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Plasma accelerators for High Energy Physics and 
radiation 

Movie in a frame that travels at c

Major research questions 
• Particle acceleration for high energy physics	
• Radiation due to transverse beam oscillations

Jorge Vieira | Trends in FEL Physics | May 22 2016 
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Magnetised plasma acceleration can be important in astrophysics

Movie in a frame that travels at c

VOLUME 517 NUMBER 5 PHYSICAL REVIEW LETTERS 1 AUGUST 1983

Unlimited Electron Acceleration in Laser-Driven Plasma Waves
T. Katsouleas and J. M. Dawson

University of California, I.os Angeles, California 90024
(H,eceived 8 April 1983)

It is shown that the limitation to the energy gain of 2(ru/~P mc of an electron in the
laser-plasma beat-wave accelerator can be overcome by imposing a magnetic field of
appropriate strength perpendicular to the plasma wave. This accelerates particles par-
allel to the phase fronts of the accelerating wave which keeps them in phase with it.
Arbitrarily large energy is theoretically possible.
PACS numbers: 52.75&i, 29.15.-n, 52.60.+h

Recently there has been a great deal of interest
in using laser-plasma interactions to accel.crate
particles to high energies more rapidly than the
20 MeV/m to which linear accelerators are cur-
rently limited. ' The beat-wave acce1.erator is
one scheme proposed by Tajima and Dawson' to
excite electrostatic plasma waves which can ac-
cel.crate particles; the attraction of the method
is the extremely large electric fiel.ds which can
be generated (order 10' V/cm). Whereas parti-
cles in the beat-wave acceI.erator can gain only
a finite amount of energy before they get out of
phase with the beat wave, by introduction of a
perpendicul. ar magnetic field the particl. es are
def1.ected across the wave front and thereby pre-
vented from outrunning the wave. The partic1. es
may be accelerated to arbitrarily high energy as
they ride across the wave fronts l.ike surfers
cutting across the face of an ocean wave (see Fig.
1).
Sugihara and Midzuno' and Dawson et al.' have

shown that classical. particles trapped by a per-
pendicularly propagating el.ectrostatic wave are
acce1.crated until. they detrap near the E &&8 ve-
locity (cE/B). In this Letter we consider the rela-
tivistic effects introduced when the E & B vel.ocity

A

B, z

d(y V, )/dt =—~,V„,
y (I V 2/Q2 V 2/c2) 1/2

(2)

where ~, is the nonrelativistic cyclotron frequen-
cy qB/mc and V„and V, are velocities in the x
and y directions, respectively. To solve for the
partic1. e's motion we assume that it is trapped by
the wave. The criterion for the particle to be
trapped can be obtained by examining the x com-
ponent of the force on the partic1. e in the suave
frame:
E„=q (E,sink x, + y&z V,'B/c),

where y ~h
= (1—Vp„'/c') ' ', V~„=~/k, x, =x —V~„t,

and V,' is the y velocity in the wave frame. The
first term of the Lorentz force is the trapping
term and the second is the gyratory or detrapping
term. Therefore, an initially trapped partic1, e
can never detrap if

is greater than the speed of light (i.e. , E &B) and
when the wave's phase velocity is not smal. l. com-
pared to c.
We begin by giving a general. treatment of the

trapped-particl, e motion analytica1. ly and numeri-
ca1.1y, followed by appl. ication of these results to
the beat-wave example. We consider a longitud-
ina1. plane-wave el.ectric field and uniform mag-
netic fiel.d,

E=E,sin(kx —(ot) x, B=Bz.
The equations of motion for a particle of charge
q and rest mass m are given by

d(yV„)/dt = (qE,/m) sin(kx —~t )+ tc, V, , (1)

& P~& ~&0. (4)

x, E
FIG. 1. An electron trapped by a potential trough

moving at 0 & sees an electric field from the Lorentz
transformation y &0 h x 5/c which accelerates it
across the wave front.

For the zeroth-order motion we assume that
(4) is satisfied so that we may take V, =V&q. In-
tegrating equation (2) and substituting from (3)
gives

y „(1+tv, 't'V '/c')'~'

392 1983 The American Physical Society

Surfatron acceleration, Katsouleas and Dawson 1983 

unlimited acceleration of particles in the presence of a magnetic field

Can provide a way to accelerate heavy particles like  

protons or cosmic rays
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Plasma accelerators for astrophysics in the lab 

Movie in a frame that travels at c
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Major questions/challenges

• Magnetic fields can lead to radiation 
generation and particle acceleration 
in astrophysics	

• Generation and amplification of 
magnetic fields	

• Cosmic ray acceleration
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Puzzle on the origin of magnetic fields in astrophysics

@B

@t
= �cr⇥E

Faraday’s Law

Need electric fields to produce magnetic fields
E = ⌘J� v ⇥B

c

J =
c

4⇡
r⇥B

Electric field for massless electrons

Need magnetic fields to produce electric fields
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Contents

Magnetic field generation in a LWFA

Accelerating high quality electrons to the energy 
frontier in a single stage: self-modulation instability

Conclusions 

Magnetic field amplification using electron-positron 
beams accelerated in a LWFA

Stabilising the wakefields: hosing instability
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PARTICLES

