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Motivation

Correlation between GAE/CAE observations and flattening of T, profile at increased NBI
power in NSTX suggests that GAE/CAE can reduce the efficiency of NBI heating.

* Important to correctly identify and predict these instabilities

Simulations were needed to conclusively identify nature of high-frequency modes (w/w;~ 0.6)
in DIII-D.

* Previously identified as compressional Alfven eigenmodes (CAEs) in DIII-D [Heidbrink, NF2006],
however both theory and NSTX simulations predict stronger GAE instabilities [Belova PoP2019, Lestz,
NF2021].

° In NSTX(-U), GAEs were more common especially for lower vygam/Va.
* New dedicated experiments in DIlI-D suggest SAW dispersion for these modes [S.Tang, PRL 2021]

Validate HYM code against DIII-D observations.

DIlI-D results indicate that GAEs can be excited for larger aspect-ratio devices and smaller
injection velocity vy..m/Va S1, therefore they can be unstable in ITER.
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Theory and simulations explain GAE frequency scaling with
NBI| parameters in NSTX, NSTX-U and DIII-D

GAE frequency scaling

Numerical model and theory for sub-cyclotron 1 . . . . .
frequency modes developed for NSTX(-U) 0.9 HYM O
have been successfully applied to explain 08 | Bg'& °
DIII-D observations. 07 k. NSTX-U - 4
* HYM simulations for DIlI-D demonstrate that _—
modes with w/w~ 0.6, previously mis- \g 0.5 . MHD, A4=0.5, 1g=0.75
identified as compressional Alfven 0.4 | 2-fluid, 25=0.5, 15=0.75

eigenmodes (CAEs), have shear polarization

0.3 |
SBJ_ >> 6B| | (GAES)
0.2 | f
* Simulation results match the observed 0.1} Vijres Vo
frequencies in DIII-D for high- and low- By, 0 . . . . .
experiments [S.Tang, PRL 2021, Heidbrink NF06]. 1 2 3 4 5 6

Vo/Va

Scaling of experimentally observed GAE frequency with injection velocity vs
predicted by theory (lines) and most unstable modes in simulations (black squares).

NSTX-U Color lines — 2-fluid (solid) or MHD (dashed) condition for peak instability calculated
ASTA Bvsics for k,/k|=1. Black lines show v} ..s < vy boundary.



Theory predict scaling of most unstable GAE with B,,,n.,A,

Predicted range of most unstable counter-GAEs: N
. A roughly linear
1 ) 1 - ] li ith B, i
<—< ,  [Belova, PoP 2019] scaling With By, 1S
. Vo o ’
- = frequency in NSTX-U
* o~ o, — nearly linear scaling with By, [Fredrickson,NF 18]
« Weaker than 1/v/n.scaling with density.
ST ' T #120190 ]
« Larger vy/v, results in smaller values of w/o;: = | L\u:jw N g
i r (I LT | ]
S 5f i A ;
/o~ 0.6 for Vy/V,~ 1 and A~0.6 (DIII-D), 200 T & ]
= W M‘E;;u.‘: : ! ] Va
0/~ 0.4 for Vv~ 2 (NSTX-U), sl TN
w o ! IRVl DIII-D: (a) Spectra for
0/oyS 0.2 for vy/v,z 4 (NSTX), e o Bir=0.6 T with 80 keV left
ok , , L ] beams; (b) Frequency of
. 5 g . 0 200 400 600 800 1000 the Strongest mode vs
Scaling with A,: larger Ao— larger w/w,; TIME (ms) the line-average n, for all
w/w,~ 0.6 for 1,=0.5 0sb® % X X )C the discharges in the
CTz =08 ~ 5 b XX ¢ database
w/w = 0.7 for 1;=0.8 (vy/Vs~ 1) g il , Wwﬁ& [Heidbrink,NF06].
— consistent with DIII-D ‘left’ and ‘right’ beam sources (w/w,=0.56 ool L o
and w/w,=0.69 [Heidbrink,NF06]) . 0 5 7 5 e

