

Derivation of the beam-centroid equation - The start-
ing point for the derivation of the model is the general
di↵erential equation for the transverse position x of a sin-
gle beam electron relative to the axis in a homogeneous
ion-channel [15, 16]
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also the curve from the model derived within this work,
which includes the e↵ect of energy change along the beam
and an initial energy spread, exhibiting a significantly
reduced centroid amplitude in good agreement with the
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model, described below, starts from the single electron
transverse motion, which is then used to describe the
beam centroid evolution by calculating the moments of
the beam distribution function.
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, investigated later in this work). Beam and plasma
densities at time !�,0t = 71.6. Beam charge density nb is
projected onto the shown x-⇠ plane. Lines indicate Xb(⇠), as
a result from the model in Ref. [7, 8] (orange solid), for the
model in Ref. [11] (green solid), from Eqs. (1) and (6), includ-
ing the e↵ect of energy change and energy spread (red solid)
and Xb(⇠) retrieved from a PIC simulation (black dashed).
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���Ä/('̇2

A)
��� ⌧ 1 were neglected. In the following, the

energy of an electron is defined by �(t) = �

0

+ Et + ��.
Here, �

0

= �

0

(⇠) is the initial mean slice energy as a
function of the co-moving coordinate, accounting for an
initial energy chirp. The di↵erential change of energy
along the beam is accounted for by the term Et, with
E = �eE

z

/mc, where E

z

= E

z

(⇠) is the longitudinal
electric field, and where electrons are assumed fixed to
a co-moving position. The uncorrelated energy spread is
given by �� = � � �, representing the relative deviation
of the electron energy with respect to the mean slice en-
ergy �. Electrons with a small relative energy deviation
|��/�| ⌧ 1 have a betatron frequency !

�

which deviates
from the slice-averaged betatron frequency !

�

according
to !

�

' !

�

(1���/(2�)). This results in a phase-advance
of

'(t) = '(t)

✓
1� ��

2�
0

!

�

!

�,0

◆
, (5)

where ' = 2(!
�,0

/!

�

� 1)/✏ is the mean slice phase ad-
vance with the initial slice-averaged betatron frequency
!

�,0

= !

p

/

p
2�

0

and the slice-averaged betatron fre-
quency !

�

= !

�,0

/

p
1 + ✏!

�,0

t, which is time-dependent
owing to a finite relative energy change per betatron cy-
cle ✏ = E/�

0

!

�,0

. This parameter is small for highly

relativistic beams |✏| =
���
p

2/�
0

E

z

/E

0

��� ⌧ 1, with E

0

=

!

p

mc/e. The di↵ering phase advance of individual elec-
trons within a slice (5) implies a phase-mixing of the elec-
tron betatron oscillations. This phase mixing can damp
the hose instability, similar to the damping of the hos-
ing of fully self-modulated beams trough a change of the
betatron frequency [17].
In order to assess the e↵ect of the phase-mixing onto

the hose instability, the beam centroid at a given co-
moving position ⇠ is deduced from the single-electron
equation (4) through averaging with respect to an ini-
tial phase-space distribution f

0

(x
0

, p

x,0

, �

0

) within a
beam slice, X

b

(⇠, t) =
R
x f

0

dx
0

dp
x,0

d�
0

, withR
f

0

dx
0

dp
x,0

d�
0

= 1. We assume that the initial
transverse o↵set x

0

and momentum p

x,0

are thereby not
correlated with energy. Hence, f

0

is separable f

0

=

t & 2�0
!�,0��

T.J. Mehrling             

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

48

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

T.J. Mehrling             

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

47

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2Coherent 
oscillation

T.J. Mehrling             

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

47

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

Incoherent 
oscillation

Coherent 
oscillation

T.J. Mehrling             

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

48

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

T.J. Mehrling             

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

47

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2Coherent 
oscillation

T.J. Mehrling             

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

02468101214161820
-2

-1

0

1

2

47

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

0 2 4 6 8 10 12 14 16 18 20
-2

-1

0

1

2

Incoherent 
oscillation

Incoherent 
oscillation



T.J. Mehrling  |  Mitigation of the hose instability in plasma wakefield accelerators |  3rd European Advanced Accelerator Concepts Workshop |  September 27, 2017                 27

Reducing hosing by plasma tapering 
Reduction of the initial hose-seed by tailoring of vacuum-to-plasma transition
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Mitigation of hosing by plasma tapering 
Reduction of the initial hose-seed by tailoring of vacuum-to-plasma transition

*Functionality used e.g. in K. Floettmann, Phys. Rev. ST Accel. Beams 17, 054402 (2014); 
and X.L. Xu, et al. Phys. Rev. Lett. 116, 124801 (2016) in the context of betatron-matching.
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FIG. 4. Beam centroid at k
p

