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Experimentalinvestigation of stability, frequency and toroidal
mode number of compressional Alfvén eigenmodesin DIlI-D
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High frequency Alfvén activity linked to enhanced

core electron thermal tfransport in NSTX

- Compressional (CAE) and
global (GAE) Alfvén
eigenmodes correlate with
enhanced core y,. in NSTX

* Proposed mechanisms:

— Resonant interaction of
modes with electron guiding
center orbits, causing
enhanced thermal transport

— CAEs/GAESs couple to
Kinetic Alfvén Waves (KAWs),
which channel energy out of

the core ’ 20
[Gorelenkov NF 20]0] 02 04 06 08 00 02 04 06 08
[Kolesnichenko PRL 2010], [Belova PRL 2015] - rl/a

[D. Stutman PRL 2009]
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High frequency Alfvén eigenmodes driven unstable by

Doppler-shifted cyclotron resonance with fastions

- Compressional/Global Alfvén eigenmodes (CAE/GAE)
/coherent lon Cyclofron Emission (ICE)  [N.N. Gorelenkov NF 2003]

— For cyclotron resonance, [Dendy, PoP 1994]
w — k”Ub” = l(UC,l = -, —1,0,1,
— k, pp stabillizing in some ranges and destabilizing in others

* Anisotropy important

« Perpendicular instability condition requires finite orbit
widths:

CAEs: 1 <k, ,p, <2
GAEs: 2 <k,p, <4
— For CAEs, w? = k?v;
— For GAEs, w? = k,°v}

- Dispersion relafionships modified by finite w/w,; - (important to
existence of GAEs)
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Experiment designed on DIlI-D to test high

frequency Alfvén eigenmode theory

Experiment performed to test dependence of HFAEs on broad
range of plasma and beam parameters

— Exploit beam capabilities of DIII-D to separate beam density and
velocity dependences of modes

Diln-D
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New high speed measurement capability creates

opportunity to test CAE/ICE theory

RF Loo
 CAE frequency is f<f, typically f ~1- Refurbishedp2017
10MHz range in DIII-D 530-948°

* Previous magnetic fluctuation
measurements limited to < TMHz

* lon Cyclotron Emission (ICE)
diagnostic measures high speed
toroidal magnetic fluctuations

— High bandwidth: up to 200MHz

— High speed acquisition: 200MHz,
8GB/shot

— Coll pairs separated by 10-15 degrees
allowing for toroidal mode number
measurement

- ICE digitizers allow exploitation of full

bandwidth of other fluctuation
diagnostics (e.g. CO2 interferometer)

Dill-D
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Experiment designed to test high frequency AE

119]=Ye13Y;

- Extend previous study of CAEs on DIII-D [Heidbrink NF 2006]
— Systematically vary beam pitch angle and injection direction

— Extensive diagnosis with most current diagnostics for simulation
validation

- Opportunity to identify GAEs on DIlI-D for the first time (future
work)
- Verify parallel resonance condition, perpendicular instability
condition, and dispersion relation
— Vary injection geometry - Pitch angle/direction
— Beam velocity scan (at constant beam density, ny)
— By scans at constant n, 2 vary w,
— Ng scans at constant B =2 vary vy
- Establish stability threshold: vary beam density (n,) at constant

velocity, pitch angle
— Use variable perveance - vary beam current at constant voltage

Dili-D
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Flexible DIlI-D beam geomeiry and capabilities

give wide range of directions/pitch angles

330° 30° .

Y On/ctr/p

A Off/co/t

210° 150° °
(tiltable/off-axis)

DII-D [Heidbrink, NF 2012]

1709-0117
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8 available sources inject at
6 different injection angles

Co/counter injection
Tangential/perpendicular
injection (left/right)
Off-axis beam

— Source at 150 can be ftilted
down = more
perpendicular at normal BT,
IP

Every beam up to ~ 80keV,
~2MW

Beams can vary current and
voltage independently



Beam modulation important tool in experiment

- Perveance Scans: cycle through each injection geometry
once while holding B;, n. constant
— Beam current varied at constant voltage, and vice versa
— Separately control energetic ion density and velocity
— Energetfic ion velocity control tests resonance condition
— Energetic ion density conftrol tests stability threshold
- Parameter Ramps: cycle through dall injection geometries
rapidly during ramp
— Ramps reveal thresholds for activity related to resonance
condition

Dill-D
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Experiment designed on DIlI-D to test high

frequency Alfvén eigenmode theory

CAEs observed by many diagnostics, including the lon
Cyclotron Emission (ICE) diagnostic

AD”’-D 1709-0117 8

TIONAL FUSI FACILI th N .
nnnnnnnn 15" IAEA Technical Meeting



CAEs observed with magnetic and density

fluctuation diagnostics

SHOT 172026: MAGNETICS (ICE)

«  Magnetic fluctuation (ICE)
diagnostic observed CAEs

~N
(=]
(=]
=

g:::6000
8 5000 - Internal diagnostics also see
g CAEs
— Doppler backscattering
(DBS) (5n)

 Example: beam density
scan at constant voltage

frequency (kHz)

2300 2400 2500 2600

or-b "
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Injection geometry plays important role in activity

SHOT 172026

On/ Off/ On/ Off/ On/ On/
co/ co/ co/ co/ ctr/ cir/
t t P p P

frequency (kHz)

2000 3000 4000

time (ms) ocal

SHOT 172026: PINJ

..........

