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Streams in Plasma

A particle stream in plasma is prone to numerous
filamentary instabilities

> Kinetic energy — electromagnetic (EM) fluctuations
> Different regimes and effect of plasma ions

—
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> Kinetic energy — electromagnetic (EM) fluctuations
> Different regimes and effect of plasma ions

In astrophysical phenomena

> Possibly leading to collisionless shocks
& particle acceleration
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> Kinetic energy — electromagnetic (EM) fluctuations
> Different regimes and effect of plasma ions
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In astrophysical phenomena

> Possibly leading to collisionless shocks
& particle acceleration
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Streams in Plasma

A particle stream in plasma is prone to numerous
filamentary instabilities

> Kinetic energy — electromagnetic (EM) fluctuations

> Different regimes and effect of plasma ions

In astrophysical phenomena

> Possibly leading to collisionless shocks
& particle acceleration
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In plasma wakefield accelerators

> Avoided as accelerating field
deteriorates

Allen et al., PRL, 2012



Goal and Contributions of this Project

AWAKE possibly in different regime compared to previous works ((@!%
> Beams with finite extent in astrophysical context and laboratory settings
> Previous analytical literature considers non-bounded, homogeneous streams
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Goal and Contributions of this Project

AWAKE possibly in different regime compared to previous works
> Beams with finite extent in astrophysical context and laboratory settings
> Previous analytical literature considers non-bounded, homogeneous streams

Analytic model for laboratory-relevant

filamentation instabilities

Walter, Farmer et. al., Phys. Rev. E, 2024

* Comparison to particle-in-cell simulation
and experimental observations

* Beyond the model
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Goal and Contributions of this Project

AWAKE possibly in different regime compared to previous works
> Beams with finite extent in astrophysical context and laboratory settings
> Previous analytical literature considers non-bounded, homogeneous streams

Analytic model for laboratory-relevant Application of numerical methods on
filamentation instabilities beam-plasma studies o
Walter, Farmer et. al., Phys. Rev. E, 2024 * Verification of different particle-in-cell
e Comparison to particle-in-cell simulation methods for filamentation studies

and experimental observations
* Beyond the model

ki
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Goal and Contributions of this Project

DPS run enabled to study various gases with different atom mass
> The motion of plasma ions is usually neglected by choosing a high ion mass
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Goal and Contributions of this Project

DPS run enabled to study various gases with different atom mass ﬁ-\

. . . . . . RIGINS
> The motion of plasma ions is usually neglected by choosing a high ion mass (\,
Effects of ion motion in wakefield-driven instabilities
Turner, Walter et. al. (AWAKE collab.), Phys. Rev. Lett.?, 2024
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Filamentation Instabilities

Current and charge

fluctuation in particle
stream excites small
electromagnetic field

Erwin Walter | PhD Thesis Defense | 07.11.2024

In plasma, the EM-field
amplifies the transverse
fluctuations within the stream

> Positive feedback




Filamentation Instabilities
Regimes for the filamentation instabilities are defined by the current imbalance

Bret et al.,
Phys. Rev. E,
2004
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Filamentation Instabilities
Regimes for the filamentation instabilities are defined by the current imbalance
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Filamentation Instabilities
Regimes for the filamentation instabilities are defined by the current imbalance

(@ﬂﬁlﬂs

Bret et al., Kwit=50
Phys. Rev. E, :
2004

or

Beam charge
density [pn/(enp)]

Plasma current
density [jp./(en,c)]

Symmetric system Asymmetric system
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Structure

Introduction and Contributions

Basics & Methods of Beam Plasma Physics

Laboratory-Relevant Filamentation Studies

> Analytical model for filamentation of cold and warm beams
> Application of the theory to experimental observation

> Beyond the model

Conclusion
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Wakefield-Driven Filamentation

Beam propagates into plasma prone
to numerous instabilities

Beam Mitigates 3
property
Relativistic |[Longitudinal

motion
Quasineutral|{Self-modulation
Dilute Current

filamentation
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Wakefield-Driven Filamentation

Beam propagates into plasma prone Tra{gi"gf_ig{"ze Lsﬁgg'gidgg' (
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Wakefield-Driven Filamentation

Analytic model for the plasma response to a beam.
( OR

@m&
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Wakefield-Driven Filamentation

Analytic model for the plasma response to a beam. - Ansatz: Wave-equation of EM-field
ORIGINS
(OF + k) (VL = k) E. = 9cpy/eg - Dilute beam — Negligible bulk plasma current &
(83 FE(V2 YW, =V oy /e0 * Relativistic beam - Quasistatic approximation
€ p
ke = ckp/up
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Wakefield-Driven Filamentation

Analytic model for the plasma response to a beam. - Ansatz: Wave-equation of EM-field
<

(02 + k2) (VL — k)E. = 0cpp/eo * Dilute beam - Negligible bulk plasma current =
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Wakefield-Driven Filamentation

Analytic model for the plasma response to a beam. - Ansatz: Wave-equation of EM-field
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Filamentation of Cold Beams

The wakefield acts back on the beam.

