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® Program logic
* Some stuff about RF
® Theoretical issues for SWIM
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SWIM brings together two mature sub-disciplines of fusion plasma physics,
each with a demonstrated code base using the most advanced computers

Extended MHD - CEMM

*  MHD equilibrium

®*  Macroscopic fluid
instability

¢  Current and magnetic
field evolution

Fluid equations, extended to include non-
ideal and Kinetic effects

(1075 sec < Ty < 107! sec)

High power wave-plasma
interactions — CSWPI

* Plasma heating

¢ Externally driven
current or plasma flow *

* Non-Maxwellian
particle distributions .

Plasma wave equation (T, < 1077 sec),
coupled to slow evolution of plasma velocity

distribution (T,> 10-2 sec)

Why couple these particular two disciplines?

e Macroscopic instabilities can limit plasma performance

 RF waves can mitigate and control instabilities
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There are several experimentally demonstrated mechanisms
by which RF waves can control sawtooth behavior

e e Sawtooth control on JET with
ICRBF stabilization on JE:T Minority Current Drive on JET
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* ICREF heating can produce “monster” * ICRF minority current drive can either
sawteeth — period and amplitude increase or decrease period and amplitude
increased * Likely stabilization/destabilization

¢ Likely stabilization mechanism — mechanism — RF modification of current
energetic particle production by RF profile

® We need an accurate calculation of ®* Need accurate calculation of current
energetic tail evolution: profile including:

— RF/energetic particle interaction — RF driven electron and ion currents
— Fokker Planck solution with RF — Electron response to non-Maxwellian ions

driven radial transport

— Slow profile evolution consistent with

DBB non;Maxwellian distributions



It has been demonstrated experimentally that suppression of
NTM by RF leads to improvement in confinement
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®* Empirical scaling of NTM pressure limits in ITER leave no margin in performance

¢ ‘“Understanding the physics of neoclassical island modes and finding means for
their avoidance or for limiting their impact on plasma performance are therefore
important issues for reactor tokamaks and ITER” — ITER Physics Basis (1999)
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SWIM has two sets of physics goals distinguished by the
time scale of unstable MHD motion

Fast MHD phenomena — separation of time scales

* Response of plasma to RF much slower than fast T TvHD << THEATING
MHD motion > e

®* REF drives slow plasma evolution, sets initial
conditions for fast MHD event

* Example: sawtooth crash

time

Slow MHD phenomena — no separation of time scales
® REF affects dynamics of MHD events < MHD

modifications affect RF drive plasma evolution
® Deals with multi-scale issue of parallel Kinetic
closure including RF — a new, cutting edge field of

research

T, Tyvip ~ THEATING
e <

* Example: Neoclassical Tearing Mode time

We are approaching these regimes in two campaigns of architecture

development and physics analysis and validation
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Simulation of plasma evolution requires complete model —
Integrated Plasma S\imulator (IPS)

T, TyviaD << THEATING
e
vile

Heating and current drive sources

Particle sources

Transport time
Magnetic field evolution
T\ “MHD~ THEATING
¢ [

time

Integrated Plasma Simulator will allow coupling of virtually any fusion
fusion code, not just RF and MHD, and should provide the framework

for a full fusion simulation
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Simulation of plasma evolution requires complete model —

Integrated Plasma Simulator (IPS)

* Plasma evolves
through a series of 2D
axisymmetric
equilibrium states
* Heating and
current drive
sources
_ » Particle sources
] « Transport

' ' ) ' Ly evolution
Time (sec) e|nstabilities occur as
instantaneous events
180.0001 180.0002 180.0003 .
' ' ' > Time

» 3D Extended
MHD simulation
starts and ends in
axisymmetric state AM
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These two regimes are related

® Fast sawtooth crash can provide seed island for NTM growth
® Slow growth of NTM island can lead to fast disruption events

® Calculation of slow ramp of sawtooth, with incomplete reconnection or persistent
islands, may actually require the same capabilities as NTM evolution
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We calculate the plasma response, [ (X, V,?), from the Boltzmann equation

L vV +4[E+v xB-V.f =C(f)

\ Nonlinear— E and B driven by current and

charge described by f

There are two very helpful approximations we can make for externally injected RF
waves

® Separation of time scales - wave period 1/m << time of equilibrium variation, T

