
 Reduced models of runaway 
electrons in NIMROD 

Ge Wang    C.R.Sovinec 
 

Center for plasma theory & computation, 
 University of Wisconsin at Madison, WI 

1 



Content of the research 

•  Reduced models of runaway electron
1.  w/o source term: dynamic scale is much faster than the runaway 

generation;
2.  w/ source term:  the self-consistent initial value simulation.
 

•  The least-squares finite element method and the implicit 
scheme is used to solve the reduced model of runaways , 
which is shown to release the CFL time step constraint; 

•  Additional iterations  at each time step are applied on the 
reduced model with the nonlinear source terms. 
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Typical disruption (JET) 

The increasing electric field 
during the current quench 
generates runaways 

The runaway current 
becomes dominant at post-
disruption plasma. 
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Runaway electron generation is an important 
phenomenon of disruptions 
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The model 
Consider, for example, the “killer-pellet” thermal quench (TQ)

1. Maxwellian pre-quench electrons (n0, T0) with Spitzer correction (j0)
2. Pellet delivers cold ions and ncold > n0 after ionization
3. The timescales for collisions are:

4. Kinetic equation for the hot electrons

1. The current density is constant during the TQ. The electric field evolves
accordingly.

1. σcold is determined by hot population energy release and line-radiation
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Runaway electron avalanche: 

Electrons are accelerated! 

Current quench: 
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MHD instability 
(tearing mode, 
kink mode, 
fishbone….) and 
whistler waves  
driven by 
runaway current  
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Previous work has investigated linear resistive 
MHD instabilities with runaway electrons 

•  The post-disruption runaway current profile could be more strongly peaked 
in the center of the discharge than the pre-disruption current. Plasmas with 
steep current profiles can be prone to tearing-mode instability. (P.Helander, 
et.al. Phys.Plasma 14, 122102(2007)) 

 
•  Such a peaked runaway current can also drive other resistive 

magnetohydrodynamic instabilities in the plasma with high resistivity. 
H.S.Cai et.al. investigated the resistive internal kink mode in a tokamak 
plasma with runaway current using M3D. (H.S.Cai and G.Y.Fu, Nucl. Fusion, 
55 022001(2015)) 

Numerical difficulty: a small time step is often used to push the relativistic runaway 
electrons, which causes the expensive nonlinear simulations of the MHD modes. 

Runaways can drive or suppress MHD instabilities during the current quench 
phase, which in turn may improve or deteriorate the confinement.  
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Energetic particle component and 
runaway electron are essential different 

•  In the hybrid model, energetic particles treat as a perturbative 
component; but the runaway electrons become dominant 
during the current quench; 

•  Relativistic speed of runaway electrons disables the kinetic 
resonance with the low frequency MHD modes. So the kinetic 
effect in the momentum space is not essentially important for 
the runaways; 

•  During the current quench, parallel electric field can not be 
ignored even in the study of  the interaction with the low 
frequency modes. 
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Several approximations are appropriate for the 
RE reduced model   

•  Runaway electrons are collisionless and the inertia of runaway electrons is 
neglected; 

•  Runaway electrons are highly relativistic and their velocities are mainly 
parallel to the magnetic field as the passing particles; 

 

•  The time scale of MHD instabilities of the post-disruption plasma is much 
shorter than that of runaway electron, so the generation source of runaway 
electrons is not considered to study the instability. 	However, the equilibrium 
distribution of runaways is difficult to calculate, so we take the account of  
the source and sink terms for modeling discharge evolution; 

•  The energy variation of the runaway electrons is ignored in the studying of a 
low frequency MHD modes. 
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The RE drift-kinetic equation is the basis for a 
fluid model 

Hazeltine’s drift kinetic equation with a low frequency MHD mode: 
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the electron drift due to the changing of the 
direction of the magnetic field, which is missed in 
previous work.  
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The reduced RE drift kinetic equation is being 
implemented in NIMROD  

•  Apply our model approximations on Hazeltine’s drift kinetic equation with 
the low frequency MHD mode: 

 
 
 
where, E is the total guiding center energy: 
 
 
A reduced model of runaway electron density: 
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<latexit sha1_base64="YPFBEscs5+ha/2qONNJSS40oZ18=">AAACC3icbVDNSsNAGPxS/2r9q3r0slgETyURQb0VRPBYwdhCE8pmu2mXbjZhdyOUkAfw4qt48aDi1Rfw5tu4aQNq68DCMDPf7n4TJJwpbdtfVmVpeWV1rbpe29jc2t6p7+7dqTiVhLok5rHsBlhRzgR1NdOcdhNJcRRw2gnGl4XfuadSsVjc6klC/QgPBQsZwdpI/XrDCyUmmZdgqRnmKMx/+FXuKRYh26Tspj0FWiROSRpQot2vf3qDmKQRFZpwrFTPsRPtZ8W1hNO85qWKJpiM8ZD2DBU4osrPpsvk6MgoAxTG0hyh0VT9PZHhSKlJFJhkhPVIzXuF+J/XS3V47mdMJKmmgsweClOOdIyKZtCASUo0nxiCiWTmr4iMsGlHm/5qpgRnfuVF4p40L5rOzWmjdVq2UYUDOIRjcOAMWnANbXCBwAM8wQu8Wo/Ws/Vmvc+iFauc2Yc/sD6+ARz4myk=</latexit><latexit sha1_base64="YPFBEscs5+ha/2qONNJSS40oZ18=">AAACC3icbVDNSsNAGPxS/2r9q3r0slgETyURQb0VRPBYwdhCE8pmu2mXbjZhdyOUkAfw4qt48aDi1Rfw5tu4aQNq68DCMDPf7n4TJJwpbdtfVmVpeWV1rbpe29jc2t6p7+7dqTiVhLok5rHsBlhRzgR1NdOcdhNJcRRw2gnGl4XfuadSsVjc6klC/QgPBQsZwdpI/XrDCyUmmZdgqRnmKMx/+FXuKRYh26Tspj0FWiROSRpQot2vf3qDmKQRFZpwrFTPsRPtZ8W1hNO85qWKJpiM8ZD2DBU4osrPpsvk6MgoAxTG0hyh0VT9PZHhSKlJFJhkhPVIzXuF+J/XS3V47mdMJKmmgsweClOOdIyKZtCASUo0nxiCiWTmr4iMsGlHm/5qpgRnfuVF4p40L5rOzWmjdVq2UYUDOIRjcOAMWnANbXCBwAM8wQu8Wo/Ws/Vmvc+iFauc2Yc/sD6+ARz4myk=</latexit><latexit sha1_base64="YPFBEscs5+ha/2qONNJSS40oZ18=">AAACC3icbVDNSsNAGPxS/2r9q3r0slgETyURQb0VRPBYwdhCE8pmu2mXbjZhdyOUkAfw4qt48aDi1Rfw5tu4aQNq68DCMDPf7n4TJJwpbdtfVmVpeWV1rbpe29jc2t6p7+7dqTiVhLok5rHsBlhRzgR1NdOcdhNJcRRw2gnGl4XfuadSsVjc6klC/QgPBQsZwdpI/XrDCyUmmZdgqRnmKMx/+FXuKRYh26Tspj0FWiROSRpQot2vf3qDmKQRFZpwrFTPsRPtZ8W1hNO85qWKJpiM8ZD2DBU4osrPpsvk6MgoAxTG0hyh0VT9PZHhSKlJFJhkhPVIzXuF+J/XS3V47mdMJKmmgsweClOOdIyKZtCASUo0nxiCiWTmr4iMsGlHm/5qpgRnfuVF4p40L5rOzWmjdVq2UYUDOIRjcOAMWnANbXCBwAM8wQu8Wo/Ws/Vmvc+iFauc2Yc/sD6+ARz4myk=</latexit><latexit sha1_base64="YPFBEscs5+ha/2qONNJSS40oZ18=">AAACC3icbVDNSsNAGPxS/2r9q3r0slgETyURQb0VRPBYwdhCE8pmu2mXbjZhdyOUkAfw4qt48aDi1Rfw5tu4aQNq68DCMDPf7n4TJJwpbdtfVmVpeWV1rbpe29jc2t6p7+7dqTiVhLok5rHsBlhRzgR1NdOcdhNJcRRw2gnGl4XfuadSsVjc6klC/QgPBQsZwdpI/XrDCyUmmZdgqRnmKMx/+FXuKRYh26Tspj0FWiROSRpQot2vf3qDmKQRFZpwrFTPsRPtZ8W1hNO85qWKJpiM8ZD2DBU4osrPpsvk6MgoAxTG0hyh0VT9PZHhSKlJFJhkhPVIzXuF+J/XS3V47mdMJKmmgsweClOOdIyKZtCASUo0nxiCiWTmr4iMsGlHm/5qpgRnfuVF4p40L5rOzWmjdVq2UYUDOIRjcOAMWnANbXCBwAM8wQu8Wo/Ws/Vmvc+iFauc2Yc/sD6+ARz4myk=</latexit>

E =
mev2k
2

+ e�+ µB
<latexit sha1_base64="Bi+wWQxwnQrEdzrvGqZwAHsukF0=">AAACEHicbVBNS8NAEN3Ur1q/qh69LBahUChJKagHoSiCxwrWFpoaNttJu3Q3CbubQgn9C178K148qHj16M1/4/bjoK0PBh7vzTAzz485U9q2v63Myura+kZ2M7e1vbO7l98/uFdRIik0aMQj2fKJAs5CaGimObRiCUT4HJr+4GriN4cgFYvCOz2KoSNIL2QBo0QbycsXry/cQBKaCg+GnhsTSTgH/lAZp5VxCdx6n5VckeBLL1+wy/YUeJk4c1JAc9S9/JfbjWgiINSUE6Xajh3rTkqkZpTDOOcmCmJCB6QHbUNDIkB10ulHY3xilC4OImkq1Hiq/p5IiVBqJHzTKYjuq0VvIv7ntRMdnHVSFsaJhpDOFgUJxzrCk3hwl0mgmo8MIVQycyumfRMK1SbEnAnBWXx5mTQq5fOyc1st1KrzNLLoCB2jInLQKaqhG1RHDUTRI3pGr+jNerJerHfrY9aaseYzh+gPrM8fHGGctA==</latexit><latexit sha1_base64="Bi+wWQxwnQrEdzrvGqZwAHsukF0=">AAACEHicbVBNS8NAEN3Ur1q/qh69LBahUChJKagHoSiCxwrWFpoaNttJu3Q3CbubQgn9C178K148qHj16M1/4/bjoK0PBh7vzTAzz485U9q2v63Myura+kZ2M7e1vbO7l98/uFdRIik0aMQj2fKJAs5CaGimObRiCUT4HJr+4GriN4cgFYvCOz2KoSNIL2QBo0QbycsXry/cQBKaCg+GnhsTSTgH/lAZp5VxCdx6n5VckeBLL1+wy/YUeJk4c1JAc9S9/JfbjWgiINSUE6Xajh3rTkqkZpTDOOcmCmJCB6QHbUNDIkB10ulHY3xilC4OImkq1Hiq/p5IiVBqJHzTKYjuq0VvIv7ntRMdnHVSFsaJhpDOFgUJxzrCk3hwl0mgmo8MIVQycyumfRMK1SbEnAnBWXx5mTQq5fOyc1st1KrzNLLoCB2jInLQKaqhG1RHDUTRI3pGr+jNerJerHfrY9aaseYzh+gPrM8fHGGctA==</latexit><latexit sha1_base64="Bi+wWQxwnQrEdzrvGqZwAHsukF0=">AAACEHicbVBNS8NAEN3Ur1q/qh69LBahUChJKagHoSiCxwrWFpoaNttJu3Q3CbubQgn9C178K148qHj16M1/4/bjoK0PBh7vzTAzz485U9q2v63Myura+kZ2M7e1vbO7l98/uFdRIik0aMQj2fKJAs5CaGimObRiCUT4HJr+4GriN4cgFYvCOz2KoSNIL2QBo0QbycsXry/cQBKaCg+GnhsTSTgH/lAZp5VxCdx6n5VckeBLL1+wy/YUeJk4c1JAc9S9/JfbjWgiINSUE6Xajh3rTkqkZpTDOOcmCmJCB6QHbUNDIkB10ulHY3xilC4OImkq1Hiq/p5IiVBqJHzTKYjuq0VvIv7ntRMdnHVSFsaJhpDOFgUJxzrCk3hwl0mgmo8MIVQycyumfRMK1SbEnAnBWXx5mTQq5fOyc1st1KrzNLLoCB2jInLQKaqhG1RHDUTRI3pGr+jNerJerHfrY9aaseYzh+gPrM8fHGGctA==</latexit><latexit sha1_base64="Bi+wWQxwnQrEdzrvGqZwAHsukF0=">AAACEHicbVBNS8NAEN3Ur1q/qh69LBahUChJKagHoSiCxwrWFpoaNttJu3Q3CbubQgn9C178K148qHj16M1/4/bjoK0PBh7vzTAzz485U9q2v63Myura+kZ2M7e1vbO7l98/uFdRIik0aMQj2fKJAs5CaGimObRiCUT4HJr+4GriN4cgFYvCOz2KoSNIL2QBo0QbycsXry/cQBKaCg+GnhsTSTgH/lAZp5VxCdx6n5VckeBLL1+wy/YUeJk4c1JAc9S9/JfbjWgiINSUE6Xajh3rTkqkZpTDOOcmCmJCB6QHbUNDIkB10ulHY3xilC4OImkq1Hiq/p5IiVBqJHzTKYjuq0VvIv7ntRMdnHVSFsaJhpDOFgUJxzrCk3hwl0mgmo8MIVQycyumfRMK1SbEnAnBWXx5mTQq5fOyc1st1KrzNLLoCB2jInLQKaqhG1RHDUTRI3pGr+jNerJerHfrY9aaseYzh+gPrM8fHGGctA==</latexit>

ignore the gradient drift of REs collisionless constant energy constant   vk
<latexit sha1_base64="6z/fPZZfDVIUoW0YclFJE7NZkZ0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSRSUG8FLx4rGFtoQ9lsJ+3SzW7YnRRK6M/w4kHFq//Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O6WNza3tnfJuZW//4PCoenzyZFSmGQRMCaU7ETUguIQAOQropBpoEgloR+O7ud+egDZcyUecphAmdCh5zBlFK3Un/V5KNRUCRL9a8+reAu468QtSIwVa/epXb6BYloBEJqgxXd9LMcypRs4EzCq9zEBK2ZgOoWuppAmYMF+cPHMvrDJwY6VtSXQX6u+JnCbGTJPIdiYUR2bVm4v/ed0M45sw5zLNECRbLooz4aJy5/+7A66BoZhaQpnm9laXjWwEDG1KFRuCv/ryOgmu6rd1/6FRazaKNMrkjJyTS+KTa9Ik96RFAsKIIs/klbw56Lw4787HsrXkFDOn5A+czx/thJEs</latexit><latexit sha1_base64="6z/fPZZfDVIUoW0YclFJE7NZkZ0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSRSUG8FLx4rGFtoQ9lsJ+3SzW7YnRRK6M/w4kHFq//Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O6WNza3tnfJuZW//4PCoenzyZFSmGQRMCaU7ETUguIQAOQropBpoEgloR+O7ud+egDZcyUecphAmdCh5zBlFK3Un/V5KNRUCRL9a8+reAu468QtSIwVa/epXb6BYloBEJqgxXd9LMcypRs4EzCq9zEBK2ZgOoWuppAmYMF+cPHMvrDJwY6VtSXQX6u+JnCbGTJPIdiYUR2bVm4v/ed0M45sw5zLNECRbLooz4aJy5/+7A66BoZhaQpnm9laXjWwEDG1KFRuCv/ryOgmu6rd1/6FRazaKNMrkjJyTS+KTa9Ik96RFAsKIIs/klbw56Lw4787HsrXkFDOn5A+czx/thJEs</latexit><latexit sha1_base64="6z/fPZZfDVIUoW0YclFJE7NZkZ0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSRSUG8FLx4rGFtoQ9lsJ+3SzW7YnRRK6M/w4kHFq//Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O6WNza3tnfJuZW//4PCoenzyZFSmGQRMCaU7ETUguIQAOQropBpoEgloR+O7ud+egDZcyUecphAmdCh5zBlFK3Un/V5KNRUCRL9a8+reAu468QtSIwVa/epXb6BYloBEJqgxXd9LMcypRs4EzCq9zEBK2ZgOoWuppAmYMF+cPHMvrDJwY6VtSXQX6u+JnCbGTJPIdiYUR2bVm4v/ed0M45sw5zLNECRbLooz4aJy5/+7A66BoZhaQpnm9laXjWwEDG1KFRuCv/ryOgmu6rd1/6FRazaKNMrkjJyTS+KTa9Ik96RFAsKIIs/klbw56Lw4787HsrXkFDOn5A+czx/thJEs</latexit><latexit sha1_base64="6z/fPZZfDVIUoW0YclFJE7NZkZ0=">AAAB8XicbVBNS8NAEN3Ur1q/qh69BIvgqSRSUG8FLx4rGFtoQ9lsJ+3SzW7YnRRK6M/w4kHFq//Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O6WNza3tnfJuZW//4PCoenzyZFSmGQRMCaU7ETUguIQAOQropBpoEgloR+O7ud+egDZcyUecphAmdCh5zBlFK3Un/V5KNRUCRL9a8+reAu468QtSIwVa/epXb6BYloBEJqgxXd9LMcypRs4EzCq9zEBK2ZgOoWuppAmYMF+cPHMvrDJwY6VtSXQX6u+JnCbGTJPIdiYUR2bVm4v/ed0M45sw5zLNECRbLooz4aJy5/+7A66BoZhaQpnm9laXjWwEDG1KFRuCv/ryOgmu6rd1/6FRazaKNMrkjJyTS+KTa9Ik96RFAsKIIs/klbw56Lw4787HsrXkFDOn5A+czx/thJEs</latexit>

9 

@nre

@t
+ cb̂ ·rnre + ~vD ·rnre = 0

<latexit sha1_base64="OmSOGtRq4NbjxaTXLvAadgSzMFo="></latexit><latexit sha1_base64="OmSOGtRq4NbjxaTXLvAadgSzMFo="></latexit><latexit sha1_base64="OmSOGtRq4NbjxaTXLvAadgSzMFo="></latexit><latexit sha1_base64="OmSOGtRq4NbjxaTXLvAadgSzMFo="></latexit>



A case is tested in cylindrical geometry 

~vD = 0
<latexit sha1_base64="jHu1PEFm2eGJ7cJ7WDQXvofIaPo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoB6Egh48VjC2kIay2W7apZvdsDsplNCf4cWDilf/jTf/jds2B219MPB4b4aZeVEquAHX/XZKa+sbm1vl7crO7t7+QfXw6MmoTFPmUyWU7kTEMMEl84GDYJ1UM5JEgrWj0e3Mb4+ZNlzJR5ikLEzIQPKYUwJWCrpjRvPxtHd34/aqNbfuzoFXiVeQGirQ6lW/un1Fs4RJoIIYE3huCmFONHAq2LTSzQxLCR2RAQsslSRhJsznJ0/xmVX6OFbalgQ8V39P5CQxZpJEtjMhMDTL3kz8zwsyiK/CnMs0AybpYlGcCQwKz/7Hfa4ZBTGxhFDN7a2YDokmFGxKFRuCt/zyKvEv6td176FRazaKNMroBJ2ic+ShS9RE96iFfESRQs/oFb054Lw4787HorXkFDPH6A+czx9Ti5DG</latexit><latexit sha1_base64="jHu1PEFm2eGJ7cJ7WDQXvofIaPo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoB6Egh48VjC2kIay2W7apZvdsDsplNCf4cWDilf/jTf/jds2B219MPB4b4aZeVEquAHX/XZKa+sbm1vl7crO7t7+QfXw6MmoTFPmUyWU7kTEMMEl84GDYJ1UM5JEgrWj0e3Mb4+ZNlzJR5ikLEzIQPKYUwJWCrpjRvPxtHd34/aqNbfuzoFXiVeQGirQ6lW/un1Fs4RJoIIYE3huCmFONHAq2LTSzQxLCR2RAQsslSRhJsznJ0/xmVX6OFbalgQ8V39P5CQxZpJEtjMhMDTL3kz8zwsyiK/CnMs0AybpYlGcCQwKz/7Hfa4ZBTGxhFDN7a2YDokmFGxKFRuCt/zyKvEv6td176FRazaKNMroBJ2ic+ShS9RE96iFfESRQs/oFb054Lw4787HorXkFDPH6A+czx9Ti5DG</latexit><latexit sha1_base64="jHu1PEFm2eGJ7cJ7WDQXvofIaPo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoB6Egh48VjC2kIay2W7apZvdsDsplNCf4cWDilf/jTf/jds2B219MPB4b4aZeVEquAHX/XZKa+sbm1vl7crO7t7+QfXw6MmoTFPmUyWU7kTEMMEl84GDYJ1UM5JEgrWj0e3Mb4+ZNlzJR5ikLEzIQPKYUwJWCrpjRvPxtHd34/aqNbfuzoFXiVeQGirQ6lW/un1Fs4RJoIIYE3huCmFONHAq2LTSzQxLCR2RAQsslSRhJsznJ0/xmVX6OFbalgQ8V39P5CQxZpJEtjMhMDTL3kz8zwsyiK/CnMs0AybpYlGcCQwKz/7Hfa4ZBTGxhFDN7a2YDokmFGxKFRuCt/zyKvEv6td176FRazaKNMroBJ2ic+ShS9RE96iFfESRQs/oFb054Lw4787HorXkFDPH6A+czx9Ti5DG</latexit><latexit sha1_base64="jHu1PEFm2eGJ7cJ7WDQXvofIaPo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoB6Egh48VjC2kIay2W7apZvdsDsplNCf4cWDilf/jTf/jds2B219MPB4b4aZeVEquAHX/XZKa+sbm1vl7crO7t7+QfXw6MmoTFPmUyWU7kTEMMEl84GDYJ1UM5JEgrWj0e3Mb4+ZNlzJR5ikLEzIQPKYUwJWCrpjRvPxtHd34/aqNbfuzoFXiVeQGirQ6lW/un1Fs4RJoIIYE3huCmFONHAq2LTSzQxLCR2RAQsslSRhJsznJ0/xmVX6OFbalgQ8V39P5CQxZpJEtjMhMDTL3kz8zwsyiK/CnMs0AybpYlGcCQwKz/7Hfa4ZBTGxhFDN7a2YDokmFGxKFRuCt/zyKvEv6td176FRazaKNMroBJ2ic+ShS9RE96iFfESRQs/oFb054Lw4787HorXkFDPH6A+czx9Ti5DG</latexit>