> The perturbation and electric field
evolves along the length of the beam
and plasma.

> Weak local magnetic field from the
beam current
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Filamentation of Cold Beams

The wakefield acts back on the beam.

> The perturbation and electric field
evolves along the length of the beam
and plasma.

> Weak local magnetic field from the
beam current

Ansatz: Cold fluid equation

Beam accelerated/ focussed/
particles are decelerated defocussed

22 (0. F.,
(‘93(577,1,: P 5 +V,  -W
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wp =/ am?/ (2zoms)
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Filamentation of Cold Beams
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Filamentation of Cold Beams
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Filamentation of Cold Beams
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Filamentation of Cold Beams
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Filamentation of Cold Beams

v 2
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Analytical model tracks growth and phase of the wakefield

> EXxpression for the beam perturbation agrees with
Claveria et al., PRR, 2022 for the plasma perturbation

> BUT filament spacing limited by the grid resolution

> What determines the filament spacing physically?
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Filamentation of Warm Beams ESSEcccccs- ]
Phase and transverse modulation deviates F ESESESSS=S===- 15
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Filamentation of Warm Beams é;,: === -
Phase and transverse modulation deviates §§§§§§§§§ == : =
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Filamentation of Warm Beams = S
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Filamentation of Warm Beams ;== == -
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Filamentation of Warm Beams
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Filamentation of Warm Beams

Full spectrum of the non-seeded
warm beam
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Filamentation of Warm Beams

Full spectrum of the non-seeded
warm beam
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Filamentation of Warm Beams

Transverse electric field [E /E] Transverse electric spectrum [E. /Eo] g
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Filamentation of Warm Beams

Full spectrum of the non-seeded
warm beam
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Fine scale filaments grow faster for ki<kemax,
higher wavenumbers are damped by diffusion.
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Filamentation of Warm Beams

Transverse electric field [E /E] Transverse electric spectrum [E. /Eo] g
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Filamentation of Warm Beams

Transverse electric field [E /E] Transverse electric spectrum [E. /Eo] g
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Filamentation of Warm Beams
Full spectrum of a non-seeded warm beam

(@mm&

104 —

Excellent agreement of analytical _
model for wakefield-driven - e

filamentation with two- and three- £
dimensional simulations.

Transverse ~~

3 \
« Efficiently modeled filaments in 2D momentum spread "

are more tightly clustered f ["l/(';‘g%)]
* Maximum growth decreases with 10'F ___ g05 ;
temperature aligning with 010
i \
ONoo(kr. ) =31+ k% vgkr, )T +1 — 020 A Ns e
(ko) = 3(1 + kp va(kr,,..) 10, . A

Transverse wavenumber [k, /kp]

Erwin Walter | PhD Thesis Defense | 07.11.2024 19



Experimental Observation of the Filamentation Instability

Expected filament spacing: A=21/Kemax (-\
numerically evaluated from (@%ﬁm
14 3ky  +4Nso(kp,,.,.) =6(1+ k% Ivalke,.)T

16

—
N
T T T T T

2 il
w =,
o )
& £
— 3]
oo
3 8r g
R (/)]
= B —
-E =
- )
o i =
O] ©
4+ iC
0

0.4 0.6 0.8
Damping [KoOpr T/(MpYp)]
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Experimental Observation of the Filamentation Instability

Expected filament spacing: A=21/Kemax
numerically evaluated from

14 3ky  +4Ns(kp,,.) =6(1+ k3 va(ks

T

max )

16 o
[
S 1 .l
g2 |, 3
co |5 =
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-
o Py 3 8F S
o= b= z

cnl=x =
o 0 ©| % £
necol|d | =
S80|° T
L= g 4r -
L=
oL T i
(-
— A

0 0.4 0.6 0.8
Damping [KoOpr T/(MpYb)]
>

Increase in beam divergence

> Filament spacing increases
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Experimental Observation of the Filamentation Instability

L7
0"'
ki

ll‘h

Expected filament spacing: A=21/Kemax
numerically evaluated from @.ﬁ.ﬁﬂs

g

16

In Experiment
(D) I
S A _ Parameter |[Effect
So |, ter 6  Increase |Higher beam density
; E Z | = Focus and divergence
& = :
S 5o | ol .8 Increase |Lower beam density
axe 3|< - plasma Higher beam length
% 2§ E ¢ density |and propagation
08 g ar 2 Charged |Self-modulating
QLT [ beam beam
— A
0 0.4 0.6 0.8
Damping [KoOpr T/(MpYb)]
>