® The waves are stable (actually damped), so we can safely linearize the fast time
equation:

f=hot fe™+fr Ban=B(o+ B, Eun=E (e

0 : :
gfl'l' V‘Vfl +%[V><BO]-VVﬁ =—%[E1+ V X Bl]'vvﬁ) Gives fast time scale

variation — wave current

&fz q _ 4 Contains Fokker
5 + V- sz -I-W[VX BO]' VVf2 = _E[El + Vv X Bl]° val + C(f2) Planck equati

Gives slow time scale variation of f;, — power deposition, equilibrium evolution
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Basic equations of wave propagation and absorption

2

V><V><E+w—2E:JPoE+J
C

. +boundary conditions

ant

\ plasma wave current: an integral operator on E

®* Time harmonic < real ®, coherent waves, spatial damping
* J,. = antenna source current
®  Boundary conditions: bounded domain — conducting or inhomogeneous source region

®  Weakly non-linear, time average distribution function f(v, t) evolves slowly:
f(x,v,1) =f/0‘(x,v, n+ fi(x,v)e ™

slow, quasilinear time scale ~ T Fast, RF time scale

® J,=fluctuating plasma current due to wave — non-local, integral operator on E

A
8V/

J,(x,1)= ejd3vvf1 (x,v,1)  fi(x,v,1)=— < J dt’E,(x'(x,v,1'),1")
m—oo

®* Approximate operator locally by integrating along guiding center orbits

w— 1
*  Effectively uniform plasma conductivity (Stix) » o(k,.k,,0) = I,(k,p), Z(k—C]
Y
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Several ICRF full-wave solvers have been advanced in recent years

® All Orders Spectral Algorithm (AORSA) — Blowup region
1D, 2D & 3D (Jaeger) —
— Spectral in all 3 dimensions
— Cartesian/toroidal coordinates (x,y,¢)

E(x)= X E,,. """, 6 0(x,.9),
n,m,l
— Includes all cyclotron harmonics

— No approximation of small particle gyro
radius p compared to wavelength A

— Produces huge, dense, non-symmetric,
indefinite, complex matrices Re(E,)

T
Downshifted
ICW

Bernstein wave

¢ TORIC - 2D (Brambilla/Bonoli/Wright) 20t

— Mixed spectral (toroidal, poloidal), finite
element (radial)

— Flux coordinates (p,0,¢)
E(p,0,0)= Y E,. ,(p)e ™" & —0(p,0)

— Up 2" cyclotron harmonic
— Expanded to 2" order in p/A

— Sparse banded matrices L
20 -10 0 10 20

Z (cm)
(@]

-20r

Ulp shift E-:l ICW
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CQL3D: Bounce-averaged Fokker-Planck Code

Solves for bounce-averaged distribution at torus equatorial plane (0, = 0), f,(p, v, v}, t)

M=i-[I“E+1“RF+l“ [+ R(f)+S,, +L

&t 8V coll

p=generalized radial coordinate labeling (non-circular) flux surface
A = field line connection length
I'p= Velgcit%jspace flux due to toroidal electric field (Ohmic)

Ipp= N = velocity space flux due to full, bounce average, RF Quasi-linear operator
(all harmonics, Bessel functions, all wave modes)

I'.,y = full, nonlinear, 2D, relativistic collisional operator

R(f) = Radial diffusion and pinch operator with v dependent coefficients
Sng = Monte Carlo neutral beam source (NFREYA)

L(v) = velocity denendent nromnt loss term

r/a=0.10 r/a=0.15

1.0 1.0
CQL3D 0.8 . 0.8 ;
distribution for 060 E a6k ;
NBI on NSTX 0.4 f_ _f qu_f_ _f
(no RF) 0.2F E aof E

0.0 B W LTy Al oobe o LAy L RS

“1.0  -05 0.0 0.5 1.0 ~1.0 -05 00 05
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Understanding 2D ICRF mode conversion physics has
been a triumph of ICRF full-wave modeling

oThree waves — IBW, ICW, FW — are
resolved at the MC layer.

H _ I «The 2-3 wavelengths of IBW seen in
simulations have been verified by PCI

measurements on Alcator C-Mod
Re(E))

Z (cm)

X (cm)
«The intermediate wavelength ICW
travel towards the low field side
above and below the midplane.

