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High Frequency Alfvén Eigenmodes and
Anomalous Electron Temperature Flattening

¢ High frequency Alfvén eigenmodes
are often observed in spherical
tokamak experiments

— Low field — large Voeam/Va
® |n NSTX, these modes have been

linked to anomalous T, flattening at
high beam power’

¢ Understanding stability properties

Stutman 2009 PRL

is required to test theories of 02 040605 00 02 04 06 08
. rla r/a
Alfvénlc electron energy transport Plasma stored energy o Central Electron Temperature
® New beam sources on NSTX-U L RE—
provide new degrees of freedom € Tritz 2012 APS DPP

for phase-space engineering

'D. Stutman et al. Phys. Rev. Lett. 102, 115002 (2009)
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GAE Suppression on NSTX-U

e NSTX-U found robust suppression
of GAEs with addition of new,
outboard/tangential beams?

® Experimental observations
reproduced by numerical modeling
and supported by analytlc theory

NSTXU 203963,

NSTX-U 203980

What predictions can
be made about CAE
suppression?

NSTXU 205055
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Sub-cyclotron Alfvén Eigenmodes in NSTX

¢ High frequency Alfvén eigenmodes
routinely excited in NSTX(-U)
plasmas by neutral beam injection
— Driven by Doppler-shifted
cyclotron resonance with fast ions
w — <kH v + k| VDr> =/ (wc/>
¢ |dentified as combination of
compressional (CAE) and global
(GAE) Alfvén eigenmodes
— Co-/cntr-propagating |n| ~ 3 — 14
- w/wc/ ~01-0.7 (>> WTAE)
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Hybrid Simulation Method

Hybrid MHD and Particle code (HYM)*
— Single fluid resistive MHD thermal plasma
— Full orbit kinetic fast ions with 6 F scheme

® |nitial value code in 3D toroidal geometry
® |inear fluid equations and unperturbed particle trajectories

— Optional nonlinear physics (not used for this study)
Self-consistent equilibrium includes energetic particle effects
via current-coupling

‘?;715 + R(,% (%g%) = —RPP' — HH —GH' + Ry
self-consistent EP terms
B=V¢xVi+hVe  h(R,z) = HW)+G(R,z2)  Jbpo = VGx Vo
— pressure anisotropy, increased Shafranov shift, more peaked current
Non-self-consistent equilibrium allows investigation of fast ion
drive independent of changes to equilibrium

“E. Belova et al. Phys. Plasmas 10, 3240 (2003)
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HYM Physics Model

Fluid thermal plasma

av

o J—Jp) x B
PGt VP +( b) X

— enp(E —ndd) + pAV
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Kinetic fast ions

o _,
at
W _ 9 (g5t vxB)
at _m,- n
dF Scheme
F:F0(67M7p¢)+6F(t)
w=0F/F
aw dinFo

a0 g

® p, V, P are plasma mass density, velocity, and pressure
® np, Jp are beam ion density and current
— Assuming n, < ne but allowing Jp ~ J
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Fast lon Distribution Model

b EqU|I|br|um dist: FO = ZiAiF1 (V; Vo,/)Fg()\; )\07,‘)/:3([)(75, V)
— Energy £ = 1m;v?
— Trapping parameter A = uBy/E =~ £ By /EB
m Passing: 0 <A< 1—-r/R
m Trapped: 1 —r/R<A<1+4r/R
— Canonical angular momentum py = —g;¢> + m;Rv,,

F1(V; Vo’,‘) = forv < Vo,i

V3 4+ V3

Fa(\; Mo.s) = exp (— (O = o) /A)\z)

Py — Pmin “
F: = f i
3 (Ps, V) (m/RoV — githo — pmin) Of Pé > Pin

® NSTX: vo/va S5, Ve m v/2, \g =07, AA=03, =6
® NSTX-U: vp/va < 2, A\ = 0 for new beam source
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Theoretical Framework

® Perturbative linear growth rate derived by Gorelenkov in 2003°

— 4&f from integrating gyrokinetic equation along equilibrium orbits
— includes finite Larmor radius (FLR) effects analytically