Increase in beam divergence

> Filament spacing increases
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Experimental Observation of the Filamentation Instability

16w

8

Plasma Off
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Filament spacing [KyAq]
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A
e
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0.4 0.6 0.8 . 0
Damping [KyOpr 7/(MpYb)]
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Experimental Observation of the Filamentation Instability

16w

8
_ Plasma Off
12t 6%
2 2
= | o2
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o= | E
3 8fF 43
=t i (7]
= =
s | o)
s | =
15 &
" oL
0 0.4 0.6 0.8 1 2 0

Damping [KyOpr 7/(MpYb)]

180 pm
B) A=0=2.2]k, @ 3.4x10*cm?

(filament distance=rms beam width)

b) Filamentation with A=0.042 mm (12x10*® cm)
d) No filamentation at 1.6x10%* cm™
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Experimental Observation of the Filamentation Instability

16w

Growth [wfT?k,T]"
® N

oS
Filament spacing [KyAq]

LN
=] T —— T

0.4 0.6 0.8 1 . 0
Damping [KyOpr 7/(MpYb)]

180 pm
B) A=0=2.2]k, @ 3.4x10*cm?

(filament distance=rms beam width)

b) Filamentation with A=0.042 mm (12x10* cm)
d) No filamentation at 1.6x10* cm™

The agreement to experimental observations
undermines the robustness of the analytical model.
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Experimental Observation of the Filamentation Instability
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a) Filamentation at n,=9.38x10*cm™
A=0.34mMm o Aexp=0.33(£0.06) mm
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Experimental Observation of the Filamentation Instability

16— T 8
| A e
2 2 65; 1 GE
§ :f/ """" E 0 1 2
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C) n,=2.25x10* cm=close to (a) with , 0.04F
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E 0.0 0.02 ¢
The actual transition between filamentation and self- >-25 st || 0 O
modulation was shown to occur for —0-05t -0.10 -0.05 -0.10 =
filament spacing = rms beam width [ns] t[ns]
22
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Conclusion

Analytic investigation of wakefield-driven filamentation of finite-sized beams.
> Excellent agreement with simulations and experimental observations
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Conclusion

Analytic investigation of wakefield-driven filamentation of finite-sized beams.
> Excellent agreement with simulations and experimental observations

The growth increases with local transverse density and the longitudinal integrated density

Diffusion in beams with finite emittance damps small-scale filaments
- spatiotemporal characteristic wavenumbers.

Reduced methods (quasistatic, 2D) reproduce fully-electromagnetic, 3D simulations

Filamentation is suppressed by the self-modulation instability for a filament spacing greater
than the beam rms width
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- spatiotemporal characteristic wavenumbers.

Reduced methods (quasistatic, 2D) reproduce fully-electromagnetic, 3D simulations

Filamentation is suppressed by the self-modulation instability for a filament spacing greater
than the beam rms width

These findings provide a crucial basis for designing experiments investigating filamentation
and for wakefield accelerator experiments seeking to avoid them.
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Conclusion

Analytic investigation of wakefield-driven filamentation of finite-sized beams.
> Excellent agreement with simulations and experimental observations

The growth increases with local transverse density and the longitudinal integrated density

Diffusion in beams with finite emittance damps small-scale filaments
- spatiotemporal characteristic wavenumbers.

Reduced methods (quasistatic, 2D) reproduce fully-electromagnetic, 3D simulations

Filamentation is suppressed by the self-modulation instability for a filament spacing greater
than the beam rms width

These findings provide a crucial basis for designing experiments investigating filamentation
and for wakefield accelerator experiments seeking to avoid them.

Thank you for your attention!
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Experimental Observation of the Filamentation Instability
k k k k '
3 B 3 3 B 3 3 B 3 3 B 3 =
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Sk ) de ‘ =I5 = 2
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Saturation of Two-Stream Filamentation

RE_ T ('\
— B T i . — . : 0“16'"5
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01 L | 2% £< :
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o l‘é “ - — Simulation ]
=S 0 5= | o @28—=10% e TTS theory -
=== 2o | 650Y T
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- 02 % E g8= : Propagation time [wgT]
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-20m -16m -12m -8 —4 0 © i 4 i
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* Filamentation saturates for dns =Ny =s I A () spread and the rms
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= B Beam theory 1 akefield saturates
0 2 4
Propagation time [wgT]
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lon Motion in Wakefield-driven Instabilities

'-u'- |
((gﬂi‘.!ﬁ'"s

Ponderomotive force of wakefield ,,

envelope acts on heavy ions 3 00
> Non-homogeneous ion 2.0
background o i
Detuning from the resonant & o RTTITIL L &({({{{({{{({WWHIWHWHIHHWHHH"HHHHHHIHIHHHF g
condition 20 Helium -
« Transverse wavebreaking WW AT TR A A
(Minakov&Lotov, 2024; Vieira et al., 2014) 2‘”' i
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 Detuning of the wakefield from " Static |
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lon Motion in Wakefield-driven Instabilities