~JRE? = 0
<latexit sha1_base64="KJa90UyIejyq7sdutX2WREgd56U=">AAAB+3icbVBNS8NAEN3Ur1q/oj16CRbBU0mkoB6EggjiqYqxhSaEzXbSLt18sLsphBD/ihcPKl79I978N27bHLT1wcDjvRlm5vkJo0Ka5rdWWVldW9+obta2tnd29/T9g0cRp5yATWIW856PBTAagS2pZNBLOODQZ9D1x1dTvzsBLmgcPcgsATfEw4gGlGCpJE+vOxMg+W3h5ffXTgI8KS5NT2+YTXMGY5lYJWmgEh1P/3IGMUlDiCRhWIi+ZSbSzTGXlDAoak4qIMFkjIfQVzTCIQg3nx1fGMdKGRhBzFVF0pipvydyHAqRhb7qDLEciUVvKv7n9VMZnLs5jZJUQkTmi4KUGTI2pkkYA8qBSJYpggmn6laDjDDHRKq8aioEa/HlZWKfNi+a1l2r0W6VaVTRITpCJ8hCZ6iNblAH2YigDD2jV/SmPWkv2rv2MW+taOVMHf2B9vkD9fiUeQ==</latexit><latexit sha1_base64="KJa90UyIejyq7sdutX2WREgd56U=">AAAB+3icbVBNS8NAEN3Ur1q/oj16CRbBU0mkoB6EggjiqYqxhSaEzXbSLt18sLsphBD/ihcPKl79I978N27bHLT1wcDjvRlm5vkJo0Ka5rdWWVldW9+obta2tnd29/T9g0cRp5yATWIW856PBTAagS2pZNBLOODQZ9D1x1dTvzsBLmgcPcgsATfEw4gGlGCpJE+vOxMg+W3h5ffXTgI8KS5NT2+YTXMGY5lYJWmgEh1P/3IGMUlDiCRhWIi+ZSbSzTGXlDAoak4qIMFkjIfQVzTCIQg3nx1fGMdKGRhBzFVF0pipvydyHAqRhb7qDLEciUVvKv7n9VMZnLs5jZJUQkTmi4KUGTI2pkkYA8qBSJYpggmn6laDjDDHRKq8aioEa/HlZWKfNi+a1l2r0W6VaVTRITpCJ8hCZ6iNblAH2YigDD2jV/SmPWkv2rv2MW+taOVMHf2B9vkD9fiUeQ==</latexit><latexit sha1_base64="KJa90UyIejyq7sdutX2WREgd56U=">AAAB+3icbVBNS8NAEN3Ur1q/oj16CRbBU0mkoB6EggjiqYqxhSaEzXbSLt18sLsphBD/ihcPKl79I978N27bHLT1wcDjvRlm5vkJo0Ka5rdWWVldW9+obta2tnd29/T9g0cRp5yATWIW856PBTAagS2pZNBLOODQZ9D1x1dTvzsBLmgcPcgsATfEw4gGlGCpJE+vOxMg+W3h5ffXTgI8KS5NT2+YTXMGY5lYJWmgEh1P/3IGMUlDiCRhWIi+ZSbSzTGXlDAoak4qIMFkjIfQVzTCIQg3nx1fGMdKGRhBzFVF0pipvydyHAqRhb7qDLEciUVvKv7n9VMZnLs5jZJUQkTmi4KUGTI2pkkYA8qBSJYpggmn6laDjDDHRKq8aioEa/HlZWKfNi+a1l2r0W6VaVTRITpCJ8hCZ6iNblAH2YigDD2jV/SmPWkv2rv2MW+taOVMHf2B9vkD9fiUeQ==</latexit><latexit sha1_base64="KJa90UyIejyq7sdutX2WREgd56U=">AAAB+3icbVBNS8NAEN3Ur1q/oj16CRbBU0mkoB6EggjiqYqxhSaEzXbSLt18sLsphBD/ihcPKl79I978N27bHLT1wcDjvRlm5vkJo0Ka5rdWWVldW9+obta2tnd29/T9g0cRp5yATWIW856PBTAagS2pZNBLOODQZ9D1x1dTvzsBLmgcPcgsATfEw4gGlGCpJE+vOxMg+W3h5ffXTgI8KS5NT2+YTXMGY5lYJWmgEh1P/3IGMUlDiCRhWIi+ZSbSzTGXlDAoak4qIMFkjIfQVzTCIQg3nx1fGMdKGRhBzFVF0pipvydyHAqRhb7qDLEciUVvKv7n9VMZnLs5jZJUQkTmi4KUGTI2pkkYA8qBSJYpggmn6laDjDDHRKq8aioEa/HlZWKfNi+a1l2r0W6VaVTRITpCJ8hCZ6iNblAH2YigDD2jV/SmPWkv2rv2MW+taOVMHf2B9vkD9fiUeQ==</latexit>

Contours of runaway electron density          rotates along the equilibrium magnetic 
field  

�t = tA
<latexit sha1_base64="W5Ce5LSgQCJuRdFhdqaGfZlRPrU=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoB6E+Dh4jOCaQHYJs5PeZMjsg5leISz5DS8eVLz6Nd78GyfJHjSxoKGo6qa7K0il0Gjb31ZpaXllda28XtnY3Nreqe7uPeokUxxcnshEtQOmQYoYXBQooZ0qYFEgoRUMbyZ+6wmUFkn8gKMU/Ij1YxEKztBInncLEhnFS+xedas1u25PQReJU5AaKdDsVr+8XsKzCGLkkmndcewU/ZwpFFzCuOJlGlLGh6wPHUNjFoH28+nNY3pklB4NE2UqRjpVf0/kLNJ6FAWmM2I40PPeRPzP62QYnvu5iNMMIeazRWEmKSZ0EgDtCQUc5cgQxpUwt1I+YIpxNDFVTAjO/MuLxD2pX9Sd+9Na47pIo0wOyCE5Jg45Iw1yR5rEJZyk5Jm8kjcrs16sd+tj1lqyipl98gfW5w+aOZDx</latexit><latexit sha1_base64="W5Ce5LSgQCJuRdFhdqaGfZlRPrU=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoB6E+Dh4jOCaQHYJs5PeZMjsg5leISz5DS8eVLz6Nd78GyfJHjSxoKGo6qa7K0il0Gjb31ZpaXllda28XtnY3Nreqe7uPeokUxxcnshEtQOmQYoYXBQooZ0qYFEgoRUMbyZ+6wmUFkn8gKMU/Ij1YxEKztBInncLEhnFS+xedas1u25PQReJU5AaKdDsVr+8XsKzCGLkkmndcewU/ZwpFFzCuOJlGlLGh6wPHUNjFoH28+nNY3pklB4NE2UqRjpVf0/kLNJ6FAWmM2I40PPeRPzP62QYnvu5iNMMIeazRWEmKSZ0EgDtCQUc5cgQxpUwt1I+YIpxNDFVTAjO/MuLxD2pX9Sd+9Na47pIo0wOyCE5Jg45Iw1yR5rEJZyk5Jm8kjcrs16sd+tj1lqyipl98gfW5w+aOZDx</latexit><latexit sha1_base64="W5Ce5LSgQCJuRdFhdqaGfZlRPrU=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoB6E+Dh4jOCaQHYJs5PeZMjsg5leISz5DS8eVLz6Nd78GyfJHjSxoKGo6qa7K0il0Gjb31ZpaXllda28XtnY3Nreqe7uPeokUxxcnshEtQOmQYoYXBQooZ0qYFEgoRUMbyZ+6wmUFkn8gKMU/Ij1YxEKztBInncLEhnFS+xedas1u25PQReJU5AaKdDsVr+8XsKzCGLkkmndcewU/ZwpFFzCuOJlGlLGh6wPHUNjFoH28+nNY3pklB4NE2UqRjpVf0/kLNJ6FAWmM2I40PPeRPzP62QYnvu5iNMMIeazRWEmKSZ0EgDtCQUc5cgQxpUwt1I+YIpxNDFVTAjO/MuLxD2pX9Sd+9Na47pIo0wOyCE5Jg45Iw1yR5rEJZyk5Jm8kjcrs16sd+tj1lqyipl98gfW5w+aOZDx</latexit><latexit sha1_base64="W5Ce5LSgQCJuRdFhdqaGfZlRPrU=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoB6E+Dh4jOCaQHYJs5PeZMjsg5leISz5DS8eVLz6Nd78GyfJHjSxoKGo6qa7K0il0Gjb31ZpaXllda28XtnY3Nreqe7uPeokUxxcnshEtQOmQYoYXBQooZ0qYFEgoRUMbyZ+6wmUFkn8gKMU/Ij1YxEKztBInncLEhnFS+xedas1u25PQReJU5AaKdDsVr+8XsKzCGLkkmndcewU/ZwpFFzCuOJlGlLGh6wPHUNjFoH28+nNY3pklB4NE2UqRjpVf0/kLNJ6FAWmM2I40PPeRPzP62QYnvu5iNMMIeazRWEmKSZ0EgDtCQUc5cgQxpUwt1I+YIpxNDFVTAjO/MuLxD2pX9Sd+9Na47pIo0wOyCE5Jg45Iw1yR5rEJZyk5Jm8kjcrs16sd+tj1lqyipl98gfW5w+aOZDx</latexit>

The runaway electrons are highly relativistic and 
their velocities are parallel to the equilibrium 
magnetic field.	With the uniform q=1.2, rigid 
rotation is expected from parallel motion. 
 

10 

c/vA ⇠ 103
<latexit sha1_base64="M3MJ4P2xuk4oCuxdfHSTRUAAAqw=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXRmLiCXfVxI8TxotHTFwhgYV0S4GGtrtpuxiy4X948aDGqz/Gm//GAntQ8CWTvLw3k5l5YcyZNq777eSWlldW1/LrhY3Nre2d4u7eo44SRahPIh6peog15UxS3zDDaT1WFIuQ01o4uJ34tSFVmkXywYxiGgjck6zLCDZWapGTYfumqZlAnts6axdLbtmdAi0SLyMlyFBtF7+anYgkgkpDONa64bmxCVKsDCOcjgvNRNMYkwHu0YalEguqg3R69RgdWaWDupGyJQ2aqr8nUiy0HonQdgps+nrem4j/eY3EdC+DlMk4MVSS2aJuwpGJ0CQC1GGKEsNHlmCimL0VkT5WmBgbVMGG4M2/vEj80/JV2bs/L1WuszTycACHcAweXEAF7qAKPhBQ8Ayv8OY8OS/Ou/Mxa8052cw+/IHz+QM3wJEx</latexit><latexit sha1_base64="M3MJ4P2xuk4oCuxdfHSTRUAAAqw=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXRmLiCXfVxI8TxotHTFwhgYV0S4GGtrtpuxiy4X948aDGqz/Gm//GAntQ8CWTvLw3k5l5YcyZNq777eSWlldW1/LrhY3Nre2d4u7eo44SRahPIh6peog15UxS3zDDaT1WFIuQ01o4uJ34tSFVmkXywYxiGgjck6zLCDZWapGTYfumqZlAnts6axdLbtmdAi0SLyMlyFBtF7+anYgkgkpDONa64bmxCVKsDCOcjgvNRNMYkwHu0YalEguqg3R69RgdWaWDupGyJQ2aqr8nUiy0HonQdgps+nrem4j/eY3EdC+DlMk4MVSS2aJuwpGJ0CQC1GGKEsNHlmCimL0VkT5WmBgbVMGG4M2/vEj80/JV2bs/L1WuszTycACHcAweXEAF7qAKPhBQ8Ayv8OY8OS/Ou/Mxa8052cw+/IHz+QM3wJEx</latexit><latexit sha1_base64="M3MJ4P2xuk4oCuxdfHSTRUAAAqw=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXRmLiCXfVxI8TxotHTFwhgYV0S4GGtrtpuxiy4X948aDGqz/Gm//GAntQ8CWTvLw3k5l5YcyZNq777eSWlldW1/LrhY3Nre2d4u7eo44SRahPIh6peog15UxS3zDDaT1WFIuQ01o4uJ34tSFVmkXywYxiGgjck6zLCDZWapGTYfumqZlAnts6axdLbtmdAi0SLyMlyFBtF7+anYgkgkpDONa64bmxCVKsDCOcjgvNRNMYkwHu0YalEguqg3R69RgdWaWDupGyJQ2aqr8nUiy0HonQdgps+nrem4j/eY3EdC+DlMk4MVSS2aJuwpGJ0CQC1GGKEsNHlmCimL0VkT5WmBgbVMGG4M2/vEj80/JV2bs/L1WuszTycACHcAweXEAF7qAKPhBQ8Ayv8OY8OS/Ou/Mxa8052cw+/IHz+QM3wJEx</latexit><latexit sha1_base64="M3MJ4P2xuk4oCuxdfHSTRUAAAqw=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXRmLiCXfVxI8TxotHTFwhgYV0S4GGtrtpuxiy4X948aDGqz/Gm//GAntQ8CWTvLw3k5l5YcyZNq777eSWlldW1/LrhY3Nre2d4u7eo44SRahPIh6peog15UxS3zDDaT1WFIuQ01o4uJ34tSFVmkXywYxiGgjck6zLCDZWapGTYfumqZlAnts6axdLbtmdAi0SLyMlyFBtF7+anYgkgkpDONa64bmxCVKsDCOcjgvNRNMYkwHu0YalEguqg3R69RgdWaWDupGyJQ2aqr8nUiy0HonQdgps+nrem4j/eY3EdC+DlMk4MVSS2aJuwpGJ0CQC1GGKEsNHlmCimL0VkT5WmBgbVMGG4M2/vEj80/JV2bs/L1WuszTycACHcAweXEAF7qAKPhBQ8Ayv8OY8OS/Ou/Mxa8052cw+/IHz+QM3wJEx</latexit>

�nre = �cb̂0 ·rnre
<latexit sha1_base64="drav9nyQxE+QVaOD0yJA4ArK5M8=">AAACE3icbVDLSgNBEJz1GeMr6tHLYBAEMeyK4AMEQQ8eFYwK2bD0TjpmcHZ2mekVwpKP8OKvePGg4tWLN//GSYzgq6ChqOqmuyvOlLTk++/eyOjY+MRkaao8PTM7N19ZWDy3aW4E1kWqUnMZg0UlNdZJksLLzCAkscKL+Pqw71/coLEy1WfUzbCZwJWWbSmAnBRV1sMjVARcR4XB3v6GCDtARdyL/FC0Ugo1xOrLjSpVv+YPwP+SYEiqbIiTqPIWtlKRJ6hJKLC2EfgZNQswJIXCXjnMLWYgruEKG45qSNA2i8FTPb7qlBZvp8aVJj5Qv08UkFjbTWLXmQB17G+vL/7nNXJq7zQLqbOcUIvPRe1ccUp5PyHekgYFqa4jIIx0t3LRAQOCXI5lF0Lw++W/pL5Z260Fp1vVg71hGiW2zFbYGgvYNjtgx+yE1Zlgt+yePbIn78578J69l8/WEW84s8R+wHv9AFSfnpI=</latexit><latexit sha1_base64="drav9nyQxE+QVaOD0yJA4ArK5M8=">AAACE3icbVDLSgNBEJz1GeMr6tHLYBAEMeyK4AMEQQ8eFYwK2bD0TjpmcHZ2mekVwpKP8OKvePGg4tWLN//GSYzgq6ChqOqmuyvOlLTk++/eyOjY+MRkaao8PTM7N19ZWDy3aW4E1kWqUnMZg0UlNdZJksLLzCAkscKL+Pqw71/coLEy1WfUzbCZwJWWbSmAnBRV1sMjVARcR4XB3v6GCDtARdyL/FC0Ugo1xOrLjSpVv+YPwP+SYEiqbIiTqPIWtlKRJ6hJKLC2EfgZNQswJIXCXjnMLWYgruEKG45qSNA2i8FTPb7qlBZvp8aVJj5Qv08UkFjbTWLXmQB17G+vL/7nNXJq7zQLqbOcUIvPRe1ccUp5PyHekgYFqa4jIIx0t3LRAQOCXI5lF0Lw++W/pL5Z260Fp1vVg71hGiW2zFbYGgvYNjtgx+yE1Zlgt+yePbIn78578J69l8/WEW84s8R+wHv9AFSfnpI=</latexit><latexit sha1_base64="drav9nyQxE+QVaOD0yJA4ArK5M8=">AAACE3icbVDLSgNBEJz1GeMr6tHLYBAEMeyK4AMEQQ8eFYwK2bD0TjpmcHZ2mekVwpKP8OKvePGg4tWLN//GSYzgq6ChqOqmuyvOlLTk++/eyOjY+MRkaao8PTM7N19ZWDy3aW4E1kWqUnMZg0UlNdZJksLLzCAkscKL+Pqw71/coLEy1WfUzbCZwJWWbSmAnBRV1sMjVARcR4XB3v6GCDtARdyL/FC0Ugo1xOrLjSpVv+YPwP+SYEiqbIiTqPIWtlKRJ6hJKLC2EfgZNQswJIXCXjnMLWYgruEKG45qSNA2i8FTPb7qlBZvp8aVJj5Qv08UkFjbTWLXmQB17G+vL/7nNXJq7zQLqbOcUIvPRe1ccUp5PyHekgYFqa4jIIx0t3LRAQOCXI5lF0Lw++W/pL5Z260Fp1vVg71hGiW2zFbYGgvYNjtgx+yE1Zlgt+yePbIn78578J69l8/WEW84s8R+wHv9AFSfnpI=</latexit><latexit sha1_base64="drav9nyQxE+QVaOD0yJA4ArK5M8=">AAACE3icbVDLSgNBEJz1GeMr6tHLYBAEMeyK4AMEQQ8eFYwK2bD0TjpmcHZ2mekVwpKP8OKvePGg4tWLN//GSYzgq6ChqOqmuyvOlLTk++/eyOjY+MRkaao8PTM7N19ZWDy3aW4E1kWqUnMZg0UlNdZJksLLzCAkscKL+Pqw71/coLEy1WfUzbCZwJWWbSmAnBRV1sMjVARcR4XB3v6GCDtARdyL/FC0Ugo1xOrLjSpVv+YPwP+SYEiqbIiTqPIWtlKRJ6hJKLC2EfgZNQswJIXCXjnMLWYgruEKG45qSNA2i8FTPb7qlBZvp8aVJj5Qv08UkFjbTWLXmQB17G+vL/7nNXJq7zQLqbOcUIvPRe1ccUp5PyHekgYFqa4jIIx0t3LRAQOCXI5lF0Lw++W/pL5Z260Fp1vVg71hGiW2zFbYGgvYNjtgx+yE1Zlgt+yePbIn78578J69l8/WEW84s8R+wHv9AFSfnpI=</latexit>

�nre
<latexit sha1_base64="6cUCxdeGSbK3f5Bha5cthw1x374=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE8ONU0IPHCsYW2lA222m7dLOJu5NCCf0dXjyoePXPePPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsrq2vlHcLG1t7+zulfcPHk2cag4+j2WsmyEzIIUCHwVKaCYaWBRKaITDm6nfGIE2IlYPOE4giFhfiZ7gDK0UtG9BIqOqk2mYdMoVt+rOQJeJl5MKyVHvlL/a3ZinESjkkhnT8twEg4xpFFzCpNRODSSMD1kfWpYqFoEJstnRE3pilS7txdqWQjpTf09kLDJmHIW2M2I4MIveVPzPa6XYuwwyoZIUQfH5ol4qKcZ0mgDtCg0c5dgSxrWwt1I+YJpxtDmVbAje4svLxD+rXlW9+/NK7TpPo0iOyDE5JR65IDVyR+rEJ5w8kWfySt6ckfPivDsf89aCk88ckj9wPn8ABuGRyg==</latexit><latexit sha1_base64="6cUCxdeGSbK3f5Bha5cthw1x374=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE8ONU0IPHCsYW2lA222m7dLOJu5NCCf0dXjyoePXPePPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsrq2vlHcLG1t7+zulfcPHk2cag4+j2WsmyEzIIUCHwVKaCYaWBRKaITDm6nfGIE2IlYPOE4giFhfiZ7gDK0UtG9BIqOqk2mYdMoVt+rOQJeJl5MKyVHvlL/a3ZinESjkkhnT8twEg4xpFFzCpNRODSSMD1kfWpYqFoEJstnRE3pilS7txdqWQjpTf09kLDJmHIW2M2I4MIveVPzPa6XYuwwyoZIUQfH5ol4qKcZ0mgDtCg0c5dgSxrWwt1I+YJpxtDmVbAje4svLxD+rXlW9+/NK7TpPo0iOyDE5JR65IDVyR+rEJ5w8kWfySt6ckfPivDsf89aCk88ckj9wPn8ABuGRyg==</latexit><latexit sha1_base64="6cUCxdeGSbK3f5Bha5cthw1x374=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE8ONU0IPHCsYW2lA222m7dLOJu5NCCf0dXjyoePXPePPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsrq2vlHcLG1t7+zulfcPHk2cag4+j2WsmyEzIIUCHwVKaCYaWBRKaITDm6nfGIE2IlYPOE4giFhfiZ7gDK0UtG9BIqOqk2mYdMoVt+rOQJeJl5MKyVHvlL/a3ZinESjkkhnT8twEg4xpFFzCpNRODSSMD1kfWpYqFoEJstnRE3pilS7txdqWQjpTf09kLDJmHIW2M2I4MIveVPzPa6XYuwwyoZIUQfH5ol4qKcZ0mgDtCg0c5dgSxrWwt1I+YJpxtDmVbAje4svLxD+rXlW9+/NK7TpPo0iOyDE5JR65IDVyR+rEJ5w8kWfySt6ckfPivDsf89aCk88ckj9wPn8ABuGRyg==</latexit><latexit sha1_base64="6cUCxdeGSbK3f5Bha5cthw1x374=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE8ONU0IPHCsYW2lA222m7dLOJu5NCCf0dXjyoePXPePPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsrq2vlHcLG1t7+zulfcPHk2cag4+j2WsmyEzIIUCHwVKaCYaWBRKaITDm6nfGIE2IlYPOE4giFhfiZ7gDK0UtG9BIqOqk2mYdMoVt+rOQJeJl5MKyVHvlL/a3ZinESjkkhnT8twEg4xpFFzCpNRODSSMD1kfWpYqFoEJstnRE3pilS7txdqWQjpTf09kLDJmHIW2M2I4MIveVPzPa6XYuwwyoZIUQfH5ol4qKcZ0mgDtCg0c5dgSxrWwt1I+YJpxtDmVbAje4svLxD+rXlW9+/NK7TpPo0iOyDE5JR65IDVyR+rEJ5w8kWfySt6ckfPivDsf89aCk88ckj9wPn8ABuGRyg==</latexit>



A larger time step is tested 

�t = 5tA
<latexit sha1_base64="AsV92XtCEfKfWbPH0za1msGq9jY=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoh6E+Dh4jOCaQLKE2clsMmT24UxvICz5Di8eVLz6M978GyfJHjRa0FBUddPd5SdSaLTtL6uwsLi0vFJcLa2tb2xulbd3HnScKsZdFstYNX2quRQRd1Gg5M1EcRr6kjf8wfXEbwy50iKO7nGUcC+kvUgEglE0kte+4RIpwYsT7Fx2yhW7ak9B/hInJxXIUe+UP9vdmKUhj5BJqnXLsRP0MqpQMMnHpXaqeULZgPZ4y9CIhlx72fToMTkwSpcEsTIVIZmqPycyGmo9Cn3TGVLs63lvIv7ntVIMzrxMREmKPGKzRUEqCcZkkgDpCsUZypEhlClhbiWsTxVlaHIqmRCc+Zf/Eveoel517o4rtas8jSLswT4cggOnUINbqIMLDB7hCV7g1Rpaz9ab9T5rLVj5zC78gvXxDRMWkTA=</latexit><latexit sha1_base64="AsV92XtCEfKfWbPH0za1msGq9jY=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoh6E+Dh4jOCaQLKE2clsMmT24UxvICz5Di8eVLz6M978GyfJHjRa0FBUddPd5SdSaLTtL6uwsLi0vFJcLa2tb2xulbd3HnScKsZdFstYNX2quRQRd1Gg5M1EcRr6kjf8wfXEbwy50iKO7nGUcC+kvUgEglE0kte+4RIpwYsT7Fx2yhW7ak9B/hInJxXIUe+UP9vdmKUhj5BJqnXLsRP0MqpQMMnHpXaqeULZgPZ4y9CIhlx72fToMTkwSpcEsTIVIZmqPycyGmo9Cn3TGVLs63lvIv7ntVIMzrxMREmKPGKzRUEqCcZkkgDpCsUZypEhlClhbiWsTxVlaHIqmRCc+Zf/Eveoel517o4rtas8jSLswT4cggOnUINbqIMLDB7hCV7g1Rpaz9ab9T5rLVj5zC78gvXxDRMWkTA=</latexit><latexit sha1_base64="AsV92XtCEfKfWbPH0za1msGq9jY=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoh6E+Dh4jOCaQLKE2clsMmT24UxvICz5Di8eVLz6M978GyfJHjRa0FBUddPd5SdSaLTtL6uwsLi0vFJcLa2tb2xulbd3HnScKsZdFstYNX2quRQRd1Gg5M1EcRr6kjf8wfXEbwy50iKO7nGUcC+kvUgEglE0kte+4RIpwYsT7Fx2yhW7ak9B/hInJxXIUe+UP9vdmKUhj5BJqnXLsRP0MqpQMMnHpXaqeULZgPZ4y9CIhlx72fToMTkwSpcEsTIVIZmqPycyGmo9Cn3TGVLs63lvIv7ntVIMzrxMREmKPGKzRUEqCcZkkgDpCsUZypEhlClhbiWsTxVlaHIqmRCc+Zf/Eveoel517o4rtas8jSLswT4cggOnUINbqIMLDB7hCV7g1Rpaz9ab9T5rLVj5zC78gvXxDRMWkTA=</latexit><latexit sha1_base64="AsV92XtCEfKfWbPH0za1msGq9jY=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoh6E+Dh4jOCaQLKE2clsMmT24UxvICz5Di8eVLz6M978GyfJHjRa0FBUddPd5SdSaLTtL6uwsLi0vFJcLa2tb2xulbd3HnScKsZdFstYNX2quRQRd1Gg5M1EcRr6kjf8wfXEbwy50iKO7nGUcC+kvUgEglE0kte+4RIpwYsT7Fx2yhW7ak9B/hInJxXIUe+UP9vdmKUhj5BJqnXLsRP0MqpQMMnHpXaqeULZgPZ4y9CIhlx72fToMTkwSpcEsTIVIZmqPycyGmo9Cn3TGVLs63lvIv7ntVIMzrxMREmKPGKzRUEqCcZkkgDpCsUZypEhlClhbiWsTxVlaHIqmRCc+Zf/Eveoel517o4rtas8jSLswT4cggOnUINbqIMLDB7hCV7g1Rpaz9ab9T5rLVj5zC78gvXxDRMWkTA=</latexit>

