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HYBRID SIMULATIONS OF QUASINEUTRAL PHENOMENA IN MAGNETIZED PLASMA 

J . A. Byers, B. I . Cohen, W. C. Condit, and J . D. Hanson 
Lawrence LtoenriDre l abo ra to r y , Univers i ty of Ca l i fo rn ia 

Livermore, Ca l i f o rn ia 94550 

We present a new class o f numerical algorithms f o r computer s imulat ion o f 

low frequency (u « bJ c e , u ) electromagnetic and e l ec t r os ta t i c phenomena . in 

magnetized plasma. Maxwell's equations are solved i n the l i m i t s o f quasineu- * 

t r a l t t y and neg l i g i b l e transverse displacement current {Darwin's model): 

V*J. P 0 , V * B. = 4irc~ J_, and -3B/3t = cV x E. Electrons are modeled as a f l u i d 

w i th po la r i za t ion e f fec ts ignored: 0 <* - n e e£ + J . x Be" _ m

e

v

e j i e " " 7 * i e ' 

n * n . . Ions are described as p a r t i c l e s . A novel feature o f these algori thms 

i s the use o f the e lec t ron f l u i d equation of motio/i t o determine, t h e - e l e c t r i c 

f i e l d , which renders these numerical schemes remarkably simple and d i r e c t . The 

simulat ion plasma 1s e i t he r per iod ic , or bounded by p a r t i c l e r e f l ec t i ng conducting 

walls. Both fu l ly nonlinear codes with spatial grids and linearized gridless 

codes have been implemented. We have implemented several var ia t ions o f the 

basic algor i thm which u t i l i z e the conservation o f canonical momentum or which 

re lax t h i s cons t ra in t f o r more general s i t ua t i ons . The numerical d ispers ion 

and s t a b i l i t y o f the various algor i thms are i m a s t 1 gated a n a l y t i c a l l y and 

v e r i f i e d by computer experiments. S t a b i l i t y general ly requires that 

( k V A ) e f f A t £ 1 and u c i A t £ 1 . where the e f fec t i ve Alfve"n frequency f ^ e f f 

includes space-time g r i d e f f ec t s . The goal i s t o simulate low frequency 

(u - o) , « ui . ) e l ec t r os ta t i c anil magnetostatic plasma co l l ec t i ve behavior. 

. Special emphasis i s given to m i r ro r physics app l i ca t ions , e .g . low frequency 

m i c r o i n s t a b i l i t l e s and bui ld-up to and s t a b i l i t y o f f ie ld- reversed conf igurat ions. 

Maxwell's equations are solved in the Darwin approximation (no transverse 



Basic algorithm: 

I • - 4- & »Kct --Tii« Sci "(V,)" 1 ' % + ¥ 'Vc 
"pi "pi "pe 

diamagnetic resistivity 
effects 

— - C* C p C* i t ' D = IJ v i ^ J 

d^/dt = ( q ^ m ^ E + J , x 8c" 1) 

dX,/dt = Vj 

E» = E.(%. TJ *> *e ^ te>"e' 'e' 

X , , V . . „ . . J . 

Note that the vector potential'is propagated ahead in time and that the electric 

f ie ld appears as part of the electron current, >L = n r -w , and is obtained by , 
2"' a b ­

solving for <L = - V I - j L . I t is possible to construct algorithms tnat are 

perfectly"time centered and that require no iteration. In one dimension the 

algorithm \s particularly straightforward. There is a longitudinal electric . 

f ie ld E x, a transverse electric field" E , a vector potential'A , and a magnetic 

f ield B z. i t is.the geometric decoupling of transverse and longitudinal vector 

fields that makes one-dimension?! versions of Darwin models especially simple. 

Another simplification possible in one dimension is the use of conservation of 

y momentum i 
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(A) UNSTABLE DCLC MODE L3 
F|v) = exp(-v z ) - exp( -Rv 2 ) 
R = 10 1 : ^ = 7 (3 = 0.1 p/R p = 0.1 
Result shows initial high frequency transient and then transitions to 
an instability with to _ _ __ = 0.45 
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displacement current) with quasineutrality additionally imposed. The plasma is 

a nonrelativistic ensemble of particle ions and an electron f lu id . 

