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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/
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OSIRIS 3.0

code features	
· Scalability to ~ 1.6 M cores	
· Dynamic Load Balancing	
· GPGPU and Xeon Phi support	
· Particle merging	
· QED module	
· Quasi-3D	
· Current deposit for NCI 

mitigation	
· Collisions	
· Radiation reaction	
· Ponderomotive guiding center
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Ion motion in plasma wakefield accelerators

Long drivers

• important when beam length (σz) is comparable to 
ion skin depth (c/ωpi)	

• disrupts acceleration structures	
 J. Vieira et al. PRL 2011	

• may have strong impact on repetition rate 	
A. Sahai et al. 2017

self-modulated proton driven wakefield 
accelerator

plasma wakefield accelerator in the blowout 
regime

• influences emittance evolution for tightly 
focused drivers plasma accelerators	
W.  An et al. PRL 2017	

• may have strong impact on repetition rate

Need to explore the physics of ion motion experimentally and theoretically.
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Ion motion in the proton driven plasma wakefield accelerator

Ion motion in the nonlinear blowout regime 

Conclusions & future directions 

Outline
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AWAKE experiment at CERN	
ion motion can suppress plasma wakefields in the linear regime

Experimental setup
proton bunch 

driver
plasma 

vapour source

self-modulated 
protons

• proton bunch length is σz = 10 cm long	

• plasma density is n0 ~ 1014-1015 cm-3	

• For a hydrogen plasma: σz = 2-7 ion skin-depths
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Stable, hosing free self-modulation of long particle bunches

J. Vieira et al. PRL 112 205001 (2014)
Jorge Vieira | FACET ii Science workshop, SLAC | October 19,  2017 
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AWAKE experiment at CERN	
ion motion can suppress plasma wakefields in the linear regime

Experimental setup
proton bunch 

driver
plasma 

vapour source

self-modulated 
protons

• proton bunch length is σz = 10 cm long	

• plasma density is n0 ~ 1014-1015 cm-3	

• For a hydrogen plasma: σz = 2-7 ion skin-depths

Role of ion motion

Distance in beam (z)
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Ion motion suppresses space charge fields

Ion density Electron density

Propagation direction

Nearly hollow plasma channel driven by the ion dynamics

• ion/electron filament on axis 	

• generation of a near hollow plasma channel	

• ion accumulation off-axis

How do ions move?

 J. Vieira et al. PRL 109 145005201 (2012)
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Model for the ion motion in narrow wakefields

Evolution of the ion density

mi
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ni = �n0Zr · Fp

ion motion equation (momentum+continuity eqs)

• speed of light frame: ξ=x-ct	
• Fp⟂ ≫ Fp|| since σz ≫ σr (∂r ≫∂z)	
• ions move radially: Fp=<E⟂>	
• Neglect temperature (cs=0)

Êr is the envelope of the plasma radial 
electric field

simplified model for ion response
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Analytic formulas at early times

ni = ni0


1� Ze

mic2
⇠2

2
r · hEri+O(⇠3)

�

leading order expansion O(ξ3)

ion motion determined by Er averaged 
over the fast (electron) time scales

nonlinear wakefield theory for 
narrow beams

E⇠>�z
r =

ˆEr cos�

1 +rr[e ˆEr/(me!2
p)] cos�

• Êr[nb(r)] is the wakefield amplitude	
• Dawson sheath model in cylindrical geometry	
• phase Φ = ωpξ/c
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Osiris simulations confirm model

Proton density evolution 
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Onset of the ion motion and wavebreaking

Ion motion mitigationIon motion induces wavebreaking
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electron and ion density from OSIRIS 
simulations

• trajectory crossing occurs when ion 
motion becomes significant	

• electron heating and wakefield 
suppression	

• wavebreaking time ~ (mi/me)1/2

position ξcrit is where the ion density 
becomes twice the background plasma
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• nb/n0 ~ 10-2  and eEr /meωp ~ 10-2	
• mi/me = 1836 and Z = 1	
• Ion motion is important:  
ξcrit ~ 200c/ωp ~ σz
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Ion motion mitigation strategy: 	
use heavier ions
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Ion motion in the proton driven plasma wakefield accelerator

Ion motion in the nonlinear blowout regime at SLAC FACET 

Conclusions & future directions 

Outline

T. Silva et al. (2017)
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Ion motion at SLAC FACET

Plasma wakefields at SLACRegimes differ drastically

SLAC electron and plasma parameters

CERN self-modulated proton driven 
wakefields

• Energy: 10 GeV	
• σr ~ 10’s μm (~1 c/ωp)	
• σz ~10’s μm (a few c/ωp)	
• nb/n0 ~ 1

• Energy: 500 GeV	
• σr ~100’s μm (less than 1 c/ωp)	
• σz ~10 cm (a few 100’s c/ωp)	
• nb/n0 ~ 10-2

strongly nonlinear blowout regime

ion motion is absent within the first few 
plasma wavelengths

T. Silva et al. (2017)
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Ion motion at SLAC FACET

Plasma wakefields at SLACRegimes differ drastically

SLAC electron and plasma parameters

CERN self-modulated proton driven 
wakefields

• Energy: 20 GeV	
• σr ~ 10’s μm (a few c/ωp)	
• σz ~10’s μm (a few c/ωp)	
• nb/n0 ~ 1