B can be significant in spherical tokamaks
— requires slow resonance: v < wp
® Restrict to 2D velocity space: ignore py, r dependence
— may be incorporated with w, effect and integration over space
® Goal: simple stability criteria due to fast ion drive without
assumptions about bulk profiles, mode structure, orbits, etc
— upper bound on growth rate, since neglecting bulk damping
H primarily: electron Landau and radiative/continuum damping
— including finite w/we < 1 and all kH/kL terms

5N. Gorelenkov et al. Nucl. Fusion 43, 228 (2003)
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Growth Rate Calculation

v/wo — E*-Jep-E/E*-¢-E

Transform to new variables: x = &, /& (= (0a) A), & = € — &L

1. Jacobian. d€d€, = &;d&dx/(1 — x)?

2. Resonance. [50(0 — Ores) oc (&) — £[%°)/ L

3. FLRterms. G, = G, = v, ((Jy)(2)/z, ’Je( )),z2=Kipip
(G- E)" (G- E)=|EF &L 7[7(2)

4. Gradients. Mty = | & + £52-| fo 1 [€5 + (.

5. Resonance condition w — ky (V| res) =  (wei)
allows trivial integration over &, leaving

E_I\N

=) 55 o

L / dx(1_XX)2 m(2) [5 aag + (5 >\> ;)A] fo(€,2)

£=£[/(1-X)
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Growth Rate for Beam Distribution

For multi-beam distribution, and letting u = £/&, = gre3/50(1 - X)

fo
Jacobian

FLR terms 2 o 2
ef(X*)\O<Wci>) /AN (&ei)

1-E/%/€o nbincliing
i X m
2t x = ax —
I A G T

non-negative

[2 (1 o (lu)3/2>l+ A/\Z?@ci>2 (x — Xo (@ei)) (é — x)]

afb/_ag damping Ofy/O) drive/damping
(negligible for ££0) (has sign of Xx—Xo(@¢;))

If1— 5’93/50 < Ao (@gi), then the integrand does not change sign.
Then co-propagating modes (¢ = 0, —1) will be damped, and
cntr-modes (¢ = +1) will be driven by the fast ions.
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One and Two Beam Distributions

Particle Velocity v / Va

¢ Single beam distribution has opposite sign 9f, /O

for A < Agvs. A > Ao

— Left: single beam with \y = 0.7 and vp/va = 5.0

¢ Adding second beam at new \y may change sign [0f, /0]

— Right: X dependence of distribution resulting from adding a
second beam with \g = 0 and 50% of first beam’s density

single beam distribution
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Narrow Beam Approximation

For a very narrow beam, growth rate can be integrated by
expanding near x = X (= Ao (@ei))

Yo [T x (L NN () o (X—20)2/ B

0—

h(x)=~h(xo)+(x—x0)H (x0)
= —H(x0) Ax* (—eexp(—e?/AX?) + Axy/mErf(e/Ax)/2)

TV
positive

® |eads to stability condition on k pp only
— similar to conclusions drawn in Gorelenkov 2003 NF
¢ requires A\ < 0.05 for validity
— much narrower than realistic beam distributions (AX ~ 0.3)
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Wide Beam Approximation

Two assumptions make integration tractable
1. For large A\, approx dye~ (*—0)"/A% ~ _2(x — x;)/Ax?
m Reasonable for xo — Ax/v/2 < x < xo + Ax/v/2
2. For ¢ <1, use small argument expansion for _#,"(z)
=G5
m For ¢ > 1, use asymptotic expansion, but atypical
Yields sufficient conditions for net drive from anisotropy:
{= 0 co-CAE requires vo > V| res/(1 — Xo)%/®
(= —1 co-CAE requires vo > V| res/(1 — X0)¥/*
= +1 cntr-CAE requires vo < V| res/(1 — X0)%/*
e ( = 11 GAE has same conditions as CAEs

B Z=Kipip=

0fy,/OE damping is non-negligible for £ = 0, requiring instead:

5/8
Vo > Vi res/ (1 —x [1 n \/1 + 12Ax2/5x§J)
Typical NSTX(-U) beams have Ax ~ 0.3 — sufficiently large
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Growth Rate via Numerical Integration