Time step used in the simulation is found to be much larger than the CFL constrained 
time step:  

c�t � L
<latexit sha1_base64="Hx60bIX7o8cHTpzHgxdVlSaCqzE=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignor6sGDhwrGFppQNttNunSzCbsToYb+Ei8eVLz6V7z5b9y2OWj1wcDjvRlm5oWZ4Boc58uqLC2vrK5V12sbm1vbdXtn916nuaLMo6lIVTckmgkumQccBOtmipEkFKwTji6nfueBKc1TeQfjjAUJiSWPOCVgpL5dp/4VE0AwYD+O8U3fbjhNZwb8l7glaaAS7b796Q9SmidMAhVE657rZBAURAGngk1qfq5ZRuiIxKxnqCQJ00ExO3yCD40ywFGqTEnAM/XnREESrcdJaDoTAkO96E3F/7xeDtFZUHCZ5cAknS+KcoEhxdMU8IArRkGMDSFUcXMrpkOiCAWTVc2E4C6+/Jd4x83zpnt70mhdlGlU0T46QEfIRaeoha5RG3mIohw9oRf0aj1az9ab9T5vrVjlzB76BevjG7yJkgg=</latexit><latexit sha1_base64="Hx60bIX7o8cHTpzHgxdVlSaCqzE=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignor6sGDhwrGFppQNttNunSzCbsToYb+Ei8eVLz6V7z5b9y2OWj1wcDjvRlm5oWZ4Boc58uqLC2vrK5V12sbm1vbdXtn916nuaLMo6lIVTckmgkumQccBOtmipEkFKwTji6nfueBKc1TeQfjjAUJiSWPOCVgpL5dp/4VE0AwYD+O8U3fbjhNZwb8l7glaaAS7b796Q9SmidMAhVE657rZBAURAGngk1qfq5ZRuiIxKxnqCQJ00ExO3yCD40ywFGqTEnAM/XnREESrcdJaDoTAkO96E3F/7xeDtFZUHCZ5cAknS+KcoEhxdMU8IArRkGMDSFUcXMrpkOiCAWTVc2E4C6+/Jd4x83zpnt70mhdlGlU0T46QEfIRaeoha5RG3mIohw9oRf0aj1az9ab9T5vrVjlzB76BevjG7yJkgg=</latexit><latexit sha1_base64="Hx60bIX7o8cHTpzHgxdVlSaCqzE=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignor6sGDhwrGFppQNttNunSzCbsToYb+Ei8eVLz6V7z5b9y2OWj1wcDjvRlm5oWZ4Boc58uqLC2vrK5V12sbm1vbdXtn916nuaLMo6lIVTckmgkumQccBOtmipEkFKwTji6nfueBKc1TeQfjjAUJiSWPOCVgpL5dp/4VE0AwYD+O8U3fbjhNZwb8l7glaaAS7b796Q9SmidMAhVE657rZBAURAGngk1qfq5ZRuiIxKxnqCQJ00ExO3yCD40ywFGqTEnAM/XnREESrcdJaDoTAkO96E3F/7xeDtFZUHCZ5cAknS+KcoEhxdMU8IArRkGMDSFUcXMrpkOiCAWTVc2E4C6+/Jd4x83zpnt70mhdlGlU0T46QEfIRaeoha5RG3mIohw9oRf0aj1az9ab9T5vrVjlzB76BevjG7yJkgg=</latexit><latexit sha1_base64="Hx60bIX7o8cHTpzHgxdVlSaCqzE=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignor6sGDhwrGFppQNttNunSzCbsToYb+Ei8eVLz6V7z5b9y2OWj1wcDjvRlm5oWZ4Boc58uqLC2vrK5V12sbm1vbdXtn916nuaLMo6lIVTckmgkumQccBOtmipEkFKwTji6nfueBKc1TeQfjjAUJiSWPOCVgpL5dp/4VE0AwYD+O8U3fbjhNZwb8l7glaaAS7b796Q9SmidMAhVE657rZBAURAGngk1qfq5ZRuiIxKxnqCQJ00ExO3yCD40ywFGqTEnAM/XnREESrcdJaDoTAkO96E3F/7xeDtFZUHCZ5cAknS+KcoEhxdMU8IArRkGMDSFUcXMrpkOiCAWTVc2E4C6+/Jd4x83zpnt70mhdlGlU0T46QEfIRaeoha5RG3mIohw9oRf0aj1az9ab9T5vrVjlzB76BevjG7yJkgg=</latexit>
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A case is tested in toroidal geometry with constant q 

�t = 10tA
<latexit sha1_base64="/MVEG3rcFOiayzr2zXFv5RUpo+w=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoB6E+Dh4jOCaQLKG2UlvMmT2wUyvEpb8hxcPKl79GG/+jZNkD5pY0FBUddPd5SdSaLTtb6uwsLi0vFJcLa2tb2xulbd37nWcKg4uj2Wsmj7TIEUELgqU0EwUsNCX0PAHV2O/8QhKizi6w2ECXsh6kQgEZ2ikh/Y1SGQUzx0bOxedcsWu2hPQeeLkpEJy1Dvlr3Y35mkIEXLJtG45doJexhQKLmFUaqcaEsYHrActQyMWgvayydUjemCULg1iZSpCOlF/T2Qs1HoY+qYzZNjXs95Y/M9rpRicepmIkhQh4tNFQSopxnQcAe0KBRzl0BDGlTC3Ut5ninE0QZVMCM7sy/PEPaqeVZ3b40rtMk+jSPbIPjkkDjkhNXJD6sQlnCjyTF7Jm/VkvVjv1se0tWDlM7vkD6zPH35hkWY=</latexit><latexit sha1_base64="/MVEG3rcFOiayzr2zXFv5RUpo+w=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoB6E+Dh4jOCaQLKG2UlvMmT2wUyvEpb8hxcPKl79GG/+jZNkD5pY0FBUddPd5SdSaLTtb6uwsLi0vFJcLa2tb2xulbd37nWcKg4uj2Wsmj7TIEUELgqU0EwUsNCX0PAHV2O/8QhKizi6w2ECXsh6kQgEZ2ikh/Y1SGQUzx0bOxedcsWu2hPQeeLkpEJy1Dvlr3Y35mkIEXLJtG45doJexhQKLmFUaqcaEsYHrActQyMWgvayydUjemCULg1iZSpCOlF/T2Qs1HoY+qYzZNjXs95Y/M9rpRicepmIkhQh4tNFQSopxnQcAe0KBRzl0BDGlTC3Ut5ninE0QZVMCM7sy/PEPaqeVZ3b40rtMk+jSPbIPjkkDjkhNXJD6sQlnCjyTF7Jm/VkvVjv1se0tWDlM7vkD6zPH35hkWY=</latexit><latexit sha1_base64="/MVEG3rcFOiayzr2zXFv5RUpo+w=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoB6E+Dh4jOCaQLKG2UlvMmT2wUyvEpb8hxcPKl79GG/+jZNkD5pY0FBUddPd5SdSaLTtb6uwsLi0vFJcLa2tb2xulbd37nWcKg4uj2Wsmj7TIEUELgqU0EwUsNCX0PAHV2O/8QhKizi6w2ECXsh6kQgEZ2ikh/Y1SGQUzx0bOxedcsWu2hPQeeLkpEJy1Dvlr3Y35mkIEXLJtG45doJexhQKLmFUaqcaEsYHrActQyMWgvayydUjemCULg1iZSpCOlF/T2Qs1HoY+qYzZNjXs95Y/M9rpRicepmIkhQh4tNFQSopxnQcAe0KBRzl0BDGlTC3Ut5ninE0QZVMCM7sy/PEPaqeVZ3b40rtMk+jSPbIPjkkDjkhNXJD6sQlnCjyTF7Jm/VkvVjv1se0tWDlM7vkD6zPH35hkWY=</latexit><latexit sha1_base64="/MVEG3rcFOiayzr2zXFv5RUpo+w=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoB6E+Dh4jOCaQLKG2UlvMmT2wUyvEpb8hxcPKl79GG/+jZNkD5pY0FBUddPd5SdSaLTtb6uwsLi0vFJcLa2tb2xulbd37nWcKg4uj2Wsmj7TIEUELgqU0EwUsNCX0PAHV2O/8QhKizi6w2ECXsh6kQgEZ2ikh/Y1SGQUzx0bOxedcsWu2hPQeeLkpEJy1Dvlr3Y35mkIEXLJtG45doJexhQKLmFUaqcaEsYHrActQyMWgvayydUjemCULg1iZSpCOlF/T2Qs1HoY+qYzZNjXs95Y/M9rpRicepmIkhQh4tNFQSopxnQcAe0KBRzl0BDGlTC3Ut5ninE0QZVMCM7sy/PEPaqeVZ3b40rtMk+jSPbIPjkkDjkhNXJD6sQlnCjyTF7Jm/VkvVjv1se0tWDlM7vkD6zPH35hkWY=</latexit>

�t = 100tA
<latexit sha1_base64="jgLGZGeMlqc+mmZlnKYSUeeiPjw=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignoQ6sfBYwVjC20Im+2mXbrZhN2JUEN/iRcPKl79K978N27bHLT1wcDjvRlm5oWp4Boc59sqLS2vrK6V1ysbm1vbVXtn90EnmaLMo4lIVDskmgkumQccBGunipE4FKwVDq8nfuuRKc0TeQ+jlPkx6UsecUrASIFd7d4wAQTDhes4EFwGds2pO1PgReIWpIYKNAP7q9tLaBYzCVQQrTuuk4KfEwWcCjaudDPNUkKHpM86hkoSM+3n08PH+NAoPRwlypQEPFV/T+Qk1noUh6YzJjDQ895E/M/rZBCd+TmXaQZM0tmiKBMYEjxJAfe4YhTEyBBCFTe3YjogilAwWVVMCO78y4vEO66f1927k1rjqkijjPbRATpCLjpFDXSLmshDFGXoGb2iN+vJerHerY9Za8kqZvbQH1ifP2ebkdE=</latexit><latexit sha1_base64="jgLGZGeMlqc+mmZlnKYSUeeiPjw=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignoQ6sfBYwVjC20Im+2mXbrZhN2JUEN/iRcPKl79K978N27bHLT1wcDjvRlm5oWp4Boc59sqLS2vrK6V1ysbm1vbVXtn90EnmaLMo4lIVDskmgkumQccBGunipE4FKwVDq8nfuuRKc0TeQ+jlPkx6UsecUrASIFd7d4wAQTDhes4EFwGds2pO1PgReIWpIYKNAP7q9tLaBYzCVQQrTuuk4KfEwWcCjaudDPNUkKHpM86hkoSM+3n08PH+NAoPRwlypQEPFV/T+Qk1noUh6YzJjDQ895E/M/rZBCd+TmXaQZM0tmiKBMYEjxJAfe4YhTEyBBCFTe3YjogilAwWVVMCO78y4vEO66f1927k1rjqkijjPbRATpCLjpFDXSLmshDFGXoGb2iN+vJerHerY9Za8kqZvbQH1ifP2ebkdE=</latexit><latexit sha1_base64="jgLGZGeMlqc+mmZlnKYSUeeiPjw=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignoQ6sfBYwVjC20Im+2mXbrZhN2JUEN/iRcPKl79K978N27bHLT1wcDjvRlm5oWp4Boc59sqLS2vrK6V1ysbm1vbVXtn90EnmaLMo4lIVDskmgkumQccBGunipE4FKwVDq8nfuuRKc0TeQ+jlPkx6UsecUrASIFd7d4wAQTDhes4EFwGds2pO1PgReIWpIYKNAP7q9tLaBYzCVQQrTuuk4KfEwWcCjaudDPNUkKHpM86hkoSM+3n08PH+NAoPRwlypQEPFV/T+Qk1noUh6YzJjDQ895E/M/rZBCd+TmXaQZM0tmiKBMYEjxJAfe4YhTEyBBCFTe3YjogilAwWVVMCO78y4vEO66f1927k1rjqkijjPbRATpCLjpFDXSLmshDFGXoGb2iN+vJerHerY9Za8kqZvbQH1ifP2ebkdE=</latexit><latexit sha1_base64="jgLGZGeMlqc+mmZlnKYSUeeiPjw=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignoQ6sfBYwVjC20Im+2mXbrZhN2JUEN/iRcPKl79K978N27bHLT1wcDjvRlm5oWp4Boc59sqLS2vrK6V1ysbm1vbVXtn90EnmaLMo4lIVDskmgkumQccBGunipE4FKwVDq8nfuuRKc0TeQ+jlPkx6UsecUrASIFd7d4wAQTDhes4EFwGds2pO1PgReIWpIYKNAP7q9tLaBYzCVQQrTuuk4KfEwWcCjaudDPNUkKHpM86hkoSM+3n08PH+NAoPRwlypQEPFV/T+Qk1noUh6YzJjDQ895E/M/rZBCd+TmXaQZM0tmiKBMYEjxJAfe4YhTEyBBCFTe3YjogilAwWVVMCO78y4vEO66f1927k1rjqkijjPbRATpCLjpFDXSLmshDFGXoGb2iN+vJerHerY9Za8kqZvbQH1ifP2ebkdE=</latexit>

When the time step increases up to 100 Alfven time, the contours of runaway 
density becomes diffusive after ten thousands of rotations. 
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The RE drift-kinetic equation couples with the 
MHD field 

RE drift velocity: 

•  To calculate RE drift velocity, we need in update the field variables in the 
framework of NIMROD. Here the runaway electrons contribute a resistance-free 
current, which is removed from the total current in Ohm’s law. 

~E = �~v ⇥ ~B + ⌘( ~J � ~JRE)
<latexit sha1_base64="MTO6pKRQrotYwFq2SkGO68JFbFs=">AAACIHicbVBLS8NAEN74rPUV9eglWISKWBIRrAehKAXxVMVqoSlls53axc2D3UmhhPwVL/4VLx5U9Ka/xm2ag68Plv3mmxlm5vMiwRXa9ocxNT0zOzdfWCguLi2vrJpr69cqjCWDJgtFKFseVSB4AE3kKKAVSaC+J+DGuzsd52+GIBUPgyscRdDx6W3A+5xR1FLXrLpDYEk9Pd7LyDB1kfugsuAk3XUBaTkLztO9/O8ml/V0p2uW7IqdwfpLnJyUSI5G13x3eyGLfQiQCapU27Ej7CRUImcC0qIbK4gou6O30NY0oHqNTpJdmFrbWulZ/VDqF6CVqd87EuorNfI9XelTHKjfubH4X64dY7/aSXgQxQgBmwzqx8LC0BrbZfW4BIZipAllkutdLTagkjLUpha1Cc7vk/+S5n7lqOJcHJRqB7kbBbJJtkiZOOSQ1MgZaZAmYeSePJJn8mI8GE/Gq/E2KZ0y8p4N8gPG5xfqoqQh</latexit><latexit sha1_base64="MTO6pKRQrotYwFq2SkGO68JFbFs=">AAACIHicbVBLS8NAEN74rPUV9eglWISKWBIRrAehKAXxVMVqoSlls53axc2D3UmhhPwVL/4VLx5U9Ka/xm2ag68Plv3mmxlm5vMiwRXa9ocxNT0zOzdfWCguLi2vrJpr69cqjCWDJgtFKFseVSB4AE3kKKAVSaC+J+DGuzsd52+GIBUPgyscRdDx6W3A+5xR1FLXrLpDYEk9Pd7LyDB1kfugsuAk3XUBaTkLztO9/O8ml/V0p2uW7IqdwfpLnJyUSI5G13x3eyGLfQiQCapU27Ej7CRUImcC0qIbK4gou6O30NY0oHqNTpJdmFrbWulZ/VDqF6CVqd87EuorNfI9XelTHKjfubH4X64dY7/aSXgQxQgBmwzqx8LC0BrbZfW4BIZipAllkutdLTagkjLUpha1Cc7vk/+S5n7lqOJcHJRqB7kbBbJJtkiZOOSQ1MgZaZAmYeSePJJn8mI8GE/Gq/E2KZ0y8p4N8gPG5xfqoqQh</latexit><latexit sha1_base64="MTO6pKRQrotYwFq2SkGO68JFbFs=">AAACIHicbVBLS8NAEN74rPUV9eglWISKWBIRrAehKAXxVMVqoSlls53axc2D3UmhhPwVL/4VLx5U9Ka/xm2ag68Plv3mmxlm5vMiwRXa9ocxNT0zOzdfWCguLi2vrJpr69cqjCWDJgtFKFseVSB4AE3kKKAVSaC+J+DGuzsd52+GIBUPgyscRdDx6W3A+5xR1FLXrLpDYEk9Pd7LyDB1kfugsuAk3XUBaTkLztO9/O8ml/V0p2uW7IqdwfpLnJyUSI5G13x3eyGLfQiQCapU27Ej7CRUImcC0qIbK4gou6O30NY0oHqNTpJdmFrbWulZ/VDqF6CVqd87EuorNfI9XelTHKjfubH4X64dY7/aSXgQxQgBmwzqx8LC0BrbZfW4BIZipAllkutdLTagkjLUpha1Cc7vk/+S5n7lqOJcHJRqB7kbBbJJtkiZOOSQ1MgZaZAmYeSePJJn8mI8GE/Gq/E2KZ0y8p4N8gPG5xfqoqQh</latexit><latexit sha1_base64="MTO6pKRQrotYwFq2SkGO68JFbFs=">AAACIHicbVBLS8NAEN74rPUV9eglWISKWBIRrAehKAXxVMVqoSlls53axc2D3UmhhPwVL/4VLx5U9Ka/xm2ag68Plv3mmxlm5vMiwRXa9ocxNT0zOzdfWCguLi2vrJpr69cqjCWDJgtFKFseVSB4AE3kKKAVSaC+J+DGuzsd52+GIBUPgyscRdDx6W3A+5xR1FLXrLpDYEk9Pd7LyDB1kfugsuAk3XUBaTkLztO9/O8ml/V0p2uW7IqdwfpLnJyUSI5G13x3eyGLfQiQCapU27Ej7CRUImcC0qIbK4gou6O30NY0oHqNTpJdmFrbWulZ/VDqF6CVqd87EuorNfI9XelTHKjfubH4X64dY7/aSXgQxQgBmwzqx8LC0BrbZfW4BIZipAllkutdLTagkjLUpha1Cc7vk/+S5n7lqOJcHJRqB7kbBbJJtkiZOOSQ1MgZaZAmYeSePJJn8mI8GE/Gq/E2KZ0y8p4N8gPG5xfqoqQh</latexit>

~J =
1

µ0
r⇥ ~B

<latexit sha1_base64="me5t8/ojwD32ZcWyeef3Uik9LRs=">AAACEnicbVDNSsNAGNzUv1r/oh69BIsgHkoiBfUgFL2IpwrGFpoQNttNu3R3E3Y3hRLyDl58FS8eVLx68ubbuE1z0NaBhWFmPr79Jkwokcq2v43K0vLK6lp1vbaxubW9Y+7uPcg4FQi7KKax6IZQYko4dhVRFHcTgSELKe6Eo+up3xljIUnM79UkwT6DA04igqDSUmCeeGOMstv80osERJmTZx5LAzv3OAwp9BRhWBaRqzww63bDLmAtEqckdVCiHZhfXj9GKcNcIQql7Dl2ovwMCkUQxXnNSyVOIBrBAe5pyqHe5WfFTbl1pJW+FcVCP66sQv09kUEm5YSFOsmgGsp5byr+5/VSFZ37GeFJqjBHs0VRSi0VW9OCrD4RGCk60QQiQfRfLTSEuhyla6zpEpz5kxeJe9q4aDh3zXqrWbZRBQfgEBwDB5yBFrgBbeACBB7BM3gFb8aT8WK8Gx+zaMUoZ/bBHxifP4ubnsA=</latexit><latexit sha1_base64="me5t8/ojwD32ZcWyeef3Uik9LRs=">AAACEnicbVDNSsNAGNzUv1r/oh69BIsgHkoiBfUgFL2IpwrGFpoQNttNu3R3E3Y3hRLyDl58FS8eVLx68ubbuE1z0NaBhWFmPr79Jkwokcq2v43K0vLK6lp1vbaxubW9Y+7uPcg4FQi7KKax6IZQYko4dhVRFHcTgSELKe6Eo+up3xljIUnM79UkwT6DA04igqDSUmCeeGOMstv80osERJmTZx5LAzv3OAwp9BRhWBaRqzww63bDLmAtEqckdVCiHZhfXj9GKcNcIQql7Dl2ovwMCkUQxXnNSyVOIBrBAe5pyqHe5WfFTbl1pJW+FcVCP66sQv09kUEm5YSFOsmgGsp5byr+5/VSFZ37GeFJqjBHs0VRSi0VW9OCrD4RGCk60QQiQfRfLTSEuhyla6zpEpz5kxeJe9q4aDh3zXqrWbZRBQfgEBwDB5yBFrgBbeACBB7BM3gFb8aT8WK8Gx+zaMUoZ/bBHxifP4ubnsA=</latexit><latexit sha1_base64="me5t8/ojwD32ZcWyeef3Uik9LRs=">AAACEnicbVDNSsNAGNzUv1r/oh69BIsgHkoiBfUgFL2IpwrGFpoQNttNu3R3E3Y3hRLyDl58FS8eVLx68ubbuE1z0NaBhWFmPr79Jkwokcq2v43K0vLK6lp1vbaxubW9Y+7uPcg4FQi7KKax6IZQYko4dhVRFHcTgSELKe6Eo+up3xljIUnM79UkwT6DA04igqDSUmCeeGOMstv80osERJmTZx5LAzv3OAwp9BRhWBaRqzww63bDLmAtEqckdVCiHZhfXj9GKcNcIQql7Dl2ovwMCkUQxXnNSyVOIBrBAe5pyqHe5WfFTbl1pJW+FcVCP66sQv09kUEm5YSFOsmgGsp5byr+5/VSFZ37GeFJqjBHs0VRSi0VW9OCrD4RGCk60QQiQfRfLTSEuhyla6zpEpz5kxeJe9q4aDh3zXqrWbZRBQfgEBwDB5yBFrgBbeACBB7BM3gFb8aT8WK8Gx+zaMUoZ/bBHxifP4ubnsA=</latexit><latexit sha1_base64="me5t8/ojwD32ZcWyeef3Uik9LRs=">AAACEnicbVDNSsNAGNzUv1r/oh69BIsgHkoiBfUgFL2IpwrGFpoQNttNu3R3E3Y3hRLyDl58FS8eVLx68ubbuE1z0NaBhWFmPr79Jkwokcq2v43K0vLK6lp1vbaxubW9Y+7uPcg4FQi7KKax6IZQYko4dhVRFHcTgSELKe6Eo+up3xljIUnM79UkwT6DA04igqDSUmCeeGOMstv80osERJmTZx5LAzv3OAwp9BRhWBaRqzww63bDLmAtEqckdVCiHZhfXj9GKcNcIQql7Dl2ovwMCkUQxXnNSyVOIBrBAe5pyqHe5WfFTbl1pJW+FcVCP66sQv09kUEm5YSFOsmgGsp5byr+5/VSFZ37GeFJqjBHs0VRSi0VW9OCrD4RGCk60QQiQfRfLTSEuhyla6zpEpz5kxeJe9q4aDh3zXqrWbZRBQfgEBwDB5yBFrgBbeACBB7BM3gFb8aT8WK8Gx+zaMUoZ/bBHxifP4ubnsA=</latexit>

mn

✓
@

@t
+ ~v ·r

◆
~v = ( ~J � ~JRE)⇥ ~B �r

X

↵

nT↵ �r ·⇧
<latexit sha1_base64="K7LsdAsFmKsR0fP3S5SdoIDv94w="></latexit><latexit sha1_base64="K7LsdAsFmKsR0fP3S5SdoIDv94w="></latexit><latexit sha1_base64="K7LsdAsFmKsR0fP3S5SdoIDv94w="></latexit><latexit sha1_base64="K7LsdAsFmKsR0fP3S5SdoIDv94w="></latexit>