; F\

2 ;

q :'

Z =

z | 33R —:
o 2000 3000 4000 5000
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Different beams excite
at different frequencies

At low field (1.3T1),
highest beam voltage
(~80keV), CAEs are
excited by 4 of the 6
geometries

— Beam current scan at

constant high source
voltage

— Noft all beams
operating at full
voltage

— Bursting due to
sawteeth which varied
with injection geometry

10



Experiment designed on DIlI-D to test high

frequency Alfvén eigenmode theory

Beam density threshold consistent with theory

Diln-D
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Beam density threshold observed

frequency (kHz)

2300 2400 2500 2600
time (ms)
- Voltage held constant as current is
ramped

 Mode abruptly disappears as
beam current drops below a

threshold
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Beam density threshold consistent with simulation

0015F v -
> (a) ’
N 0.01
& 0.005
El‘:; 0 i 1 i L i é‘ e 1 " 1 " | i
0 0.010.020.030.040.050.06
40 45 50 55 60 Npeam/Ne

. 7 A\
Bearm Current (A)

[Belova, PoP 2017]

 Mode power drops to zero when beam current crosses
threshold of <~47A

- Simulation predicts CAE growth rate to be positive
above a threshold, below which CAE is stable

Dili-D
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Experiment designed on DIlI-D to test high

frequency Alfvén eigenmode theory

Magnetic field and plasma density threshold observed for onset
of CAEs

Diln-D
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BT ramp shows onset of CAEs expected from

resonance condition

EsHot 172011 TR R  CAEs are observed to be
| ' | | unstable at around BT ~

£ 1.65T

G aooo- — Corresponds to v, =

% 3.5e6 m/s (Using Ng ), v =
g0 2.8e6m/s

« BT threshold expected

N
[=]
]
" |

because of resonance
4000 ege
Time (ms) oo condition
_-1.2= // W — kyvp =
- . = —
=1 = w = kv,
@ .1,35—,// = W Vb
3000 4000 5000 ——1‘<—
Time (ms) w Uy
a)C
— — 1| ~1 observed
W
- - Beam ions Alfvénic to hit
velocity for resonance
Diln-D
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Mode frequency not

proportional to cycloiron

frequency during BT ramp

* Frequency consistent with
perpendicular instability
condition, taking into
account finite w/w, effects:
expect w/w,. > 0.5

— Use cold dispersion relation

* During BT ramp, f is not
proportional to f,
— Different from ICE

- However, f x vy

— Expected if all bursts have
same k (future work)

Diln-D
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) .

OCVA

:

quency (kHz

ﬁg

[N
|$||

4000
Time (ms)
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Density ramp shows onset consistent with parallel

resonance condition

0.000

« CAEs are observed to be
unstable around n, > 2.4e13

cm-3 g
— Consistent with threshold E
) % €
e _ 1‘ < b 2

[0 UA 94000—

* Frequency not proportional
to v,

— Density rises by a factor of
~2, but frequency does not

3
8[ | |

Density (x10'3 cm-3)
NN WL
= ==
- R

3000 *
Time (ms) K

drop by V2
2000 3000 4000
Time (ms)
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Onset frequency sirongly correlated with BT, no

correlation with n_

CAE thresholds: f vs B;

10000 * Onset frequency of modes
9000 shows a strong linear
< a0 T correlation with BT
5 ™ e — No correlation observed with
g S density

SZZZ R2=0.91175 - All onsets occur at around

A

1.2 1.4 1.6 1.8 2 2.2 f/fc~0.57
Magnetic field (T) . . .
CAE thresholds: f ve ne * Future mveshgcm.on needed

10000 o understand this
9000 ’
i 8000
o . o
Q) [ ]
§ 6000

>0 R2 = 0.01308

4000

1.20E+00 2.00E+13 4.00E+13

Density (cm3)
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Experiment designed on DIlI-D to test high

frequency Alfvén eigenmode theory

Mode frequency scales as Alfvén velocity for single mode

AD”’-D 1709-0117 19
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For single mode, frequency scales with Alfvén

velocity

0.000

Time (ms)

Frequency (kHz)

Dili-D
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For single mode, frequency scales with Alfvén

velocity

B - As density ramps upwards,
possibly driven by the

beam, frequency sweeps
down

- As density increases, v,
decreases, so frequency

T
X
St
>
7]
c
o
=)
o
]
[

n
[T
[=]
o

decreases
2 Time (ms)
E 4.06-08 . .
S .  f < v, within each burst, but
o .
X ZEM”“‘”‘*‘W‘WMW” not during the ramp - .
2 7700 LR 2000 mode number is changing
me (ms N
g with each burst? (future
work)
Dili-D
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Frequency (kHz)

Preliminary analysis shows fincreases as |n|

decreases

9000 T - T F T T
8800 -2 — ——— — |
- -4
8600 —
)
8400— -8 _
-10
8200 _
8000 . : ! . P— | " | . . | . . .
5300 5320 5340 5360 5380 5400
Time (ms)
Diln-D
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Toroidal mode number
measured by pair of
toroidally separated edge
coils

— Path length difference >

calibration required for best
n

n < 0 consistent with

Doppler shifted cycloiron

resonance

— Modes propagating
against beams

Same frend of f, |n| seen in
NSTX [Tang TTF 2017] and
MAST [Sharapov PoP 2014]
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Conclusions

 Observed CAEs consistent with many aspects of theory
— Frequency dependent on beam injection geometry
— Beam density threshold observed
— Observed BT & n, thresholds consistent with resonance condition
— fincreases with v, as expected

- fincreases as |n|decreases
— Cdlibration needed for exact mode number measurement

* n <0 consistent with Doppler shifted cycloiron resonance

Diln-D
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Future Work

- Calibrate path length to cail Further understand

pairs implications of finite f/fc
* Investigate toroidal mode  Validate HYM
numbers — TRANSP runs needed for
— Are there GAEs? beam populations
— Explain f during density
rampe

— Frequency scaling with
mode numbers (compare
with NSTX)

« Further investigate
conditions for mode onset

Dill-D
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