⇠ = 1.0 for a tilted beam with
�0 = 2000 for three di↵erent scenarios. In blue solid the
initially monoenergetic beam, experiencing an energy change
according to equation (38) with E0 = 0.3!
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energy change according to [...]. The green solid curve shows
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V. TAPERING OF VACUUM-TO-PLASMA
TRANSITION

Taper (compare [8–10]):
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(z) =
k

�,0

(1� (z � z0)/�)2
, (41)
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/c for z
v

< z  z

0

. ODE for beam centroid
evolution during propagation in the tapered vacuum-to-
plasma transition, neglecting energy change (although
beneficial because of chirp), channel centroid evolution
and e↵ects from energy spread
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where ' is the phase advance starting from the interface
of the vacuum to the taper profile at position z
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V. TAPERING OF VACUUM-TO-PLASMA
TRANSITION

Taper (compare [8–10]):

n(z) =
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v

,
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0

(1� (z � z0)/�)�4 if z
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0
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0

if z > z

0

(40)

or, equivalently

k
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(z) =
k
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(1� (z � z0)/�)2
, (41)

with k
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/c for z
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0

. ODE for beam centroid
evolution during propagation in the tapered vacuum-to-
plasma transition, neglecting energy change (although
beneficial because of chirp), channel centroid evolution
and e↵ects from energy spread
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where ' is the phase advance starting from the interface
of the vacuum to the taper profile at position z
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The chosen time step is !
p

�t = 0.0169 using a numeri-
cal Cherenkov-radiation suppressing field solver [18]. The
plasma is modeled with 4 particles per cell and the beam
with 18 particles per cell using quadratic charge inter-
polation. The coe�cients c

r

(⇠) = ⇤
b

(⇠)/(k
p

R(⇠))2 and
c

 

(⇠) = 1/(1 +  (⇠)) in Eq. (1), as well as E

z

(⇠) for
Eq. (6) are computed numerically using the di↵erential
equations for the blowout model in Refs. [19–21]. Here,
R refers to the unperturbed (in terms of the hose insta-
bility) blowout radius,  = (� � A

z

)e/mc

2 to the un-
perturbed normalized wakefield potential in the sheath,
with the electrostatic potential � and longitudinal vector
potential A

z

.
Numerical results of equations (1) and (6) for the above

described physical setup are depicted in Fig. 2 for the
cases C

1

: ✏ = 0, �� = 0.0; C
2

: ✏ 6= 0, �� = 0.0; and
C

3

: ✏ 6= 0, �� = 0.05, together with results from PIC
simulations for the two latter cases. Case C

1

is equiva-
lent to the model in Ref. [11], and Fig. 2 illustrates the
expected exponential growth rate. In contrast, in case
C

2

the detuning of the slices leads to a saturation of the
hose instability. According to the two-particle model, the
maximum amplitude for C

2

is expected to occur at time
!

�,0

t

d,✏

⇡ 22.7 (�✏ taken between k

p

⇠ = 0 to the de-
picted slice at k

p

⇠ = 3.0), which is in good agreement
with the numerical result and the PIC result. Moreover,
in C

3

, the centroid oscillations are damped because of the
energy spread induced betatron decoherence within the
slices for case C

3

. A relative energy spread of �� = 0.05
for case C

3

corresponds to !
�,0

t

d,�

= 20, and the expo-
nential damping for times t > t

d,�

is in good agreement
with the observations in Fig. 2 for both, the numerical
result and the PIC simulation.

We have shown that the energy change along the beam
and finite energy spread can have a dramatic impact in
the evolution of the beam centroid. For beams with
a large hose seed, the instability might lead to beam
breakup before saturation. However, mitigating the ini-
tial hose seed is therefore crucial to fully stabilize the
driver. In order to address this challenge, we propose be-
low a novel concept for the reduction of the initial seed
for the hose instability.

Mitigation of hosing with plasma-density tapers - We
consider a taper of the plasma density with length L =
z

0

� z

v

from the vacuum-plasma interface at position z

v

to the flat-top plasma profile starting from position z

0

, so
as to reduce the initial seed for the hose instability. Here,
the functional dependence of the betatron wavenumber
k

�

= !