DENSITY (1019 m-3)
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HYM simulations for DIII-D

Two basic cases are considered:
1. NSTX-similarity experiments on DIII-D from [W. Heidbrink et al, NF 2006]

Bior= 0.6T, Ry= 1.63m, a= 0.56m, 1= 0.6MA, qo=1.2, Qmax=4.5, Bict ~9%
Beam parameters: E= 80keV, Vy/Va=1.5, ny/n.~4%, Bpeam ~3%
Observed mode parameters: f= 2.5MHz, f,= 4.5MHz

2. More recent dedicated GAE/CAE experiments [S.Tang PRL 2021, N.Crocker 2021]:

Bior= 1.24T, Rop= 1.72m, |= 0.62MA, Biot ~2%
Beam parameters: E= 78keV, Vy/Va= 0.8, ny/ng ~3%, PBpream~0.5%

Observed mode parameters: f= 5.5MHz, ;= 9.5MHz
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Sub-cyclotron frequency Alfven Eigenmodes were observed in low
toroidal field experiments in DIII-D

120190

3

dB/dt (a.u.)

ross—Power

FREQ (MHz)
og10 C

250 260 270 280 290 300
TIME (ms)

Time evolution of the magnetic signal and spectra
in a discharge with periodic injection of 80 keV left
beams; B; = 0.6 T; f;=4.5Mhz. [Heidbrink, NF2006]
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» High-frequency AEs were observed in DIII-D in low
toroidal field discharges (NSTX similarity experiments)
mostly when vp=2va.

» These modes are counter-propagating and driven
unstable by Doppler shifted cyclotron resonance with
beam ions.

* Mode polarization was not measured directly, but
large dB,, was observed near the edge.

» They were identified as compressional Alfven
eigenmodes (CAE) based on high frequency (f ~0.6f,)
and comparison with previous theoretical instability
conditions.

* For comparison:
NSTX — fgae~ 0.1-0.3 fg; fcae~0.3-0.5 fg,
NSTX-U — fGAE~ 04 fCi



Early CAE/GAE theory predicted instability for large values of k, p,,

15 [ Unstable —> %

a
o

0.5 |

1.0 |

3 FLo o -

(a)

[Heidbrink, NF2006]

« Experimental estimates got k, p,<1 (based on CAE
dispersion ie from observed w/v,) and local B value.

* Re-scaling for B on axis gives even lower values:

klpb < 0.6 kJ_VA/w.

* Previously theory predicted the CAE instability for:
1 <kipp <2

* For Global Alfven eigenmode (GAE) instability:
2<kp,<4

 New GAE/CAE theory [Belova,2019, Lestz, 2020]
predicts stronger instability for small k,/k; (k,pp<<1),
and GAEs more unstable than CAEs.



Case 1. NSTX-similarity experiments on DIlI-D

Bi.= 0.6T, Ry= 1.63m, a= 0.56m, 1= 0.6MA, q¢=1.2, ,ax=4.5, Biot ~9%
Beam parameters: E= 80keV, V,/V,=1.5, n,/n,~4%, Bream ~3%
Observed mode parameters: f= 2.5MHz, f ;= 4.5MHz

HYM parameters: Vyo/Va= 1.5, n,/n.=4%, A\g= 0.75, AA= 0.2 0.8

o

o 07 .
Simulation results: % 0.6 .
« Unstable modes have shear Alfven polarization with éﬁ 05 i
0B <<dB, and are counter-rotating GAEs S 04r .
+  In|=12-18 with m~1-5, e 1
« frequencies w/wy=0.5-0.7, and growth rates y/w;=0.003 — go 0:1 i |
0.0075. 3 0
 Can estimate unstable |n| from n= Rok;; and SAW 10 12 14 16 18 20 22
dispersion to get: n= Ry w/vpa ~ 15. Inl

Growth rates and frequencies of unstable counter-
GAEs from HYM simulations for vy/v,=1.5 and n,=4%.

