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1. Single particle confinement

(a) First orbit losses

(b) Stochastic losses
2. Collective effects In NSTX :

(a) Global/Compressional Alfvén eigenmodes
(b) Toroidicity induced Alfvén eigenmodes

(c) lon bounce frequency fishbones
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Loss fraction increases rapidly as
beam tangency radius is reduced

Loss fraction (%)
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Collisionless Fast lon Loss: NSTX Equilibria

CONBEAM
For NSTX equilibria 0.6<I <1MA, 0.3<B;< 0.45 T,
losses of 10% to 50%;
best confinement at high |, By and small p, .

GYROXY and EIGOL
NSTX 23% (3 equilibrium
Benchmarked for an 80 KeV, 0.5 m tangency radius beam

Excellent agreement at short times:
21% of 54,000 ions lost after ~7.5x10° sec.

GYROXY: After x10 longer orbit time (t,,,/20), 26% loss

slow

CONBEAM: 26% loss =PPPL
Codes comparison, M. Redy fIpwvscs wsonerony



Loss varies with |, more strongly
than global model predicts

Loss current (microamps)
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Summary of lon Confinement Observations

PPPL
Loss ion probe and other diagnostics: NPA, neutron detectors con-
clude:

[1 Fast ion confinement in quiescent NSTX plasmas appears classical
within ~ 25% error bars:

1. prompt orbit losses
2. collisional slowing down and scattering

[ MHD can have strong effects on beam ion confinement,
with 90% shots having some MHD activity affecting neutron rate.

[1 see APS and IAEA 2002 by D. Darrow, et.al.



New physics of nonadiabatic ion motion in NSTX
PPPL
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Large variation in (u) is expected imNSTX up to A (i) ~ {(u).

May result in stochastic radial diffusion.

V. Yavorski, EPS-2001, IAEA - 2002. (also theory by Kolesnichenko
et.al., 02)



Theory of . change agrees with calculations

PPPL
0.025
NSTX, p=40%, j,LBO/E=0.15
0.02 | 3
= 0.015 | O r=0.55m, Ap numerical ' A
\¢>§ ----- r=0.5m, Eqgs. (5,6,8) 3
] —r=0.6m, Egs. (5,6,8) -
g- 001  —— r=0.55m, Eqs. (5,6,8) ]
0.005 |- 1
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O Low energies shows unusually high‘y oscillations.

[1 Analysis shows that high harmonics in equilibrium are the reason
dB/B ~ 107% — 1072,

[1 May result in new mechanisms of wave - particle interaction.



Nonadiabatic ion motion resonances cover wide regions in
phase space in NSTX

Co-going 80keV deuterons in NSTX
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Collective Effects: High Frequency Instability Observations

A
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Multiple sub-ion cyclotron frequency instabilities were observed in NSTX.
Frequency typically scales with Alfvén speed, but not always.
Instability is driven by fast super Alfvénic ions, vy ~ 3v4 due to 80kel NBI.

Typically the frequency spectrum has “bunches” of peaks almost evenly spaced
in frequency. There are multiple peaks within each bunch.

Instability is sensitive to the injection angle of different tangential NBI sources hav-
ing tangential radius R;,, = 69.4, 59.2, and 48.7 cm
(from more passing to more trapped).

. Instability has dependence on energy distribution.

. Theory motivation

[1 Are they CAEs? HYM shows shear Alfvén polarization (see next, Elena’s talk),
GAESs?

[1 AEs can be used for energy channeling from fast ions to electrons and ions?

[] Instability can be used to diagnose plasma edge: rotation, fast particles.



Sub- Cyclotron Instability - CAE Observed in NSTX

0 Instabilities are coherent
modes driven by NBI.

0Some modes persist
through the NBI source
switch.

0 Sensitive to NBI injec-
tion angle.

0 Modes are identified as
Compressional Alfven
Eigenmodes.

0 The same time evolu-
tion of peak frequencies.
Fredrickson '01, Gore-
lenkov '02.
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New Features of Sub- Cyclotron Instability Spectrum
PPPL

Dashed curves are GAE dispersion wgag ~ vag(m — nqy)/qoR.

f,MHz

time,msec

[J Observed frequencies of different (m,n) modes intersect
= characteristic of shear Alfvén Eigenmodes.

[] We identify these new modes as Global Alfvén Eigenmodes (GAE),
(APPERT, 1982).



GAE Radial Structure is close to cylindrical, single m
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CAE Radial Structure is Localized at LFS

PPPL

Plasma radial displacement (~ Ey ~ OF,/0r for ideal MHD part) and

parallel poloidal variation of perturbed magnetic field at half of minor
radius
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Use this m =4, s = 0, we have f = 1.45M Hz and wa/v4y = 9.4 in low
beta NSTX equilibrium vs. our theoretical prediction of wa/v4 ~ 8.