GRID

Integration of equations of motion: 
moving particles

Integration of field equations: 
updating fields

Deposition:                            
calculating current on grid

Interpolation:                            
evaluating force on particles

�B
�t

= �c⇤⇥E

⇥E
⇥t

= c⇤⇥B� 4�j

Fp � up � xp

(E,B)i � Ji

(E,B)i � Fp (x,u)p � ji
�t

(x,u)p

ji

(x,u)p

ji

Ei

Bi

(x,u)p

ji

Ei

Bi

To assist analytical modelling and experimental design in 	
these topics we use particle-in-cell simulations



Jorge Vieira | Trends in FEL Physics | May 22 2016 

osiris framework	
· Massivelly Parallel, Fully Relativistic  

Particle-in-Cell (PIC) Code 	
· Visualization and Data Analysis 

Infrastructure	
· Developed by the osiris.consortium	

⇒  UCLA + IST

Ricardo Fonseca	
ricardo.fonseca@tecnico.ulisboa.pt	
Frank Tsung	
tsung@physics.ucla.edu	
http://epp.tecnico.ulisboa.pt/  
http://plasmasim.physics.ucla.edu/

code features	

· Scalability to ~ 1.6 M cores	
· SIMD hardware optimized	
· Parallel I/O	
· Dynamic Load Balancing	
· QED module	
· Particle merging	
· GPGPU support	
· Xeon Phi support

O i ir ss
3.0

OSIRIS 3.0

mailto:ricardo.fonseca@ist.utl.pt?subject=
mailto:tsung@physics.ucla.edu?subject=
http://epp.tecnico.ulisboa.pt
http://plasmasim.physics.ucla.edu/
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Full scale simulation of an entire >1 mm long gas jet 	
without moving window

Laser propagation direction

Helium ionisation

Initial wake

A. Flacco, J Vieira et al Nature Physics (2015)
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Full scale simulation of an entire >1 mm long gas jet 	
without moving window

Initial wake Acceleration

Helium ionisation

A. Flacco, J Vieira et al Nature Physics (2015)
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Onset of magnetic field generation during	
wavebreaking/electron acceleration in a LWFA 

Laser propagation direction

Wave breaking: hot electrons 
stream out of the plasma

Cold electron currents form 
at vacuum-plasma interface

shielding: no currents 
inside the plasma

Electron recirculation at 
plasma entrance/exit

Plasma electron density map
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Direction of azimutal magnetic fields 
given by current loops

Currents loop driven by the expansion of hot electrons lead to	
azimutal large scale and persistent magnetic fields
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Scaling laws for the magnetic fields compatible with 	
astrophysical scenarios

http://regmedia.co.uk/2013/11/21/gamma_ray_burst_shell.jpg

B-field amplificationB fields compatible with astro scenarios

B
✓

[nT] ' 320⌘
hot

p
n0 [cm�3]

Interstellar medium	
!

Wide range of densities	
n0 ~ 10-2 -1cm-3 , ηhot=0.01-1

Bθ~0.1-10 nT



Jorge Vieira | Trends in FEL Physics | May 22 2016 

Amplification of magnetic fields through the 	
Weibel/Current filamentation instability 

Laser-plasma interactions at near critical density reveal new 

(a)

(c)

(b)

Figure 1.5: The Weibel instability: (a) electrons oscillate due to their thermal velocity v along

the hottest x direction; (b) the magnetic field fluctuation deviates the electron trajectories

according to the Lorentz force; (c) electron filaments form and the current they carry amplifies

the initial magnetic field fluctuation. The same process occurs for particles having a fluid

velocity along a preferential direction: the Weibel instability is then also called filamentation

instability.

9

M. Fiore, PhD Thesis IST 2008

Filament formationCurrent filamentation instability

U. Sinha et al. (2016)
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Current filamentation instability in neutral fireballs could 	
amplify seed magnetic fields

E lectron–positron (e! /eþ ) plasmas are emitted, in the form
of ultra-relativistic winds or collimated jets, by some of the
most energetic or powerful objects in the Universe, such as

black holes 1,2, pulsars3 and quasars4. These plasmas are
associated with violent emission of gamma-rays in the form of
short-lived (milliseconds up to a few minutes) bursts, which are
among the most luminous events ever observed in the Universe.
These phenomena represent an unmatched astrophysical
laboratory to test physics at its limit and, given their immense
distance from Earth (some more distant than several billion light
years), they also provide a unique window on the very early stages
of our Universe5–7. Arguably, one of the most intriguing
questions is how these gamma-ray bursts are produced. It is
generally accepted that gamma-ray bursts should arise from
synchrotron emission of relativistic shocks generated within an
electron–positron beam8,9. This radiative mechanism requires a
strong and long-lived (t # 1; 000o! 1

p , with op being the
electron–positron plasma frequency) magnetic field; however,
Weibel-mediated shocks generate magnetic fields that should
decay on a fast timescale ðt ’ o! 1

p Þ due to phase-space mixing9.
Also, diffusive Fermi acceleration, a proposed candidate for the
acceleration of cosmic rays9, requires magnetic field strengths that
are much higher than the average intergalactic magnetic field
(CnT)10. These and other questions could be addressed by ad
hoc laboratory experiments; however, the extreme difficulty in
generating e! /eþ populations that are dense enough to permit
collective behaviour11,12 is still preventing laboratory studies and
the properties of this peculiar state of matter are only inferred
from the indirect interpretation of its radiative signatures and
from matching numerical models. The intrinsic symmetry
between negatively charged (e! ) and positively charged (eþ )
particles within the plasma makes their dynamics significantly
different from that of an electron-ion plasma or from a purely
electronic beam. In the first case, the mass symmetry of the
oppositely charged species induces different growth rates for a
series of kinetic and fluid instabilities13, and significantly affects
the possibility of generating acoustic or drift waves. In the second
case, the overall beam neutrality forbids the generation of
current-driven magnetic fields that would hamper the onset of
transverse instabilities.