Toroidal mode numbers were not measured in experiments but estimated as n=-0O(10).
For #120196 shot n=-16+/-5 was inferred from correlation with changes in Mirnov
signal [W. Heidbrink et al, NF 2006]
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Modes have shear polarization in the core (GAES)
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Radial profiles of 8B for n=-16 counter-GAE

- Simulations show unstable counter-propagating GAEs with peak values of 8B~ 0.05 0B,
* Mode is located near the magnetic axis R=1.6m; 0B, - radial profile is wider.

* k,op~ 1 form=2-3, v;=0.7v, and v~ 0.8vj



Compressional perturbations dominate at the edge

(a) 0B/By R=1.96m
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Time evolution of different 6B
components for n= -15 counter-GAE at
two radial locations away from the axis
(Rp=1.61m): R=1.96m and R=2.25m.

OB, has much wider radial profile compared to
0B, => compressional perturbations dominate at
the edge where: 0B~ 2| dB,|.



Large number of sideband resonances can be seen for each unstable GAE

Energy
(keV)
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HYM: fast-ion energy vs pitch distribution
from n=-16 GAE simulations; resonant line
is shown for v;=0.8v,; colour dots show
resonant particles.

Resonant
1.4F .

T_z:

1.0F

Po

Location of resonant particles in phase space:
A=uB/c vs p,. Particle color corresponds to
different energies: from E=0 (purple) to E=80
keV (red).



Density scan allows to estimate damping for GAE

14 L | _ « Estimated stability threshold is
'g 121 o y i 1 nb/nOz 002
R i | * Dependence is not linear in contrast
5 osl i ] with NSTX and NSTX-U simulations.
N - | « Assuming that y= Cn,, — y4, the damping
- 061 q; %\a rate (continuum) can be calculated.
O | I -
% 04 | « For experimental parameters

021 | | (n,/Ne=0.04): y4=0.5 Y4ive, Where

0 & - ' ' Yarive/ W=0.016.
0 0.02 0.04 0.06 0.08 0.1

n,/Ng

Growth rate and frequency of n=-16 GAE vs beam
density.
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Case 2: Higher B,,, experiments on DIII-D

B,,,= 1.24T, R,= 1.72m, 1= 0.62MA, q,=0.94, q,,2x=6, Biot ~2%
Beam parameters: E= 75-80keV, V,/V,= 0.8, n,/n,=3%, Byeam ~0.5%
Observed mode parameters: f= 5.5 MHz, f,= 9.5 MHz

HYM parameters: Vy/Vo= 0.8-0.9, n,/n.=3-6%, A\;=0.65-0.75,
AN=0.2

» Unstable modes have shear Alfven polarization with
0B, <<dB, and are counter-rotating — GAEs

. |n|= 22-24 with m~ 3-4,

« frequencies w/wg= 0.6-0.75, and growth rates
Y/w=0.001 — 0.003.

« SAW estimate for n: |[n|= Row/va~ 19 - 22,

DIlI-D estimated toroidal mode numbers was n= - 28,
from 2-fluid SAW dispersion relation [S.Tang, PRL 2021].
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Growth rates and frequencies of unstable
counter-GAEs from HYM simulations for
Vo/VA=O.8, nb=6%, )\0=075



HYM simulations demonstrate that unstable modes in DIlI-D have SAW

polarization (GAES)

] L R T T
{SBfB [-:u] L B AR R
| v - dBy dB,
0.0015 F i
15 : 1 I:ﬂ
||
o.oo10f I i
[ I
I ' Z 1 -
0.0005 F A i |
| i
0.0000 | .:5 f‘vJ’ : ]
i || | - _ ] \
[ 1 (ﬂ}l:xt:
—0.0005E0 0, L el
:I 1.2 14 lr |_a E.E? 2.2 L s Lol Ll
Rirm) R R
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- Simulations show unstable counter-propagating GAEs with 6B,>103B,
but 6B, has wider radial profile.

» High toroidal mode numbers |n| > 20; w/w~

0.6-0.7; k05~ 0.5
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» Located near the magnetic axis.



