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Motivations

Relativistic streaming instabilities are pervasive in astrophysics…

Ø They are thought to play a key role in blazars, cosmic
magnetisation at interstellar and intergalactic scales and high-
energy explosive transients (e.g. GRB).

Ø Are of fundamental importance as provide a mechanism for
energy conversion from particles to EM fields and to gamma rays.

T. Katsouleas, role of Weibel instability in 
astrophysics and cosmic jets.
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Motivations

Relativistic streaming instabilities are pervasive in astrophysics…

T. Katsouleas, role of Weibel instability in 
astrophysics and cosmic jets.

… but also in laboratory plasmas

Ø They set important limitations on the feasibility of experimental
concepts such as ICF or a plasma-based acceleration.

Ø They can channel beam kinetic energy into ɣ-rays (Benedetti, A., 
Tamburini, M. & Keitel, C.H. Giant collimated gamma-ray flashes.

[Nature Photon 12, 319–323 (2018)])
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Ø They are thought to play a key role in blazars, cosmic
magnetisation at interstellar and intergalactic scales and high-
energy explosive transients (e.g. GRB).

Ø Are of fundamental importance as provide a mechanism for
energy conversion from particles to EM fields and to gamma rays.



E-305 experiment at FACET-II facility at SLAC with the goal of:

‣ Study relativistic beam-plasma instabilities with plasma densities in the range 1018-24 cm-3 , by sending FACET-II 10 GeV 
electron beams into gaseous or solids targets.

‣ Charaterize resulting ɣ-ray radiation

‣ Study the interplay of different modes in the nonlinear stage

‣ Investigate additional physics such as collisional effects in exotic nonequilibrium warm dense matter states (solid), finite 
bunch length and finite beam size effects, and competition with plasma wakefields (gas)

Towards controlled experiments at SLAC - the E305 experiment

Schematic layout of FACET-II

E-305: Beam filamentation 
and bright gamma-ray bursts

Simulated beam density at saturation of FACET-II beam 
propagating in an Al target (credits to G. Raj).
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E-305: Beam filamentation 
and bright gamma-ray bursts
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propagating in an Al target (credits to G. Raj).
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See A. Knetsch talk for experimental results



Relativistic beam-plasma instabilities

Particle BeamPlasma electrons & Plasma ions
Unstable electromagnetic modes exponentially  
growing from noise

Depending on the orientation (!) of the mode w.r.t. the beam propagation, there exist three types of beam-plasma instabilities

Two-Stream Instability (TSI)

Electrostatic longitudinal mode

Maximum Growthrate
(Kinetic theory for cold 

colissionless unbounded
systems)

Current Filamentation Instability (CFI)

Electromagnetic transverse mode

Oblique Instability (OTSI)

Electrostatic oblique mode
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In the ultra-relativistic regime (0# ≫ 1), oblique modes dominate the interaction

A. Bret, L. Gremillet, and 
M. E. Dieckmann, Phys. 
Pla. 17, 120501 (2010). 
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Ø Finite bunch length (longitudinal):

Ø Finite beam size (transverse):

Finite beam effects in ultra relativistic beam-plasma instabilities

In accelerator facilities, particles beams have a finite spatial extent. 

Spatiotemporal dynamics*

Electron beam self-focusing

Unbounded system Finite beam

Simulated FACET-II-like beam 
propagating in uniform plasma 4
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*A. Bers, in Handbook of Plas. Phys., (North-Holland Physics Publishing, 1983): TSI

*V. B. Pathak,et. al., New J. Phys. 17, 043049 (2015): CFI 



Ø Finite bunch length (longitudinal):

Ø Finite beam size (transverse):

Finite beam effects in ultra relativistic beam-plasma instabilities

In accelerator facilities, particles beams have a finite spatial extent. 

Spatiotemporal dynamics

Electron beam self-focusing

Unbounded system

!"