Different schemes have been proposed for the laboratory
generation of e! /eþ plasmas: in large-scale conventional
accelerators, the possibility of recombining high-quality electron
and positron beams via magnetic chicanes14 is envisaged and a

different approach is foreseen in confining low-energy positrons
using radioactive sources with Penning traps11,15. The proposed
APEX experiment12 builds on this idea, accumulating a large
number of positrons in a multicell Penning trap, before injection
into a stellarator plasma confinement device. The major challenge
of these schemes is the recombination of these separate electron
and positron populations. Alternative schemes have been
proposed in which electrons and positrons are generated
in situ16–21, thus avoiding the aforementioned recombination
issues. Despite the intrinsic interest of these results, the low
percentage of positrons in the electron–positron beam (of the
order, if not o10%) and the low-density reported (collision-less
skin depth much greater than the beam size, forbidding plasma-
like behaviour) prevent their application to the laboratory study
of e! /eþ plasmas. All these previous experimental attempts have
thus not been able to generate e! /eþ beams that present charge
neutrality and a plasma-like behaviour, both fundamental pre-
requisites for the laboratory study of this state of matter14.

We report here on the first experimental evidence of the
generation of a high-density and neutral electron–positron plasma
in the laboratory. Its high density ne! =eþ ’ 1016cm! 3

! "
implies

that the collision-less skin depth in the plasma is smaller than the
plasma transverse size effectively allowing for collective effects to
occur. These characteristics, together with the charge neutrality,
small divergence ye! =eþ & 10! 20 mrad

! "
, and high average

Lorentz factor (gAVE15 with a power-law spectral distribution,
comparable to what observed in astrophysical jets22) finally open
up the possibility of studying the dynamics of e! /eþ plasmas in a
controlled laboratory environment.

Results
Experimental setup. The experiment (shown schematically in
Fig. 1a) was carried out using the ASTRA-GEMINI laser system
at the Rutherford Appleton Laboratory23, which delivered a laser
beam with a central wavelength lL¼ 0.8 mm, energy on target
ELE14 J and a duration of tL¼ 42±4 fs. An f/20 off-axis
parabola focussed this laser beam (focal spot with full-width
half-maximum (27±3 mm) containing B60% of the laser energy,
resulting in a peak intensity of C3( 1019 W cm! 2) onto the
edge of a 20-mm-wide supersonic He gas jet doped with 3.5% of
N2. A backing pressure of 45 bar was found to be optimum in
terms of maximum electron energy and charge of the accelerated
electron beam as resulting from ionization injection24,25 in the

LASER

Gas

Pb

Pb

Solid target leadPlas.

Pb
Pb

Pb

10 cm 70 cm
10 cm

0.2

0.2 0.5

0
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4
6
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e– 
/ M
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0.4 0.6 0.8 1

1

1.2

Average
Single spectra

0.8 T

γ

Ee – (GeV)
Magnet gape+

e–

LANEX

LA
NEX
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Figure 1 | Experimental setup. (a) The laser wakefield-accelerated electrons (green spheres) impact onto a solid target, initiating a quantum
electrodynamic cascade involving electrons, positrons (red spheres) and photons (blue sinusoids). The escaping electrons and positrons are separated and
spectrally resolved using a magnetic spectrometer (details in the text) and a pair of LANEX screens. Plastic and lead shielding was inserted to reduce
the noise on the LANEX screens as induced by both the low-energy electrons and gamma-rays generated, at wide angles, during the laser–gas and
electron–solid target interactions. (b) Typical measured spectra of the electron beam without the solid target. Dashed green lines depict single-shot
electron spectra, whereas the solid brown line is an average over five consecutive shots. (c) Typical positron signal, as recorded by the LANEX screen, for
0.5 cm of Pb. The image is to scale. The white dashed lines depict the projection of the magnet gap, whereas the grey dashed lines depict the position
of 0.2, 0.5 and 1 GeV positrons on the LANEX screen.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7747

2 NATURE COMMUNICATIONS | 6:6747 | DOI: 10.1038/ncomms7747 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

Experiments demonstrated e-e+ fireball production

G. Sarri et al. Nature Communications 6, 6747 (2015)
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e-e+ beam filamentation leads to magnetic field amplification
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Solar Mass BH

Fireball model

Relativistic 
outflow

Interstellar 
medium

Collisionless shock	

•Particle mean-free-path much 
larger than system size	

•Scattering mediated by 
collective plasma instabilities

✦ Particle Heating and 
scattering 

✦ Shock formation 

✦ Particle Acceleration/ 
cosmic rays 

✦ Radiation emission

Main challenges

Particle acceleration, shocks and Gamma ray bursts 	
(in the lab with plasma accelerators?)