Quasineutrality: 

K e ( n , - n e ) + ».(J, * 4 ) = 0 

Boundary conditions: (J, + J j -n| = 0 
surface 

Therefore, quasineutrality + Darwin approximation - | r £ l-*• 0 reduces Ampere': 
law to 

v * g = *1 (J. * j / = «S (J, • ^ J 

7 x - ° " c" f t ft Faraday's law 

n e m e( l t * V 7 ) 4 " ° " V e ( £ * «e t i ) " V e ' i , " V e i ' 7-£e 

We neglect the electron inertia, use n = n-, 
and solve the electron fluid equation for £_. 

tf 
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To v e r i f y tha t our a lgor i thm i s accurate arid stable we have analyzed the 

l inear behavior of the one-dimensional f i n i t e di f ference a lgor i thm. We compare 

I n F ig . l the analysis and measurements from the code f o r compression*! £ifve"n 

waves. 

The extension to higher dimensions i s not s t ra igh t fo rward . D i f f i c u l t i e s 

ar ise in t r y i n g to time center a l l o f the equations without introducing spurious 

e f fec ts a t a frequency re la ted to the sampling r a t e . We also wish to re lax 

the const ra in t that canonical momentum be conserved in,any d i r ec t i on , A general 

p red ic tor -cor rec tor scheme has been developed. The use o f the predictor alone 

has the usual d i f f i c u l t i e s associated wi th leapfrog schemes. The corrector 

damp out the spurious high frequency modes but a lso can severely damp desired 

low frequency modes unless the time step i s s u f f i c i e n t l y sma l l . For example 

w i th oifit = kV.At = 0.125 we observe a reduct ion i n wave amplitude by 7% i n 

a time u c 1 t = 50. This may or may not be acceptable depending on the app l ica­

t i o n . The p o i n t ' i s t ha t the algori thm i s s tab le without ex t ra spurious branches 

and wi th some care w i l l not ser iously a l t e r the s i gn i f i can t physics. 

it We have successful ly simulated w i t h l i near i zed codes three examples o f 

m i c r o i n s t a b i l i t y : two essen t ia l l y e l e c t r o s t a t i c modes, the Dory-Guest-Harris 

i n s t a b i l i t y . and the d r i f t - cyc lo t ron - loss -cone mode ; and the A l f v e V i o n -

•cyclo: on mode which 1s electromagnetic. The simulation resu l ts agree wel l 

w i th l i n e a r ana ly t i ca l theory , and the genera l ly s t a b i l i z i n g inf luence o f the 

• electromagnetic modi f icat ions o f the dominantly e l ec t r os ta t i c modes I s 

demonstrated. We have a lso appl ied these s imulat ion models t o the study o f . 

f ie ld- reversed magnetic-mirror systems. Our s imula t ions*ver i fy that e lect ron 

return currents cancel an embedded, l i n e a r l y r i s i n g external current which i s . 

perpendicular to the vacuum magnetic f i e l d , only f o r times up to the Alfve"n 

\ ' 
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t r ans i t time of a plasma bounded by conducting wa l l s . A f te r t h i s , there fs a 

growth o f net current and concomitant magnetic f i e l d mod i f i ca t ion . 

Examples o f resu l ts from a l inear ized version o f the code for a d r i f t -

cyclotron-loss-cone mode are shown i n F1gs. 2 , 3. For the case k p. = 7, we 

see an i n s t a b i l i t y w i th both growth rate and frequency agreeing w i t h the tteory. 

For k p. = 1 , the mode i s observed to be s tab le , aqaln 1n agreement wi th the 

theory. 

S imi lar agreement is obtained for the Dory-Guest-Harris i n s t a b i l i t y 

the Alfve"n ion cyclotron mode. 

These algorithms are present ly being extended to 2D nonlinear versions 

f o r inhomogeneous plasmas. They are expected to be important f o r a var ie ty of 

mirror-conf ined plasma problems. 

Hork performed under the auspices of the U.S. Energy Research and Development 
Administrat ion under contract No. W-7405-Eng-48. 



(B) STABLE DCLC MODE, L5 
M - i other parameters samp as in (a) 

NO growth is observed; the primary frequency is close to U k V A 

frjS. 

= 3 

versus time 