CAE variational solution and dispersion

PPPL
With density given by n = ny(1 — r%)?, at ro/a = 1/(1 +
VAo 1—|— 0 n2fr8/<a2
= 2 — 2(2 1 —
Wy = o (2m + 1)v/eg — ag +2(2s + 1)k R2(2m+1) —= |

where oy = Bj/2B; and all quantities are estimated at r = o, § = 0.
Instabilities with different m’s are separated in frequency by

\/60—040<Af5_ o4 J2(1—|—O—Z>

Af,, =~
f 2TKT 2TKT o;

[0 NSTX shot #103701 B,—,, = 0.27T, r = 0.5m, elongation x = 1.6,
ne = 2 x 108em™ (TRANSP).
Use also parameter: ¢g = r/(Ry+ 1) = 0.3, ap = 1/8: Af,,, = 150k H 2,
Afs=11MHz.
For #103431 B = 0.327, n, = 4 x 108em ™3, Af,, = 125kHz, Af, =
1MHz.

[1 Observed Af,, ~ 120kHz in #103701 and Af,, ~ 110k H z in #103431
with the Af, ~ 1M H~z

21),4




TRANSP shows close to “double” single pitch angle NBI
distribution function

PPPL
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[1 Shown is the distribution function at the LFS, r/a=0.5.

[1 Often distribution function may be casted into the “trapped” and “pass-
INng” parts, i.e. confined at the edge and at HFS tangential surface.

[ At fixed v positive velocity space gradient drives instability.



Comparison of CAE and GAE properties

PPPL
mode — CAE GAE
dispersion w=kva ~ muva/kr w = kjjov.40
localization LFS, plasma edge, r/a > 1/2 plasma center

resonance ’U||
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VW o> klvyw 59
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Cyclotron resonance with beam ions w — lw.p — kyvjp ~ 0, [ = %1.
Typical growth rate is v/w ~ ny/n; ~ 1%.
Hybrid code “nonlinear” modeling will be covered in E. Belova talk today.




Bursting TAEs in NSTX lead to neutron drop
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[1 TAEs are bursting at ¢t >
0.21msec.

15 — 10% of fast ions are lost
during TAE bursts.

[0 NSTX shot with B = 0.434T,
Ry = 87em, a = 63cm, P =
3.2MW.

[1n =1 — 5 usually observed.
(] burst time ¢ ~ 200usec.

[l see E. Fredrickson talk to-
MOrrow.



NOVA predicts frequencies of unstable TAEs in agreement

with observations
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[ Unstable TAEs withn =1 — 5.
[1 High n’s are stabilized due to finite orbit width and Larmor radius.

[J Growth rates are v/w ~ 1 — 4%.
[1 Unstable modes are global and peaked at r/a ~ 0.6.



DIlI-D/NSTX similarity experiment help to confirm burning

plasma predictions (APS 2002, W. He/dbrmk)
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HINST predicts n = 2 for NSTX; n<6 for

DIII-D 109855@0.965 s NSTX 107335@0.14 s r/a=0.35 PPPL
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Fishbones can cause large

drops in neutron ra@wmi

» Frequency chirps down
rapidly

1+ n=1,2, 3 mainly

» Thought to be bounce

1 resonant
o, AS,<25%

» Enhanced energetic
neutral efflux seen at

fishbones, sweeping from

A
vl '\t higher to lower energy

with time
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Trapped particle bounce (red) and precession (blue) frequen-
cies at t = 0.145sec.
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Trapped particle bounce (red) and precession (blue) frequen-
cles at ¢ = 0.26sec.

ORBIT code, R. White
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Dispersion Relation

Assume m ~ ng > 1 and use the ballooning representation.
Tsai and Chen (1993)

—Z'i + 5Wf + oW, =0
WA
Wy = vA/qR
2e?qRy By dEd,uGEQ?ZTbQFO W — nwy
/ Ap(1+A7)P2 w2 — (w — nw,)?

where E = v?/2, i = v* /2B,

Ty = 27 [ wy,

Ay = (Opkopy)/2%/* = finite banana width effect.

Here s = rq'/q

QFO = (LU@E + UAJ*>F0

O Fy =k X &) Jwe - V

Threshold when the drive due to the pressure inhomogene-
ity w,Fp at the w ~ w;, wave bounce resonance exceeds the
dissipation due to the Alfven resonance absorption —iw/wg.

Slowing down distribution of single pitch, 6W; ~ 0

W= w, + 17, w, =~ 0.83wyp,,, and

7T T ([ QE 1
w, 8 \ag.

where ap = ¢*RoBy and ag. = 0.485wpn /0w a

oWy, =

mc2s

L. Chen, R. White, APS 2002

14



A0

30 |-
L b f
kHz

20 - —

ol
0 0.2 0.4 0.6 0.8 1

/¥

w

Bounce and Precession frequency vs ¥ for a 15 Kev ion.
Bounce angle 8, = 1.6 as a function of poloidal flux.

For an MHD mode, there is a definite relation between radial
motion and energy change,

di = —mdFE |w
Outward motion corresponds to energy loss

e A particle resonating with wy can stay
1n resonance as it moves out

e A particle resonating with wj, has difficulty staying
in resonance as it moves out

R. White, APS 2002
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Conclusions

PPPL

1. Fast ion confinement in quiescent NSTX plasmas appears classical.

. Sub-cyclotron oscillations in NSTX are identified as Compressional
and/or Global Alfvén Eigenmode Instability driven by NBI ions.

. GAE/CAEs may provide a channel for energy transfer from beam
lons to thermal ions. Possible to explain thermal ion anomaly.

4. TAEs have significant effect on beam ion confinement.

. Projection to DTST can be done basing on beam ion physics in
NSTX.



