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For Trieste Proceedings

HYBRID SIMULATIONé OF QUASINEUTRAL PHENOMERA IN MAGNETIZED PLASMA
J, A. Byers, B. I. Cohen, W..C. Condit, and J. D, Hanson

\awrence Livermore Lavoratory, University of California
Livermore, California 94550

He breéent a new class of numerical algorithms for computer Simulation of
Tow frequency (w << Oegs "’pe) electromagnetic and electrostatic phenomena .in
sagnetized plasma. Maxwell's equations are solved in the limits of quasineu- -

trality and neg]'lg'llﬂ‘e transverse displacement current {Darwin's model):
vy =0,7xB= 41rc_1g, and -3B/3t = év x E. Electrons are modeled as a fluid :
with polarization effects fgnored: 0 = -nef + J  x gc'1 ""'e"eiﬂeq - V'?e’
n, ~ 5. Ions are described as particles. A novel feaiure of these algorithms

is the"use of the electron fluid equation of motion to determine the electric
field, which renders these nunervica'l schemes remarkably simple and direct. The
simutation plasma is either periodic, or bounded by. particle reflecting conducting
walls. Both fully nonlinear codes witﬁ spatfal grids and linearized gridless
codes have'been implemented. We have implemented sevéfa'l variations of the
basic algerithm which utilize the conservation of canonical momentum or which
relax this cunstraint for more gener-a'l situations. 'fhe numerical diSPErSfOI; '
and stability of the various algorithms are im =s;:1gated analytically and
‘'verified by computer experiments. Stahility generally requires that
(kVA)effAt 51 and w;at 51, where the effective Alfvén frequency (kvA)eff
includes space-time grid effects. The goal is to simulate low frequency
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i i) electrostatic and magnetostatic plasmi collective behavior.

W
P »
. Special emphasis is given to mirvor physics applications, e.g. 1ow frequency

microinstabilities and build-up to and stability of field-reversed configurations.

Maxwe11's equations are solved in the Darwin approximation (no transverse
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- Basic algorithm:
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@/t = 3,

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

field appears as part uf the electron current, —e =n —2- , and is obtained by .
so'lvmg for ge = -VZA - J s« It s possib'le to construct a'lgunzhms tnat are
perfectly” t1me -centered and that requ!re no iteration. In one d1mens1on the

a'lgorithm is particu‘lar'ly stra'lgh"fomard. There is a longitudinal electric .

'f'le'ld E N a transverse e'lectr1c field E N a vector ‘potential A e and a magnetlc

fie'ld.az. I_t is the geornetnq decou_p'ling of transverse and 'Iong1tud|nal vector

.fields that makes one-~dimension21 versions of Darwin models’ especially simple.

Another simplification poss':i_b1g in one dimension is the use of conservation of

¥ momentum.
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Corpressional Alfvén Waves
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| & c/ax wpi = 0.4
V' clax “pi =10
N ® kVA/“’ci = 0.2
¥ kplog =1
A kVA/“’ci =5
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(A} UNSTABLE DCLC MODE : R ‘ . qa

Fiv) = exp{—v2) —exp(—Rv?) -
R=10 . kp,=7 -~ =041 pi/Rp =0.1
Result shows initial high frequency transient and then transitions to
an instability with @ _ 0.65 Y o045
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displacement current) with quasineutrality additionally imposed. The plasma §s
a nonrelativistic ensemble of particle ions and an electron fluid.

Quasineutrality:
Le(n- Y+ 0e(d; +d) =0
ot &Ny = Me e
Boundary conditions: (Ji + g ) | =0
surface
PN (g + L]e)l =0 .
v

Therefore, quasineutrality + Darwin approximation % g— E" + 0 reduces Ampere's

law to
.4 t_ 4
VxB= c(li*!e) c(ii+'—]e)
To this add
V)(E=—l a—B Faraday's law
= ¢ 3t~
and .
3 . N X
"eme(ﬁ i V) Yo=0= "e"e(E *i. ¢ E) - "eme(‘-’- !e)"ei - VB,

We neglect the electron inertia, use LUNER)

and solve the electron fluig equation for E.
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To verify that gur algorithm is accurate and stable we have amalyzed the
Vinear behavior of the one-dimen.ional finite difference algorithm. We compare
in Fig. 1 the amalysis and measurements from the code for mmpreséiona‘, Alfvén
waves.

The extension to higher dimensiun§ is not straightforward. D{fficulties
arise in trying to time center all of the equations without introducing spurious
effects at a frequency related t0 the sampling rate. We also wish to relax
the constraiﬁt that canonical momentum bé conserved in.any direction. A general -
predictor-corrector scheme has been developed. The use of the predictor alone
has the usual difficulties associated with leapfrog schemes. The corrector
damp gut the spurious high frequency modes but also can sgver'e.‘ly damp desired
Tow frequency modes unless the time step is sufficiently small. For example
with wat = kVAL\.t = 0.125 ;ue observe a reduction in wave amplitude by 7% im
a time “’c'lt = 50. .This may or may not be ac_(_:‘eptatﬂe depending on the applica-
tion, The point'is that the algoritim is stable without e'itr_a spitious branches
and with some care will not seriously alter the significant physics. ‘
. e havé ;ucceséfu‘ﬂy simulated with 1inearized codes three examples of
‘micruinstabifity: two essen:tiaﬂy electrostatic modes, the qu_'v-Guest-Harris
1.2,3

instability *™*" 2nd the dﬂft-cy;:'lotron-‘lnss-cune mode“-, and the Alfvén-ion-
5

‘cycloi:on mode” which is electromagnetic. The simulation results agree well
with Tinear ana‘lytic‘a‘l theory, and the generally stabﬂ1z'ln9 inﬂu'e_nce of the
L e‘lectv:omagnetic modifications of the dominantly electrostatic modes is
demonstrated. We have also applied these simulation models to the study of
field-reversed magnetic-mirror s.)vstgms. Qur sifulations: verify that electron
return currents cancel an embedded, linearly rising external cﬁrrent whjch is

perpendicular to the vacuum magnetic field, only for times up to the Alfvén
- .
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transit time of a plasma bounded by conducting wal'ls.6 After this, there is a
growth of nct current and concemitant magnetic field modification.

Examples of results from a linearized “ersion of the code for a drift-
cyvclotron-lass-cone mode are shown in Figs. 2, 3. For the case kx"i =7, we
see an instability with both growth rate and frequency agreeing with the treory.
For kxpi =3, the mode is observed to be stable, again in agreement with the

" theory.

Similar agreement is obtained for the Dory-Guest-Harris instability
the Alfvén ion cyclotron mode.

These algorithms are presently being extended to 20 nonlinear versions
for inhomogenedus plasmas. They are expected to he important for a variety of

mirror-confined plasma problems.

Hork performed under the auspices of the U.S. Energy Research and Development
Adminjstration under centract No. W-7405-Eng-~48,



(B) STABIE DCLC MODE. ' s

k. p=1 other parameters same as in (a)
NO growth is observed; the primary frequency is close to © kv
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14,12 versus time
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