B = | ~B|
<latexit sha1_base64="vNuEh5S7LmmPr1ydGSs5N2g4Nnc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9CqRePFYwtNKFstpt26WYTdjeFkvZvePGg4tVf481/46bNQVsfDDzem2FmXpBwprRtf1ultfWNza3ydmVnd2//oHp49KTiVBLqkpjHshNgRTkT1NVMc9pJJMVRwGk7GN3lfntMpWKxeNSThPoRHggWMoK1kbzm7dQbU5I1Z9NKr1qz6/YcaJU4BalBgVav+uX1Y5JGVGjCsVJdx060n2GpGeF0VvFSRRNMRnhAu4YKHFHlZ/ObZ+jMKH0UxtKU0Giu/p7IcKTUJApMZ4T1UC17ufif1011eO1nTCSppoIsFoUpRzpGeQCozyQlmk8MwUQycysiQywx0SamPARn+eVV4l7Ub+rOw2WtcVmkUYYTOIVzcOAKGnAPLXCBQALP8ApvVmq9WO/Wx6K1ZBUzx/AH1ucP1juRDQ==</latexit><latexit sha1_base64="vNuEh5S7LmmPr1ydGSs5N2g4Nnc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9CqRePFYwtNKFstpt26WYTdjeFkvZvePGg4tVf481/46bNQVsfDDzem2FmXpBwprRtf1ultfWNza3ydmVnd2//oHp49KTiVBLqkpjHshNgRTkT1NVMc9pJJMVRwGk7GN3lfntMpWKxeNSThPoRHggWMoK1kbzm7dQbU5I1Z9NKr1qz6/YcaJU4BalBgVav+uX1Y5JGVGjCsVJdx060n2GpGeF0VvFSRRNMRnhAu4YKHFHlZ/ObZ+jMKH0UxtKU0Giu/p7IcKTUJApMZ4T1UC17ufif1011eO1nTCSppoIsFoUpRzpGeQCozyQlmk8MwUQycysiQywx0SamPARn+eVV4l7Ub+rOw2WtcVmkUYYTOIVzcOAKGnAPLXCBQALP8ApvVmq9WO/Wx6K1ZBUzx/AH1ucP1juRDQ==</latexit><latexit sha1_base64="vNuEh5S7LmmPr1ydGSs5N2g4Nnc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9CqRePFYwtNKFstpt26WYTdjeFkvZvePGg4tVf481/46bNQVsfDDzem2FmXpBwprRtf1ultfWNza3ydmVnd2//oHp49KTiVBLqkpjHshNgRTkT1NVMc9pJJMVRwGk7GN3lfntMpWKxeNSThPoRHggWMoK1kbzm7dQbU5I1Z9NKr1qz6/YcaJU4BalBgVav+uX1Y5JGVGjCsVJdx060n2GpGeF0VvFSRRNMRnhAu4YKHFHlZ/ObZ+jMKH0UxtKU0Giu/p7IcKTUJApMZ4T1UC17ufif1011eO1nTCSppoIsFoUpRzpGeQCozyQlmk8MwUQycysiQywx0SamPARn+eVV4l7Ub+rOw2WtcVmkUYYTOIVzcOAKGnAPLXCBQALP8ApvVmq9WO/Wx6K1ZBUzx/AH1ucP1juRDQ==</latexit><latexit sha1_base64="vNuEh5S7LmmPr1ydGSs5N2g4Nnc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9CqRePFYwtNKFstpt26WYTdjeFkvZvePGg4tVf481/46bNQVsfDDzem2FmXpBwprRtf1ultfWNza3ydmVnd2//oHp49KTiVBLqkpjHshNgRTkT1NVMc9pJJMVRwGk7GN3lfntMpWKxeNSThPoRHggWMoK1kbzm7dQbU5I1Z9NKr1qz6/YcaJU4BalBgVav+uX1Y5JGVGjCsVJdx060n2GpGeF0VvFSRRNMRnhAu4YKHFHlZ/ObZ+jMKH0UxtKU0Giu/p7IcKTUJApMZ4T1UC17ufif1011eO1nTCSppoIsFoUpRzpGeQCozyQlmk8MwUQycysiQywx0SamPARn+eVV4l7Ub+rOw2WtcVmkUYYTOIVzcOAKGnAPLXCBQALP8ApvVmq9WO/Wx6K1ZBUzx/AH1ucP1juRDQ==</latexit>

b̂ =
~B

B
<latexit sha1_base64="9JjFB6kN8YJIWOnKvPzZ7pfpEqM=">AAACAXicbVBNS8NAEN34WetX1JN4WSyCp5JIQT0IRS8eKxhbaErZbDft0s0m7E4KJQQv/hUvHlS8+i+8+W/ctjlo64OBx3szzMwLEsE1OM63tbS8srq2Xtoob25t7+zae/sPOk4VZR6NRaxaAdFMcMk84CBYK1GMRIFgzWB4M/GbI6Y0j+U9jBPWiUhf8pBTAkbq2of+gEAW5Fd+qAjN/BGj2XWem+raFafqTIEXiVuQCirQ6Npffi+macQkUEG0brtOAp2MKOBUsLzsp5olhA5Jn7UNlSRiupNNX8jxiVF6OIyVKQl4qv6eyEik9TgKTGdEYKDnvYn4n9dOIbzoZFwmKTBJZ4vCVGCI8SQP3OOKURBjQwhV3NyK6YCYLMCkVjYhuPMvLxLvrHpZde9qlXqtSKOEjtAxOkUuOkd1dIsayEMUPaJn9IrerCfrxXq3PmatS1Yxc4D+wPr8AWipl5k=</latexit><latexit sha1_base64="9JjFB6kN8YJIWOnKvPzZ7pfpEqM=">AAACAXicbVBNS8NAEN34WetX1JN4WSyCp5JIQT0IRS8eKxhbaErZbDft0s0m7E4KJQQv/hUvHlS8+i+8+W/ctjlo64OBx3szzMwLEsE1OM63tbS8srq2Xtoob25t7+zae/sPOk4VZR6NRaxaAdFMcMk84CBYK1GMRIFgzWB4M/GbI6Y0j+U9jBPWiUhf8pBTAkbq2of+gEAW5Fd+qAjN/BGj2XWem+raFafqTIEXiVuQCirQ6Npffi+macQkUEG0brtOAp2MKOBUsLzsp5olhA5Jn7UNlSRiupNNX8jxiVF6OIyVKQl4qv6eyEik9TgKTGdEYKDnvYn4n9dOIbzoZFwmKTBJZ4vCVGCI8SQP3OOKURBjQwhV3NyK6YCYLMCkVjYhuPMvLxLvrHpZde9qlXqtSKOEjtAxOkUuOkd1dIsayEMUPaJn9IrerCfrxXq3PmatS1Yxc4D+wPr8AWipl5k=</latexit><latexit sha1_base64="9JjFB6kN8YJIWOnKvPzZ7pfpEqM=">AAACAXicbVBNS8NAEN34WetX1JN4WSyCp5JIQT0IRS8eKxhbaErZbDft0s0m7E4KJQQv/hUvHlS8+i+8+W/ctjlo64OBx3szzMwLEsE1OM63tbS8srq2Xtoob25t7+zae/sPOk4VZR6NRaxaAdFMcMk84CBYK1GMRIFgzWB4M/GbI6Y0j+U9jBPWiUhf8pBTAkbq2of+gEAW5Fd+qAjN/BGj2XWem+raFafqTIEXiVuQCirQ6Npffi+macQkUEG0brtOAp2MKOBUsLzsp5olhA5Jn7UNlSRiupNNX8jxiVF6OIyVKQl4qv6eyEik9TgKTGdEYKDnvYn4n9dOIbzoZFwmKTBJZ4vCVGCI8SQP3OOKURBjQwhV3NyK6YCYLMCkVjYhuPMvLxLvrHpZde9qlXqtSKOEjtAxOkUuOkd1dIsayEMUPaJn9IrerCfrxXq3PmatS1Yxc4D+wPr8AWipl5k=</latexit><latexit sha1_base64="9JjFB6kN8YJIWOnKvPzZ7pfpEqM=">AAACAXicbVBNS8NAEN34WetX1JN4WSyCp5JIQT0IRS8eKxhbaErZbDft0s0m7E4KJQQv/hUvHlS8+i+8+W/ctjlo64OBx3szzMwLEsE1OM63tbS8srq2Xtoob25t7+zae/sPOk4VZR6NRaxaAdFMcMk84CBYK1GMRIFgzWB4M/GbI6Y0j+U9jBPWiUhf8pBTAkbq2of+gEAW5Fd+qAjN/BGj2XWem+raFafqTIEXiVuQCirQ6Npffi+macQkUEG0brtOAp2MKOBUsLzsp5olhA5Jn7UNlSRiupNNX8jxiVF6OIyVKQl4qv6eyEik9TgKTGdEYKDnvYn4n9dOIbzoZFwmKTBJZ4vCVGCI8SQP3OOKURBjQwhV3NyK6YCYLMCkVjYhuPMvLxLvrHpZde9qlXqtSKOEjtAxOkUuOkd1dIsayEMUPaJn9IrerCfrxXq3PmatS1Yxc4D+wPr8AWipl5k=</latexit>

~ = b̂ ·rb̂
<latexit sha1_base64="Y3UHRJ8ST4Iic1jbnj5CDk0t1Bs=">AAACDnicbVBNS8NAEN3Ur1q/qh69BIviqSRSUA9CwYvHCtYWmlAmm227dLMJu5NCCf0HXvwrXjyoePXszX/jts1BWx8MPN6bYWZekAiu0XG+rcLK6tr6RnGztLW9s7tX3j940HGqKGvSWMSqHYBmgkvWRI6CtRPFIAoEawXDm6nfGjGleSzvcZwwP4K+5D1OAY3ULZ96I0YzbwhJApNrbwCYBROPhjF6EgIBudItV5yqM4O9TNycVEiORrf85YUxTSMmkQrQuuM6CfoZKORUsEnJSzVLgA6hzzqGSoiY9rPZPxP7xCih3YuVKYn2TP09kUGk9TgKTGcEONCL3lT8z+uk2Lv0My6TFJmk80W9VNgY29Nw7JArRlGMDQGquLnVpgNQQNFEWDIhuIsvL5PmefWq6t7VKvVankaRHJFjckZcckHq5JY0SJNQ8kieySt5s56sF+vd+pi3Fqx85pD8gfX5A/k6nWs=</latexit><latexit sha1_base64="Y3UHRJ8ST4Iic1jbnj5CDk0t1Bs=">AAACDnicbVBNS8NAEN3Ur1q/qh69BIviqSRSUA9CwYvHCtYWmlAmm227dLMJu5NCCf0HXvwrXjyoePXszX/jts1BWx8MPN6bYWZekAiu0XG+rcLK6tr6RnGztLW9s7tX3j940HGqKGvSWMSqHYBmgkvWRI6CtRPFIAoEawXDm6nfGjGleSzvcZwwP4K+5D1OAY3ULZ96I0YzbwhJApNrbwCYBROPhjF6EgIBudItV5yqM4O9TNycVEiORrf85YUxTSMmkQrQuuM6CfoZKORUsEnJSzVLgA6hzzqGSoiY9rPZPxP7xCih3YuVKYn2TP09kUGk9TgKTGcEONCL3lT8z+uk2Lv0My6TFJmk80W9VNgY29Nw7JArRlGMDQGquLnVpgNQQNFEWDIhuIsvL5PmefWq6t7VKvVankaRHJFjckZcckHq5JY0SJNQ8kieySt5s56sF+vd+pi3Fqx85pD8gfX5A/k6nWs=</latexit><latexit sha1_base64="Y3UHRJ8ST4Iic1jbnj5CDk0t1Bs=">AAACDnicbVBNS8NAEN3Ur1q/qh69BIviqSRSUA9CwYvHCtYWmlAmm227dLMJu5NCCf0HXvwrXjyoePXszX/jts1BWx8MPN6bYWZekAiu0XG+rcLK6tr6RnGztLW9s7tX3j940HGqKGvSWMSqHYBmgkvWRI6CtRPFIAoEawXDm6nfGjGleSzvcZwwP4K+5D1OAY3ULZ96I0YzbwhJApNrbwCYBROPhjF6EgIBudItV5yqM4O9TNycVEiORrf85YUxTSMmkQrQuuM6CfoZKORUsEnJSzVLgA6hzzqGSoiY9rPZPxP7xCih3YuVKYn2TP09kUGk9TgKTGcEONCL3lT8z+uk2Lv0My6TFJmk80W9VNgY29Nw7JArRlGMDQGquLnVpgNQQNFEWDIhuIsvL5PmefWq6t7VKvVankaRHJFjckZcckHq5JY0SJNQ8kieySt5s56sF+vd+pi3Fqx85pD8gfX5A/k6nWs=</latexit><latexit sha1_base64="Y3UHRJ8ST4Iic1jbnj5CDk0t1Bs=">AAACDnicbVBNS8NAEN3Ur1q/qh69BIviqSRSUA9CwYvHCtYWmlAmm227dLMJu5NCCf0HXvwrXjyoePXszX/jts1BWx8MPN6bYWZekAiu0XG+rcLK6tr6RnGztLW9s7tX3j940HGqKGvSWMSqHYBmgkvWRI6CtRPFIAoEawXDm6nfGjGleSzvcZwwP4K+5D1OAY3ULZ96I0YzbwhJApNrbwCYBROPhjF6EgIBudItV5yqM4O9TNycVEiORrf85YUxTSMmkQrQuuM6CfoZKORUsEnJSzVLgA6hzzqGSoiY9rPZPxP7xCih3YuVKYn2TP09kUGk9TgKTGcEONCL3lT8z+uk2Lv0My6TFJmk80W9VNgY29Nw7JArRlGMDQGquLnVpgNQQNFEWDIhuIsvL5PmefWq6t7VKvVankaRHJFjckZcckHq5JY0SJNQ8kieySt5s56sF+vd+pi3Fqx85pD8gfX5A/k6nWs=</latexit>

@ ~B

@t
= �r⇥ ~E + brr · ~B

<latexit sha1_base64="up/JlRCW9w7f2ZE+IpmlH1+jp94="></latexit><latexit sha1_base64="up/JlRCW9w7f2ZE+IpmlH1+jp94="></latexit><latexit sha1_base64="up/JlRCW9w7f2ZE+IpmlH1+jp94="></latexit><latexit sha1_base64="up/JlRCW9w7f2ZE+IpmlH1+jp94="></latexit>

~vD =
~E ⇥ ~B

B2
+

�

!ce
b̂⇥

 
µ

me
rB + v2k~+ vk

@b̂

@t

!

<latexit sha1_base64="Jbf8Mx75gk929/tW7mKV9Ol9MRY="></latexit><latexit sha1_base64="Jbf8Mx75gk929/tW7mKV9Ol9MRY="></latexit><latexit sha1_base64="Jbf8Mx75gk929/tW7mKV9Ol9MRY="></latexit><latexit sha1_base64="Jbf8Mx75gk929/tW7mKV9Ol9MRY="></latexit>
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@nre

@t
+ cb̂ ·rnre + ~vD ·rnre = 0

<latexit sha1_base64="OmSOGtRq4NbjxaTXLvAadgSzMFo="></latexit><latexit sha1_base64="OmSOGtRq4NbjxaTXLvAadgSzMFo="></latexit><latexit sha1_base64="OmSOGtRq4NbjxaTXLvAadgSzMFo="></latexit><latexit sha1_base64="OmSOGtRq4NbjxaTXLvAadgSzMFo="></latexit>

~Jre = �enre

 
cb̂+

�

!ce
b̂⇥ (c2~+ c

@b̂

@t
)

!

<latexit sha1_base64="twp1fUWZ/ayyouHt7rH7rmU2aj0="></latexit><latexit sha1_base64="twp1fUWZ/ayyouHt7rH7rmU2aj0="></latexit><latexit sha1_base64="twp1fUWZ/ayyouHt7rH7rmU2aj0="></latexit><latexit sha1_base64="twp1fUWZ/ayyouHt7rH7rmU2aj0="></latexit>



The predict-correct scheme is used in NIMROD 

t
<latexit sha1_base64="60O4WfGJaqC4ViTI7DG7/cyytvA=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx5bMLbQhrLZbtq1m03YnQgl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTx6MEmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fj25nffuLaiETd4yTlQUyHSkSCUbRSC/vVmlt35yCrxCtIDQo0+9Wv3iBhWcwVMkmN6XpuikFONQom+bTSywxPKRvTIe9aqmjMTZDPD52SM6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYXQd5EKlGXLFFouiTBJMyOxrMhCaM5QTSyjTwt5K2IhqytBmU7EheMsvrxL/on5T91qXtcZlkUYZTuAUzsGDK2jAHTTBBwYcnuEV3pxH58V5dz4WrSWnmDmGP3A+fwBKXYy+</latexit><latexit sha1_base64="60O4WfGJaqC4ViTI7DG7/cyytvA=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx5bMLbQhrLZbtq1m03YnQgl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTx6MEmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fj25nffuLaiETd4yTlQUyHSkSCUbRSC/vVmlt35yCrxCtIDQo0+9Wv3iBhWcwVMkmN6XpuikFONQom+bTSywxPKRvTIe9aqmjMTZDPD52SM6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYXQd5EKlGXLFFouiTBJMyOxrMhCaM5QTSyjTwt5K2IhqytBmU7EheMsvrxL/on5T91qXtcZlkUYZTuAUzsGDK2jAHTTBBwYcnuEV3pxH58V5dz4WrSWnmDmGP3A+fwBKXYy+</latexit><latexit sha1_base64="60O4WfGJaqC4ViTI7DG7/cyytvA=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx5bMLbQhrLZbtq1m03YnQgl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTx6MEmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fj25nffuLaiETd4yTlQUyHSkSCUbRSC/vVmlt35yCrxCtIDQo0+9Wv3iBhWcwVMkmN6XpuikFONQom+bTSywxPKRvTIe9aqmjMTZDPD52SM6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYXQd5EKlGXLFFouiTBJMyOxrMhCaM5QTSyjTwt5K2IhqytBmU7EheMsvrxL/on5T91qXtcZlkUYZTuAUzsGDK2jAHTTBBwYcnuEV3pxH58V5dz4WrSWnmDmGP3A+fwBKXYy+</latexit><latexit sha1_base64="60O4WfGJaqC4ViTI7DG7/cyytvA=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FLx5bMLbQhrLZbtq1m03YnQgl9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTx6MEmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fj25nffuLaiETd4yTlQUyHSkSCUbRSC/vVmlt35yCrxCtIDQo0+9Wv3iBhWcwVMkmN6XpuikFONQom+bTSywxPKRvTIe9aqmjMTZDPD52SM6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYXQd5EKlGXLFFouiTBJMyOxrMhCaM5QTSyjTwt5K2IhqytBmU7EheMsvrxL/on5T91qXtcZlkUYZTuAUzsGDK2jAHTTBBwYcnuEV3pxH58V5dz4WrSWnmDmGP3A+fwBKXYy+</latexit>

vn�1/2
<latexit sha1_base64="HjWIolhtmgVajay9kDjSv2SlrHQ=">AAAB73icbVBNTwIxEJ31E/EL9eilkZh4EXcJiXoj8eIRE1cwsJJu6UJD2920XRKy4Vd48aDGq3/Hm//GAntQ8CWTvLw3k5l5YcKZNq777aysrq1vbBa2its7u3v7pYPDBx2nilCfxDxWrRBrypmkvmGG01aiKBYhp81weDP1myOqNIvlvRknNBC4L1nECDZWehw9ZfLcu6hOuqWyW3FnQMvEy0kZcjS6pa9OLyapoNIQjrVue25iggwrwwink2In1TTBZIj7tG2pxILqIJsdPEGnVumhKFa2pEEz9fdEhoXWYxHaToHNQC96U/E/r52a6CrImExSQyWZL4pSjkyMpt+jHlOUGD62BBPF7K2IDLDCxNiMijYEb/HlZeJXK9cV765WrtfyNApwDCdwBh5cQh1uoQE+EBDwDK/w5ijnxXl3PuatK04+cwR/4Hz+AE4oj5M=</latexit><latexit sha1_base64="HjWIolhtmgVajay9kDjSv2SlrHQ=">AAAB73icbVBNTwIxEJ31E/EL9eilkZh4EXcJiXoj8eIRE1cwsJJu6UJD2920XRKy4Vd48aDGq3/Hm//GAntQ8CWTvLw3k5l5YcKZNq777aysrq1vbBa2its7u3v7pYPDBx2nilCfxDxWrRBrypmkvmGG01aiKBYhp81weDP1myOqNIvlvRknNBC4L1nECDZWehw9ZfLcu6hOuqWyW3FnQMvEy0kZcjS6pa9OLyapoNIQjrVue25iggwrwwink2In1TTBZIj7tG2pxILqIJsdPEGnVumhKFa2pEEz9fdEhoXWYxHaToHNQC96U/E/r52a6CrImExSQyWZL4pSjkyMpt+jHlOUGD62BBPF7K2IDLDCxNiMijYEb/HlZeJXK9cV765WrtfyNApwDCdwBh5cQh1uoQE+EBDwDK/w5ijnxXl3PuatK04+cwR/4Hz+AE4oj5M=</latexit><latexit sha1_base64="HjWIolhtmgVajay9kDjSv2SlrHQ=">AAAB73icbVBNTwIxEJ31E/EL9eilkZh4EXcJiXoj8eIRE1cwsJJu6UJD2920XRKy4Vd48aDGq3/Hm//GAntQ8CWTvLw3k5l5YcKZNq777aysrq1vbBa2its7u3v7pYPDBx2nilCfxDxWrRBrypmkvmGG01aiKBYhp81weDP1myOqNIvlvRknNBC4L1nECDZWehw9ZfLcu6hOuqWyW3FnQMvEy0kZcjS6pa9OLyapoNIQjrVue25iggwrwwink2In1TTBZIj7tG2pxILqIJsdPEGnVumhKFa2pEEz9fdEhoXWYxHaToHNQC96U/E/r52a6CrImExSQyWZL4pSjkyMpt+jHlOUGD62BBPF7K2IDLDCxNiMijYEb/HlZeJXK9cV765WrtfyNApwDCdwBh5cQh1uoQE+EBDwDK/w5ijnxXl3PuatK04+cwR/4Hz+AE4oj5M=</latexit><latexit sha1_base64="HjWIolhtmgVajay9kDjSv2SlrHQ=">AAAB73icbVBNTwIxEJ31E/EL9eilkZh4EXcJiXoj8eIRE1cwsJJu6UJD2920XRKy4Vd48aDGq3/Hm//GAntQ8CWTvLw3k5l5YcKZNq777aysrq1vbBa2its7u3v7pYPDBx2nilCfxDxWrRBrypmkvmGG01aiKBYhp81weDP1myOqNIvlvRknNBC4L1nECDZWehw9ZfLcu6hOuqWyW3FnQMvEy0kZcjS6pa9OLyapoNIQjrVue25iggwrwwink2In1TTBZIj7tG2pxILqIJsdPEGnVumhKFa2pEEz9fdEhoXWYxHaToHNQC96U/E/r52a6CrImExSQyWZL4pSjkyMpt+jHlOUGD62BBPF7K2IDLDCxNiMijYEb/HlZeJXK9cV765WrtfyNApwDCdwBh5cQh1uoQE+EBDwDK/w5ijnxXl3PuatK04+cwR/4Hz+AE4oj5M=</latexit>