Collective transverse motion of plasma 0.4~
electrons is disturbed by non-local 02
plasma wavelength i

0.6
I L I 1 I 1 I 1 I 1 I
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Cumulative effect on the SMI o 20 ™0 1 o o005 B1° o015 0205 o7 1° 125 15
« Beam tail weakly o e
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lon Motion in Wakefield-driven Instabilities
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Transition between Filamentation Instabilities

Wakefield-driven @?Gms
filamentation (TTS) 100 X 7 \&
. g_‘a _5-?;?,‘. Beadrgngifsrge 2 Beam head: Driven by wakefield
' | X |
-5 wgr=1.5 oo/ ool g Towards beam center:
Rl e i _ ] * Wakefield saturates (dnp=ny)
- 5;;:.\‘IJ;;,‘:“.::.;Z.':.”"“f;"” i -0.20 0.2] Transverse o v il : -0 17 ° Particles bunch together with
2 O mammmm i i ﬁel‘je[‘g”/cE] or o L w1 weaker long. modulation
= il | | | 1 T Nt T 1 * Growing magnetic field
st A e 5 || ] dOMinates
3 of I ﬁeﬁaﬁg"}cﬂ oF 1 For dense beams, the wakefield
-0 i -5 1 sets the initial condition for CFl
PR o R R AR A, 100 —— at the beam center.
wr ' Eo : . " Eq
010_2 10_2?— Simulation |
% : E ....... Theory E
B0 g 256 20 500 104 g0 2506250500
Length along the beam [k,(] Length along the beam [ky(]

Erwin Walter | PhD Thesis Defense | 07.11.2024 32



Derivation of Wakefield-Driven Filamentation

(V2 =7 /c®)E = 1o0:j + Vp/eo

Ansatz: Fourier transform of wave equations ) 5 9
(V2 =07 /c")B = —poV X ]

 Dilute beam 100 jp = —ko E
* Relativistic beam with we<<w, (97 — 97 /c*)dpp, — 0Fdpp/ v as [0copp| > 10-6pp/us]

- kc(’fg/%? + kﬁ)ﬂmy{pb}

E, =—
) eoV2m (k2 — k2)(kZ/vg + k2 + k2
In linear theory, the wakefield ov2r (ke , SR+ Fy )
spectrum only depends on the B, = 1 ke Feay{V i}
beam charge density eV 2T (l-cg — kg)(kg/fyg + k2 + k2)
B, — ub/(22 ]:Cwy{VLPb}
1

- EoV 2T k’g/’}/g ‘|—]€229 ‘|‘k‘%7
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Derivation of Wakefield-Driven Filamentation

Inverse Fourier transform for charge pvo = @m0 f({)g(z, y) m'"s
density with transverse modulation g(z,y) = gz, y) cos (kzx + pz) cos (kyy + py) @
* For wide beams, spectral broadening 1 [ Fey {VLg(z,9)} Vig(z,y)
due to envelope is negligible EL ~ Ty { k2 4+ 2 } ~ T2 e
Plasma Wakefield
qpOny keg(ilf, y) /0 / / /
E, = d ke cos ke (¢ —
) Wk coske(¢ =€)
Electromagnetic field in plasma 5 0 -
excited by the beam E, — L% vég(x’ ) [/ d¢' f(¢Nkesinke (¢ — ') H|f(C)
€0 k'e + k% ¢ / .
B, — _ Up @y V=g(z,y) £(O) Beam
2 g0 kZ+KZ self-fields
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Simulating Filamentation

Methods to mitigate nhumerical instabilities
* Fei EM-field solver (avoids numerical Cherenkov)
* 5-pass compensated binomial current filter

* Load particles with different opposite charge at identical positions (avoids fringe fields)

E___l_Qi‘:'_o_: T q(E+v xB)

e ® 1 Particle push

1

B At

g

B B; Current / charge
Field interpolation deposition

L E.B 0B =-V xE 0,j J

HE = [V x B + uoj] |«
Field update
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Simulating Filamentation

Beam filamentation commonly simulated with electromagnetic codes

» 2 relevant modes in a relativistic, neutral (e+e-) bunch (based on Shukla, 2018)

QUCLA [ —

Current filamentation
instability

* Dominant magnetic field
(Shukla, 2018)

* Saturation:
Magnetic trapping &
filaments merge
(R.C. Davidson, 1972)
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* Transvers +
longitudinal mode
(A. Bret, 2010)

* Particles motion
governed by
electric field
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