• Energy: 500 GeV	
• σr ~100’s μm (less than 1 c/ωp)	
• σz ~10 cm (a few 100’s c/ωp)	
• nb/n0 ~ 10-2

deep ion channel formation over the entire 
plasma length

• ion filament on axis	
• near hollow plasma channel	
• ion structures similar to proton driven 

wakefield case
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Onset of the ion motion

Numerical modelEvolution of the ion density

mi
d2ri
dt2

= eZhEri

advance particles with average 
radial electric field

Key structures:	

• generation of nearly hollow channel off-axis	
• plasma filament on-axis

T. Silva et al. (2017)
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Expansion dynamics

Late times - shock(shell) formationExpansion velocity - wave breaking

T. Silva et al. (2017)
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ion expansion velocity is related 
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When wave breaking is 
dominated by the ion motion:

TW-B~(mi/me)1/2

Ion expansion velocity estimate:

vexp ~ <Er>(me/mi)TW-B ~ <Er>(me/mi)1/2

Simulations

vexpH / vexpLi ~ (mLi/mH)1/2
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Expansion dynamics

Late times - shock(shell) formationExpansion velocity - wave breaking

T. Silva et al. (2017)
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gradual steepening of ion phase 
space results in a shock structure

may be similar to the 
explosion of clusters 	
[F. Peano et al., PRL 94 
033401 (2005).]

torn apart by a second ultraintense pulse (I ’ 2:5!
1019 W=cm2, trise " 20 fs, !0 " 820 nm). Both pulses
propagate in the x direction, with the electric field polar-
ized along the y direction. In this simulation, we employ
Np ’ 1:2! 106 particles and a square simulation box, with
side Lbox " 1 "m, discretized in a 840! 840 uniform
spatial grid. Such a simulation describes the dynamics of
a deuterium nanowire [19] irradiated by wide-spot-size
laser pulses. We set !t ’ 170 fs: when the strong pulse
comes in, the radius has expanded to #5R0. Figure 4 shows
the time history of the phase-space profile, right after the
second pulse reaches the expanding cluster. The shock
shell depicts a two-knee structure, as expected for a smooth
continuous initial density distribution [7]. The maximum
relative velocities ($!v=v%max # 0:5) appear when the fast-
est ions, expanding in the polarization direction, z, catch up
with the farthest slower ions. The 2D results also allow a
comparison between 3D and 2D simulations. An estimate
of the maximum collision energy in an analogous 3D case
clearly points out the key differences. The ion kinetic
energy is greatly overestimated in a 2D scenario, since it
has no upper boundary [20], while the ratio $!v=v%max is
underestimated, since in cylindrical symmetry the electro-
static field tapers off only as 1=r. By comparison with the
3D results presented above, we conclude that shock shells
involving collision energies Ecoll # 100 keV can actually
be controlled and attainable in spherical clusters, making
intracluster fusion events possible.

Though we focused on deuterium clusters, the technique
presented here is general and can be applied with other
cluster constituents (either one component or multicompo-
nent) to induce specific nuclear reactions inside the clus-
ters. For instance, with D-T clusters [21], one could tune
the laser pulse sequence to obtain collision energies in the
100–150 keV range, corresponding to the maximum cross
section for D-T fusion.

In conclusion, we have shown that small-scale shock
shells show up naturally during the laser-induced Coulomb
explosion of large deuterium clusters, even when the time

scales for the electron dynamics and the ion expansion are
comparable and the vertical ionization limit cannot be
applied. We proposed and illustrated a method to induce
large-scale shock shells, thus providing the ability to fully
control the key features of the ion dynamics in laser-
irradiated clusters, and to induce intracluster nuclear
reactions.

The authors thank M. Marti, Professor W. B. Mori,
Professor G. Coppa, Dr. A. D’Angola, Dr. M. Fajardo for
discussions, and S. Martins for the development of the
OSIRIS ionization module. This work was partially sup-
ported by FCT (Portugal) through Grants No. POCTI/
FAT/43743 and No. POCTI/FAT/49540.
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Experiments at SLAC FACET

T. Silva et al. (2017)

ion expansion times are at the ns time scales for Hydrogen and Lithium consistent 
with theory and simulations

Evolution of e-beam ionized and heated lithium plasma 
Plasma recovery time affects the maximum repetition rate of a PWFA 

Q=2nC,!ne!=!5!1016!
Time!step!between!images!is!100ps!
Image!height!is!~3mm!
Lithium&does&not&recover&for&10’s&of&�s&

FACET"II&Science&Workshop&Oct.&17"19,2016 

Hydrogen Lithium
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Formation of the on-axis plasma filament

Electron re-circulationConfinement of on-axis ion filament

T. Silva et al. (2017)
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on-axis negative electric field may 
prevent on-axis ion filament defocusing
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Ion motion in the proton driven plasma wakefield accelerator

Ion motion in the nonlinear blowout regime 

Conclusions & future directions 

Outline
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Ion motion due to average radial plasma electric field

In the self-modulated wakefield accelerator the ion motion suppresses the 
instability and acceleration

Conclusions and future directions

Future work 

effect of the plasma radius on the stability of the on-axis ion filament	
late time evolution of the ion channel expansion

In the plasma wakefield accelerator the ion motion can limit the maximum 
repetition rate
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