Finite beam
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Simulated FACET-II-like beam 
propagating in uniform plasma 4



Spatiotemporal dynamics of ultra-relativistic beam-plasma instabilities

Analytical model: cold semi-inifinite beam in uniform 
plasma, (! = #$% − ', ) = % )

#$ Beam density

Simulated semi-inifinite beam showing OTSI spatiotemporal dynamics

Spatiotemporal coupling Envelope of plasma density perturbation

Oblique growthrate for unbounded system
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Spatiotemporal dynamics of ultra-relativistic beam-plasma instabilities

Anlytical model: cold semi-inifinite beam in uniform 
plasma, (! = #$% − ', ) = % )

#$ Beam density

Simulated semi-inifinite beam showing spatiotemporal dynamics

�np(⇠, ⌧)

/ cosh (�OTSI⌧) for ⌧  ⇠/vb

/ cosh (�OTSI⌧) for ⌧  ⇠/vb

Spatiotemporal evolution 

Temporal evolution

�np(⌧ = 0, ⇠) = �np(⌧, ⇠ = 0) = S

@⌧�np(⌧ = 0, ⇠) = @2
⌧ �np(⌧ = 0, ⇠) = 0

Initial conditions:

Spatiotemporal coupling Envelope of plasma density perturbation

Oblique growthrate for unbounded system
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Spatiotemporal dynamics of ultra-relativistic beam-plasma instabilities

Anlytical model: cold semi-inifinite beam in uniform 
plasma, (! = #$% − ', ) = % )

#$ Beam density
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Pic simulations show good agreement with the model 
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Spatiotemporal dynamics of ultra-relativistic beam-plasma instabilities

For finite length particle bunches such that                       
the instability is dominated by spatiotemporal growth

Ø Significant slow-down of the OTSI 
instability for short ultra-relativistic particle 
bunches 

�np(⇠, ⌧) / cosh (�OTSI⌧) for ⌧  ⇠/vb
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Finite transverse beam-size: transverse wakefields vs. instability

Ø Beam self-focusing from plasma wakefields
excited by finite-size, nonneutral beams can
quench the instability.

Ø Such inhibition occurs if the betatron 
frequency*

gets larger than the effective 
(spatiotemporal) OTSI growth rate

Ø For a given beam charge, increasing plasma 
density density favors the instability. 
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‣ Results relevant to design and interpret future accelerator experiments on ultrarelativistic beam-plasma 
instabilities.

Summary and Overview

‣ The finite extent of particle beams from accelerators has an impact on the dynamics of the instability

‣ Spatiotemporal effects lead to a significantly slower evolution of the instability.

‣ Competition with self-focusing dynamics can quench the instability.



‣ Results relevant to design and interpret future accelerator experiments on ultrarelativistic beam-plasma 
instabilities.

Summary and Overview

‣ The finite extent of particle beams from accelerators has an impact on the dynamics of the instability

‣ Spatiotemporal effects lead to a significantly slower evolution of the instability.

‣ Competition with self-focusing dynamics can quench the instability.
Ongoing experimental campaign: see A. Knetsch talk .
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Thank you for your attention
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Finite transverse beam-size: transverse wakefields vs. instability