vn+1/2
<latexit sha1_base64="1jWYawDkyomLjc4yHaPO01XivAY=">AAAB73icbVBNSwMxEJ31s9avqkcvwSIIQt0tBfVW8OKxgmsr7VqyabYNTbJLki2Upb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321lZXVvf2CxsFbd3dvf2SweHDzpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbqN0dUaRbLezNOaCBwX7KIEWys9Dh6yuS5d1GddEtlt+LOgJaJl5My5Gh0S1+dXkxSQaUhHGvd9tzEBBlWhhFOJ8VOqmmCyRD3adtSiQXVQTY7eIJOrdJDUaxsSYNm6u+JDAutxyK0nQKbgV70puJ/Xjs10VWQMZmkhkoyXxSlHJkYTb9HPaYoMXxsCSaK2VsRGWCFibEZFW0I3uLLy8SvVq4r3l2tXK/laRTgGE7gDDy4hDrcQgN8ICDgGV7hzVHOi/PufMxbV5x85gj+wPn8AUsaj5E=</latexit><latexit sha1_base64="1jWYawDkyomLjc4yHaPO01XivAY=">AAAB73icbVBNSwMxEJ31s9avqkcvwSIIQt0tBfVW8OKxgmsr7VqyabYNTbJLki2Upb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321lZXVvf2CxsFbd3dvf2SweHDzpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbqN0dUaRbLezNOaCBwX7KIEWys9Dh6yuS5d1GddEtlt+LOgJaJl5My5Gh0S1+dXkxSQaUhHGvd9tzEBBlWhhFOJ8VOqmmCyRD3adtSiQXVQTY7eIJOrdJDUaxsSYNm6u+JDAutxyK0nQKbgV70puJ/Xjs10VWQMZmkhkoyXxSlHJkYTb9HPaYoMXxsCSaK2VsRGWCFibEZFW0I3uLLy8SvVq4r3l2tXK/laRTgGE7gDDy4hDrcQgN8ICDgGV7hzVHOi/PufMxbV5x85gj+wPn8AUsaj5E=</latexit><latexit sha1_base64="1jWYawDkyomLjc4yHaPO01XivAY=">AAAB73icbVBNSwMxEJ31s9avqkcvwSIIQt0tBfVW8OKxgmsr7VqyabYNTbJLki2Upb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321lZXVvf2CxsFbd3dvf2SweHDzpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbqN0dUaRbLezNOaCBwX7KIEWys9Dh6yuS5d1GddEtlt+LOgJaJl5My5Gh0S1+dXkxSQaUhHGvd9tzEBBlWhhFOJ8VOqmmCyRD3adtSiQXVQTY7eIJOrdJDUaxsSYNm6u+JDAutxyK0nQKbgV70puJ/Xjs10VWQMZmkhkoyXxSlHJkYTb9HPaYoMXxsCSaK2VsRGWCFibEZFW0I3uLLy8SvVq4r3l2tXK/laRTgGE7gDDy4hDrcQgN8ICDgGV7hzVHOi/PufMxbV5x85gj+wPn8AUsaj5E=</latexit><latexit sha1_base64="1jWYawDkyomLjc4yHaPO01XivAY=">AAAB73icbVBNSwMxEJ31s9avqkcvwSIIQt0tBfVW8OKxgmsr7VqyabYNTbJLki2Upb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321lZXVvf2CxsFbd3dvf2SweHDzpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbqN0dUaRbLezNOaCBwX7KIEWys9Dh6yuS5d1GddEtlt+LOgJaJl5My5Gh0S1+dXkxSQaUhHGvd9tzEBBlWhhFOJ8VOqmmCyRD3adtSiQXVQTY7eIJOrdJDUaxsSYNm6u+JDAutxyK0nQKbgV70puJ/Xjs10VWQMZmkhkoyXxSlHJkYTb9HPaYoMXxsCSaK2VsRGWCFibEZFW0I3uLLy8SvVq4r3l2tXK/laRTgGE7gDDy4hDrcQgN8ICDgGV7hzVHOi/PufMxbV5x85gj+wPn8AUsaj5E=</latexit>

� ~B = �tr⇥
✓
~vn+1/2 ⇥ ~B⇤ � ⌘

µ0
r⇥ ~B⇤ + ⌘ ~J⇤

RE

◆

<latexit sha1_base64="S06QEzThO/YfJaSzOvrSEp0l5u8="></latexit><latexit sha1_base64="S06QEzThO/YfJaSzOvrSEp0l5u8="></latexit><latexit sha1_base64="S06QEzThO/YfJaSzOvrSEp0l5u8="></latexit><latexit sha1_base64="S06QEzThO/YfJaSzOvrSEp0l5u8="></latexit>

where                       (prediction),                                                (correction)    ~B⇤ = ~Bn
<latexit sha1_base64="o//lTPIdkEzt3IgAqPa61gSsY28=">AAAB+3icbZDNSsNAFIVv/K31r9qlm8EiiIuSSEFdCEU3LisYW2hjmUwn7dDJJMxMCiHUV3HjQsWtL+LOt3HaRtDWAwMf597LvXP8mDOlbfvLWlpeWV1bL2wUN7e2d3ZLe/v3KkokoS6JeCRbPlaUM0FdzTSnrVhSHPqcNv3h9aTeHFGpWCTudBpTL8R9wQJGsDZWt1TujCjJrsYPJ5c/ZNyKXbWnQovg5FCBXI1u6bPTi0gSUqEJx0q1HTvWXoalZoTTcbGTKBpjMsR92jYocEiVl02PH6Mj4/RQEEnzhEZT9/dEhkOl0tA3nSHWAzVfm5j/1dqJDs69jIk40VSQ2aIg4UhHaJIE6jFJieapAUwkM7ciMsASE23yKpoQnPkvL4J7Wr2oOre1Sr2Wp1GAAziEY3DgDOpwAw1wgUAKT/ACr9aj9Wy9We+z1iUrnynDH1kf39jIlGg=</latexit><latexit sha1_base64="o//lTPIdkEzt3IgAqPa61gSsY28=">AAAB+3icbZDNSsNAFIVv/K31r9qlm8EiiIuSSEFdCEU3LisYW2hjmUwn7dDJJMxMCiHUV3HjQsWtL+LOt3HaRtDWAwMf597LvXP8mDOlbfvLWlpeWV1bL2wUN7e2d3ZLe/v3KkokoS6JeCRbPlaUM0FdzTSnrVhSHPqcNv3h9aTeHFGpWCTudBpTL8R9wQJGsDZWt1TujCjJrsYPJ5c/ZNyKXbWnQovg5FCBXI1u6bPTi0gSUqEJx0q1HTvWXoalZoTTcbGTKBpjMsR92jYocEiVl02PH6Mj4/RQEEnzhEZT9/dEhkOl0tA3nSHWAzVfm5j/1dqJDs69jIk40VSQ2aIg4UhHaJIE6jFJieapAUwkM7ciMsASE23yKpoQnPkvL4J7Wr2oOre1Sr2Wp1GAAziEY3DgDOpwAw1wgUAKT/ACr9aj9Wy9We+z1iUrnynDH1kf39jIlGg=</latexit><latexit sha1_base64="o//lTPIdkEzt3IgAqPa61gSsY28=">AAAB+3icbZDNSsNAFIVv/K31r9qlm8EiiIuSSEFdCEU3LisYW2hjmUwn7dDJJMxMCiHUV3HjQsWtL+LOt3HaRtDWAwMf597LvXP8mDOlbfvLWlpeWV1bL2wUN7e2d3ZLe/v3KkokoS6JeCRbPlaUM0FdzTSnrVhSHPqcNv3h9aTeHFGpWCTudBpTL8R9wQJGsDZWt1TujCjJrsYPJ5c/ZNyKXbWnQovg5FCBXI1u6bPTi0gSUqEJx0q1HTvWXoalZoTTcbGTKBpjMsR92jYocEiVl02PH6Mj4/RQEEnzhEZT9/dEhkOl0tA3nSHWAzVfm5j/1dqJDs69jIk40VSQ2aIg4UhHaJIE6jFJieapAUwkM7ciMsASE23yKpoQnPkvL4J7Wr2oOre1Sr2Wp1GAAziEY3DgDOpwAw1wgUAKT/ACr9aj9Wy9We+z1iUrnynDH1kf39jIlGg=</latexit><latexit sha1_base64="o//lTPIdkEzt3IgAqPa61gSsY28=">AAAB+3icbZDNSsNAFIVv/K31r9qlm8EiiIuSSEFdCEU3LisYW2hjmUwn7dDJJMxMCiHUV3HjQsWtL+LOt3HaRtDWAwMf597LvXP8mDOlbfvLWlpeWV1bL2wUN7e2d3ZLe/v3KkokoS6JeCRbPlaUM0FdzTSnrVhSHPqcNv3h9aTeHFGpWCTudBpTL8R9wQJGsDZWt1TujCjJrsYPJ5c/ZNyKXbWnQovg5FCBXI1u6bPTi0gSUqEJx0q1HTvWXoalZoTTcbGTKBpjMsR92jYocEiVl02PH6Mj4/RQEEnzhEZT9/dEhkOl0tA3nSHWAzVfm5j/1dqJDs69jIk40VSQ2aIg4UhHaJIE6jFJieapAUwkM7ciMsASE23yKpoQnPkvL4J7Wr2oOre1Sr2Wp1GAAziEY3DgDOpwAw1wgUAKT/ACr9aj9Wy9We+z1iUrnynDH1kf39jIlGg=</latexit>

~B⇤ = f ~Bn + (1� f) ~Bn+1
<latexit sha1_base64="JzTDtFAEXEavkTdwBdJ63EOGivc=">AAACD3icbZBPS8MwGMbT+W/Of1WPXoJDnA5HKwP1IAy9eJxg3WCbI83SLSxNS5IORulH8OJX8eJBxatXb34bs60D3Xwg8Mvzvi/J+7gho1JZ1reRWVhcWl7JrubW1jc2t8ztnXsZRAITBwcsEHUXScIoJ46iipF6KAjyXUZqbv96VK8NiJA04HdqGJKWj7qcehQjpa22edgcEBxfJQ/Hl94UebFgn3hH02vMi3bSNvNWyRoLzoOdQh6kqrbNr2YnwJFPuMIMSdmwrVC1YiQUxYwkuWYkSYhwH3VJQyNHPpGteLxQAg+004FeIPThCo7d3xMx8qUc+q7u9JHqydnayPyv1oiUd96KKQ8jRTiePORFDKoAjtKBHSoIVmyoAWFB9V8h7iGBsNIZ5nQI9uzK8+Ccli5K9m05XymnaWTBHtgHBWCDM1ABN6AKHIDBI3gGr+DNeDJejHfjY9KaMdKZXfBHxucPhtibyg==</latexit><latexit sha1_base64="JzTDtFAEXEavkTdwBdJ63EOGivc=">AAACD3icbZBPS8MwGMbT+W/Of1WPXoJDnA5HKwP1IAy9eJxg3WCbI83SLSxNS5IORulH8OJX8eJBxatXb34bs60D3Xwg8Mvzvi/J+7gho1JZ1reRWVhcWl7JrubW1jc2t8ztnXsZRAITBwcsEHUXScIoJ46iipF6KAjyXUZqbv96VK8NiJA04HdqGJKWj7qcehQjpa22edgcEBxfJQ/Hl94UebFgn3hH02vMi3bSNvNWyRoLzoOdQh6kqrbNr2YnwJFPuMIMSdmwrVC1YiQUxYwkuWYkSYhwH3VJQyNHPpGteLxQAg+004FeIPThCo7d3xMx8qUc+q7u9JHqydnayPyv1oiUd96KKQ8jRTiePORFDKoAjtKBHSoIVmyoAWFB9V8h7iGBsNIZ5nQI9uzK8+Ccli5K9m05XymnaWTBHtgHBWCDM1ABN6AKHIDBI3gGr+DNeDJejHfjY9KaMdKZXfBHxucPhtibyg==</latexit><latexit sha1_base64="JzTDtFAEXEavkTdwBdJ63EOGivc=">AAACD3icbZBPS8MwGMbT+W/Of1WPXoJDnA5HKwP1IAy9eJxg3WCbI83SLSxNS5IORulH8OJX8eJBxatXb34bs60D3Xwg8Mvzvi/J+7gho1JZ1reRWVhcWl7JrubW1jc2t8ztnXsZRAITBwcsEHUXScIoJ46iipF6KAjyXUZqbv96VK8NiJA04HdqGJKWj7qcehQjpa22edgcEBxfJQ/Hl94UebFgn3hH02vMi3bSNvNWyRoLzoOdQh6kqrbNr2YnwJFPuMIMSdmwrVC1YiQUxYwkuWYkSYhwH3VJQyNHPpGteLxQAg+004FeIPThCo7d3xMx8qUc+q7u9JHqydnayPyv1oiUd96KKQ8jRTiePORFDKoAjtKBHSoIVmyoAWFB9V8h7iGBsNIZ5nQI9uzK8+Ccli5K9m05XymnaWTBHtgHBWCDM1ABN6AKHIDBI3gGr+DNeDJejHfjY9KaMdKZXfBHxucPhtibyg==</latexit><latexit sha1_base64="JzTDtFAEXEavkTdwBdJ63EOGivc=">AAACD3icbZBPS8MwGMbT+W/Of1WPXoJDnA5HKwP1IAy9eJxg3WCbI83SLSxNS5IORulH8OJX8eJBxatXb34bs60D3Xwg8Mvzvi/J+7gho1JZ1reRWVhcWl7JrubW1jc2t8ztnXsZRAITBwcsEHUXScIoJ46iipF6KAjyXUZqbv96VK8NiJA04HdqGJKWj7qcehQjpa22edgcEBxfJQ/Hl94UebFgn3hH02vMi3bSNvNWyRoLzoOdQh6kqrbNr2YnwJFPuMIMSdmwrVC1YiQUxYwkuWYkSYhwH3VJQyNHPpGteLxQAg+004FeIPThCo7d3xMx8qUc+q7u9JHqydnayPyv1oiUd96KKQ8jRTiePORFDKoAjtKBHSoIVmyoAWFB9V8h7iGBsNIZ5nQI9uzK8+Ccli5K9m05XymnaWTBHtgHBWCDM1ABN6AKHIDBI3gGr+DNeDJejHfjY9KaMdKZXfBHxucPhtibyg==</latexit>

�b̂ =
1

Bn+1
(� ~B � b̂⇤|� ~B|)

<latexit sha1_base64="IZtzhu5s7syPM6vS+JacxNx/BMo=">AAACL3icbVDLSsNAFJ34tr6qLt0Ei+ADSyKCuhBEBV0qWBWaWibTm3ZwMgkzN0IZ80lu/BTdKKi49S+c1ix8HRg4nHMud+4JU8E1et6zMzA4NDwyOjZempicmp4pz86d6yRTDGosEYm6DKkGwSXUkKOAy1QBjUMBF+H1Qc+/uAGleSLPsJtCI6ZtySPOKFqpWT4KDkEgDToUTZjvBpGizPi52b8ycs3P8+XCvwFm9vP1Ine1evtDv11plite1evD/Uv8glRIgZNm+SFoJSyLQSITVOu676XYMFQhZwLyUpBpSCm7pm2oWyppDLph+gfn7pJVWm6UKPskun31+4ShsdbdOLTJmGJH//Z64n9ePcNou2G4TDMEyb4WRZlwMXF77bktroCh6FpCmeL2ry7rUNsZ2o5LtgT/98l/SW2julP1Tzcre5tFG2NkgSySZeKTLbJHjskJqRFG7sgjeSGvzr3z5Lw571/RAaeYmSc/4Hx8Auxcqk0=</latexit><latexit sha1_base64="IZtzhu5s7syPM6vS+JacxNx/BMo=">AAACL3icbVDLSsNAFJ34tr6qLt0Ei+ADSyKCuhBEBV0qWBWaWibTm3ZwMgkzN0IZ80lu/BTdKKi49S+c1ix8HRg4nHMud+4JU8E1et6zMzA4NDwyOjZempicmp4pz86d6yRTDGosEYm6DKkGwSXUkKOAy1QBjUMBF+H1Qc+/uAGleSLPsJtCI6ZtySPOKFqpWT4KDkEgDToUTZjvBpGizPi52b8ycs3P8+XCvwFm9vP1Ine1evtDv11plite1evD/Uv8glRIgZNm+SFoJSyLQSITVOu676XYMFQhZwLyUpBpSCm7pm2oWyppDLph+gfn7pJVWm6UKPskun31+4ShsdbdOLTJmGJH//Z64n9ePcNou2G4TDMEyb4WRZlwMXF77bktroCh6FpCmeL2ry7rUNsZ2o5LtgT/98l/SW2julP1Tzcre5tFG2NkgSySZeKTLbJHjskJqRFG7sgjeSGvzr3z5Lw571/RAaeYmSc/4Hx8Auxcqk0=</latexit><latexit sha1_base64="IZtzhu5s7syPM6vS+JacxNx/BMo=">AAACL3icbVDLSsNAFJ34tr6qLt0Ei+ADSyKCuhBEBV0qWBWaWibTm3ZwMgkzN0IZ80lu/BTdKKi49S+c1ix8HRg4nHMud+4JU8E1et6zMzA4NDwyOjZempicmp4pz86d6yRTDGosEYm6DKkGwSXUkKOAy1QBjUMBF+H1Qc+/uAGleSLPsJtCI6ZtySPOKFqpWT4KDkEgDToUTZjvBpGizPi52b8ycs3P8+XCvwFm9vP1Ine1evtDv11plite1evD/Uv8glRIgZNm+SFoJSyLQSITVOu676XYMFQhZwLyUpBpSCm7pm2oWyppDLph+gfn7pJVWm6UKPskun31+4ShsdbdOLTJmGJH//Z64n9ePcNou2G4TDMEyb4WRZlwMXF77bktroCh6FpCmeL2ry7rUNsZ2o5LtgT/98l/SW2julP1Tzcre5tFG2NkgSySZeKTLbJHjskJqRFG7sgjeSGvzr3z5Lw571/RAaeYmSc/4Hx8Auxcqk0=</latexit><latexit sha1_base64="IZtzhu5s7syPM6vS+JacxNx/BMo=">AAACL3icbVDLSsNAFJ34tr6qLt0Ei+ADSyKCuhBEBV0qWBWaWibTm3ZwMgkzN0IZ80lu/BTdKKi49S+c1ix8HRg4nHMud+4JU8E1et6zMzA4NDwyOjZempicmp4pz86d6yRTDGosEYm6DKkGwSXUkKOAy1QBjUMBF+H1Qc+/uAGleSLPsJtCI6ZtySPOKFqpWT4KDkEgDToUTZjvBpGizPi52b8ycs3P8+XCvwFm9vP1Ine1evtDv11plite1evD/Uv8glRIgZNm+SFoJSyLQSITVOu676XYMFQhZwLyUpBpSCm7pm2oWyppDLph+gfn7pJVWm6UKPskun31+4ShsdbdOLTJmGJH//Z64n9ePcNou2G4TDMEyb4WRZlwMXF77bktroCh6FpCmeL2ry7rUNsZ2o5LtgT/98l/SW2julP1Tzcre5tFG2NkgSySZeKTLbJHjskJqRFG7sgjeSGvzr3z5Lw571/RAaeYmSc/4Hx8Auxcqk0=</latexit>

Send to NIMROD flow equation 
mn

✓
@

@t
+ ~v ·r

◆
~v = ( ~J � ~JRE)⇥ ~B �r

X

↵

nT↵ �r ·⇧
<latexit sha1_base64="K7LsdAsFmKsR0fP3S5SdoIDv94w="></latexit><latexit sha1_base64="K7LsdAsFmKsR0fP3S5SdoIDv94w="></latexit><latexit sha1_base64="K7LsdAsFmKsR0fP3S5SdoIDv94w="></latexit><latexit sha1_base64="K7LsdAsFmKsR0fP3S5SdoIDv94w="></latexit>

Receive               from NIMROD code ~vn+1/2
<latexit sha1_base64="AilJsJtiDEkglXoov4uIc+5+UMM=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEIglCTUlBvBS8eKxhbaGPZbLft0s0m7G4KNeSXePGg4tW/4s1/47bNQVsfDDzem2FmXhBzprTjfFuFtfWNza3idmlnd2+/bB8cPqgokYR6JOKRbAdYUc4E9TTTnLZjSXEYcNoKxjczvzWhUrFI3OtpTP0QDwUbMIK1kXp2uTuhJJ1kj6k4dy9qWc+uOFVnDrRK3JxUIEezZ391+xFJQio04VipjuvE2k+x1IxwmpW6iaIxJmM8pB1DBQ6p8tP54Rk6NUofDSJpSmg0V39PpDhUahoGpjPEeqSWvZn4n9dJ9ODKT5mIE00FWSwaJBzpCM1SQH0mKdF8aggmkplbERlhiYk2WZVMCO7yy6vEq1Wvq+5dvdKo52kU4RhO4AxcuIQG3EITPCCQwDO8wpv1ZL1Y79bHorVg5TNH8AfW5w+gsJKQ</latexit><latexit sha1_base64="AilJsJtiDEkglXoov4uIc+5+UMM=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEIglCTUlBvBS8eKxhbaGPZbLft0s0m7G4KNeSXePGg4tW/4s1/47bNQVsfDDzem2FmXhBzprTjfFuFtfWNza3idmlnd2+/bB8cPqgokYR6JOKRbAdYUc4E9TTTnLZjSXEYcNoKxjczvzWhUrFI3OtpTP0QDwUbMIK1kXp2uTuhJJ1kj6k4dy9qWc+uOFVnDrRK3JxUIEezZ391+xFJQio04VipjuvE2k+x1IxwmpW6iaIxJmM8pB1DBQ6p8tP54Rk6NUofDSJpSmg0V39PpDhUahoGpjPEeqSWvZn4n9dJ9ODKT5mIE00FWSwaJBzpCM1SQH0mKdF8aggmkplbERlhiYk2WZVMCO7yy6vEq1Wvq+5dvdKo52kU4RhO4AxcuIQG3EITPCCQwDO8wpv1ZL1Y79bHorVg5TNH8AfW5w+gsJKQ</latexit><latexit sha1_base64="AilJsJtiDEkglXoov4uIc+5+UMM=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEIglCTUlBvBS8eKxhbaGPZbLft0s0m7G4KNeSXePGg4tW/4s1/47bNQVsfDDzem2FmXhBzprTjfFuFtfWNza3idmlnd2+/bB8cPqgokYR6JOKRbAdYUc4E9TTTnLZjSXEYcNoKxjczvzWhUrFI3OtpTP0QDwUbMIK1kXp2uTuhJJ1kj6k4dy9qWc+uOFVnDrRK3JxUIEezZ391+xFJQio04VipjuvE2k+x1IxwmpW6iaIxJmM8pB1DBQ6p8tP54Rk6NUofDSJpSmg0V39PpDhUahoGpjPEeqSWvZn4n9dJ9ODKT5mIE00FWSwaJBzpCM1SQH0mKdF8aggmkplbERlhiYk2WZVMCO7yy6vEq1Wvq+5dvdKo52kU4RhO4AxcuIQG3EITPCCQwDO8wpv1ZL1Y79bHorVg5TNH8AfW5w+gsJKQ</latexit><latexit sha1_base64="AilJsJtiDEkglXoov4uIc+5+UMM=">AAAB93icbVBNS8NAEJ3Ur1o/GvXoZbEIglCTUlBvBS8eKxhbaGPZbLft0s0m7G4KNeSXePGg4tW/4s1/47bNQVsfDDzem2FmXhBzprTjfFuFtfWNza3idmlnd2+/bB8cPqgokYR6JOKRbAdYUc4E9TTTnLZjSXEYcNoKxjczvzWhUrFI3OtpTP0QDwUbMIK1kXp2uTuhJJ1kj6k4dy9qWc+uOFVnDrRK3JxUIEezZ391+xFJQio04VipjuvE2k+x1IxwmpW6iaIxJmM8pB1DBQ6p8tP54Rk6NUofDSJpSmg0V39PpDhUahoGpjPEeqSWvZn4n9dJ9ODKT5mIE00FWSwaJBzpCM1SQH0mKdF8aggmkplbERlhiYk2WZVMCO7yy6vEq1Wvq+5dvdKo52kU4RhO4AxcuIQG3EITPCCQwDO8wpv1ZL1Y79bHorVg5TNH8AfW5w+gsJKQ</latexit>

