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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) Ion bounce frequency fishbones
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Collisionless  Fast Ion Loss: NSTX Equilibria

 CONBEAM

For NSTX equilibria 0.6<Ip<1MA, 0.3<BT< 0.45 T,

losses of 10% to 50%;

 best confinement at high Ip, BT and small ρL.

GYROXY and EIGOL

 NSTX 23% β equilibrium

Benchmarked for an 80 KeV, 0.5 m tangency radius beam

Excellent agreement at short times:

21% of 54,000 ions lost after ~7.5x105 sec.

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

CONBEAM:  26% loss
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Loss ion probe and other diagnostics: NPA, neutron detectors con-
clude:

✓ Fast ion confinement in quiescent NSTX plasmas appears classical
within � 	 
 � error bars:

1. prompt orbit losses

2. collisional slowing down and scattering

✓ MHD can have strong effects on beam ion confinement,
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✓ see APS and IAEA 2002 by D. Darrow, � �# �
 #
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Large variation in �� � is expected in NSTX up to � �� � � �� � .
May result in stochastic radial diffusion.
V. Yavorski, EPS-2001, IAEA - 2002. (also theory by Kolesnichenko
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✓ Low energies shows unusually high� oscillations.

✓ Analysis shows that high harmonics in equilibrium are the reason

�� �� � �� � � � �� � � .

✓ May result in new mechanisms of wave - particle interaction.
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Fig. 6
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1. Multiple sub-ion cyclotron frequency instabilities were observed in NSTX.

2. Frequency� �� 	 � �
 
 � scales with Alfvén speed, but not always.

3. Instability is driven by fast super Alfvénic ions, � � �
	 � � � due to 
�� � � NBI.

4. � �� 	 � �
 
 � the frequency spectrum has “bunches” of peaks almost evenly spaced

in frequency. There are multiple peaks within each bunch.

5. Instability is sensitive to the injection angle of different tangential NBI sources hav-

ing tangential radius � ��� � � ��� � 
 �� 	 ��� �� � 
� � !

(from more passing to more trapped).

6. Instability has dependence on energy distribution.

7. Theory motivation

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

GAEs?

✓ 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.
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✓ Instabilities are coherent
modes driven by NBI.

✓ Some modes persist
through the NBI source
switch.

✓ Sensitive to NBI injec-
tion angle.

✓ Modes are identified as
Compressional Alfvén
Eigenmodes.

✓ The same time evolu-
tion of peak frequencies.
Fredrickson ’01, Gore-
lenkov ’02.
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Dashed curves are GAE dispersion � � �� 	 � � � � ! � � � � � � � � � .
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✓ Observed frequencies of different � ! � � � modes intersect

� characteristic of shear Alfvén Eigenmodes.

✓ We identify these new modes as Global Alfvén Eigenmodes (GAE),
(APPERT, 1982).
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damping on the continuum is dominant

� ��� � , higher m’s are less stable.
Such GAEs were studied by Appert, ’82:
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Plasma radial displacement ( � � � � � � � � �� for ideal MHD part) and
parallel poloidal variation of perturbed magnetic field at half of minor
radius

Use this � � � , 	 � 
 , we have � � �
 � �� � � and �� ��� � � � � 
 � in low
beta NSTX equilibrium vs. our theoretical prediction of �� � � ��� � .
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With density given by � � � � � � � � � ��� , at� � �� � � � � � � � � � :
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where � � � � �� � 	� �� and all quantities are estimated at� � � � ��� � � �

Instabilities with different ! ’s are separated in frequency by
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✓ NSTX shot #103701� �� � � � � � 	 � � � � � � 
 ! , elongation � � �� � ,

� ! � 	" ��$# � ! � � (TRANSP).
Use also parameter: � � � � � � � � � � � � � � � � � � � � � 
 : � �� � � 
�� % & ,

� � � � �� �' % & �

For #103431� � � � � 	  � � ! � � " ��(# � ! � � , � �� � � 	 
� % & , � �� �

� ' % & �

✓ Observed � � � 	 � 	�� % & in #103701 and � � � 	 � ��� % & in #103431
with the � � � 	 �' % &
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✓ Shown is the distribution function at the LFS, r/a=0.5.

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

✓ At fixed � � positive velocity space gradient drives instability.
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mode � CAE GAE
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localization LFS, plasma edge,� �� � � � 	 plasma center

resonance � �
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Cyclotron resonance with beam ions � � � � �� � � � � � �	 � � � � � ��

Typical growth rate is � � � 	 � � � � �	 � � .
Hybrid code “nonlinear” modeling will be covered in E. Belova talk today.
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✓ TAEs are bursting at � �

� � 	 � ! 
 � .

✓ 
 � �� � of fast ions are lost
during TAE bursts.

✓ NSTX shot with� � � �� ��  ,

� � � 
 � ! ,� � � � ! , � �

�� 	 ' � .

✓ � � � � 
 usually observed.

✓ burst time �	 	� � � 
 � .

✓ see E. Fredrickson talk to-
morrow.
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✓ Unstable TAEs with � � � � 
 .

✓ High � ’s are stabilized due to finite orbit width and Larmor radius.

✓ Growth rates are � � � 	 � � � � .

✓ Unstable modes are global and peaked at� �� 	 � � � .
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Confirms theory predictions for burning plasmas ITER, FIRE, IGNI-
TOR.





FIG. 1.

Trapped particle bounce (red) and precession (blue) frequen-
cies at t = 0.145sec.

FIG. 2.

Trapped particle bounce (red) and precession (blue) frequen-
cies at t = 0.26sec.
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Dispersion Relation

Assume m ' nq > 1 and use the ballooning representation.
Tsai and Chen (1993)

−i ω
ωA

+ δWf + δWk = 0

ωA = vA/qR

δWk =
π2e2qR0B0

mc2s

∫

dEdµθ2
bΩ

2
dτbQF0

∆b(1 + ∆2
b)

3/2

ω − nωp
ω2
b − (ω − nωp)2

where E = v2/2, µ = v2
⊥/2B0,

τb = 2π/ωb,
∆b = (θbkθρb)/2

3/2 = finite banana width effect.
Here s = rq′/q
QF0 = (ω∂E + ω̂∗)F0

ω̂∗F0 = ~k × ê‖/ωc · ∇F0.
Threshold when the drive due to the pressure inhomogene-

ity ω̂∗F0 at the ω ' ωb wave bounce resonance exceeds the
dissipation due to the Alfven resonance absorption −iω/ωA.
Slowing down distribution of single pitch, δWf ' 0
ω = ωr + iγ, ωr ' 0.83ωbm, and

γ

ωr
' π

8

(

αE
αEc

− 1

)

where αE = q2R0β
′
E and αEc = 0.48sωbm/θbωA
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Bounce and Precession frequency vs Ψ for a 15 Kev ion.
Bounce angle θb = 1.6 as a function of poloidal flux.
For an MHD mode, there is a definite relation between radial

motion and energy change,

dψ = −mdE/ω

Outward motion corresponds to energy loss

• A particle resonating with ωd can stay
in resonance as it moves out

• A particle resonating with ωb has difficulty staying
in resonance as it moves out
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% % %&

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

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

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

4. TAEs have significant effect on beam ion confinement.

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