nb = 1⇥ 1019 cm�3
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<latexit sha1_base64="Y+ZAd87wGAT60cHGZn45EOD1ORk=">AAACIHicbVDLSgMxFM34rPVVdelmsApuLDOtoAhC0Y3LCvYBnbZk0rQNTTJDckcow/yAn+EXuNUvcCcude9/mLazsK0HAodz7uXcHD/kTIPjfFlLyyura+uZjezm1vbObm5vv6aDSBFaJQEPVMPHmnImaRUYcNoIFcXC57TuD2/Hfv2RKs0C+QCjkLYE7kvWYwSDkTq5Y9nxr0seMEG167TjopN4V57AMFAiJiJpx2elpJPLOwVnAnuRuCnJoxSVTu7H6wYkElQC4VjrpuuE0IqxAkY4TbJepGmIyRD3adNQiU16K578JrFPjNK1e4EyT4I9Uf9uxFhoPRK+mRzfqee9sfif14ygd9mKmQwjoJJMg3oRtyGwx9XYXaYoAT4yBBPFzK02GWCFCZgCZ1KoZhKSrOnFnW9hkdSKBdfw+/N8+SZtKIMO0RE6RS66QGV0hyqoigh6Qi/oFb1Zz9a79WF9TkeXrHTnAM3A+v4F9UKjTg==</latexit><latexit sha1_base64="Y+ZAd87wGAT60cHGZn45EOD1ORk=">AAACIHicbVDLSgMxFM34rPVVdelmsApuLDOtoAhC0Y3LCvYBnbZk0rQNTTJDckcow/yAn+EXuNUvcCcude9/mLazsK0HAodz7uXcHD/kTIPjfFlLyyura+uZjezm1vbObm5vv6aDSBFaJQEPVMPHmnImaRUYcNoIFcXC57TuD2/Hfv2RKs0C+QCjkLYE7kvWYwSDkTq5Y9nxr0seMEG167TjopN4V57AMFAiJiJpx2elpJPLOwVnAnuRuCnJoxSVTu7H6wYkElQC4VjrpuuE0IqxAkY4TbJepGmIyRD3adNQiU16K578JrFPjNK1e4EyT4I9Uf9uxFhoPRK+mRzfqee9sfif14ygd9mKmQwjoJJMg3oRtyGwx9XYXaYoAT4yBBPFzK02GWCFCZgCZ1KoZhKSrOnFnW9hkdSKBdfw+/N8+SZtKIMO0RE6RS66QGV0hyqoigh6Qi/oFb1Zz9a79WF9TkeXrHTnAM3A+v4F9UKjTg==</latexit><latexit sha1_base64="Y+ZAd87wGAT60cHGZn45EOD1ORk=">AAACIHicbVDLSgMxFM34rPVVdelmsApuLDOtoAhC0Y3LCvYBnbZk0rQNTTJDckcow/yAn+EXuNUvcCcude9/mLazsK0HAodz7uXcHD/kTIPjfFlLyyura+uZjezm1vbObm5vv6aDSBFaJQEPVMPHmnImaRUYcNoIFcXC57TuD2/Hfv2RKs0C+QCjkLYE7kvWYwSDkTq5Y9nxr0seMEG167TjopN4V57AMFAiJiJpx2elpJPLOwVnAnuRuCnJoxSVTu7H6wYkElQC4VjrpuuE0IqxAkY4TbJepGmIyRD3adNQiU16K578JrFPjNK1e4EyT4I9Uf9uxFhoPRK+mRzfqee9sfif14ygd9mKmQwjoJJMg3oRtyGwx9XYXaYoAT4yBBPFzK02GWCFCZgCZ1KoZhKSrOnFnW9hkdSKBdfw+/N8+SZtKIMO0RE6RS66QGV0hyqoigh6Qi/oFb1Zz9a79WF9TkeXrHTnAM3A+v4F9UKjTg==</latexit><latexit