Courtesy of S.F. Martins
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Shock formation and evolution

Ion density
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Generation of plasma waves for particle acceleration	
using long beams

Current filamentation instability

W
id

th
 >

>
 𝜆

p
kCFI ⟂ vb

Particle acceleration in astrophysics

Self-modulation instability

Length >> 𝜆
p

kSMI ∥ vb

Particle acceleration in the laboratory
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A driver with more than 100 kJ would be required to 	
achieve 10 TeV electron acceleration in a single stage.

Laser / Particle beam Plasma Accelerated e-/e+

1-10 J lasers	
100 J e-/e+ (SLAC)

20 % Efficiency 0.2-20 J

1 nC ~ 6x109 particles

0.1 GeV - 10 GeV

Today

1000 + (10 cm + 10 
m spacing/stage) 

= 10 km
10 TeV / particle1000 

stages
100 drivers , < 10 fs 

synchronisation 
precision

Single 
stage 100 kJ driver 1-10 Km (depends on 

acceleration gradient) 10 TeV/particle
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Going beyond the energy frontier require very energetic beams
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• σr=200 μm ~ c/ωp 	

• σz=10 cm ~ 100 λp	

• Np=1011 particles	

• 500 GeV

• n0 = 1014-1015 cm-3	

• Lp = 5-10 meters ~ 104 c/ωp

Electron 
spectrometer

Proton beam 
dump

10 cm proton bunch

Self-modulated 
bunch*

Test electron 
bunch

10 m Rubidium gas source

Accelerated 
electrons

Self-modulated proton driven plasma wakefield accelerator

• N. Kumar et al. PRL 104 255003 (2010) 	
• C. Schroeder et al. PRL 107 145002 (2011)
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Self-modulation instability

Movie in a frame that travels at c
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Similar structures can be found in astrophysical scenarios

Self-modulation Sausage instability

A.K. Srivastava et al. ApJL 2013
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• Initial wakefield contains focusing and defocusing 
regions	

• Beam radius increases in defocusing fields 
• Beam radius decreases in focusing fields	
• Beam modulations at kpξ enhance the wakefields

Blue focuses protons

Physical picture

Transverse focusing fields Er-Bθ

Red defocuses protons

Self-modulation instability physical picture

Key features

• Self-modulation is caused by an unstable 
coupling between beam radial modulations 
and the transverse plasma wakefield	

• It grows from the initial wakefields or plasma/
plasma radial perturbations	

• It leads to very large wakefield amplitudes that 
grow along the beam and with propagation 
distance	

• Self-modulation provides a mechanism to 
create large amplitude wakefields using 
tenuous beams
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Self-modulation instability physical picture

Plasma focusing fields

�
r2

? � k2p
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@r

Analytical model

Plasma density perturbation

✓
@2

@⇠2
+ k2p

◆
�n

n0
= ⌥k2p

nb

n0
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dz2
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Beam radius envelope equation
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Self-modulation instability physical picture

Growth rate

3
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FIG. 1. (Color online) Beam radius modulation rb/r0 vs kp⇣
with beam-plasma parameters nb/n0 = 0.008, � = 107, and
kpr0 = 1 (and rb0 = r0 = req), obtained from numerical
solution of Eq. (6), at kpz = 8000 (red curve) and kpz =
9500 (blue curve). Dashed curves are the envelope of the
asymptotic linear solution Eq. (13).

using standard Laplace transform techniques. With the
initial conditions r̂(z, ⇣ = 0) = �r⇥(z), r̂(z = 0, ⇣) = �r,
and @z r̂(z = 0, ⇣) = 0, the solution to Eq. (11) can be
expressed as

r̂/�r =
1X

n=0

(i⌫|⇣̂|ẑ2)n

n!(2n)!
= 0F2(; {1/2, 1}; i⌫|⇣̂|ẑ2/4), (12)

where qFp is the generalized hypergeometric function.
The solution to Eq. (11) may also be evaluated asymp-
totically and has the form

r1 = �r
31/4

(8⇡)1/2
N�1/2eN cos

⇣
kp⇣ +N/

p
3� ⇡/12

⌘
,

(13)
where the number of e-foldings is

N =
33/2

4

✓
⌫

nbme

n0Mb�
k3p|⇣|z2

◆1/3

. (14)

Note that growth Eq. (14) [and the beam envelope equa-
tion, Eq. (6)] di↵er from that found in Ref. [10].

Figure 1 shows the beam radius modulation rb/r0 =
1 + r1 versus kp⇣, after propagating kpz = 8000 (red
curve) and kpz = 9500 (blue curve), obtained from nu-
merical solution of Eq. (6) for a beam initially in equi-
librium rb0 = r0 = req with beam-plasma parameters
nb/n0 = 0.008, � = 107, and kpr0 = 1. The dashed
curves are the envelope of the linear asymptotic solu-
tion Eq. (13). Figure 1 shows the growth versus distance
behind the head of the beam (at kp⇣ = 0) and versus
propagation distance. Also shown is the shift in phase of
the modulation versus propagation distance, resulting in
a reduced phase velocity, as discussed below.