.Poloidal field allows couplingto T EEEEEERE R
ICW (Perkins 1977)
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Self-consistency: All the results shown so far assume that
Jo is Maxwellian

* High power waves can drive the distribution far from Maxwellian

® Significant non-Maxwellian components can be produced by neutral injection or
fusion alpha particles

Non-Maxwellian distributions can:

* Affect local damping rate and wavelength

® Modify heating and current drive profiles

® Change partition of power deposition among plasma species
* Affect mode-conversion

Calculation of wave fields self-consistently with the plasma distribution requires
closed loop coupling of four significant physics models

[METS ]
non-Maxwellian o
7Y ot {Qmmm opcrator}
Sy V9, 8) 5.0, K. f,) : |
: l
|
|

AORSA2D E(k,.k,.n,) < E(x.y.9) CQL3D
—————————— »
wave solver Connect in 2004 Fokker Planck solver

T f{]("’"s Vj_,'lps @p =0)
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AORSA and CQL3D have been iterated to solve for the wave
fields and distribution function self-consistently

NSTX shot 108251 with beams and HHFW (A. Rosenberg, 2003)

Oth jteration 1t iteration 2nd jteration 3rd jteration
Py = Prr = .24 MW Per = .24 MW Per = .24 MW
0’8;_ """"""""""" _- -_ """"""""""" : : """""""""""" ;_ _;
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ho r! r

06 08 1.0 0.0 02 04 06 08 1.0
h o .

h ho

P(D) = .183 MW P(D) = .149MW P(D) = .176 MW P(D) = .186 MW
=70.6 % = 59.8 % = 64.4 % =65.1 %

‘ For higher powers the tail continues to grow without reaching steady-state.
Either the plasma itself doesn’t reach steady state, or a radial diffusion A
term is needed in the Fokker Planck solver (CQL3D).
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Parasitic absorption by tritium or alphas in ITER could reduce
direct electron heating and the associated current drive

ITER-AT (Snowmass) with a 50-50 DT mixture and 2™ harmonic T

Ot jteration 1stiteration 2" jteration 3 jteration
Prr=0 Pgr= 20 MW Pgr= 20 MW Pge= 20 MW
RN
W e
-0 Ibg:l%.. L] -8 um?r?ﬂd 44 -058 UF:.II;IE' 44
b
'EHM- q-l- 1 wof |||_|_ E 2of ||| T ] za; T
% F.E ! E:‘l,rnkc | | 1 ! a_l_-.l ||| E ! 5-:. (2] ||| 1 'Ei_.: 2] |
= EH:I— \'\'. | E Lok \Q_". | | E 1,|;|t'llL“L_ll | | E H};- IIL"'.\. f
I% nsf x\ (113 -J l'“. : Bk k\} I'xl . asf '\-_\l I\_
I:“Il:llf.l."": ' II:I:EI ID:-;FLH.E-IE ‘-EEI ' I1.-IZ| D\'tcllul ' IUI_EIJIJ:\ME? ‘-‘;a.l ' I1 n mt:'lul ' Iulzljlh H;ul ' I1J:I n'{ﬁ‘.-n” Inl.'th‘::I: nla nln I1 [
P(T) =8.12 MW P(T) = 8.13MW P(T) =8.12 MW P(T) =8.12 MW
=396 % =404 % =40.3 % =40.3 %

¢  For 50-50 DT the tritium tail is weak and has little effect on the electron absorption, but
could affect the neutron rate.

* For alphas the effect can be stronger.

® The main point here is that there is a converged, steady-state solution at full power with
AORSA2D + CQL3D for ICRH in ITER.
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Monte-Carlo Orbit Solver (ORBIT-RF) and Full Wave Solver
(TORIC)

e ORBIT-RF solves Hamiltonian guiding center drift orbit equations
e Interaction of resonant ion with wave is modeled as stochastic RF
resonant kicks

- 1 =)
TN Ty

a B
Jl—l(kipi)-l_ez " E_Jz+1

+U32| J, +e2”9‘—J,+1 Y, emkéaj’+1
E, au E,
2 J +ez”9k ‘J . eMA E o), Au
au E. du

e TORIC4 provides radial profiles for |E |, e2?<(E |/E l), k , and k, as a
function of (R,72)

e Presently, FW is represented by a single dominant toroidal and
poloidal Fourier component.
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Fast MHD phenomena Tyyy, << Tgps Treans, = Sawtooth crash,
(Disruptions?, 1/1 precursor, sawtooth trigger?)