sha1_base64="7jQX9dpGAbCmG6FxaXQg+cJ1mAY=">AAAB7HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwf5AO5RM5rYNzWSG5I5Qhr6AW5/AnfhGPoDvYfqzsK0HAh/nJNybE+dKWgqCb6+yt39weFQ99k9q/unZeb3WsVlhBLZFpjLTi7lFJTW2SZLCXm6Qp7HCbjx9XOTdVzRWZvqFZjlGKR9rOZKCk7Naw3ojaAZLsV0I19CAtYb1n0GSiSJFTUJxa/thkFNUckNSKJz7g8JizsWUj7HvUPMUbVQu15yza+ckbJQZdzSxpfv3RclTa2dp7G6mnCZ2O1uY/2X9gkb3USl1XhBqsRo0KhSjjC3+zBJpUJCaOeDCSLcrExNuuCDXzMYUtFLT3He1hNsl7ELnthk6fg6gCpdwBTcQwh08wBO0oA0CEniDd6/0PrzPVX0Vb93jBWzI+/oFKLmSMQ==</latexit><latexit sha1_base64="R6vtjbhwEoGPB/cFQ5QXLRZj5qY=">AAACFXicbZDNSgMxFIXv+G+tOrp1M/gDbpSZulAEQXDjsoLVQmdaMmnahiaZIbkjlGFewMfwCdzqE7gTlz6A72Gm7UKtFwIf5yScmxOnghv0/U9nbn5hcWl5ZbWyVl3f2HS3qncmyTRlDZqIRDdjYpjgijWQo2DNVDMiY8Hu4+FV6d8/MG14om5xlLJIkr7iPU4JWqnj7qtOfHESIpfMBH47r/lFeB5KggMtcyqLdn50UnTcPf/YH483C8EU9mA69Y77FXYTmkmmkApiTCvwU4xyopFTwYpKmBmWEjokfdayqIhNj/LxbwrvwCpdr5doexR6Y/Xni5xIY0YytjfLPc1frxT/81oZ9s6inKs0Q6boJKiXCQ8Tr6zG63LNKIqRBUI1t7t6dEA0oWgL/JXCDFdYVGwvwd8WZuGudhxYvvFhBXZgFw4hgFO4hGuoQwMoPMIzvMCr8+S8Oe+TBuecaZXb8Gucj2/ya6HD</latexit><latexit sha1_base64="R6vtjbhwEoGPB/cFQ5QXLRZj5qY=">AAACFXicbZDNSgMxFIXv+G+tOrp1M/gDbpSZulAEQXDjsoLVQmdaMmnahiaZIbkjlGFewMfwCdzqE7gTlz6A72Gm7UKtFwIf5yScmxOnghv0/U9nbn5hcWl5ZbWyVl3f2HS3qncmyTRlDZqIRDdjYpjgijWQo2DNVDMiY8Hu4+FV6d8/MG14om5xlLJIkr7iPU4JWqnj7qtOfHESIpfMBH47r/lFeB5KggMtcyqLdn50UnTcPf/YH483C8EU9mA69Y77FXYTmkmmkApiTCvwU4xyopFTwYpKmBmWEjokfdayqIhNj/LxbwrvwCpdr5doexR6Y/Xni5xIY0YytjfLPc1frxT/81oZ9s6inKs0Q6boJKiXCQ8Tr6zG63LNKIqRBUI1t7t6dEA0oWgL/JXCDFdYVGwvwd8WZuGudhxYvvFhBXZgFw4hgFO4hGuoQwMoPMIzvMCr8+S8Oe+TBuecaZXb8Gucj2/ya6HD</latexit><latexit sha1_base64="AzfVU2usw2SfX+ZNylzEr64YqCQ=">AAACIHicbVDLSgMxFM3UV62vqks3g1VwY5lpF4ogFN24rGAf0GlLJk3b0CQzJHeEMswP+Bl+gVv9AnfiUvf+h5m2C9t6IHA4517OzfFDzjQ4zpeVWVldW9/Ibua2tnd29/L7B3UdRIrQGgl4oJo+1pQzSWvAgNNmqCgWPqcNf3Sb+o1HqjQL5AOMQ9oWeCBZnxEMRurmT2TXvy57wATVrtOJS07iXXkCw1CJmIikE5+Xk26+4BSdCexl4s5IAc1Q7eZ/vF5AIkElEI61brlOCO0YK2CE0yTnRZqGmIzwgLYMldikt+PJbxL71Cg9ux8o8yTYE/XvRoyF1mPhm8n0Tr3opeJ/XiuC/mU7ZjKMgEoyDepH3IbATquxe0xRAnxsCCaKmVttMsQKEzAFzqVQzSQkOdOLu9jCMqmXiq7h906hcjNrKIuO0DE6Qy66QBV0h6qohgh6Qi/oFb1Zz9a79WF9Tkcz1mznEM3B+v4F9AKjSg==</latexit><latexit