The above solution Eq. (12) assumed |kpr̂| � |@⇣ r̂|, or
1 � |k�1

p (@⇣N)|. This condition may be expressed as

1 � 33/2

26

✓
k2b
k2p

⌫

�

◆✓
z

|⇣|

◆2

, (15)

or ⇣̂ � ẑ, which will be satisfied for long beams su�-
ciently early in the beam propagation. It was also as-
sumed that |@ẑ r̂| � 2|r̂|, which is satisfied provided
Eq. (15) is satisfied. The above analysis is also based on
linear theory, and nonlinear e↵ects (i.e., when r1 ⇠ r0 or
Ez ⇠ E0) may saturate the instability.
The beam radius perturbation r1 = r̂ exp(ikp⇣)/2 +

c.c. modulates beam density nb ' nb(r0)(1 � 2r1/r0).
This beam density modulation drives a modulation in
the electron plasma density n̂ exp(ikp⇣)/2 + c.c., via
Eq. (1), i.e., @⇣ n̂ ' ⌥ikpnb(r0)r̂/r0. The plasma density
modulation drives the accelerating wakefield Ez/E0 =
Êz exp(ikp⇣)/2 + c.c., via Eq. (2), i.e., (r2

? � k2p)@⇣Êz =
⌥k3p[nb(r0)/n0]r̂/r0. For the same initial conditions as
above, the series solution for the accelerating wakefield
in the long-beam regime is

Êz = ⌥HR(r, r0)
nb0

n0

�r

r0
|⇣̂|

1X

n=0

(i⌫|⇣̂|ẑ2)n
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and the sum may be expressed as the hypergeometric
function 0F2(; {1/2, 2}; i⌫|⇣̂|ẑ2/4). Here HR(r, r0) = 1�
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The phase velocity of the accelerating wake is given by
�p = �@t /@z = @⇣ /(@⇣ + @z) ' 1 � @z /@⇣ . In
this regime, i.e., satisfying Eq. (15), �p ' 1 � k�1

p @z .
Using the phase Eq. (17), the phase velocity is �p =
1 � (2/33/2)(N/kpz). The phase velocity of the self-
modulated beam-driven wakefield is less than the beam
velocity �b ' 1, varies along the beam ⇣ and during
propagation z. Asymptotically, the Lorentz factor of the
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in the strongly-coupled, long-beam regime. Note that,
behind the modulated beam the phase velocity is given
by Eq. (18) with |⇣| = Lb, where Lb is the bunch length.
Figure 2 shows the normalized Lorentz factor
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A. Pukhov et al. PRL 107 145003 (2011); C. Schroeder et al. PRL 107 145002 (2011).
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Plasma e- Plasma p+

Ion motion can occur in self-modulated regimes when 	
the length of the driver is comparable to the plasma ion wavelength
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Ion motion can be mitigated by using heavier plasma ions



Jorge Vieira | Trends in FEL Physics | May 22 2016 

Beam loading plasma wakefields to minimize the energy spread

Δɣ/ɣ>20%

Energy spectra after 10 m

Most applications require energy 
spreads below 1%
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Recent experiments using short beam drivers 	
demonstrated sub-percent energy spreads

Nearly optimal beam loading Efficiency above 20 %

M. Litos et al, Nature 2015
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Optimal beam loading is also important to preserve beam emittance

Emittance Transverse betatron trajectories

✏ =
p

hx2ihx02i � hxx0i2pz/(mec)

Emittance is the area enclosed by the 
transverse beam phase space

x? / x?0 cos(!�t+ �)

v? / �x?0!� sin(!�t+ �)

prime denotes temporal derivative
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Beam emittance evolution in a plasma accelerator

Beam emittance stays constant Beam emittance increases

Beam electrons oscillate with the same 
betatron frequency

Beam electrons oscillate with different 
betatron frequencies

Phase space area increasesPhase space area is 
preserved
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Conditions for emittance preservation

!� /
✓
↵

�

◆1/2

!p

Betatron frequency

ɣ is the relativistic factor	
α is related to the focusing force

Emittance preserved if

• α and ɣ are the same for every beam particle	

• Harmonic (sinusoidal) betatron trajectories

Beam emittance increases

• Small energy spreads	

• Linear focusing force (harmonic oscillations)

Non-linear regime

Requirements

• Optimal beam loading can be reached with 
tailored beam density profiles	

• Focusing force is linear everywhere	

• Focusing force is the same along the beam
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Contents

Magnetic field generation in a LWFA

Accelerating high quality electrons with small energy 
spreads in self-modulated scenarios

Conclusions 

Magnetic field amplification using electron-positron 
beams accelerated in a LWFA

Stabilising the wakefields: hosing instability
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Plasma 
electrons

Electron 
beam

Adapted from T. Mehrling and C. Huang (2016) 
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Fig. 2  Evolution of bunch head and tail along the linac; as a result the beam shape is deformed, as sketched in 
the upper part of the figure. 

z 

 

2.2  Limitations for new linear colliders 
The new linear collider will be a very large, complicated and costly machine. The main options in this 
moment are three, one based on a superconducting 1.3 GHz (TESLA), one on a normal conducting 11 
GHz linac (NLC) and one on a 30 GHz normal conducting linac (CLIC). There are many substantial 
differences in the three approaches, different time schedule and physics goal [4][5][6].  
 
In general the higher operating frequency allows gaining in compactness, but wake fields worsen with 
the third power of frequency, and can compromise the beam quality and luminosity. For this reason in 
the last decade a big effort has been put in the study of beam manipulation approaches able resist 
BBU, and in the development of new structures with lower wake fields. 
 