�

/c on z is chosen as k
�

(z) = k

�,0

(1�(z�z0)/�)�2

for z

v

< z  z

0

, k
�

(z) = k

�,0

for z > z

0

and k

�

(z) = 0
otherwise, where � is the characteristic scale length of
the taper (compare [22, 23], where this functional de-
pendence was used for the matching of the beam beta-
tron function). Such density profiles (n = n

0

k

2

�

/k

2

�,0

) can
be experimentally realized in appropriate gas capillaries
[24, 25]. The beam centroid during the propagation in

the tailored vacuum-to-plasma transition is described by

d

2

X

b

dz

2

+ k

�

(z)2X
b

= 0 , (7)

when neglecting the channel centroid displacement, the
beam-energy change and e↵ects from energy spread. Us-
ing the initial condition X

b

(z
v

) = X

b,v

and assuming
that the initial centroid potential energy dominates over
the initial centroid kinetic energy, i.e. k

�,v

X

b,v

� X

0
b,v

,
where X

0
b,v

= dX

b

/dz|
zv
, one obtains the solution for

this di↵erential equation (compare e.g. [22])

X

b

(z) = X

b,v

✓
1� z � z

0

�

◆✓
� cos(')

L+ �

+
sin(')

k

�,0

�

◆
, (8)

with the phase advance '(z) =
R
z

zv
k

�

(z0)dz0. Equation
(8) predicts that the taper can reduce the initial hose
seed. In order to determine the optimal taper scale length
� which minimizes the initial hose-seed, we minimize the
square root of kinetic plus potential energy of the oscil-
lator using a tapered profile compared to a pure flat-top
profile

⌘

0

=

q
k

2

�,0

X

2

b,0

+X

02
b,0

k

�,0

X

b,v

, (9)

for a given X

b,v

and for varying �. This minimization
yields the optimum parameter �

opt

' L/

p
k

�,0

L for long
taper length compared to a betatron length, k

�,0

L �
1. When presuming this optimized taper parameter, the
asymptotic expression for ⌘

0

in the limit k

�,0

L � 1 is
given by ⌘

0,asympt

' p
2/(1 +

p
k

�,0

L). The hose seed
reduction ⌘

0

and the asymptotic solution ⌘

0,asympt

are
depicted in Fig. 3(a) for varying taper lengths k

�,0

L. The
graph predicts a reduction of the hose seed to ⌘

0

⇠ 0.5 for
a taper length on the order of k

�,0

L ⇠ 10 and ⌘
0

⇠ 0.2
for a taper length on the order of k

�,0

L ⇠ 100.
This analytical prediction is benchmarked against re-

sults from PIC simulations. The physical setup corre-
sponds to the above case C

2

, whilst in the present simu-
lations, a background plasma density profile as described
before is used instead of an uniform density profile. The
PIC results in Fig. 3(a) are in good agreement with the
analytical prediction for ⌘

0

for k
�,0

L . 1. For k
�,0

L � 1,
the PIC results and analytical model deviate owed to
the occurrence of hosing in the tapered profile. Corre-
sponding centroids, obtained from PIC simulations are
depicted in Fig. 3(b), qualitatively illustrating the sub-
stantial reduction of the hose instability as a result of the
plasma tapering. The amplitude of the centroid oscilla-
tions is considerably reduced when using taper lengths
of k

�,0

L & 1 compared to the case for which no taper is
used.

Summary and conclusion - This work demonstrates
that self-consistent e↵ects occurring during excitation of
the plasma-wave and initial properties of the beam sub-
stantially mitigate the hose instability in PWFA. The

Significant reduction of the spatial hosing 
seed with appropriate tapers!
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Summary and conclusion

Target chamber and plasma cell

FLASHForward Experiment
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Summary

Current models: Hosing is fundamental impediment for stable PWFA
Initial deviations are exponentially amplified
Small asymmetries inevitably lead to beam deterioration or breakup

Hosing seed can be reduced
Tailored vacuum-to-plasma transitions       reduce initial hosing seed

Coupling is / can be reduced
Reduced coupling in blowout       smaller growth rate  

Mitigation of the hose instability in plasma wakefield accelerators
3rd European Advanced Accelerator Concepts Workshop
September 27, 2017    

Coherence is / can be disrupted
Inherent energy evolution decouples beam slices       saturation of hosing
Decoherence from uncorr. energy spread       damps centroid oscillations

)

)
)

)
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Other mitigation mechanisms exist: reduction of coupling, coherence and seed.

Stable acceleration of high quality beams possible over long distances in PWFAs!

Hosing is a challenge! But it can be mitigated!

Conclusion
Mitigation of the hose instability in plasma wakefield accelerators
3rd European Advanced Accelerator Concepts Workshop
September 27, 2017    

3D Simulations with tilted beams

No energy spread  

No tapered vacuum-to-plasma transition

Energy spread  

Tapered vacuum-to-plasma transition

HiPACE 
A highly efficient plasma accelerator emulation

H PACE
H PACE

H PACE
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