Injection Velocity v /v,

e Numerically integrate full analytic expression for growth rate

— Depends on beam parameters vy /va and Ag
— Depends on mode parameters w/wei, Kj| /KL, and £res

e red: net fast ion drive, blue: net fast ion damping,
gray: insufficient beam velocity for resonant interaction

® black curve: approximate boundary derived analytically
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Potential Suppression Techniques

Adding a second beam in the stable region should damp the mode

1. Add a beam in a different geometry
» To suppress cntr-GAEs, add a more tangential beam (low \g)
B explains NSTX-U GAE suppression observations
» To suppress co-CAEs, add a more radial beam (high \g)
B testable in future NSTX-U experiments
— To suppress either, counter-inject a new beam at the same A
B potential experiments on DIII-D
2. Add a beam with a different injection energy
— To suppress cntr-GAEs, add a beam with a higher voltage
H unrealistic due to hardware constraints
— To suppress co-CAEs, add a beam with a lower voltage
B possible for limited voltage range

Iltems marked with » are included in this poster.
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GAE suppression via Tangential Injection

® To stabilize cntr-GAE, add second beam with small \p =0
— Adding second beam with 7% density of original beam reduces
~/wei by 50% — adding 13% in new beam reduces by 10x

m Simulated mode: n = 8, w/we = 0.2,k /k. = 1.5
® Previously shown in experiments and simulations of NSTX-U

— this confirms the phenomena in the NSTX-like model
equilibrium before pursuing the speculative CAE suppression
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GAE suppression via Tangential Injection

* Previous case is for a single mode with fixed w/wc; and k) /k1.
® Theory can estimate second beam power required to
suppress all GAEs excited by a beam with fixed A\g and vp/va
— Right figure: gray region indicates mode damped by first beam
or ad-hoc bulk damping rate inferred from simulations
® Suppression may be achieved more efficiently with Ag small
but nonzero, due to where fast ion damping peaks

cntr-GAEs excited by Ag= 0.7, volvA =4.0 Vv, "b.zlnh.I required to stabilize each mode ",,M,
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CAE suppression via Radial Injection

Fast lon Velocity v/v A

® To stabilize co-CAE, add second beam with large \g = 1
— Adding second beam with 66% density of original beam
reduces 7/w.; by 50% but does not totally suppress.
m Simulated mode: n = 9, w/we = 0.5,k /kL = 1.0
® Drive/damping regions of phase space are relative to central
beam pitch — can change sign with new beam
o v~ 35 [Ofi/ONAN ~ 37, [(A = Aoi)fidA

Ag = 0.7, v, =5.5, adding \, = 1.0
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CAE suppression via Radial Injection

® Previous case is for a single mode with fixed w/wc and k) /K1
® Theory can estimate second beam power required to
suppress all CAEs excited by a beam with fixed A\ and vp/va
— Right figure: gray region indicates mode damped by first beam
or ad-hoc bulk damping rate inferred from simulations
® Agrees with simulations indicating CAE damping is less robust
— More effective damping with even larger A\g ~ 1.2
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Summary and Conclusions

e A 2D stability theory is developed for CAES/GAEs driven by
beam-like distributions

® Marginal stability boundaries can be derived in two regimes
— For wide beams (AX 2 0.2), realistic NSTX(-U) case:
m (= 0 co-CAEs require vo > V| res/(1 — (@ai) Xo)*/®
B (=1 cntr-GAEs require vo > V[ res/(1 — (@ai) Xo)*/*
— For narrow beams (AX < 0.05), idealized case:
B net fast ion drive depends on value of ki p s
e Hybrid simulations confirm CAE/GAE stabilization via
additional beam injection with specific geometry
— mitigate cntr-GAEs via additional tangential injection
— mitigate co-CAEs via additional radial injection
B but less effective than for GAEs
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Future Work

Simulate CAE suppression in a self-consistent equilibrium
Model an NSTX-U discharge which observed co-CAEs
— make predictions for CAE suppression in a future experiment

Further investigate why second beam suppression is less
effective for CAEs than GAEs

Determine optimal A\ to add new beam with for a given
marginal stability boundary and mode properties

Explore CAE suppression via additional beam at lower voltage
Study potential CAE/GAE suppression with counter-beams
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