The approaches to limit the wake fields are mainly addressed to dump and detune the dipole modes. In 
the first case particular structures has been studied where the unwanted modes are coupled to lossy 
materials. For the second approach the geometry is changed in such way that the frequency of dipole 
modes vary along the linac giving an attenuation of the wake fields due to decoherence of the various 
components. The two methods are indeed complementary, since the decoherence gives a rapid 
decrease, but on the long range the various components can compose again. In fig. 3 we show the 
dumped and detuned structure developed at CERN. 
 
Some silicone carbide is located in a position reached by the dipole mode field, but not by the 
accelerating mode field (TM01). 
 

BBU in accelerating cavity

• Initial beam centroid deviation causes charges to 

accumulate in the metallic plates.	

• Wakefields created in the cavity enhance the 

initial perturbation
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Astronomy & Astrophysics (2006)

Hosing instability

Kink instability

Kink instability: same modes in totally different physical contexts
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Different regimes unified by a similar set of equations 

Adapted from T. Mehrling and C. Huang (2016) 

Mitigation of the hose-instability in plasma-wakefield accelerators
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Universidade de Lisboa, 1049-001 Lisboa, Portugal

Author3
A�liation of Author3

(Dated: February 8, 2016)

Abstract text.

I. INTRODUCTION

[FIND MOST GENERAL EQUATIONS USING
QSA], [POINT OUT WAYS TO MANIPULATE HOSE],
[CHECK GAUSS’ LAW - BEAMSIZE BUSINESS] Lin-
ear dynamics of coupled beam and wakefield system in
adiabatic, nonrelativistic regime [1]
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However, so far only monoenergetic beams consid-

ered ... we will investigate beams with initial correlated
and uncorrelated energy spread, as well as di↵erentially
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II. BEAM DYNAMICS
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Beam centroid evolution in time
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Universidade de Lisboa, 1049-001 Lisboa, Portugal

Author3
A�liation of Author3

(Dated: February 8, 2016)

Abstract text.

I. INTRODUCTION

[FIND MOST GENERAL EQUATIONS USING
QSA], [POINT OUT WAYS TO MANIPULATE HOSE],
[CHECK GAUSS’ LAW - BEAMSIZE BUSINESS] Lin-
ear dynamics of coupled beam and wakefield system in
adiabatic, nonrelativistic regime [1]

@

2

X

b

@t

2

+ !

2

�

X

b

= !

2

�

X

c

(1)

@

2

X

c

@⇠

2

+ k

2

X

c

= k

2

X

b

(2)

with k = k

p

/

p
2, ⇠ = ct � z. Asymptotic solutions for

this system computed [1] [2] [3] [4]
General equation, also holds in nonadiabatic, relativis-

tic regime [5]

@

2

X

c

@⇠

2

+ k

2

c

 

c

r

X

c

= k

2

c

 

c

r

X

b

(3)

with coe�cients c

 

(⇠) = 1/(1 +  

0

(⇠)) and c

r

(⇠) =
↵(⇠)/(k

p

r

0

(⇠))2 ...
However, so far only monoenergetic beams consid-

ered ... we will investigate beams with initial correlated
and uncorrelated energy spread, as well as di↵erentially
changing beam energy along the beam.

II. BEAM DYNAMICS

Single particle transverse dynamics generally take the
form of a damped, forced oscillator

d

2

x

dt

2

+
�̇

�

dx

dt

+ !

2

�

x = !

2

�

X

c

(4)

with the energy-dependent betatron frequency !

�

=
!

p

/

p
2�, the transverse wakefield centroid X

c

= X

c

(⇠, t),
... Equation (4) is an equation for the characteristics of
the Vlasov equation which describes the temporal evolu-
tion of the beam phase space.

⇤ Also at University of Hamburg ...

Beam may have an initial correlated energy spread and
slice energy spread and will develop a chirp...
Single particle energy is �(⇠, t) = �

0

(⇠) + �� + E(⇠) · t,
where �

0

is the mean initial energy in a longitudinal slice
of a beam, �� is the deviation of a particle energy from
the mean energy within a slice and E(⇠) = �!

p

E

z

(⇠)/E
0

is the particle acceleration rate as a function of the intra-
beam coordinate. Here, E

0

is the cold, non-relativistic
wavebreaking field [6].
This work investigates the influences of ...
[7]

A. Review: Monenergetic beam

For E = �� = 0 (i.e. �̇ = !̇

�

= 0), the equation for the
beam centroid X

b

= X

b

(⇠, t) takes the form

d

2

X

b

dt

2

+ !

2

�

X

b

= !

2

�

X

c

(5)

The beam centroid in this case is given by

X

b

(⇠, t) ' X

b,0

(⇠) cos(!
�

t) +
cU

b,0

(⇠)

�

0

!

�

sin(!
�

t)

+ !

�

Z
t

sin(!
�

(t� t

0))X
c

(⇠, t0)dt0 , (6)

B. Beam with uncorrelated energy spread

For �� 6= 0, E = 0, i.e. � = �

0

+ ��, the equation of
motion (4) may be written as

d

2

x

dt

2

+ !

2

�

x = !

2

�

X

c

(7)

with the general solution,

x(t) = x

0

cos(!
�

t) +
cu

x,0

�!

�

sin(!
�

t) (8)

+ !

�

Z
t

sin(!
�

(t� t

0))X
c

(t0)dt0 .

