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Strong magnetic fields driven by current
filamentation (Weibel-like) instability

Current filamentation instability appears due to the
Astrophysical Jets -- the ultimate beam-plasma
interaction laboratory temperature anisotropy in plasma that generates
counter propagating currents

>y

X-rays from Crab
Nebula Pulsar - gamma ray bursts,

- supernovae remnants,
- Inter- and outflows in white dwarfs and active
galactic nucleus
L- - Internal confinement fusion
- gamma-ray generation

T. Katsouleas, role of Weibel inst. in cosmology - ion generation from solid targets
and astrophysics

Radio Jets from Galaxy 3C296

C.M. Huntington, Weibel inst. in two counter streaming proton
flows (14.7 MeV)

o,;' ) Alad My
z y G. Raj, 3D modelling of current filamentation of
10 GeV electron bunch in solid target
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Role of Weibel-like instability in hybrid
wakefield accelerators (see talk by A. Irman)

lJ Se | i e- j rive laser ; ,
el Ise U I’ r‘] r‘l‘ Side-view ca O _ o aﬂ = \ di AStage
. LWFA beam

. Mi bjecti
cmz?) generates electrons in LWFA stage O OPE e

/ pre-ionization laser
tape drive laser ~— L}NFAfeam

Drive laser o beam Ll witness befm
velectrons from LWFA are utilised to drive | L “’“VW“—’ B—— B gy
blade ,
b self-ionized drive beam

the PWFA in the second stage ’ N : :

Probe laser ’

(AL —
oIn order to avoid residual LWFA in the g LWFAGjet PWFA-jet HZDi‘
second stage the laser needs to be
removed (i.e. reflection from the M.F. Giliohann et al., Phys. Rev. X 9 (2019) stage
plasma mirror or diffraction) T. Kurz et al., submitted to Nature Comm (2019)

steel —
oil

loc
2 O.Kononenko European Advanced Accelerator Workshop 2019 Elba A



olntense ultrashort laser pulse (I > 1018 W/
cm?) generates electrons in LWFA stage

velectrons from LWFA are utilised to drive
the PWFA in the second stage

oln order to avoid residual LWFA in the
second stage the laser needs to be
removed (i.e. reflection from the
plasma mirror or diffraction)

Role of Weibel-like instability in hybrid
wakefield accelerators (see talk by A. Irman)
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M.F. Giljiohann et al., Phys. Rev. X 9 (2019)

Photo of the target area from the hybrid acceleration experiment in LOA
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Electron beam:

Laser beam:
* Ao =800 £ 80 nm
* o< 30 fs
°lp=1018- 101" W/cm?2
eap=1-1.5
eE=1-151J

 E<250 MeV

e Q<100 pC
*Np<5x108cm3
e |p <3 kA

Solid target:
* 810 60 um Al or 13 um
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Mylar ((CioHsO4)n)
¢ 0.26 to 3.2 mm distance
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Experimental setup

o After LWFA stage, laser ionises surface of the solid target, creating plasma with overcritical density
o Plasma mirror reflects the laser, letting the relativistic electron beam to pass through

o Electron beam after passing the solid target propagates towards the electron spectrometer

Laser solid
Electron £t
beam
- .
T fields
—
@ laser pulse . &=
@ electron beam
Electron beam was separated from the laser by the size of the plasma wavelength (= 30 fs) .
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Electron beam degradation
during the experiment
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I ] 16. 5
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Effect strongly depends on the distance between the solid target and the gas jet exit
- cannot be described by the scattering effect
loa
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Oy (mrad)

Not sensitive to the reflected laser

Solid target  Solid target i

10 . L] L) L] T L)
- -~ Wheel at 45°
9t i\ --- Wheel at0° | When oriented at 45 deg. to the laser beam axis,
~

8 . . the reflected laser does not passes through the
7L ‘li:\ 3 electron beam

6 - \\\\‘\\¥ .

