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CEMM funding at Univ. of Colorado is $50,000 per year and
supports one grad student (Jianhua Cheng)

CEMM Milestones

"Verify ... against linear kinetic theory of Alfven, whistler and ion
Landau damping of acoustic waves." -- Done!

"Test enery conservation.” -- Done!

"Compare current closure and pressure closure models for linear

and nonlinear simulations."” -- Nonlinear g-mode simulations done

with pressure closure model only. Linear comparisons are done. PoP paper
published on this comparison.

"Study ion kinetic effects on the nonlinear evolution of magnetic island.”
-- Progress to date, simulation of tearing instability and island formation.

Expect nonlinear results very shortly from Jianhua Cheng, Univ. of Colorado.

"Comparison with nonlocal parallel closures." -- not applicable



CEMM publications the past two years

"Low-noise particle algorithms for extended MHD closure,"

D.Barnes, J.Cheng, S.Parker, Phys.Plasmas 15 055702 (2008)
"Particle-in-cell simulation with Vlasov ions and drift kinetic electrons,”
Y.Chen, S.Parker, Phys. Plasmas 16 052305 (2009)

"Gyrokinetic delta-f particle simulation of the TAE,"
J.Lang,Y.Chen, S.Parker, G.Fu, Phys. Plasmas 16 052305 (2009)

Expect current/future work (Jianhua Cheng's Ph.D. thesis) will result in two
additional publications. One on the second order implicit algorithm
and one on reconnection with fully kinetic ions.
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FIG. 12. (Color online) (a) The mode growth vs the energetic particle pressure. The black circles indicate the growth rate without the energetic particle FLR
effect, and the red squares indicate the growth rate with the energetic particle FLR effect. (b) The mode frequency vs energetic particle pressure. This is from

reduced model simulations.

The damping rate is extremely sensitive to the value of
h,, so we should be very careful in estimating the mode
frequency. We can estimate the continuum boundary w; and
wy through the analytical formula [through Eq. (17)] or the
eigenmode solutions mentioned in Sec. III A. These two re-
sults agree pretty well (within 1%) on the lower continuum

between the damping rate and the thermal ion gyroradius is
obtained, as shown in Fig. 14. This result shows reasonable
agreement between simulations and theory. In analytical cal-
culation, series expansion based on small thermal ion gyro-
radius is implied in the derivation of the gyrokinetic opera-
tor, where up to the fourth-order of k | p; is retained, whereas
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FIG. 14. (Color online) Comparison between theoretical calculation and
simulations for the kinetic damping rate at different thermal ion gyroradii.
The dashed line is from theory and the solid line is from simulation.

Phys. Plasmas 16, 102101 (2009)

ing effect of energetic particles is investigated together with
kinetic thermal ions, where kinetic damping effect from the
background plasmas is observed. Particularly, we study the
kinetic radiative damping using the fully gyrokinetic opera-
tor and compare it with analytical theory. As future work, it
becomes feasible for GEM to study the Alfvénic mode exci-
tation by the ion temperature gradient and the interaction
between turbulence and TAEs with fully gyrokinetic thermal
ions.
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The Lorentz ion/Drift kinetic electron

Lorentz ions:

dVZ' q dXz'
— 2 (E+v; x B), — v,
i Ervix B, E =y
Drift kinetic electrons: € = %mev2

dx B,
E:VGEU<b+ BO>—|—VD—|—VE
de 0B du
A E L
a - Ve R ge

Ampere’s equation

V x B = uy(J; — ene(Ve, + uycb))

V., :—E><b——b><VPLe
enBB

model

1
J; = / fivdv, = / fovpdv, P= / f6§m6v2dv

Faraday’s equation,

0B
— = — E
BT V X

Yang Chen, Scott E. Parker, Phys. Plasmas 16, 052305 (2009).