The first two terms correspond to the homogeneous so-
lution of equation (7) and the last term is the particular
solution, which is found by variation of parameters. Here,

Channel centroid evolution in co- 
moving coordinate +++++++
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⇤ Also at University of Hamburg ...

Beam may have an initial correlated energy spread and
slice energy spread and will develop a chirp...
Single particle energy is �(⇠, t) = �

0

(⇠) + �� + E(⇠) · t,
where �

0

is the mean initial energy in a longitudinal slice
of a beam, �� is the deviation of a particle energy from
the mean energy within a slice and E(⇠) = �!

p

E

z

(⇠)/E
0

is the particle acceleration rate as a function of the intra-
beam coordinate. Here, E

0

is the cold, non-relativistic
wavebreaking field [6].
This work investigates the influences of ...
[7]

A. Review: Monenergetic beam

For E = �� = 0 (i.e. �̇ = !̇
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= 0), the equation for the
beam centroid X

b

= X

b

(⇠, t) takes the form

d

2

X

b

dt

2

+ !

2

�

X

b

= !

2

�

X

c

(5)

The beam centroid in this case is given by
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B. Beam with uncorrelated energy spread

For �� 6= 0, E = 0, i.e. � = �
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+ ��, the equation of
motion (4) may be written as
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with the general solution,
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The first two terms correspond to the homogeneous so-
lution of equation (7) and the last term is the particular
solution, which is found by variation of parameters. Here,

Particles probe different wakefields

Regimes

Beam driver 
!
• Long beam/short beam limits	
• Multi bunch instability (long range wakefields)	

• Important for long drivers	
• Competition with self-modulation can be 

important	
• Single bunch instability (short range wakefield)	

• Drivers shorter than the plasma wavelength

Plasma response  
(properties of the cavity boundary) 

!
• Adiabatic (preformed, straight channel) /non-

adiabatic (nonlinear, relativistic regime)	
• Self-generated curved channel (i.e. blowout regime)	
• Relativistic/non-relativistic boundary 	
• Magnetic field effect
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Mitigation of the hose-instability in plasma-wakefield accelerators

Author1⇤ and Author2
GoLP/Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico,
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Abstract text.

I. INTRODUCTION

[FIND MOST GENERAL EQUATIONS USING
QSA], [POINT OUT WAYS TO MANIPULATE HOSE],
[CHECK GAUSS’ LAW - BEAMSIZE BUSINESS] Lin-
ear dynamics of coupled beam and wakefield system in
adiabatic, nonrelativistic regime [1]
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However, so far only monoenergetic beams consid-

ered ... we will investigate beams with initial correlated
and uncorrelated energy spread, as well as di↵erentially
changing beam energy along the beam.
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is the particle acceleration rate as a function of the intra-
beam coordinate. Here, E
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wavebreaking field [6].
This work investigates the influences of ...
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A. Review: Monenergetic beam
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B. Beam with uncorrelated energy spread

For �� 6= 0, E = 0, i.e. � = �
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+ ��, the equation of
motion (4) may be written as
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The first two terms correspond to the homogeneous so-
lution of equation (7) and the last term is the particular
solution, which is found by variation of parameters. Here,

Beam centroid evolution in time

Physical picture Particles probe different wakefields

2-particle model:	
Intuitive mathematical approach to understand hosing

Channel centroid formal solution

2 particle model

Propagation direction

Xc ⇠
Z

d⇠0
nb(⇠0)

n0
Xb sin [kp(⇠ � ⇠0)]

1st particle (Xc=0):

nb = nb0�(⇠) + nb1�(⇠ � ⇠1) + . . .

Xb ⇠ Xb0 cos (!�t)

2nd particle

Xc ⇠ Xb0 cos (!�t) sin (kp⇠)

Channel centroid oscillates at kpξ and at ωβt 

Beam centroid is resonantly driven:

Beam centroid oscillations 
grow secularly with t

@2Xb

@t2
+ !2

�Xb ⇠ !2
�Xc0 sin(kp⇠) cos(!�t)

Xb1 ⇠ t cos(!�t)
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Long beam limit	
Competing self-modulation and hosing instabilities
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Growth rate

Hosing could destroy self-modulation

Long beam limit	
Competing self-modulation and hosing instabilities

Evolution of beam centroid

Number of e-foldings

Xb ⇠ Xb0 exp (N) cos(kp⇠ + ⌘N + �)

Growth rate for the hosing instability is 
remarkably similar to self-modulation

Centroid oscillations grow with t and with ξ

N ⇠
�
!2
�t

2kp⇠
�1/3

-100 -80 -60 -40 -20 0

-5

0

5

z @kpD

X b
@k pD

Beam break up could occur in 
experiments
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Multi-bunch limit:	
Already self-modulated wakes can suppress hosing

Centroid of each beamlet Suppression mechanism

• Secular wakefield growth prevents resonant 
centroid oscillations	

• Betatron frequency detuning due to resonant 
wakefield excitation	

• Analogous to BNS damping!
δn grows along the beam. Betatron 

oscillations of each beamlet are different. 