5} i : .. .

s f - Negligible influence of the scattered laser

ar Tteas3 ] on the electron beam
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Sensitive to the target position, but not the

thickness
16 T T T I
178 ym Al
15 um Al
14 | o 30 pum Al =
84 60 pum Al
1413 um Mylar
12+ -
10+ -
8- i

Divergence of the electron beam (FWHM) [mrad]

| | |

|
-0.5 0 0.5 1 1.5 2 2.5 3 3.5
Distance between gas jet exit and solid target [mm]

Does not depends on the thickness of the solid target - effect is happening
at the surface of the target A loa
Elba
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Interpretation and mechanisms of the
return current appearance

SPONTANEOUSLY GROWING TRANSVERSE . oge
WAVES IN A PLASMA DUE TO AN ANI- ' Mechanism for Instability of
SOTROPIC VELOCITY DISTRIBUTION Transverse Plasma Waves
Erich S. Weibel Burrox D. Frieo
Space Technology Laboratories, Incorporated, Physical Research Laboratory, Space Technology
A Los Angeles, California Laboratories, Inc., Los Angeles 45, California
X (Received December 22, 1958) (Received March 2, 1959)
B
Cold electrons Hot electrons _ b Lo . . .
| ———ae——=—0  OWhen hifting the solid target, the laser deposit ifs
energy within the Skin depth, § = c/wp
’ U oThis energy is transformed into electron oscillations
/ @ .. . .. .
\ 4 | ; ~a and dissipated through their collisions with ions
Laser pulse 2/~ > 7z
L) e g6 -— oCurrent of hot electrons into the bulk of the target
Vi Y 7 A

triggers return current of the cold electrons from

ﬂ background plasma

T i —_— oTemperature of the hot electrons defines the
| \ periodicity of the EM-field structures
F.=q(E + [v x B]) © Magnetic field evolves immediately after laser-solids
L electron motion defined by interaction, reaching maximum within femtoseconds

v/ Lorentz force

loa
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2D PIC simulations of laser-solid interactions

Laser: 0.75
* Ao =800 nm '€ 0.25 5
«lo=10'8 W/cm?2 = 0.5 =
* rewHm = 15 um -0.75
e to =20 fs
0 6.2 12.5 18.7 25.0 31.2 37.4 43.7

Electron beam:

=150 MeV §
*Or=1pum <
*0z;=5um .
* Q=100 fC :
e N =2.6x101¢ e .
ea=0;p=3.6um _
een=1um = ':—?:

Solid target:
o Al 3+ '
o thickness = 8 um ' 18.7 25.0 31.2 0o 62 125 187 250 312 374 437
® Natom = 6x1022 cm-3 Propagation axis [um]
"N = 1.8x10% cm Effect is happening at the surface of the solid target only
when the laser pulse is present A loa
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https://en.wiktionary.org/wiki/%CF%83#Ancient_Greek
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https://en.wiktionary.org/wiki/%CE%B2#Ancient_Greek
https://en.wiktionary.org/wiki/%CE%B5#Ancient_Greek

Laser:
* Ao =800 nm
°lo=1018 W/cm?2
* rewdm = 15 um
e to=20fs

Electron beam:
e E =150 MeV
*Or=1pum
*0z;=5um
* Q=100 fC
e N =2.6x101¢ e
ea=0;p=3.6um
een=1um

Solid target:
o Al 3+
* thickness = 8 um
® Natom = 6x1022 cm-3
* Ne-= 1.8x1023 cm?-3

2D PIC simulations of laser-solid interactions

N/Nerit

6.2 12.5 187  25.0 31.2 37.4  43.7

N/Nerit

B. [KT]

25.0 31.2
Propagation axis [um]

O.Kononenko

Effect is happening at the surface of the solid target only

when the laser pulse is present A loa
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2D PIC simulations of laser-solid interactions

Laser: 0.75
* Ao =800 nm '€ 0.25 5
«lo=10'8 W/cm?2 = 0.5 =
* rewHm = 15 um -0.75
e to=20fs
0 6.2 12.5 18.7 25.0 31.2 37.4 43.7