sha1_base64="Y+ZAd87wGAT60cHGZn45EOD1ORk=">AAACIHicbVDLSgMxFM34rPVVdelmsApuLDOtoAhC0Y3LCvYBnbZk0rQNTTJDckcow/yAn+EXuNUvcCcude9/mLazsK0HAodz7uXcHD/kTIPjfFlLyyura+uZjezm1vbObm5vv6aDSBFaJQEPVMPHmnImaRUYcNoIFcXC57TuD2/Hfv2RKs0C+QCjkLYE7kvWYwSDkTq5Y9nxr0seMEG167TjopN4V57AMFAiJiJpx2elpJPLOwVnAnuRuCnJoxSVTu7H6wYkElQC4VjrpuuE0IqxAkY4TbJepGmIyRD3adNQiU16K578JrFPjNK1e4EyT4I9Uf9uxFhoPRK+mRzfqee9sfif14ygd9mKmQwjoJJMg3oRtyGwx9XYXaYoAT4yBBPFzK02GWCFCZgCZ1KoZhKSrOnFnW9hkdSKBdfw+/N8+SZtKIMO0RE6RS66QGV0hyqoigh6Qi/oFb1Zz9a79WF9TkeXrHTnAM3A+v4F9UKjTg==</latexit><latexit sha1_base64="Y+ZAd87wGAT60cHGZn45EOD1ORk=">AAACIHicbVDLSgMxFM34rPVVdelmsApuLDOtoAhC0Y3LCvYBnbZk0rQNTTJDckcow/yAn+EXuNUvcCcude9/mLazsK0HAodz7uXcHD/kTIPjfFlLyyura+uZjezm1vbObm5vv6aDSBFaJQEPVMPHmnImaRUYcNoIFcXC57TuD2/Hfv2RKs0C+QCjkLYE7kvWYwSDkTq5Y9nxr0seMEG167TjopN4V57AMFAiJiJpx2elpJPLOwVnAnuRuCnJoxSVTu7H6wYkElQC4VjrpuuE0IqxAkY4TbJepGmIyRD3adNQiU16K578JrFPjNK1e4EyT4I9Uf9uxFhoPRK+mRzfqee9sfif14ygd9mKmQwjoJJMg3oRtyGwx9XYXaYoAT4yBBPFzK02GWCFCZgCZ1KoZhKSrOnFnW9hkdSKBdfw+/N8+SZtKIMO0RE6RS66QGV0hyqoigh6Qi/oFb1Zz9a79WF9TkeXrHTnAM3A+v4F9UKjTg==</latexit><latexit sha1_base64="Y+ZAd87wGAT60cHGZn45EOD1ORk=">AAACIHicbVDLSgMxFM34rPVVdelmsApuLDOtoAhC0Y3LCvYBnbZk0rQNTTJDckcow/yAn+EXuNUvcCcude9/mLazsK0HAodz7uXcHD/kTIPjfFlLyyura+uZjezm1vbObm5vv6aDSBFaJQEPVMPHmnImaRUYcNoIFcXC57TuD2/Hfv2RKs0C+QCjkLYE7kvWYwSDkTq5Y9nxr0seMEG167TjopN4V57AMFAiJiJpx2elpJPLOwVnAnuRuCnJoxSVTu7H6wYkElQC4VjrpuuE0IqxAkY4TbJepGmIyRD3adNQiU16K578JrFPjNK1e4EyT4I9Uf9uxFhoPRK+mRzfqee9sfif14ygd9mKmQwjoJJMg3oRtyGwx9XYXaYoAT4yBBPFzK02GWCFCZgCZ1KoZhKSrOnFnW9hkdSKBdfw+/N8+SZtKIMO0RE6RS66QGV0hyqoigh6Qi/oFb1Zz9a79WF9TkeXrHTnAM3A+v4F9UKjTg==</latexit><latexit