J. Vieira et al. PRL 112, 215001 (2016)
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Hosing is also very important when the beam driver 	
is short compared to the plasma wave

Jorge Vieira/Chengkun Huang | Ettore Majorana Foundation and Centre for Scientific Culture | May 22 2016 	

Simulation results "

D. H. Whittum, PRL 67, 991 (1991)	
C. K. Huang et al. PRL 99, 255001 (2007)"

(1) " (2)"

(3)" (4)"

Adiabatic, "
non-relativistic"

Adiabatic, "
relativistic"

Non-adiabatic, "
non-relativistic"

Non-adiabatic, "
relativistic"

Asymptotic 	
solution:	

€ 

xb xb0 = 0.341⋅α−3 / 2eα cos(kβ s−α 3 + π 4)

α =1.3 c(ξ)(kβ s)(ω0ξ)
2[ ]
1/ 3

Excellent agreement between 
simulation and theory	

Theory including relativistic effects is in 	
very good agreement with simulations
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Recent progresses indicate that hosing of the driver 	
beam can be suppressed

Hosing mitigation and damping 
• New model incorporates energy change 

and energy spread	
• Energy change detunes betatron 

frequencies in time and space	
• Energy spread decouples oscillations

Analytical models and simulations

T. Mehrling et al. in preparation (2016)

Hosing mitigation mechanisms

BNS damping 
• Detuning the betatron frequency of each beam slice 

(energy chirp)	
• Doable for drive beam, but not for witness beam 

(e.g. misalimgnent in staging)	
!
!

External quadupole focusing? 
Should be much larger than focusing from wakefield 	
!
!

Introduce ion motion? 
Ion collapse causes localized nonlinear focusing force	
Could be a problem for emittance conservation	
!
!
Common understanding of transverse instabilities 

in high gradient accelerators (e.g. Plasma, 
Dielectric)?

Adapted from C. Huang (LLNL)
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Hosing can still be an issue

Hosing in the short beam limit for a single bunch

T. Mehrling et al. in preparation (2016)

Large enough initial seeds can cause the 
hosing instability to grow and destroy the 

driver beam  
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Hosing in the short beam limit for a single bunch

z (k−1
β,0)
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Reducing hosing initial seed
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Analytic reference
OSIRIS Taper k

β
 L = 10

Analytic prediction
OSIRIS Taper k

β
 L = 20

Analytic prediction

Tappered plasma profile

Strong reduction of centroid oscillations

Key idea: 

Plasma taper such that beam particles 
perform roughly 1/4 betatron oscillation

T. Mehrling et al. in preparation (2016)

Hosing can still be an issue

Large enough initial seeds can cause the 
hosing instability to grow and destroy the 

driver beam  

These schemes have not been 
applied to witness beam hosing	

!
Hosing of the witness beam	

 is still an open question



Jorge Vieira | Trends in FEL Physics | May 22 2016 

Is it possible to maintain the acceleration fields after self-modulation?	

Hidden topic	
Can we produce a plasma-based FEL?
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Laser/particle 
bunch

betatron 
radiation

Betatron 
oscillations

Accelerating 
electron bunch

Focusing 
Field

Accelerating 
Field

Ion channel

Contents
A novel plasma based radiation source can be explored at ELI:	
Transverse electron oscillations produce betatron radiation
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Contents
Achieving temporal coherence is important to enhance the output 
energy of x-rays.
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Spectrum

Betatron radiation

Power 

Main features 
!

• Broad spectrum	
• Collimated source (few mrads)	
• Multi-keV source

Applications (so far) 
!

• Warm dense matter	
• High resolution imaging

Self-guiding in nonlinear wakes

II
IIII

I - Random interference E ~ Nparticles

II - Electron bunching (FEL instability) by the 
emitted radiation and amplification 

III - Coherent radiation emission E ~Nparticles2

Adapted from X. Davoine
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r = r0 cos(!�t)
p? = K sin(�!�t)

K = r0kp

p
�/2

!� = !p/
p

2�

�r =
2 + K2

4�2
0

��

�� = 2⇡c

p
2�0

!p

Conditions for betatron radiation amplification

Small Δγ and Δr0 is neededA small Δλr is needed

Spectral width must be sufficiently small 
!

Δ𝜆r/𝜆r≪ρ	
!

ρ ≪ 1 is the FEL parameter for the 
betatron

If not the amplification is reduced, can 
be stopped or even completely absent

Very small energy spreads and narrow 
beams 
!

Δɣ/ɣ ≪ρ	
Δr0/r0 ≪ρ

X. Davoine et al 
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• γ0 = 50	

• K = 1
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Two dimensional simulations show that 	
amplification is possible

Power and spectrumInitial simulation parameters

•I = 0.8 kA	

• ρ = 4.7x10-2

X. Davoine et al 
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3D simulation results also show bunching and 	
coherent betatron emission 

Final bunch density profileBunching

X. Davoine et al 
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Contents

Magnetic field generation in a LWFA

Accelerating high quality electrons with small energy 
spreads

Conclusions  

Magnetic field amplification using electron-positron 
beams accelerated in a LWFA

Stabilising the wakefields: hosing instability
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Conclusions
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Low energy spread electron beams	
• Energy spreads can be minimised and beam emittance 

preserved through optimal beam loading	
• Can we use current electron beams from plasma 

accelerators to drive an FEL?

Hosing and beam break-up	
• Plasma fields can mitigate and damp hosing of the driver	
• How can we damp hosing of the witness beam?

Laboratory astrophysics	
• Plasma accelerators could produce electron (and 

positron) beams to test instabilities relevant for 
astrophysics.	

• Can we observe shocks in the lab and cosmic ray 
acceleration analogues?
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