14 

�nre = ��t(cb̂n+1 ·rn⇤
re + ~vn+1

D ·rn⇤
re)

<latexit sha1_base64="ekkvIpAYj9h7lKsGKfDTfCtEI3A="></latexit><latexit sha1_base64="ekkvIpAYj9h7lKsGKfDTfCtEI3A="></latexit><latexit sha1_base64="ekkvIpAYj9h7lKsGKfDTfCtEI3A="></latexit><latexit sha1_base64="ekkvIpAYj9h7lKsGKfDTfCtEI3A="></latexit>

~Jn+1
re = �ecnn+1

re b̂n+1 � ecnn+1
re

!n+1
ce

b̂n+1 ⇥ (c~n+1 +
�b̂

�t
)

<latexit sha1_base64="Zuabkgr4A1899c/cck6iQmx02gk="></latexit><latexit sha1_base64="Zuabkgr4A1899c/cck6iQmx02gk="></latexit><latexit sha1_base64="Zuabkgr4A1899c/cck6iQmx02gk="></latexit><latexit sha1_base64="Zuabkgr4A1899c/cck6iQmx02gk="></latexit>

{B,n, T, nre}n�1
<latexit sha1_base64="JdPQ7tUcfo9Ot5PBmJ30vAZ1/Ts=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXNSSiOBjVXTjskJjC00Mk+mkHTqZhJmJUGIW/oobFypu/Q53/o3TNgttPXDhcM693HtPkDAqlWV9G6WFxaXllfJqZW19Y3PL3N65k3EqMHFwzGLRCZAkjHLiKKoY6SSCoChgpB0Mr8d++4EISWPeUqOEeBHqcxpSjJSWfHPPza5qvNaqcT8TJHfz+4wf27lvVq26NQGcJ3ZBqqBA0ze/3F6M04hwhRmSsmtbifIyJBTFjOQVN5UkQXiI+qSrKUcRkV42uT+Hh1rpwTAWuriCE/X3RIYiKUdRoDsjpAZy1huL/3ndVIXnXkZ5kirC8XRRmDKoYjgOA/aoIFixkSYIC6pvhXiABMJKR1bRIdizL88T56R+UbdvT6uNyyKNMtgHB+AI2OAMNMANaAIHYPAInsEreDOejBfj3fiYtpaMYmYX/IHx+QN4EZVJ</latexit><latexit sha1_base64="JdPQ7tUcfo9Ot5PBmJ30vAZ1/Ts=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXNSSiOBjVXTjskJjC00Mk+mkHTqZhJmJUGIW/oobFypu/Q53/o3TNgttPXDhcM693HtPkDAqlWV9G6WFxaXllfJqZW19Y3PL3N65k3EqMHFwzGLRCZAkjHLiKKoY6SSCoChgpB0Mr8d++4EISWPeUqOEeBHqcxpSjJSWfHPPza5qvNaqcT8TJHfz+4wf27lvVq26NQGcJ3ZBqqBA0ze/3F6M04hwhRmSsmtbifIyJBTFjOQVN5UkQXiI+qSrKUcRkV42uT+Hh1rpwTAWuriCE/X3RIYiKUdRoDsjpAZy1huL/3ndVIXnXkZ5kirC8XRRmDKoYjgOA/aoIFixkSYIC6pvhXiABMJKR1bRIdizL88T56R+UbdvT6uNyyKNMtgHB+AI2OAMNMANaAIHYPAInsEreDOejBfj3fiYtpaMYmYX/IHx+QN4EZVJ</latexit><latexit sha1_base64="JdPQ7tUcfo9Ot5PBmJ30vAZ1/Ts=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXNSSiOBjVXTjskJjC00Mk+mkHTqZhJmJUGIW/oobFypu/Q53/o3TNgttPXDhcM693HtPkDAqlWV9G6WFxaXllfJqZW19Y3PL3N65k3EqMHFwzGLRCZAkjHLiKKoY6SSCoChgpB0Mr8d++4EISWPeUqOEeBHqcxpSjJSWfHPPza5qvNaqcT8TJHfz+4wf27lvVq26NQGcJ3ZBqqBA0ze/3F6M04hwhRmSsmtbifIyJBTFjOQVN5UkQXiI+qSrKUcRkV42uT+Hh1rpwTAWuriCE/X3RIYiKUdRoDsjpAZy1huL/3ndVIXnXkZ5kirC8XRRmDKoYjgOA/aoIFixkSYIC6pvhXiABMJKR1bRIdizL88T56R+UbdvT6uNyyKNMtgHB+AI2OAMNMANaAIHYPAInsEreDOejBfj3fiYtpaMYmYX/IHx+QN4EZVJ</latexit><latexit sha1_base64="JdPQ7tUcfo9Ot5PBmJ30vAZ1/Ts=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXNSSiOBjVXTjskJjC00Mk+mkHTqZhJmJUGIW/oobFypu/Q53/o3TNgttPXDhcM693HtPkDAqlWV9G6WFxaXllfJqZW19Y3PL3N65k3EqMHFwzGLRCZAkjHLiKKoY6SSCoChgpB0Mr8d++4EISWPeUqOEeBHqcxpSjJSWfHPPza5qvNaqcT8TJHfz+4wf27lvVq26NQGcJ3ZBqqBA0ze/3F6M04hwhRmSsmtbifIyJBTFjOQVN5UkQXiI+qSrKUcRkV42uT+Hh1rpwTAWuriCE/X3RIYiKUdRoDsjpAZy1huL/3ndVIXnXkZ5kirC8XRRmDKoYjgOA/aoIFixkSYIC6pvhXiABMJKR1bRIdizL88T56R+UbdvT6uNyyKNMtgHB+AI2OAMNMANaAIHYPAInsEreDOejBfj3fiYtpaMYmYX/IHx+QN4EZVJ</latexit>

{B,n, T, nre}n
<latexit sha1_base64="kE2sOgUUjGIp3pjoe3jzTZ3pZwQ=">AAAB/HicbVDLSsNAFL3xWesrPnZugkVwUUoigo9V0Y3LCo0tNDFMptN26GQSZiZCDcFfceNCxa0f4s6/cdpmoa0HLhzOuZd77wkTRqWy7W9jYXFpeWW1tFZe39jc2jZ3du9knApMXByzWLRDJAmjnLiKKkbaiSAoChlphcPrsd96IELSmDfVKCF+hPqc9ihGSkuBue9lV1VebVZ5kAmSe/l9xvPArNg1ewJrnjgFqUCBRmB+ed0YpxHhCjMkZcexE+VnSCiKGcnLXipJgvAQ9UlHU44iIv1scn1uHWmla/VioYsra6L+nshQJOUoCnVnhNRAznpj8T+vk6reuZ9RnqSKcDxd1EuZpWJrHIXVpYJgxUaaICyovtXCAyQQVjqwsg7BmX15nrgntYuac3taqV8WaZTgAA7hGBw4gzrcQANcwPAIz/AKb8aT8WK8Gx/T1gWjmNmDPzA+fwCQ1ZTX</latexit><latexit sha1_base64="kE2sOgUUjGIp3pjoe3jzTZ3pZwQ=">AAAB/HicbVDLSsNAFL3xWesrPnZugkVwUUoigo9V0Y3LCo0tNDFMptN26GQSZiZCDcFfceNCxa0f4s6/cdpmoa0HLhzOuZd77wkTRqWy7W9jYXFpeWW1tFZe39jc2jZ3du9knApMXByzWLRDJAmjnLiKKkbaiSAoChlphcPrsd96IELSmDfVKCF+hPqc9ihGSkuBue9lV1VebVZ5kAmSe/l9xvPArNg1ewJrnjgFqUCBRmB+ed0YpxHhCjMkZcexE+VnSCiKGcnLXipJgvAQ9UlHU44iIv1scn1uHWmla/VioYsra6L+nshQJOUoCnVnhNRAznpj8T+vk6reuZ9RnqSKcDxd1EuZpWJrHIXVpYJgxUaaICyovtXCAyQQVjqwsg7BmX15nrgntYuac3taqV8WaZTgAA7hGBw4gzrcQANcwPAIz/AKb8aT8WK8Gx/T1gWjmNmDPzA+fwCQ1ZTX</latexit><latexit sha1_base64="kE2sOgUUjGIp3pjoe3jzTZ3pZwQ=">AAAB/HicbVDLSsNAFL3xWesrPnZugkVwUUoigo9V0Y3LCo0tNDFMptN26GQSZiZCDcFfceNCxa0f4s6/cdpmoa0HLhzOuZd77wkTRqWy7W9jYXFpeWW1tFZe39jc2jZ3du9knApMXByzWLRDJAmjnLiKKkbaiSAoChlphcPrsd96IELSmDfVKCF+hPqc9ihGSkuBue9lV1VebVZ5kAmSe/l9xvPArNg1ewJrnjgFqUCBRmB+ed0YpxHhCjMkZcexE+VnSCiKGcnLXipJgvAQ9UlHU44iIv1scn1uHWmla/VioYsra6L+nshQJOUoCnVnhNRAznpj8T+vk6reuZ9RnqSKcDxd1EuZpWJrHIXVpYJgxUaaICyovtXCAyQQVjqwsg7BmX15nrgntYuac3taqV8WaZTgAA7hGBw4gzrcQANcwPAIz/AKb8aT8WK8Gx/T1gWjmNmDPzA+fwCQ1ZTX</latexit><latexit sha1_base64="kE2sOgUUjGIp3pjoe3jzTZ3pZwQ=">AAAB/HicbVDLSsNAFL3xWesrPnZugkVwUUoigo9V0Y3LCo0tNDFMptN26GQSZiZCDcFfceNCxa0f4s6/cdpmoa0HLhzOuZd77wkTRqWy7W9jYXFpeWW1tFZe39jc2jZ3du9knApMXByzWLRDJAmjnLiKKkbaiSAoChlphcPrsd96IELSmDfVKCF+hPqc9ihGSkuBue9lV1VebVZ5kAmSe/l9xvPArNg1ewJrnjgFqUCBRmB+ed0YpxHhCjMkZcexE+VnSCiKGcnLXipJgvAQ9UlHU44iIv1scn1uHWmla/VioYsra6L+nshQJOUoCnVnhNRAznpj8T+vk6reuZ9RnqSKcDxd1EuZpWJrHIXVpYJgxUaaICyovtXCAyQQVjqwsg7BmX15nrgntYuac3taqV8WaZTgAA7hGBw4gzrcQANcwPAIz/AKb8aT8WK8Gx/T1gWjmNmDPzA+fwCQ1ZTX</latexit>



However, equilibrium orbits of runaways is 
difficult to calculate 

•  The electric fields generated during the current quench phase can give rise 
to runaway electrons with energies as high as 10’s-100’s of MeV. 

•  The confinement volume shrinks with increasing particle energy. The orbits 
(in the unperturbed field) of the particles are circles that are displaced 
horizontally with respect to the flux surfaces, with a displacement that is 
proportional to the energy.  

 

15 G. Papp, M. Drevlak, T. Fulop, P. Helander and G. I.Pokol, Plasma phys. and controlled fusion, 2011    



The contours of the flux function show the 
magnetic surfaces at equilibrium. 

The contours of the stream functions show 
the drift surfaces of beams with the different 
runaway energies. 

10MeV
<latexit sha1_base64="McvZ7gGytWIrs0VFJNQfFk6DhnY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FL16ECqYttKFstpN26WYTdjdCCf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Ob2d++wmV5ol8NJMUg5gOJY84o8ZKvufeY6tfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1eJf1G/qXsPl7WGW6RRhhM4hXPw4AoacAdN8IEBh2d4hTdHOi/Ou/OxaC05xcwx/IHz+QNRkY3X</latexit><latexit sha1_base64="McvZ7gGytWIrs0VFJNQfFk6DhnY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FL16ECqYttKFstpN26WYTdjdCCf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Ob2d++wmV5ol8NJMUg5gOJY84o8ZKvufeY6tfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1eJf1G/qXsPl7WGW6RRhhM4hXPw4AoacAdN8IEBh2d4hTdHOi/Ou/OxaC05xcwx/IHz+QNRkY3X</latexit><latexit sha1_base64="McvZ7gGytWIrs0VFJNQfFk6DhnY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FL16ECqYttKFstpN26WYTdjdCCf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Ob2d++wmV5ol8NJMUg5gOJY84o8ZKvufeY6tfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1eJf1G/qXsPl7WGW6RRhhM4hXPw4AoacAdN8IEBh2d4hTdHOi/Ou/OxaC05xcwx/IHz+QNRkY3X</latexit><latexit sha1_base64="McvZ7gGytWIrs0VFJNQfFk6DhnY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FL16ECqYttKFstpN26WYTdjdCCf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Ob2d++wmV5ol8NJMUg5gOJY84o8ZKvufeY6tfrbl1dw6ySryC1KBAs1/96g0SlsUoDRNU667npibIqTKcCZxWepnGlLIxHWLXUklj1EE+P3ZKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj86nYELzll1eJf1G/qXsPl7WGW6RRhhM4hXPw4AoacAdN8IEBh2d4hTdHOi/Ou/OxaC05xcwx/IHz+QNRkY3X</latexit>

20MeV
<latexit sha1_base64="pZ/F1+FEMfZkVg5Zctv58W7AYg0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvBixehgmkLbSib7aRdutmE3Y1QQn+DFw8qXv1D3vw3btsctPXBwOO9GWbmhang2rjut7O2vrG5tV3aKe/u7R8cVo6OWzrJFEOfJSJRnZBqFFyib7gR2EkV0jgU2A7HtzO//YRK80Q+mkmKQUyHkkecUWMlv+7eY6tfqbo1dw6ySryCVKFAs1/56g0SlsUoDRNU667npibIqTKcCZyWe5nGlLIxHWLXUklj1EE+P3ZKzq0yIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj8ynbELzll1eJX6/d1LyHy2rDLdIowSmcwQV4cAUNuIMm+MCAwzO8wpsjnRfn3flYtK45xcwJ/IHz+QNTGI3Y</latexit><latexit sha1_base64="pZ/F1+FEMfZkVg5Zctv58W7AYg0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvBixehgmkLbSib7aRdutmE3Y1QQn+DFw8qXv1D3vw3btsctPXBwOO9GWbmhang2rjut7O2vrG5tV3aKe/u7R8cVo6OWzrJFEOfJSJRnZBqFFyib7gR2EkV0jgU2A7HtzO//YRK80Q+mkmKQUyHkkecUWMlv+7eY6tfqbo1dw6ySryCVKFAs1/56g0SlsUoDRNU667npibIqTKcCZyWe5nGlLIxHWLXUklj1EE+P3ZKzq0yIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj8ynbELzll1eJX6/d1LyHy2rDLdIowSmcwQV4cAUNuIMm+MCAwzO8wpsjnRfn3flYtK45xcwJ/IHz+QNTGI3Y</latexit><latexit sha1_base64="pZ/F1+FEMfZkVg5Zctv58W7AYg0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvBixehgmkLbSib7aRdutmE3Y1QQn+DFw8qXv1D3vw3btsctPXBwOO9GWbmhang2rjut7O2vrG5tV3aKe/u7R8cVo6OWzrJFEOfJSJRnZBqFFyib7gR2EkV0jgU2A7HtzO//YRK80Q+mkmKQUyHkkecUWMlv+7eY6tfqbo1dw6ySryCVKFAs1/56g0SlsUoDRNU667npibIqTKcCZyWe5nGlLIxHWLXUklj1EE+P3ZKzq0yIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj8ynbELzll1eJX6/d1LyHy2rDLdIowSmcwQV4cAUNuIMm+MCAwzO8wpsjnRfn3flYtK45xcwJ/IHz+QNTGI3Y</latexit><latexit sha1_base64="pZ/F1+FEMfZkVg5Zctv58W7AYg0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvBixehgmkLbSib7aRdutmE3Y1QQn+DFw8qXv1D3vw3btsctPXBwOO9GWbmhang2rjut7O2vrG5tV3aKe/u7R8cVo6OWzrJFEOfJSJRnZBqFFyib7gR2EkV0jgU2A7HtzO//YRK80Q+mkmKQUyHkkecUWMlv+7eY6tfqbo1dw6ySryCVKFAs1/56g0SlsUoDRNU667npibIqTKcCZyWe5nGlLIxHWLXUklj1EE+P3ZKzq0yIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjL7nAy4QmbExBLKFLe3EjaiijJj8ynbELzll1eJX6/d1LyHy2rDLdIowSmcwQV4cAUNuIMm+MCAwzO8wpsjnRfn3flYtK45xcwJ/IHz+QNTGI3Y</latexit>

41MeV
<latexit sha1_base64="r29SZ0dWOSUEODZQgiHX1N/yrkE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FL16ECqYttKFstpN26WYTdjdCCf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Ob2d++wmV5ol8NJMUg5gOJY84o8ZK/qV3j61+tebW3TnIKvEKUoMCzX71qzdIWBajNExQrbuem5ogp8pwJnBa6WUaU8rGdIhdSyWNUQf5/NgpObPKgESJsiUNmau/J3Iaaz2JQ9sZUzPSy95M/M/rZia6DnIu08ygZItFUSaIScjsczLgCpkRE0soU9zeStiIKsqMzadiQ/CWX14l/kX9pu49XNYabpFGGU7gFM7BgytowB00wQcGHJ7hFd4c6bw4787HorXkFDPH8AfO5w9XrI3b</latexit><latexit sha1_base64="r29SZ0dWOSUEODZQgiHX1N/yrkE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FL16ECqYttKFstpN26WYTdjdCCf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Ob2d++wmV5ol8NJMUg5gOJY84o8ZK/qV3j61+tebW3TnIKvEKUoMCzX71qzdIWBajNExQrbuem5ogp8pwJnBa6WUaU8rGdIhdSyWNUQf5/NgpObPKgESJsiUNmau/J3Iaaz2JQ9sZUzPSy95M/M/rZia6DnIu08ygZItFUSaIScjsczLgCpkRE0soU9zeStiIKsqMzadiQ/CWX14l/kX9pu49XNYabpFGGU7gFM7BgytowB00wQcGHJ7hFd4c6bw4787HorXkFDPH8AfO5w9XrI3b</latexit><latexit sha1_base64="r29SZ0dWOSUEODZQgiHX1N/yrkE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FL16ECqYttKFstpN26WYTdjdCCf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Ob2d++wmV5ol8NJMUg5gOJY84o8ZK/qV3j61+tebW3TnIKvEKUoMCzX71qzdIWBajNExQrbuem5ogp8pwJnBa6WUaU8rGdIhdSyWNUQf5/NgpObPKgESJsiUNmau/J3Iaaz2JQ9sZUzPSy95M/M/rZia6DnIu08ygZItFUSaIScjsczLgCpkRE0soU9zeStiIKsqMzadiQ/CWX14l/kX9pu49XNYabpFGGU7gFM7BgytowB00wQcGHJ7hFd4c6bw4787HorXkFDPH8AfO5w9XrI3b</latexit><latexit sha1_base64="r29SZ0dWOSUEODZQgiHX1N/yrkE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FL16ECqYttKFstpN26WYTdjdCCf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6aCa+O6305pbX1jc6u8XdnZ3ds/qB4etXSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2Ob2d++wmV5ol8NJMUg5gOJY84o8ZK/qV3j61+tebW3TnIKvEKUoMCzX71qzdIWBajNExQrbuem5ogp8pwJnBa6WUaU8rGdIhdSyWNUQf5/NgpObPKgESJsiUNmau/J3Iaaz2JQ9sZUzPSy95M/M/rZia6DnIu08ygZItFUSaIScjsczLgCpkRE0soU9zeStiIKsqMzadiQ/CWX14l/kX9pu49XNYabpFGGU7gFM7BgytowB00wQcGHJ7hFd4c6bw4787HorXkFDPH8AfO5w9XrI3b</latexit>