sha1_base64="Y+ZAd87wGAT60cHGZn45EOD1ORk=">AAACIHicbVDLSgMxFM34rPVVdelmsApuLDOtoAhC0Y3LCvYBnbZk0rQNTTJDckcow/yAn+EXuNUvcCcude9/mLazsK0HAodz7uXcHD/kTIPjfFlLyyura+uZjezm1vbObm5vv6aDSBFaJQEPVMPHmnImaRUYcNoIFcXC57TuD2/Hfv2RKs0C+QCjkLYE7kvWYwSDkTq5Y9nxr0seMEG167TjopN4V57AMFAiJiJpx2elpJPLOwVnAnuRuCnJoxSVTu7H6wYkElQC4VjrpuuE0IqxAkY4TbJepGmIyRD3adNQiU16K578JrFPjNK1e4EyT4I9Uf9uxFhoPRK+mRzfqee9sfif14ygd9mKmQwjoJJMg3oRtyGwx9XYXaYoAT4yBBPFzK02GWCFCZgCZ1KoZhKSrOnFnW9hkdSKBdfw+/N8+SZtKIMO0RE6RS66QGV0hyqoigh6Qi/oFb1Zz9a79WF9TkeXrHTnAM3A+v4F9UKjTg==</latexit><latexit sha1_base64="Y+ZAd87wGAT60cHGZn45EOD1ORk=">AAACIHicbVDLSgMxFM34rPVVdelmsApuLDOtoAhC0Y3LCvYBnbZk0rQNTTJDckcow/yAn+EXuNUvcCcude9/mLazsK0HAodz7uXcHD/kTIPjfFlLyyura+uZjezm1vbObm5vv6aDSBFaJQEPVMPHmnImaRUYcNoIFcXC57TuD2/Hfv2RKs0C+QCjkLYE7kvWYwSDkTq5Y9nxr0seMEG167TjopN4V57AMFAiJiJpx2elpJPLOwVnAnuRuCnJoxSVTu7H6wYkElQC4VjrpuuE0IqxAkY4TbJepGmIyRD3adNQiU16K578JrFPjNK1e4EyT4I9Uf9uxFhoPRK+mRzfqee9sfif14ygd9mKmQwjoJJMg3oRtyGwx9XYXaYoAT4yBBPFzK02GWCFCZgCZ1KoZhKSrOnFnW9hkdSKBdfw+/N8+SZtKIMO0RE6RS66QGV0hyqoigh6Qi/oFb1Zz9a79WF9TkeXrHTnAM3A+v4F9UKjTg==</latexit><latexit sha1_base64="Y+ZAd87wGAT60cHGZn45EOD1ORk=">AAACIHicbVDLSgMxFM34rPVVdelmsApuLDOtoAhC0Y3LCvYBnbZk0rQNTTJDckcow/yAn+EXuNUvcCcude9/mLazsK0HAodz7uXcHD/kTIPjfFlLyyura+uZjezm1vbObm5vv6aDSBFaJQEPVMPHmnImaRUYcNoIFcXC57TuD2/Hfv2RKs0C+QCjkLYE7kvWYwSDkTq5Y9nxr0seMEG167TjopN4V57AMFAiJiJpx2elpJPLOwVnAnuRuCnJoxSVTu7H6wYkElQC4VjrpuuE0IqxAkY4TbJepGmIyRD3adNQiU16K578JrFPjNK1e4EyT4I9Uf9uxFhoPRK+mRzfqee9sfif14ygd9mKmQwjoJJMg3oRtyGwx9XYXaYoAT4yBBPFzK02GWCFCZgCZ1KoZhKSrOnFnW9hkdSKBdfw+/N8+SZtKIMO0RE6RS66QGV0hyqoigh6Qi/oFb1Zz9a79WF9TkeXrHTnAM3A+v4F9UKjTg==</latexit>
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