Lorentz ion and fluid electron model

e [.orentz force ions:

d’UZ' q dwz
_ L E+v xB)
it~y ETvixB) dt

e [sothermal fluid electrons as a simple test:
Ope = Yon 1. = yon;T,.
Eventually we will add gyrokinetic electrons.

e Ampere’s law:
v X 0B = ppe (nu; — nue)

e Faraday’s law



Ohm’s law

e Starting from the electron momentum equation:

VDe 0 e
E =—u; x By+ P. _mcOlnu )

(vxéB)ngJerxéB— —
[LpEN 140 en en Ot

e With Ampere’s law and ion momentum equation

v X 0B = pge (nu; — nue)

ot m;

e And neglect terms with m./M;, we obtain Ohm’s law

Oy eé(E +u; X By) — mi ¥ Di.

’ J; 1
E+C—2v><(v><E):——><BO+ (v x dB) x By
W, en [N
JrivxéB—7 i
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Implicit 0f algorithm

e 0 f method for ions:

d q 0
—f1 = —"+(FE Bi) - — 7.
dtfl mz< +v x 0B)) avfo
d
awz‘ —EE’U

where the second equation comes from Maxwellian distribution.

e For p; scale instabilities k&, p; ~ 1,3 ~ 0.01, the compressional wave fre-
quency & > 10, therefore (At < 0.01 is needed. But in certain cases (e.g.
NSTX), ©;At ~ 0.1, which makes implicit method indispensable.

e A first-order scheme has been developed. Here we provide a second-order
scheme with an improved field solver.

Yang Chen, Scott E. Parker, Phys. Plasmas 16, 052305 (2009)



Second order implicit scheme

e Particle push

n+1 _ ..n
v At"’ —(1—6)v" + 0ot
v —" g 0o ntl | ntl
At :m((l—e)(E +0" X By)+ 6 (E" + 0" x By)),
n+l _ , n
10

e Faraday’s law
5Bn+1 — §B"
~ = —[(1—-0) v xE"+6 7 xE".

e Ohm’s law:
A
E'' 1o v xwv ><E”+1+96—t(v x v x E") x B

1
J* X By+ — (vx&B”)xBoJr— v Xo0B"

v R 5, B
t t
—(1— >ﬁ (vxvxE")xBo—(l—G)nﬁ v X vV xXE".

a = Z?L—BLJanAt



Ion current

e First half push cycle

v ="+ (1 — )AL L (E" +v" x By),
m
x"=x" + (1 —0)At v",
V=W (1— )AL L (B o).
150
e Dependence of J7 on E7

V 1 ¢
ntl x4 9 At— _— 1
S =LAV AG ) Ry

J

~Jr 0 AL E”+1 J.
m

vjE”H(a:?“) v;5(x — a:?“)

where the second equation follows as the marker distribution is Maxwellian.

e In the following simulation, we find that replacing J!'™" with J} does not
lead to observable difference. For accuracy issues, we iterate on the dif-
ferences between J!! and J while solving Ohm’s law to obtain E"!,
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3-D Shearless Slab Alfven waves

shear aflven wave compressional aflven wave
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2 X 32 x 32 grids, 131072 particles.

For shear Alfven wave, k; = 0, kjp; = 0.00628, initialize with 0B | .

For compressional Alfven wave, k) = 0, k1 p; = 0.01, initialize with 0 B.
These simulations are done in a tilted By field.
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Ion acoustic wave
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Whistler wave

e By neglecting ion current and electron inertia, the Ohm’s law yields

1
E = 3 (v X 0B) X By.
e Numerical form
n+1 At n+1
E +96—(v><v><E ) x By
1 At n
=73 (v X 6B") x By — (1 —10) (ﬁ vV XV XE ) x By
e The numerical dispersion relation from a Von Neumann stability analysis
EAt
tan(w, At) = R
1 — (FAt) 0(1—0)
2
| (1 — (EAn? (1 —e>) (B A
szt = —5 In 5



Numerical dispersion relation
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16 x 16 x 32 grids, 131072 particles, k; = 0, kj = 0.0628, 5 = 0.004.