82MeV
<latexit sha1_base64="XadpUOhfYCXkwKDDhMCQDX+MRF8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYL0VvHgRKpi20Iay2U7apZtN2N0IpfQ3ePGg4tU/5M1/47bNQVsfDDzem2FmXpgKro3rfjuFjc2t7Z3ibmlv/+DwqHx80tJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vp377SdUmify0UxSDGI6lDzijBor+fXaPbb65YpbdRcg68TLSQVyNPvlr94gYVmM0jBBte56bmqCKVWGM4GzUi/TmFI2pkPsWippjDqYLo6dkQurDEiUKFvSkIX6e2JKY60ncWg7Y2pGetWbi/953cxE9WDKZZoZlGy5KMoEMQmZf04GXCEzYmIJZYrbWwkbUUWZsfmUbAje6svrxK9Vb6rew1Wl4eZpFOEMzuESPLiGBtxBE3xgwOEZXuHNkc6L8+58LFsLTj5zCn/gfP4AX06N4A==</latexit><latexit sha1_base64="XadpUOhfYCXkwKDDhMCQDX+MRF8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYL0VvHgRKpi20Iay2U7apZtN2N0IpfQ3ePGg4tU/5M1/47bNQVsfDDzem2FmXpgKro3rfjuFjc2t7Z3ibmlv/+DwqHx80tJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vp377SdUmify0UxSDGI6lDzijBor+fXaPbb65YpbdRcg68TLSQVyNPvlr94gYVmM0jBBte56bmqCKVWGM4GzUi/TmFI2pkPsWippjDqYLo6dkQurDEiUKFvSkIX6e2JKY60ncWg7Y2pGetWbi/953cxE9WDKZZoZlGy5KMoEMQmZf04GXCEzYmIJZYrbWwkbUUWZsfmUbAje6svrxK9Vb6rew1Wl4eZpFOEMzuESPLiGBtxBE3xgwOEZXuHNkc6L8+58LFsLTj5zCn/gfP4AX06N4A==</latexit><latexit sha1_base64="XadpUOhfYCXkwKDDhMCQDX+MRF8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYL0VvHgRKpi20Iay2U7apZtN2N0IpfQ3ePGg4tU/5M1/47bNQVsfDDzem2FmXpgKro3rfjuFjc2t7Z3ibmlv/+DwqHx80tJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vp377SdUmify0UxSDGI6lDzijBor+fXaPbb65YpbdRcg68TLSQVyNPvlr94gYVmM0jBBte56bmqCKVWGM4GzUi/TmFI2pkPsWippjDqYLo6dkQurDEiUKFvSkIX6e2JKY60ncWg7Y2pGetWbi/953cxE9WDKZZoZlGy5KMoEMQmZf04GXCEzYmIJZYrbWwkbUUWZsfmUbAje6svrxK9Vb6rew1Wl4eZpFOEMzuESPLiGBtxBE3xgwOEZXuHNkc6L8+58LFsLTj5zCn/gfP4AX06N4A==</latexit><latexit sha1_base64="XadpUOhfYCXkwKDDhMCQDX+MRF8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYL0VvHgRKpi20Iay2U7apZtN2N0IpfQ3ePGg4tU/5M1/47bNQVsfDDzem2FmXpgKro3rfjuFjc2t7Z3ibmlv/+DwqHx80tJJphj6LBGJ6oRUo+ASfcONwE6qkMahwHY4vp377SdUmify0UxSDGI6lDzijBor+fXaPbb65YpbdRcg68TLSQVyNPvlr94gYVmM0jBBte56bmqCKVWGM4GzUi/TmFI2pkPsWippjDqYLo6dkQurDEiUKFvSkIX6e2JKY60ncWg7Y2pGetWbi/953cxE9WDKZZoZlGy5KMoEMQmZf04GXCEzYmIJZYrbWwkbUUWZsfmUbAje6svrxK9Vb6rew1Wl4eZpFOEMzuESPLiGBtxBE3xgwOEZXuHNkc6L8+58LFsLTj5zCn/gfP4AX06N4A==</latexit>

164MeV
<latexit sha1_base64="pYDbvkcDoKKpvOuYKhZI6v11zzo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVvHgRKpi20Iay2U7atZtN2N0IpfQ/ePGg4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFldW19Y3iZmlre2d3r7x/0NBJphj6LBGJaoVUo+ASfcONwFaqkMahwGY4vJn6zSdUmifywYxSDGLalzzijBorNbyL8ztsdMsVt+rOQJaJl5MK5Kh3y1+dXsKyGKVhgmrd9tzUBGOqDGcCJ6VOpjGlbEj72LZU0hh1MJ5dOyEnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/89qZia6CMZdpZlCy+aIoE8QkZPo66XGFzIiRJZQpbm8lbEAVZcYGVLIheIsvLxP/rHpd9e7PKzU3T6MIR3AMp+DBJdTgFurgA4NHeIZXeHMS58V5dz7mrQUnnzmEP3A+fwDPP44b</latexit><latexit sha1_base64="pYDbvkcDoKKpvOuYKhZI6v11zzo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVvHgRKpi20Iay2U7atZtN2N0IpfQ/ePGg4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFldW19Y3iZmlre2d3r7x/0NBJphj6LBGJaoVUo+ASfcONwFaqkMahwGY4vJn6zSdUmifywYxSDGLalzzijBorNbyL8ztsdMsVt+rOQJaJl5MK5Kh3y1+dXsKyGKVhgmrd9tzUBGOqDGcCJ6VOpjGlbEj72LZU0hh1MJ5dOyEnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/89qZia6CMZdpZlCy+aIoE8QkZPo66XGFzIiRJZQpbm8lbEAVZcYGVLIheIsvLxP/rHpd9e7PKzU3T6MIR3AMp+DBJdTgFurgA4NHeIZXeHMS58V5dz7mrQUnnzmEP3A+fwDPP44b</latexit><latexit sha1_base64="pYDbvkcDoKKpvOuYKhZI6v11zzo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVvHgRKpi20Iay2U7atZtN2N0IpfQ/ePGg4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFldW19Y3iZmlre2d3r7x/0NBJphj6LBGJaoVUo+ASfcONwFaqkMahwGY4vJn6zSdUmifywYxSDGLalzzijBorNbyL8ztsdMsVt+rOQJaJl5MK5Kh3y1+dXsKyGKVhgmrd9tzUBGOqDGcCJ6VOpjGlbEj72LZU0hh1MJ5dOyEnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/89qZia6CMZdpZlCy+aIoE8QkZPo66XGFzIiRJZQpbm8lbEAVZcYGVLIheIsvLxP/rHpd9e7PKzU3T6MIR3AMp+DBJdTgFurgA4NHeIZXeHMS58V5dz7mrQUnnzmEP3A+fwDPP44b</latexit><latexit sha1_base64="pYDbvkcDoKKpvOuYKhZI6v11zzo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE/LgVvHgRKpi20Iay2U7atZtN2N0IpfQ/ePGg4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFldW19Y3iZmlre2d3r7x/0NBJphj6LBGJaoVUo+ASfcONwFaqkMahwGY4vJn6zSdUmifywYxSDGLalzzijBorNbyL8ztsdMsVt+rOQJaJl5MK5Kh3y1+dXsKyGKVhgmrd9tzUBGOqDGcCJ6VOpjGlbEj72LZU0hh1MJ5dOyEnVumRKFG2pCEz9ffEmMZaj+LQdsbUDPSiNxX/89qZia6CMZdpZlCy+aIoE8QkZPo66XGFzIiRJZQpbm8lbEAVZcYGVLIheIsvLxP/rHpd9e7PKzU3T6MIR3AMp+DBJdTgFurgA4NHeIZXeHMS58V5dz7mrQUnnzmEP3A+fwDPP44b</latexit>

Numerical analysis of runaway tokamak equilibrium Z. Yoshida  
Nucl.Fusion, p317(1990) 16 



Initial value nonlinear calculation is needed 

The uncertainties on determining the equilibrium distribution of 
runaway electrons and MHD equilibrium at the post-disruption: 

–  The shrinkage of the confinement zone of the relativistic runaways; 
–  The MHD equilibrium is modified by the runaway current, which 

becomes dominant at post-disruption plasma. 
 
The linear calculation relies on the accurate equilibriums of  both MHD 
and runaway electrons. However, the initial value nonlinear calculation 
can  start with an inaccurate runaway electron distribution and low beta 
MHD equilibrium. 
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Runaway electron source term 
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Sre = nenref(Ek) = (Zeffn� nre)nref(Ek)
<latexit sha1_base64="9UaB2/Ypw7xOyNFaRKqNJiCPfMw=">AAACLHicbVDLSsNAFJ3UV62vqks3wSK0C0sigrooFB/gsqK1xTaEyfSmHTqZhJmJUEJ/yI2/IoKLKm79DqdtFtr2wMDhnHO5c48XMSqVZY2MzNLyyupadj23sbm1vZPf3XuUYSwI1EnIQtH0sARGOdQVVQyakQAceAwaXv9q7DeeQUga8gc1iMAJcJdTnxKstOTmr+/dRMCwwl3gE+YXb9x2hAVmDFipUnxyE/D9IT+e2qVFKT dfsMrWBOY8sVNSQClqbv693QlJHABXhGEpW7YVKSfBQlHCYJhrxxIiTPq4Cy1NOQ5AOsnk2qF5pJWO6YdCP67Mifp3IsGBlIPA08kAq56c9cbiIq8VK//cSSiPYgWcTBf5MTNVaI6rMztUAFFsoAkmguq/mqSnOyBKF5zTJdizJ8+T+kn5omzfnRaql2kbWXSADlER2egMVdEtqqE6IugFvaER+jRejQ/jy/ieRjNGOrOP/sH4+QVRz6j+</latexit><latexit sha1_base64="9UaB2/Ypw7xOyNFaRKqNJiCPfMw=">AAACLHicbVDLSsNAFJ3UV62vqks3wSK0C0sigrooFB/gsqK1xTaEyfSmHTqZhJmJUEJ/yI2/IoKLKm79DqdtFtr2wMDhnHO5c48XMSqVZY2MzNLyyupadj23sbm1vZPf3XuUYSwI1EnIQtH0sARGOdQVVQyakQAceAwaXv9q7DeeQUga8gc1iMAJcJdTnxKstOTmr+/dRMCwwl3gE+YXb9x2hAVmDFipUnxyE/D9IT+e2qVFKT dfsMrWBOY8sVNSQClqbv693QlJHABXhGEpW7YVKSfBQlHCYJhrxxIiTPq4Cy1NOQ5AOsnk2qF5pJWO6YdCP67Mifp3IsGBlIPA08kAq56c9cbiIq8VK//cSSiPYgWcTBf5MTNVaI6rMztUAFFsoAkmguq/mqSnOyBKF5zTJdizJ8+T+kn5omzfnRaql2kbWXSADlER2egMVdEtqqE6IugFvaER+jRejQ/jy/ieRjNGOrOP/sH4+QVRz6j+</latexit><latexit sha1_base64="9UaB2/Ypw7xOyNFaRKqNJiCPfMw=">AAACLHicbVDLSsNAFJ3UV62vqks3wSK0C0sigrooFB/gsqK1xTaEyfSmHTqZhJmJUEJ/yI2/IoKLKm79DqdtFtr2wMDhnHO5c48XMSqVZY2MzNLyyupadj23sbm1vZPf3XuUYSwI1EnIQtH0sARGOdQVVQyakQAceAwaXv9q7DeeQUga8gc1iMAJcJdTnxKstOTmr+/dRMCwwl3gE+YXb9x2hAVmDFipUnxyE/D9IT+e2qVFKT dfsMrWBOY8sVNSQClqbv693QlJHABXhGEpW7YVKSfBQlHCYJhrxxIiTPq4Cy1NOQ5AOsnk2qF5pJWO6YdCP67Mifp3IsGBlIPA08kAq56c9cbiIq8VK//cSSiPYgWcTBf5MTNVaI6rMztUAFFsoAkmguq/mqSnOyBKF5zTJdizJ8+T+kn5omzfnRaql2kbWXSADlER2egMVdEtqqE6IugFvaER+jRejQ/jy/ieRjNGOrOP/sH4+QVRz6j+</latexit><latexit sha1_base64="9UaB2/Ypw7xOyNFaRKqNJiCPfMw=">AAACLHicbVDLSsNAFJ3UV62vqks3wSK0C0sigrooFB/gsqK1xTaEyfSmHTqZhJmJUEJ/yI2/IoKLKm79DqdtFtr2wMDhnHO5c48XMSqVZY2MzNLyyupadj23sbm1vZPf3XuUYSwI1EnIQtH0sARGOdQVVQyakQAceAwaXv9q7DeeQUga8gc1iMAJcJdTnxKstOTmr+/dRMCwwl3gE+YXb9x2hAVmDFipUnxyE/D9IT+e2qVFKT dfsMrWBOY8sVNSQClqbv693QlJHABXhGEpW7YVKSfBQlHCYJhrxxIiTPq4Cy1NOQ5AOsnk2qF5pJWO6YdCP67Mifp3IsGBlIPA08kAq56c9cbiIq8VK//cSSiPYgWcTBf5MTNVaI6rMztUAFFsoAkmguq/mqSnOyBKF5zTJdizJ8+T+kn5omzfnRaql2kbWXSADlER2egMVdEtqqE6IugFvaER+jRejQ/jy/ieRjNGOrOP/sH4+QVRz6j+</latexit>
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n0 = 5⇥ 1019m�3
<latexit sha1_base64="QJSX09+ZgPKPcLCZEOG9SoNoH2U=">AAACAXicbVDLSsNAFJ34rPUVdSVuBovgxpL4QLsQim5cVrC20KZhMp20Q2cmYWYilBDc+CtuXKi49S/c+TdO2yy09cCFwzn3cu89Qcyo0o7zbc3NLywuLRdWiqtr6xub9tb2vYoSiUkdRyySzQApwqggdU01I81YEsQDRhrB4HrkNx6IVDQSd3oYE4+jnqAhxUgbybd3he9cnrU15URB1+mkbiXjnfToJPPtklN2xoCzxM1JCeSo+fZXuxvhhBOhMUNKtVwn1l6KpKaYkazYThSJER6gHmkZKpBZ6aXjFzJ4YJQuDCNpSmg4Vn9PpIgrNeSB6eRI99W0NxL/81qJDi+8lIo40UTgyaIwYVBHcJQH7FJJsGZDQxCW1NwKcR9JhLVJrWhCcKdfniX143Kl7N6elqpXeRoFsAf2wSFwwTmoghtQA3WAwSN4Bq/gzXqyXqx362PSOmflMzvgD6zPH4WFlco=</latexit><latexit sha1_base64="QJSX09+ZgPKPcLCZEOG9SoNoH2U=">AAACAXicbVDLSsNAFJ34rPUVdSVuBovgxpL4QLsQim5cVrC20KZhMp20Q2cmYWYilBDc+CtuXKi49S/c+TdO2yy09cCFwzn3cu89Qcyo0o7zbc3NLywuLRdWiqtr6xub9tb2vYoSiUkdRyySzQApwqggdU01I81YEsQDRhrB4HrkNx6IVDQSd3oYE4+jnqAhxUgbybd3he9cnrU15URB1+mkbiXjnfToJPPtklN2xoCzxM1JCeSo+fZXuxvhhBOhMUNKtVwn1l6KpKaYkazYThSJER6gHmkZKpBZ6aXjFzJ4YJQuDCNpSmg4Vn9PpIgrNeSB6eRI99W0NxL/81qJDi+8lIo40UTgyaIwYVBHcJQH7FJJsGZDQxCW1NwKcR9JhLVJrWhCcKdfniX143Kl7N6elqpXeRoFsAf2wSFwwTmoghtQA3WAwSN4Bq/gzXqyXqx362PSOmflMzvgD6zPH4WFlco=</latexit><latexit sha1_base64="QJSX09+ZgPKPcLCZEOG9SoNoH2U=">AAACAXicbVDLSsNAFJ34rPUVdSVuBovgxpL4QLsQim5cVrC20KZhMp20Q2cmYWYilBDc+CtuXKi49S/c+TdO2yy09cCFwzn3cu89Qcyo0o7zbc3NLywuLRdWiqtr6xub9tb2vYoSiUkdRyySzQApwqggdU01I81YEsQDRhrB4HrkNx6IVDQSd3oYE4+jnqAhxUgbybd3he9cnrU15URB1+mkbiXjnfToJPPtklN2xoCzxM1JCeSo+fZXuxvhhBOhMUNKtVwn1l6KpKaYkazYThSJER6gHmkZKpBZ6aXjFzJ4YJQuDCNpSmg4Vn9PpIgrNeSB6eRI99W0NxL/81qJDi+8lIo40UTgyaIwYVBHcJQH7FJJsGZDQxCW1NwKcR9JhLVJrWhCcKdfniX143Kl7N6elqpXeRoFsAf2wSFwwTmoghtQA3WAwSN4Bq/gzXqyXqx362PSOmflMzvgD6zPH4WFlco=</latexit><latexit sha1_base64="QJSX09+ZgPKPcLCZEOG9SoNoH2U=">AAACAXicbVDLSsNAFJ34rPUVdSVuBovgxpL4QLsQim5cVrC20KZhMp20Q2cmYWYilBDc+CtuXKi49S/c+TdO2yy09cCFwzn3cu89Qcyo0o7zbc3NLywuLRdWiqtr6xub9tb2vYoSiUkdRyySzQApwqggdU01I81YEsQDRhrB4HrkNx6IVDQSd3oYE4+jnqAhxUgbybd3he9cnrU15URB1+mkbiXjnfToJPPtklN2xoCzxM1JCeSo+fZXuxvhhBOhMUNKtVwn1l6KpKaYkazYThSJER6gHmkZKpBZ6aXjFzJ4YJQuDCNpSmg4Vn9PpIgrNeSB6eRI99W0NxL/81qJDi+8lIo40UTgyaIwYVBHcJQH7FJJsGZDQxCW1NwKcR9JhLVJrWhCcKdfniX143Kl7N6elqpXeRoFsAf2wSFwwTmoghtQA3WAwSN4Bq/gzXqyXqx362PSOmflMzvgD6zPH4WFlco=</latexit>

Ek0 = 80V/m
<latexit sha1_base64="2DDHhHiplXA6qXSwP4Sx96KAYa8=">AAAB/HicbVDLSsNAFJ34rPUVHzs3g0VwVRMRrAuhKILLCvYBbQiT6U07dDIJMxOhhuKvuHGh4tYPceffOG2z0NYDFw7n3Mu99wQJZ0o7zre1sLi0vLJaWCuub2xubds7uw0Vp5JCncY8lq2AKOBMQF0zzaGVSCBRwKEZDK7HfvMBpGKxuNfDBLyI9AQLGSXaSL69f+NnnYRIwjlwZ3RZcRonkW+XnLIzAZ4nbk5KKEfNt7863ZimEQhNOVGq7TqJ9jIiNaMcRsVOqiAhdEB60DZUkAiUl02uH+Ejo3RxGEtTQuOJ+nsiI5FSwygwnRHRfTXrjcX/vHaqw4qXMZGkGgSdLgpTjnWMx1HgLpNANR8aQqhk5lZM+yYKqk1gRROCO/vyPKmfli/K7t1ZqXqVp1FAB+gQHSMXnaMqukU1VEcUPaJn9IrerCfrxXq3PqatC1Y+s4f+wPr8AcTtlFM=</latexit><latexit sha1_base64="2DDHhHiplXA6qXSwP4Sx96KAYa8=">AAAB/HicbVDLSsNAFJ34rPUVHzs3g0VwVRMRrAuhKILLCvYBbQiT6U07dDIJMxOhhuKvuHGh4tYPceffOG2z0NYDFw7n3Mu99wQJZ0o7zre1sLi0vLJaWCuub2xubds7uw0Vp5JCncY8lq2AKOBMQF0zzaGVSCBRwKEZDK7HfvMBpGKxuNfDBLyI9AQLGSXaSL69f+NnnYRIwjlwZ3RZcRonkW+XnLIzAZ4nbk5KKEfNt7863ZimEQhNOVGq7TqJ9jIiNaMcRsVOqiAhdEB60DZUkAiUl02uH+Ejo3RxGEtTQuOJ+nsiI5FSwygwnRHRfTXrjcX/vHaqw4qXMZGkGgSdLgpTjnWMx1HgLpNANR8aQqhk5lZM+yYKqk1gRROCO/vyPKmfli/K7t1ZqXqVp1FAB+gQHSMXnaMqukU1VEcUPaJn9IrerCfrxXq3PqatC1Y+s4f+wPr8AcTtlFM=</latexit><latexit sha1_base64="2DDHhHiplXA6qXSwP4Sx96KAYa8=">AAAB/HicbVDLSsNAFJ34rPUVHzs3g0VwVRMRrAuhKILLCvYBbQiT6U07dDIJMxOhhuKvuHGh4tYPceffOG2z0NYDFw7n3Mu99wQJZ0o7zre1sLi0vLJaWCuub2xubds7uw0Vp5JCncY8lq2AKOBMQF0zzaGVSCBRwKEZDK7HfvMBpGKxuNfDBLyI9AQLGSXaSL69f+NnnYRIwjlwZ3RZcRonkW+XnLIzAZ4nbk5KKEfNt7863ZimEQhNOVGq7TqJ9jIiNaMcRsVOqiAhdEB60DZUkAiUl02uH+Ejo3RxGEtTQuOJ+nsiI5FSwygwnRHRfTXrjcX/vHaqw4qXMZGkGgSdLgpTjnWMx1HgLpNANR8aQqhk5lZM+yYKqk1gRROCO/vyPKmfli/K7t1ZqXqVp1FAB+gQHSMXnaMqukU1VEcUPaJn9IrerCfrxXq3PqatC1Y+s4f+wPr8AcTtlFM=</latexit><latexit sha1_base64="2DDHhHiplXA6qXSwP4Sx96KAYa8=">AAAB/HicbVDLSsNAFJ34rPUVHzs3g0VwVRMRrAuhKILLCvYBbQiT6U07dDIJMxOhhuKvuHGh4tYPceffOG2z0NYDFw7n3Mu99wQJZ0o7zre1sLi0vLJaWCuub2xubds7uw0Vp5JCncY8lq2AKOBMQF0zzaGVSCBRwKEZDK7HfvMBpGKxuNfDBLyI9AQLGSXaSL69f+NnnYRIwjlwZ3RZcRonkW+XnLIzAZ4nbk5KKEfNt7863ZimEQhNOVGq7TqJ9jIiNaMcRsVOqiAhdEB60DZUkAiUl02uH+Ejo3RxGEtTQuOJ+nsiI5FSwygwnRHRfTXrjcX/vHaqw4qXMZGkGgSdLgpTjnWMx1HgLpNANR8aQqhk5lZM+yYKqk1gRROCO/vyPKmfli/K7t1ZqXqVp1FAB+gQHSMXnaMqukU1VEcUPaJn9IrerCfrxXq3PqatC1Y+s4f+wPr8AcTtlFM=</latexit>