® RF and transport drive initial conditions for MHD — assumes closed nested flux
surfaces

— pressure profile
— current profile
— energetic particle populations
— plasma flows
® Gaps in present theory and existing codes that must be filled:

— Consistent separation of moments evolution(on transport timescale) and distribution
function evolution

— Distribution function evolution that includes both RF and transport e.g.
* Neoclassical bootstrap current calculations do not include velocity space scattering
by RF
* RF calculations of f(*P, v) do not consistently include cross-flux-surface transport
— Adequate model of plasma rotation/flows

— The magnetic geometry during slow growth phase of sawtooth may contain magnetic
islands and other essential 3D effects.
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Slow MHD phenomena Ty ~ Tops Trpansy = NTM, (Sawtooth precursor?)

DBB

F and transport do affect MHD perturbed currents and distributions on MHD
ode time-scale = RF and transport effects appear in terms of MHD equations

Perturbed MHD mode fields (e.g. inductive E, magnetic islands) affect RF,

transport, and evolution of distribution function = MHD effects appear in terms
of RF and transport equations

MHD closure with RF

— Sources: RF (and beams) — heating, current drive, flows — local, but become non-local
on NTM time scale

— REF scattering in velocity space — force and heat frictions like collisions
Coupling 3D structures coming out of MHD back into source codes and transport
— Detecting and describing islands — 3D RF calculations, 3D plasma state

— Dealing with turbulent transport — active on this time scale
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Outstanding questions for CEMM related to sawteeth

®  What will be the period and inversion radius of the sawtooth oscillation in an ITER-class
burning plasma, as a function of plasma current and pressure?

®  What physics underlies complete and incomplete reconnection during the sawtooth?

®  Under what conditions will the sawtooth instability trigger the onset of a metastable island
(neoclassical tearing mode) or lead to a disruption?

®  How does this picture change in the presence of energetic particles?

Extensions related to SWIM:

®* To what extent can RF waves be used to modify plasma current, pressure and energetic
particle populations and affect the period and inversion radius of the sawtooth oscillation in
ITER-class burning plasma

®  What physics underlies the control that RF waves are observed to exert on sawtooth
oscillations
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Outstanding questions for CEMM related to NTMs

Which extended-MHD models give adequate agreement with existing experiments for the
formation, growth, and rotation velocity of the observed islands?

What type of disturbance can cause the neoclassical tearing mode to form in an ITER-class
tokamak?

Under what conditions do ‘“‘spontaneous NTMs”’ form?
What will be the saturated island size as a function of plasma current and beta?
What level of external current drive power is required to fully stabilize the NTM?

Extensions related to SWIM:

DBB

Which extended-MHD + RF models give adequate agreement with existing experiments for the
formation, growth, and rotation velocity of the observed islands?

What will be the saturated island size as a function of plasma current and beta and launched
RF power and spectrum?

What level of external current drive power is required to fully stabilize the NTM?
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Maybe we can take advantage of separations of scale, or of regions
where physics may be simpler

* Different processes are

dominant in different Region 1:
regions 1/1 1sland from sawtooth, 1
* Perhaps we need detailed slow growth:
3D (or 5D) kinetic model 3D MHD, RF heating, CD,
transport, kinetics o s

only in region 3
® Perhaps processes in Region 2:

regions 1,2,4 affect region losed 1 s 0
3, but effect of region 3 on closed flux surfaces: ———_ ¢

RF heating, CD and 1.5D

1,2, and 4 can be treated in

transport
flux surface average way -0
® Perhaps outer MHD Region 3:
solution (regions 1,2,4) can NTM magnetic island chain: | | N STy
be calculated as quasi- 3D MHD, RF heating CD, .’ 7 /)
. eper. s transport ST
static equilibrium Ny
® REF field solutions may not Resion 4: sk | ¥ sy
care about islands (2D), 8 - . \\\i\'j\f\f{‘\fzz?_";_’ -
but Fokker Planck magnetic separatrix 0.5 T 2

to island region
solutions (power, CD, 5

energetic) particles do
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