Electron beam:

=150 MeV 8 5
eor=1pum < 0. -; <
*0;=5um : -
* Q=100 fC :
N =2.6x10' & | N
ea=0;p=3.6um _
een=1um E ':—?:

Solid target:
o Al 3+ ' 0
* thickness = 8 um 18.7 250 vy 62 125 187 250 312 374 437 31.2 37.4 43.7
* Natorn = 6X1022 cm-3 Propagation axis [um]
" Ne- = 1.8x10% cm Effect is happening at the surface of the solid target only
when the laser pulse is present A loa
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2D PIC simulations of laser-solid interactions

Laser: 0.75
* Ao =800 nm 'S 0.25 £
«lo = 1018 W/cm? =025 E
* rrwnm = 15 um -0.75
e to =20 fs
0 6.2 12.5 18.7 25.0 31.2 37.4 43.7
Electron beam: : e
=150 MeV . F 1 5
eor=1pum < 0. <
*0;=5um :
* Q=100 fC : —
« N =2.6x10% e . Nl
ea=0;p=3.6um 'f; i .
een=1um = | 'ii
Solid target:
o Al 3+ | ““
e thickness = 8 um “0 62 125 187 250 312 374 437
* Natom = 6X1022 cm-3 Propagation axis [um]
"N = 1.8x10% cm Effect is happening at the surface of the solid target only
when the laser pulse is present A loa
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Laser:
* Ao =800 nm
°lo=1018 W/cm?2
* rewdm = 15 um
e to=20fs

Electron beam:
=150 MeV
*Or=1pum
*0z;=5um
* Q=100 fC
e N =2.6x101¢ e
ea=0;p=3.6um
een=1um

X [u

Solid target:
o Al 3+
* thickness = 8 um
® Natom = 6x1022 cm-3
* Ne-= 1.8x1023 cm?-3

O.Kononenko

2D PIC simulations of laser-solid interactions

0.75 1.2
'€ 0.25 08 5
3 <
< 0.25 0.4

-0.75

0

0 6.2 12.5 187  25.0 31.2 37.4  43.7

0.75

£ 0.25
-0.25

12.5 18.7 25.0 31.2 37.4 43.7

Propagation axis [um]

N/Nerit

-0.75
1.25

0.75
0.25

B. [KT]

g_ -0.25
-0.75

-1 25

Effect is happening at the surface of the solid target only
when the laser pulse is present A loa
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Modulated
EM-fields electron beam

Electron beam
before interaction

3D PIC simulations of e- beam modulations

CALDER code
3D Cartesian

“\J e

Expected electron

beam transverse profile

10
T , 00012 —
5
R 0003 - O
e Eo
)
Electron oscillates faster within the laser polarisation -5
plane, which leads to stronger magnetic field in the
same plane and therefore - larger divergence in the 10
plane perpendicular to the laser polarisation axis -10
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Modelling of the eleciron beam divergence

B., refrieved from the simulations, can be converted into the

increase of the electron beam divergence 6

12 2.550
2 2.3
ap = 2.
Bz int = (/ Bxd2’> 10 A 2.125
ng \\\
T s 5 1.700
Qy ~ Op, /pz = 6C‘Bac,int/f; £ \\
§ 6 \\xao=1.8 1.275
e - electron charge, &
5} AN
C - speed of light E 4 SCa=14 0.850
E - electron beam energy T P
. e 2 Qo= _ - 10.425
Opy - Spread in the transverse momentum distribution el =07
P - electron beam longitudinal momentum
0.0 05 1.0 15 2.0 25 3.0
Distance from plasma exit [mm]
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Divergence (FWHM) [mrad]

Modelling of the eleciron beam divergence

B., refrieved from the simulations, can be converted into the

increase of the electron beam divergence 6

= ([ 22) )