Te = 2.35eV
<latexit sha1_base64="/tBGnqx6JhuzNk2b6ZC6BCRXtFU=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0iqoh6EohePFZq22Iay2U7apZtN2N0IJfRfePGg4tWf481/47bNQVsfDDzem2FmXpBwprTjfFuFldW19Y3iZmlre2d3r7x/0FRxKil4NOaxbAdEAWcCPM00h3YigUQBh1Ywupv6rSeQisWioccJ+BEZCBYySrSRHhs9uKnaZxfQ7JUrju3MgJeJm5MKylHvlb+6/ZimEQhNOVGq4zqJ9jMiNaMcJqVuqiAhdEQG0DFUkAiUn80unuATo/RxGEtTQuOZ+nsiI5FS4ygwnRHRQ7XoTcX/vE6qwys/YyJJNQg6XxSmHOsYT9/HfSaBaj42hFDJzK2YDokkVJuQSiYEd/HlZeJV7WvbfTiv1G7zNIroCB2jU+SiS1RD96iOPESRQM/oFb1Zynqx3q2PeWvBymcO0R9Ynz9FhI+K</latexit><latexit sha1_base64="/tBGnqx6JhuzNk2b6ZC6BCRXtFU=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0iqoh6EohePFZq22Iay2U7apZtN2N0IJfRfePGg4tWf481/47bNQVsfDDzem2FmXpBwprTjfFuFldW19Y3iZmlre2d3r7x/0FRxKil4NOaxbAdEAWcCPM00h3YigUQBh1Ywupv6rSeQisWioccJ+BEZCBYySrSRHhs9uKnaZxfQ7JUrju3MgJeJm5MKylHvlb+6/ZimEQhNOVGq4zqJ9jMiNaMcJqVuqiAhdEQG0DFUkAiUn80unuATo/RxGEtTQuOZ+nsiI5FS4ygwnRHRQ7XoTcX/vE6qwys/YyJJNQg6XxSmHOsYT9/HfSaBaj42hFDJzK2YDokkVJuQSiYEd/HlZeJV7WvbfTiv1G7zNIroCB2jU+SiS1RD96iOPESRQM/oFb1Zynqx3q2PeWvBymcO0R9Ynz9FhI+K</latexit><latexit sha1_base64="/tBGnqx6JhuzNk2b6ZC6BCRXtFU=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0iqoh6EohePFZq22Iay2U7apZtN2N0IJfRfePGg4tWf481/47bNQVsfDDzem2FmXpBwprTjfFuFldW19Y3iZmlre2d3r7x/0FRxKil4NOaxbAdEAWcCPM00h3YigUQBh1Ywupv6rSeQisWioccJ+BEZCBYySrSRHhs9uKnaZxfQ7JUrju3MgJeJm5MKylHvlb+6/ZimEQhNOVGq4zqJ9jMiNaMcJqVuqiAhdEQG0DFUkAiUn80unuATo/RxGEtTQuOZ+nsiI5FS4ygwnRHRQ7XoTcX/vE6qwys/YyJJNQg6XxSmHOsYT9/HfSaBaj42hFDJzK2YDokkVJuQSiYEd/HlZeJV7WvbfTiv1G7zNIroCB2jU+SiS1RD96iOPESRQM/oFb1Zynqx3q2PeWvBymcO0R9Ynz9FhI+K</latexit><latexit sha1_base64="/tBGnqx6JhuzNk2b6ZC6BCRXtFU=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0iqoh6EohePFZq22Iay2U7apZtN2N0IJfRfePGg4tWf481/47bNQVsfDDzem2FmXpBwprTjfFuFldW19Y3iZmlre2d3r7x/0FRxKil4NOaxbAdEAWcCPM00h3YigUQBh1Ywupv6rSeQisWioccJ+BEZCBYySrSRHhs9uKnaZxfQ7JUrju3MgJeJm5MKylHvlb+6/ZimEQhNOVGq4zqJ9jMiNaMcJqVuqiAhdEQG0DFUkAiUn80unuATo/RxGEtTQuOZ+nsiI5FS4ygwnRHRQ7XoTcX/vE6qwys/YyJJNQg6XxSmHOsYT9/HfSaBaj42hFDJzK2YDokkVJuQSiYEd/HlZeJV7WvbfTiv1G7zNIroCB2jU+SiS1RD96iOPESRQM/oFb1Zynqx3q2PeWvBymcO0R9Ynz9FhI+K</latexit>

nre0 = 106m�3
<latexit sha1_base64="lzgkfKP3Ff2dkW30eXZFysVC4OA=">AAAB+nicbVDLSsNAFJ34rPUV69LNYBHcWBIVHwuh6MZlBWMLbRom00k7dGYSZiZiCfkVNy5U3Pol7vwbp20W2nrgwuGce7n3njBhVGnH+bYWFpeWV1ZLa+X1jc2tbXun8qDiVGLi4ZjFshUiRRgVxNNUM9JKJEE8ZKQZDm/GfvORSEVjca9HCfE56gsaUYy0kQK7IoJMEie/cp3uGe9mRyd5YFedmjMBnCduQaqgQCOwvzq9GKecCI0ZUqrtOon2MyQ1xYzk5U6qSILwEPVJ21CBOFF+Nrk9hwdG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T+vnerows+oSFJNBJ4uilIGdQzHQcAelQRrNjIEYUnNrRAPkERYm7jKJgR39uV54h3XLmvu3Wm1fl2kUQJ7YB8cAhecgzq4BQ3gAQyewDN4BW9Wbr1Y79bHtHXBKmZ2wR9Ynz8GW5NU</latexit><latexit sha1_base64="lzgkfKP3Ff2dkW30eXZFysVC4OA=">AAAB+nicbVDLSsNAFJ34rPUV69LNYBHcWBIVHwuh6MZlBWMLbRom00k7dGYSZiZiCfkVNy5U3Pol7vwbp20W2nrgwuGce7n3njBhVGnH+bYWFpeWV1ZLa+X1jc2tbXun8qDiVGLi4ZjFshUiRRgVxNNUM9JKJEE8ZKQZDm/GfvORSEVjca9HCfE56gsaUYy0kQK7IoJMEie/cp3uGe9mRyd5YFedmjMBnCduQaqgQCOwvzq9GKecCI0ZUqrtOon2MyQ1xYzk5U6qSILwEPVJ21CBOFF+Nrk9hwdG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T+vnerows+oSFJNBJ4uilIGdQzHQcAelQRrNjIEYUnNrRAPkERYm7jKJgR39uV54h3XLmvu3Wm1fl2kUQJ7YB8cAhecgzq4BQ3gAQyewDN4BW9Wbr1Y79bHtHXBKmZ2wR9Ynz8GW5NU</latexit><latexit sha1_base64="lzgkfKP3Ff2dkW30eXZFysVC4OA=">AAAB+nicbVDLSsNAFJ34rPUV69LNYBHcWBIVHwuh6MZlBWMLbRom00k7dGYSZiZiCfkVNy5U3Pol7vwbp20W2nrgwuGce7n3njBhVGnH+bYWFpeWV1ZLa+X1jc2tbXun8qDiVGLi4ZjFshUiRRgVxNNUM9JKJEE8ZKQZDm/GfvORSEVjca9HCfE56gsaUYy0kQK7IoJMEie/cp3uGe9mRyd5YFedmjMBnCduQaqgQCOwvzq9GKecCI0ZUqrtOon2MyQ1xYzk5U6qSILwEPVJ21CBOFF+Nrk9hwdG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T+vnerows+oSFJNBJ4uilIGdQzHQcAelQRrNjIEYUnNrRAPkERYm7jKJgR39uV54h3XLmvu3Wm1fl2kUQJ7YB8cAhecgzq4BQ3gAQyewDN4BW9Wbr1Y79bHtHXBKmZ2wR9Ynz8GW5NU</latexit><latexit sha1_base64="lzgkfKP3Ff2dkW30eXZFysVC4OA=">AAAB+nicbVDLSsNAFJ34rPUV69LNYBHcWBIVHwuh6MZlBWMLbRom00k7dGYSZiZiCfkVNy5U3Pol7vwbp20W2nrgwuGce7n3njBhVGnH+bYWFpeWV1ZLa+X1jc2tbXun8qDiVGLi4ZjFshUiRRgVxNNUM9JKJEE8ZKQZDm/GfvORSEVjca9HCfE56gsaUYy0kQK7IoJMEie/cp3uGe9mRyd5YFedmjMBnCduQaqgQCOwvzq9GKecCI0ZUqrtOon2MyQ1xYzk5U6qSILwEPVJ21CBOFF+Nrk9hwdG6cEolqaEhhP190SGuFIjHppOjvRAzXpj8T+vnerows+oSFJNBJ4uilIGdQzHQcAelQRrNjIEYUnNrRAPkERYm7jKJgR39uV54h3XLmvu3Wm1fl2kUQJ7YB8cAhecgzq4BQ3gAQyewDN4BW9Wbr1Y79bHtHXBKmZ2wR9Ynz8GW5NU</latexit>



Runaway reduced model takes account of source   

19 

@tnre = �cb̂ ·rnre + S(nre, Ek)
<latexit sha1_base64="PU5imuaGGA3ZvaKTMAfL1al0X6g="></latexit><latexit sha1_base64="PU5imuaGGA3ZvaKTMAfL1al0X6g="></latexit><latexit sha1_base64="PU5imuaGGA3ZvaKTMAfL1al0X6g="></latexit><latexit sha1_base64="PU5imuaGGA3ZvaKTMAfL1al0X6g="></latexit>

mn

✓
@~u

@t
+ ~u ·r~u

◆
= enreEkb̂+ ~J ⇥ ~B �rp

<latexit sha1_base64="7wvXIqivp5YKbWFYx4d8W2R+Sws="></latexit><latexit sha1_base64="7wvXIqivp5YKbWFYx4d8W2R+Sws="></latexit><latexit sha1_base64="7wvXIqivp5YKbWFYx4d8W2R+Sws="></latexit><latexit sha1_base64="7wvXIqivp5YKbWFYx4d8W2R+Sws="></latexit>

Ek = ⌘(Jk + ecnre)
<latexit sha1_base64="fV/YdckMcyHSi/sQJI0IVCXK62E=">AAACDnicbVBNS8NAEN3Ur1q/oh69BItSEUoignoQiiKIpwrGFpoQNttpu3SzCbsboYT+Ay/+FS8eVLx69ua/cdsG1OqDgcd7M8zMCxNGpbLtT6MwMzs3v1BcLC0tr6yumesbtzJOBQGXxCwWzRBLYJSDq6hi0EwE4Chk0Aj75yO/cQdC0pjfqEECfoS7nHYowUpLgbl7EXgJFpgxYKceKFy5+hb2gfAgEzDcC8yyXbXHsP4SJydllKMemB9eOyZpBFwRhqVsOXai/AwLRQmDYclLJSSY9HEXWppyHIH0s/E/Q2tHK22rEwtdXFlj9edEhiMpB1GoOyOsenLaG4n/ea1UdY79jPIkVcDJZFEnZZaKrVE4VpsKIIoNNMFEUH2rRXo6DKJ0hCUdgjP98l/iHlRPqs71Ybl2lqdRRFtoG1WQg45QDV2iOnIRQffoET2jF+PBeDJejbdJa8HIZzbRLxjvXyK8nE0=</latexit><latexit sha1_base64="fV/YdckMcyHSi/sQJI0IVCXK62E=">AAACDnicbVBNS8NAEN3Ur1q/oh69BItSEUoignoQiiKIpwrGFpoQNttpu3SzCbsboYT+Ay/+FS8eVLx69ua/cdsG1OqDgcd7M8zMCxNGpbLtT6MwMzs3v1BcLC0tr6yumesbtzJOBQGXxCwWzRBLYJSDq6hi0EwE4Chk0Aj75yO/cQdC0pjfqEECfoS7nHYowUpLgbl7EXgJFpgxYKceKFy5+hb2gfAgEzDcC8yyXbXHsP4SJydllKMemB9eOyZpBFwRhqVsOXai/AwLRQmDYclLJSSY9HEXWppyHIH0s/E/Q2tHK22rEwtdXFlj9edEhiMpB1GoOyOsenLaG4n/ea1UdY79jPIkVcDJZFEnZZaKrVE4VpsKIIoNNMFEUH2rRXo6DKJ0hCUdgjP98l/iHlRPqs71Ybl2lqdRRFtoG1WQg45QDV2iOnIRQffoET2jF+PBeDJejbdJa8HIZzbRLxjvXyK8nE0=</latexit><latexit sha1_base64="fV/YdckMcyHSi/sQJI0IVCXK62E=">AAACDnicbVBNS8NAEN3Ur1q/oh69BItSEUoignoQiiKIpwrGFpoQNttpu3SzCbsboYT+Ay/+FS8eVLx69ua/cdsG1OqDgcd7M8zMCxNGpbLtT6MwMzs3v1BcLC0tr6yumesbtzJOBQGXxCwWzRBLYJSDq6hi0EwE4Chk0Aj75yO/cQdC0pjfqEECfoS7nHYowUpLgbl7EXgJFpgxYKceKFy5+hb2gfAgEzDcC8yyXbXHsP4SJydllKMemB9eOyZpBFwRhqVsOXai/AwLRQmDYclLJSSY9HEXWppyHIH0s/E/Q2tHK22rEwtdXFlj9edEhiMpB1GoOyOsenLaG4n/ea1UdY79jPIkVcDJZFEnZZaKrVE4VpsKIIoNNMFEUH2rRXo6DKJ0hCUdgjP98l/iHlRPqs71Ybl2lqdRRFtoG1WQg45QDV2iOnIRQffoET2jF+PBeDJejbdJa8HIZzbRLxjvXyK8nE0=</latexit><latexit sha1_base64="fV/YdckMcyHSi/sQJI0IVCXK62E=">AAACDnicbVBNS8NAEN3Ur1q/oh69BItSEUoignoQiiKIpwrGFpoQNttpu3SzCbsboYT+Ay/+FS8eVLx69ua/cdsG1OqDgcd7M8zMCxNGpbLtT6MwMzs3v1BcLC0tr6yumesbtzJOBQGXxCwWzRBLYJSDq6hi0EwE4Chk0Aj75yO/cQdC0pjfqEECfoS7nHYowUpLgbl7EXgJFpgxYKceKFy5+hb2gfAgEzDcC8yyXbXHsP4SJydllKMemB9eOyZpBFwRhqVsOXai/AwLRQmDYclLJSSY9HEXWppyHIH0s/E/Q2tHK22rEwtdXFlj9edEhiMpB1GoOyOsenLaG4n/ea1UdY79jPIkVcDJZFEnZZaKrVE4VpsKIIoNNMFEUH2rRXo6DKJ0hCUdgjP98l/iHlRPqs71Ybl2lqdRRFtoG1WQg45QDV2iOnIRQffoET2jF+PBeDJejbdJa8HIZzbRLxjvXyK8nE0=</latexit>

Parallel	runaway	electron	current 

Runaway	electron	source 

The	force	due	to	parallel	electric	field 



 Numerical scheme is unconditionally stable 
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(1 +�tf(Ek)nre)�nk+1
re +

�t

2
cb̂ ·r�nk+1

re =
<latexit sha1_base64="4D3uLPpewWe/uoeSNS23tAAwN14="></latexit><latexit sha1_base64="4D3uLPpewWe/uoeSNS23tAAwN14="></latexit><latexit sha1_base64="4D3uLPpewWe/uoeSNS23tAAwN14="></latexit><latexit sha1_base64="4D3uLPpewWe/uoeSNS23tAAwN14="></latexit>

��tcb̂ ·rnk
re +�tf(Ek)


nre(n� nre) +

�nk
re

2

✓
n� �nk

re

2

◆�

<latexit sha1_base64="E5kv9HL6k6RQi0F16BLag1Omy2A="></latexit><latexit sha1_base64="E5kv9HL6k6RQi0F16BLag1Omy2A="></latexit><latexit sha1_base64="E5kv9HL6k6RQi0F16BLag1Omy2A="></latexit><latexit sha1_base64="E5kv9HL6k6RQi0F16BLag1Omy2A="></latexit>

f(Ek) > 0
<latexit sha1_base64="/wBa4pOEokN0gMCzPc13WAgWwHY=">AAAB+HicbVBNS8NAEN3Ur1q/oh69LBahXkoignqRoggeKxhbaEPYbCft0s0m7G4KJfSfePGg4tWf4s1/47bNQVsfDDzem2FmXphyprTjfFulldW19Y3yZmVre2d3z94/eFJJJil4NOGJbIdEAWcCPM00h3YqgcQhh1Y4vJ36rRFIxRLxqMcp+DHpCxYxSrSRAtuOandBNyWScA789NoJ7KpTd2bAy8QtSBUVaAb2V7eX0CwGoSknSnVcJ9V+TqRmlMOk0s0UpIQOSR86hgoSg/Lz2eUTfGKUHo4SaUpoPFN/T+QkVmoch6YzJnqgFr2p+J/XyXR06edMpJkGQeeLooxjneBpDLjHJFDNx4YQKpm5FdOBSYFqE1bFhOAuvrxMvLP6Vd19OK82boo0yugIHaMactEFaqB71EQeomiEntErerNy68V6tz7mrSWrmDlEf2B9/gCnFpKR</latexit><latexit sha1_base64="/wBa4pOEokN0gMCzPc13WAgWwHY=">AAAB+HicbVBNS8NAEN3Ur1q/oh69LBahXkoignqRoggeKxhbaEPYbCft0s0m7G4KJfSfePGg4tWf4s1/47bNQVsfDDzem2FmXphyprTjfFulldW19Y3yZmVre2d3z94/eFJJJil4NOGJbIdEAWcCPM00h3YqgcQhh1Y4vJ36rRFIxRLxqMcp+DHpCxYxSrSRAtuOandBNyWScA789NoJ7KpTd2bAy8QtSBUVaAb2V7eX0CwGoSknSnVcJ9V+TqRmlMOk0s0UpIQOSR86hgoSg/Lz2eUTfGKUHo4SaUpoPFN/T+QkVmoch6YzJnqgFr2p+J/XyXR06edMpJkGQeeLooxjneBpDLjHJFDNx4YQKpm5FdOBSYFqE1bFhOAuvrxMvLP6Vd19OK82boo0yugIHaMactEFaqB71EQeomiEntErerNy68V6tz7mrSWrmDlEf2B9/gCnFpKR</latexit><latexit sha1_base64="/wBa4pOEokN0gMCzPc13WAgWwHY=">AAAB+HicbVBNS8NAEN3Ur1q/oh69LBahXkoignqRoggeKxhbaEPYbCft0s0m7G4KJfSfePGg4tWf4s1/47bNQVsfDDzem2FmXphyprTjfFulldW19Y3yZmVre2d3z94/eFJJJil4NOGJbIdEAWcCPM00h3YqgcQhh1Y4vJ36rRFIxRLxqMcp+DHpCxYxSrSRAtuOandBNyWScA789NoJ7KpTd2bAy8QtSBUVaAb2V7eX0CwGoSknSnVcJ9V+TqRmlMOk0s0UpIQOSR86hgoSg/Lz2eUTfGKUHo4SaUpoPFN/T+QkVmoch6YzJnqgFr2p+J/XyXR06edMpJkGQeeLooxjneBpDLjHJFDNx4YQKpm5FdOBSYFqE1bFhOAuvrxMvLP6Vd19OK82boo0yugIHaMactEFaqB71EQeomiEntErerNy68V6tz7mrSWrmDlEf2B9/gCnFpKR</latexit><latexit sha1_base64="/wBa4pOEokN0gMCzPc13WAgWwHY=">AAAB+HicbVBNS8NAEN3Ur1q/oh69LBahXkoignqRoggeKxhbaEPYbCft0s0m7G4KJfSfePGg4tWf4s1/47bNQVsfDDzem2FmXphyprTjfFulldW19Y3yZmVre2d3z94/eFJJJil4NOGJbIdEAWcCPM00h3YqgcQhh1Y4vJ36rRFIxRLxqMcp+DHpCxYxSrSRAtuOandBNyWScA789NoJ7KpTd2bAy8QtSBUVaAb2V7eX0CwGoSknSnVcJ9V+TqRmlMOk0s0UpIQOSR86hgoSg/Lz2eUTfGKUHo4SaUpoPFN/T+QkVmoch6YzJnqgFr2p+J/XyXR06edMpJkGQeeLooxjneBpDLjHJFDNx4YQKpm5FdOBSYFqE1bFhOAuvrxMvLP6Vd19OK82boo0yugIHaMactEFaqB71EQeomiEntErerNy68V6tz7mrSWrmDlEf2B9/gCnFpKR</latexit>

Iteration scheme is numerically stable  even with a 
large time step. 



Simulation results 
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Conclusion 

•  We have summarized two types of derivation of the reduced 
model of runaways in the interaction with the low frequency 
resistive MHD mode; 

•  The tests demonstrate the implicit solve of the RE density 
equation, which release the CFL time constraint. But we 
haven't yet demonstrated the full implicit evolution. 

 
•  The implementation of the nonlinear source term is needed to 

make a self-consistent initial value simulation. 

22 



Reduced RE kinetic equation with whistlers 

•  Because of the cyclotron resonance, the magnetic momentum  is 
not a constant of motion. 

•  Instead of the magnetic momentum,                  becomes a constant 
of motion of runaway electrons, which  leads to a 3D kinetic 
equation in the interaction with the whistlers.  

E � !µ
<latexit sha1_base64="vVVemlv3F9AgCae8k2ze+HDupIE=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4sSRSUG8FETxWMLaQhLLZbtqlu9mwOxFK6M/w4kHFq//Gm//GbZuDtj4YeLw3w8y8OBPcgOt+Oyura+sbm5Wt6vbO7t5+7eDw0ahcU+ZTJZTuxsQwwVPmAwfBuplmRMaCdeLRzdTvPDFtuEofYJyxSJJByhNOCVgpuD0PlWQDEsq8V6u7DXcGvEy8ktRRiXav9hX2Fc0lS4EKYkzguRlEBdHAqWCTapgblhE6IgMWWJoSyUxUzE6e4FOr9HGitK0U8Ez9PVEQacxYxrZTEhiaRW8q/ucFOSRXUcHTLAeW0vmiJBcYFJ7+j/tcMwpibAmhmttbMR0STSjYlKo2BG/x5WXiXzSuG959s95qlmlU0DE6QWfIQ5eohe5QG/mIIoWe0St6c8B5cd6dj3nrilPOHKE/cD5/AEr8kMM=</latexit><latexit sha1_base64="vVVemlv3F9AgCae8k2ze+HDupIE=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4sSRSUG8FETxWMLaQhLLZbtqlu9mwOxFK6M/w4kHFq//Gm//GbZuDtj4YeLw3w8y8OBPcgOt+Oyura+sbm5Wt6vbO7t5+7eDw0ahcU+ZTJZTuxsQwwVPmAwfBuplmRMaCdeLRzdTvPDFtuEofYJyxSJJByhNOCVgpuD0PlWQDEsq8V6u7DXcGvEy8ktRRiXav9hX2Fc0lS4EKYkzguRlEBdHAqWCTapgblhE6IgMWWJoSyUxUzE6e4FOr9HGitK0U8Ez9PVEQacxYxrZTEhiaRW8q/ucFOSRXUcHTLAeW0vmiJBcYFJ7+j/tcMwpibAmhmttbMR0STSjYlKo2BG/x5WXiXzSuG959s95qlmlU0DE6QWfIQ5eohe5QG/mIIoWe0St6c8B5cd6dj3nrilPOHKE/cD5/AEr8kMM=</latexit><latexit sha1_base64="vVVemlv3F9AgCae8k2ze+HDupIE=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4sSRSUG8FETxWMLaQhLLZbtqlu9mwOxFK6M/w4kHFq//Gm//GbZuDtj4YeLw3w8y8OBPcgOt+Oyura+sbm5Wt6vbO7t5+7eDw0ahcU+ZTJZTuxsQwwVPmAwfBuplmRMaCdeLRzdTvPDFtuEofYJyxSJJByhNOCVgpuD0PlWQDEsq8V6u7DXcGvEy8ktRRiXav9hX2Fc0lS4EKYkzguRlEBdHAqWCTapgblhE6IgMWWJoSyUxUzE6e4FOr9HGitK0U8Ez9PVEQacxYxrZTEhiaRW8q/ucFOSRXUcHTLAeW0vmiJBcYFJ7+j/tcMwpibAmhmttbMR0STSjYlKo2BG/x5WXiXzSuG959s95qlmlU0DE6QWfIQ5eohe5QG/mIIoWe0St6c8B5cd6dj3nrilPOHKE/cD5/AEr8kMM=</latexit><latexit sha1_base64="vVVemlv3F9AgCae8k2ze+HDupIE=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4sSRSUG8FETxWMLaQhLLZbtqlu9mwOxFK6M/w4kHFq//Gm//GbZuDtj4YeLw3w8y8OBPcgOt+Oyura+sbm5Wt6vbO7t5+7eDw0ahcU+ZTJZTuxsQwwVPmAwfBuplmRMaCdeLRzdTvPDFtuEofYJyxSJJByhNOCVgpuD0PlWQDEsq8V6u7DXcGvEy8ktRRiXav9hX2Fc0lS4EKYkzguRlEBdHAqWCTapgblhE6IgMWWJoSyUxUzE6e4FOr9HGitK0U8Ez9PVEQacxYxrZTEhiaRW8q/ucFOSRXUcHTLAeW0vmiJBcYFJ7+j/tcMwpibAmhmttbMR0STSjYlKo2BG/x5WXiXzSuG959s95qlmlU0DE6QWfIQ5eohe5QG/mIIoWe0St6c8B5cd6dj3nrilPOHKE/cD5/AEr8kMM=</latexit>
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Previous work has investigated kinetic 
instabilities with runaway electrons 

•  Due to the highly relativistic speed, the runaway electrons are 
observed to drive the whistler wave unstable with the kinetic 
resonance condition, 

 
 
 
(D.A.Spong, et.al. Phys.Rev.Lett. 120, 155002(2018) 

C.Liu, et.al. Phys.Rev.Lett.120, 265001(2018)) 
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Spectrogram of whistler wave 
activity measured in DIII-D. 
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Major disruptions in tokamaks often have 
similar characteristics  

A typical time dependence of the plasma density, m=2 magnetic fluctuations, 
central temperature and plasma current during a period of major disruption. 
(F.C. Schuller 1995 Plasma Phys. Control. Fusion 37 A135) 

plasma density increases 

growth of  m=2 NTM  

sawtooth instability followed by a 
fast temperature quench 

slow current quench due to the 
generation of runaway electrons 
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