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Magnetic pipes can guide electrons to fast-ignition hot spot

NOTE: talk essentially same as my Anomalous Absorption 2012 talk

Fast electron source:
— too energetic to stop in DT hot spot
— large angular divergence

Ceci nest pas une fufie.

Imposed axial magnetic field ~50 MG overcomes divergence
— Magnetic mirroring: increasing field reflects electrons back to source
— Magnetic pipe: hollow field inside beam radius — prevents mirroring

*R. Magritte

Azimuthal pipe better than axial pipe, if sign right:
— Agrees with expectation from orbits

Sign of axial pipe matters!
* Not based on orbits, or resistive Ohm’s law E =1 J .,
* Non-resistive terms in Ohm’s law gives different field evolution

D Strozzi, M Tabak, D Larson, L Divol, A Kemp, C Bellei, M Marinak, M Key
Phys. Plasmas 2012
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Fast ignition modeling at LLNL: vintage 2012

Explicit PIC for short-pulse laser-plasma

Rad-hydro: fuel assembly in hohlraum,
interaction: A. J. Kemp, L. Divol

around cone: H. D. Shay, M. Tabak, D. Ho

vacuum i »
S SR
e i T
LR e .“,N\\
N - S I
,,QC/——» il i 9
g DT
e
_NmA\g.j::\ |
) . 2 T G
laser intensity A C W T

Transport modeling .
Zuma (hybrid-PIC): fast electrons, E/B fields This talk

coupled to Hydra: rad-hydro, burn, radiation
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Zuma: D. J. Larson: Hybrid PIC code for fast electron transport in
collisional plasmas

* Jreturn = —Jrast T MElV X B + 60925

Electric field from Ohm’s law = massless background e- momentum eq:

RZ cylindrical (this talk) or 3D Cartesian geometries

. : : : -1
Reduced dynamics: no light, Langmuir waves: ® << ®p¢, ®ppeer K << Kjggers A pepye
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ﬁ,ﬁfrom Lee-More-Desjarlais and Epperlein-Haines

Resistive Ohm’s law: E = nfretum

Relativistic fast electron advance: F = —e(ﬁ + U X §)

Fast e- energy loss, angular scatter [Solodov, Davies]

]return ) EC

collisional heating

Faraday

Full Ohm’s law results differ
from E = n*‘jreturn

Nicolai et al., APS DPP 2010, Phys Rev E 2011
Strozzi et al., EP) Web Conf. 2013, IFSA 2011
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Hybrid PIC code Zuma coupled to rad-hydro code Hydra
(M. M. Marinak, D. J. Larson, L. Divol)

* This talk:
* both codes in R-Z geometry, fixed Eulerian meshes
* 20 ps transport (Zuma + Hydra), then 180 ps burn (just Hydra)

coupling step
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1: plasma conditions to Zuma energy/momentum deposition rates
(densities, temperatures) &Y P

Zuma stepsw
2uma ¥ L L1
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Electron spectra from PSC full-PIC sims (A. J. Kemp, L. Divol)

Energy spectrum
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Idealized high-gain target: carbon cone, ideal ignition energy of 8.7 kJ
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Ideal e- ignition energy [Atzeni et al., PoP 2007]:
e 2D rad-hydro, no cone, cylindrical beam heat source

Ei, =140kl / (p/100 g/cc)l8>
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* 527 nm (2w) wavelength laser: lowers T, 4~ A
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Fast electron coupling helped by axial B field, hurt by mirroring,
mitigated by hollow magnetic pipe

lon pressure fast e- current

(a) DQ10 ;

Small source angular spread

Realistic angular spread
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Uniform 50 MG axial field to Z=100 um

0-50 MG ramped field: mirroring
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0-50 MG magnetic pipe: mirroring reduced

FIG. 6. lon pressure (left) and fast electron current density |.a?ru,,.l| (right) at
time 10 ps (middle of fast electron time pulse) for cases, from top to bottom:
DQ10, DQY0, BZ50, BZ0-50, and BZ50pipe. All cases have Epy = 158
kJ, except DQ90 has Ep,y = 317 kJ.
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Ignition energy 15x ideal value with collimated electron source

ideal ignition energy
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Realistic divergence greatly increases ignition energy;
axial magnetic field 30-50 MG mitigates divergence
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* Omega implosion experiments: compressed 50 kG seed field to:
30-40 MG (cylindricalt), 20 MG (spherical?)
e Rad-hydro-MHD studies of B field compression have begun: H. D. Shay, M. Tabak

1J. P. Knauer, Phys. Plasmas 2010
2P, Y. Chang et al., Phys. Rev. Lett. 2011

DJS: HED 2017 p. 10



Axial magnetic field that increases in z leads to mirror force,

fast electrons

reflects
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Mirroring reduces effectiveness of axial guide field

B; [MG]
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Magnetic pipe: hollow inside spot radius, avoids mirroring
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Magnetic pipes: sign and direction (axial vs. azimuthal) matters
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* Sofarl've used B, >0, the wrong sign — sorry!

Fast electrons self-generate azimuthal field in radial resistivity gradient:
Robinson and Sherlock, Phys. Plasmas 2007

* Courtesy C. Bellei
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Orbits of electrons in magnetic pipe fields

Axial field B, Azimuthal field B,
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Orbits explain performance of B, signs, and B, vs B, — but not role of sign(B,)

Cartesian geometry: (r,0,z) = (x,y,2) DJS: HED 2017 p. 15



Magnetic pipes in simplified, uniform plasma

Zuma runs, no Hydra, no cone or dense fuel

Bz [MG], t[ps] =2
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Next page: delivered power = rate energy exits at right, r < 20
um, at most 1.3 MeV per electron (™~ stopping in hot spot)

DJS: HED 2017 p. 16



Full Ohm’s law gives different confinement based on sign(B,):

power at right edge [GW]

Delivered power = rate energy exits at right, r < 20 um, at most
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coupling drops:
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ordering unchanged

1.3 MeV per electron (™~ stopping in hot spot)

E = full Ohm’s law
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B, < 0 better than B, > 0!
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Full Ohm’s law: magnetic fields evolve differently than with

E= nJ.m @nd for each sign (B,)
E =NJeturn E = full Ohm’s law
B,>0
+B, plotted
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Is fast ignition a pipe dream? 1000 rreetrens st Lirn e L

B,, = 50 MG pipe
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D. J. Strozzi et al., Phys. Plasmas 2012; IFSA 2011 proceeding
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BACKUP BELOW
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FIG. 1. Electron density at time 360 fs in the PSC run used to characterize e=E /T

the fast electron source. The white box indicates the extraction box, and the p

black box indicates the source box in the hybrid-implicit LSP run. The laser

was incident from z = 0 with a vacuum focus at z = 10 um. FIG. 2. Average velocity-space polar angle vs. electron kinetic energy in
the extraction box for the PSC full-PIC (solid black) and LSP implicit-PIC
(solid red) runs. The classical ejection angle 0, from Eq. (2) is plotted in
dashed blue.
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