0, ~ 0p,/Pz = €cByint/E

e - electron charge,
C - speed of light
E - electron beam energy

Opy - Spread in the transverse momentum distribution

P - electron beam longitudinal momentum

1

e

e

... and vice versa*

6 ‘ ; :
27T 8 um Al

." * 15 ym Al
4r B S o 30 umAl |

: | R 18160 um Al

\ L #4713 um Mylar
ot T T L S )
0 L
8 |
6 ]

o -
2 L L 1 1 L L L
-0.5 0 0.5 1 15 2 2.5 3 35
Distance [mm]
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12 2.550
X ap=2.3
10 2.125
T 8 \ 1.700
5 :
§ 6 Yao=18 1.275
&0
)
5 4 N a0=14 0.850
TSl a=10
2 xi - 2 =0.7 0.425
S
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Distance from plasma exit [mm]

> 2.70 £0.39 kT-um for 13 um Mylar at 0.42 mm

*In case of experiment, increase of the divergence was
converted to the equivalent integrated B, -field

Elba
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Summary

vln hybrid acceleration experiments, the electron beam quality ;m

degrades due to the presence of solid target close to the gas jet exit

vlncrease in the electron beam divergence can be explained by the
presence of strong transverse magnetic fields within the surface of the
solid target, generated by the laser

/S [arb.u.)

wl  dQUdsS [arb. u)

dQ/dS [arb.

Tref
E
s

OExperimental measurement of the electron beam degradation

provides an access to the measurement of the integrated equivalent {*
B-field :
o2D and 3D PIC simulations demonstrates super strong (several kT) .

modulated fransverse magnetic field, known as Weibel-like instability

S
3
g

< Simulated increase of the electron beam divergence as a function
of the laser intensity is compatible with experimental observations
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Thank you!
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Growth rate of B-field

The distribution function in the anisotropic Vilasov-Maxwell equations and the dispersion
relation are dependant on the velocity components of each specie in plasma.

T
(e AR PPN
( ) ! < :% If vi>>v;, where vi2 = vi2 + v,2
I ' T s , , .
- g = 5 , the dispersion relafion becomes
— = ! = 1<t <
1.5F A R = N
S. - ; z ] W4 - (W2 + K2C2) 02 - k2v,2Wpe? = 0
- : 1 EEC .
v, X i S |
o . | | | § :
o 1.0f N l'i 7
o = i S ¢
H- 5 ! Imaginary solution of this equation
> ~ I
m g | 1 provides the growth rate of the Be-field
- [ 3 | ] of Weibel instability:
£ 0.5F S \‘_
Simulation data < : ]
[ — Moving window avg. S | ]
i ,é i r = Im(OO) = kVJ_CDpe . (ODpe2 + |<2C2)'”2
()| I AN R S I TR
0 50 100 150 200

t [fs]

In our case the laser generates population of hot electrons wit density close to the critical density
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Theory

Viasov-Maxwell equations

af. 0f.

Ve
5 +ve-er—e(E+TxB) 5y ="
ofi Vi 3fi_
Y +v,-~Vf,-+Z,-e(E+?xB)‘ =0
drj 1 OE
VB ==t
1 0B
VBT
V-E =4np
V-B=0

Dispersion relation

p p o0 o0 ‘) . a) .
w? — K*e? - / / (( Jo - Yok ( fu) ’!'f) dvgdv. =0
0 Jooo \Ovo (w+ kv.)Ov,

bi-Maxwellian distribution function (DF)

2
o vH \ /1
fo = 5 Tmas CXP (——2 - .2) '

(UO/uz)z —1>0
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Second jet as a plasma lens

Side view interferometry

30

Electron spectroscopy

25 L

Electron beam 20

15

10

nozzle 1 nozzle 2 o

(AR
oo

Electron beam divergence (mrad)
a a4 NN !
o m o o o O
T T

|
]
T

100

Strong correlation between the plasma tfrace in jet2
and the outcoming electron beam divergence
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