Harris sheet equilibrium

e /cro-order B

B(z) = By, tanh(%) i+ Be 2
e The equilibrium distribution function is

3
onT.\ 2 m(v:+v7 4 (v, — vgs)?)
_ 2/ % s e Ty
Jos = g sech <L> ( M ) B [ 271

N 21T, E mu?
n ¢ -
’ M b 2T,

e [.oad particles as Maxwellian

3
2T\ 2 mv’
s=n exp | —
g 0 . p T,
e Weight equation

dw;  gs fn In
_ D (gt Y (B B) "
T ( v(gs+n0) vy (E+v x4 >gs)

fh np X (ms

; = n_o sech (E>2 Y T (2v4-v — Ufi)) ‘

X




Boundary conditions

e Since the zero order magnetic field B, is sheared in z-direction, perfect
conducting wall boundary condition is employed. While periodic boundary
condition is still used in y and z direction.

Ey,z‘x::tlx/Q =0

5Baz‘x::|:lx/2 =0
e Numerically, the boundary condition for E/ can be treated as
1 1
Eyaz + Ey7Z — O
2
E:;l + Eslc _ EO
2 xr

at © = —[, /2 and similarly at x = [, /2.
e Boundary condition for d B is considered in Faraday’s equation.

e All the previous simulation results of cold plasma waves are recovered within
this new boundary condtion.



Resistive Tearing mode

Magnetic island 50 10" ____mode structure
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Tearing mode growth rate vs. resistivity

e Linear Tearing mode theory shows that the growth rate is (scaled)

A/
v =0.55 (ﬁ)‘l/5 7% (k Bly)*".

gradient 0.591316
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e The gradient is 0.59, which is pretty close to the expected 0.6.



Including gyrokinetic electrons

e Gyrokinetic equations are usually derived in terms of A and ¢, to make explicit the ordering

0A
E ~ 65VJ_¢

e The Frieman-Chen gyrokinetic equation, assuming isotropy (0Fy/0u = 0),

. 0
i, 51, = (——i—vb-VJrVD-V) 5y = L5, + (Ray)).

ot

where 0H|) is related to the perturbed distribution oF' through oF = %gb% + 0H,

4
m

0 OF, b
SL—§<¢—VA>E—V<¢—VA>X§VF(),
b
(Bxi) = =V (¢ = v-A) x o - VOHy.

e Define f = L (¢) % + 0Hy. The gyrokinetic equation for df is, written in terms of E;
and By

D - 1 <B]_J_> 1 6F0
E(Sf = (BO <E1> X b +UH BO ) VF() + mE e

% = ig + (B%0 (E1) X b+ U|<BT1§>) -V, €=gq (U|b +vp + vl%) (Eq) +q (v, -E)



e The perturbed electron diamagnetic flow comes from Jf,
noVp(x) = /(vb + v, (R e, p,)0f (R, e, n)o(x — R — p) JAR' de dp dry
noV p is computed by depositing the particle current along the gyro-ring. In the drift-

kinetic limit V p reduces to the electron diamagnetic flow.

e The electron E x B flow comes from the first term in 0 F,

Fy
wVe) =2 [V (00x) = (6) (x = poe. ) 50 Tdedudy
 m Oe

in eikonal form,

h
n()VE = nogoéEk X b

with b = k?v2/Q% and
1 o0
— / 120 1 (0) T (D)2 da
0

In the limit of small kp < 1 the factor h(b) become unity, so that 7oV g become the total
guiding center Ex b flow.

h(b) =



Summary
Major progress the past two years, completion of milestones, 3 publications
Core ion damping of TAE
Lorentz ion, drift kinetic ion implicit algoritm
Second order implicit algorithm now working
Code produces all linear (kinetic) waves as expected from theory
Tearing mode simulation shows island growth and agrees with theory
(Published) Thought put into how to implement GK electrons
Future work (next 6 months or when we meet again)

Nonlinear simulation of reconnection --
nonlinear evolution of a island perturbation