Large number of sideband resonances can be seen for each unstable GAE

80 Resonant
14F ]
60
cyclotron
{1 resonance
Energy 1m0y A
(keV) 40 :/ I7Y-FVA

20

0
-02 00 02 04 06 08 1.0

Location of resonant particles in phase
VNV P P

space: A=uB/¢ vs p,. Particle color
corresponds to different energies: from E=0

HYM fast-ion energy vs pitch distribution from (purple) to E=80 keV (red).

n=-22 GAE simulations; resonant line is shown
for v;=0.4v,; colour dots show resonant particles.
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Two groups of resonant particles: driving (A<Ay) or damping (A>A)

Energy exchange rate between the beam ions and the mode AK= |(3j,-0E)d’x = ¥ (v, "0 E)w,,

0.0010F - .

C'.u';'l;'"';:i»:— SR - Lower energy particles are
=(vol)w= i R ) driving, and particles from the
e ‘ tail are stabilizing GAE.

3 Fr e D AN e S
. on s A ...;-»_g;'."\ A NCE R WS VK R _

—
L
-~

0.0 0.7 0.4 0.6

(ViM/va

Scatter plot of resonant particles from linear phase of n=-22 GAE
simulations. Time-averaged values of (v-0E)w [a.u.] of resonant
particles. Particle color corresponds to different energies: from
E=35keV (green) to E=80keV (red).
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HYM simulations for DIII-D agree with analytic predictions

; e i n; 2w ITes (1—2)2" aarézl’
0.00 E - E— ' VI|T Vres
Vo Em/mdo'?“.' Vires— (@i - OV kyl, 4,7~ 1- V||resz/V02: v, — injection velocity,
—0.01 [ =A exp[-(A-Ag)*/4A7]) / (V3 +vid).
_o.02f /) : « Resonant beam ions drive instability provided: 0f/0A>0, i.e.
J0/0q=0.74 when 4 < ], and stabilizing otherwise.
[ » Most unstable modes have k,p, < 1, and are in the range [1,2]:
k /K kyp; (1 + vo/va)! < 0/ < (1 + vy/vaV[1-2g])"!
(@) contour plot of GAE growth rate and (b) plot of y(k,p;) for fixed - follows from cyclotron resonance condition and the instability
frequencies; blue-green contours correspond to negative values, and condition: 4, < 1,
" tm

orange-red to positive; y/w, values are between -0.08:0.011.

DIIl-D beam parameters: V,/V,=0.9, n,/n,=0.05, A,=0.7, AA=0.2. » Higher frequency modes with w/e,; > (1 + vy/v,V[1-Ao])" have

smaller growth rates and unstable if: 2<k p,<4 (Bessel regime

[31).
* Frequency of most unstable modes: w/w .~ 0.6,
[1] Belova, Phys. Plasmas 2019

* GAE linear growth rate is largest for small values of k,
[2] Lestz, Phys. Plasmas 2020

[3] Gorelenkov, NF03.
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Dependence on frequency and k,p;, for counter-GAEs

A= VJ_Z/V2 5 2m= 1- v||res2/v029 v||res: (O)Ci - 0))/|k|||

E=k v /o

oy 3, jlm dr__ of )i
0

Y 2 lires 1-n2"arez|”
| VI Vres [ =A exp[ -(A-Ay)?/42? ]/ (V}+vid)
G(4)

The sign of the integrand is determined by sign of 0f/01=2( 1,- 1 )f /42?

— particles with 1 <1, (small v,) are destabilizing,
— particles with 1 > 1, (large v,) are stabilizing.

l

1. For w < wg, Vjres™ Vo and A,,<1

« An < Ay— sufficient condition for instability (any k,) and
gives an approximate range of unstable frequencies:
/@y < (1 + vo/vaV[1-2g])!

* most unstable modes have k|, p; <<1 with (J,/¢)>=1/4

K =2

k,pi=3
2. High-frequency limit w = W , Vjjres<< Vo and A~ 1 —6r ) .
» for small k,p; — (J,/£)?’=1/4 and v is negative S E R

» for k, p;= 2, Bessel factor reduces stabilizing effect of large v, (A>2,) particles. Eea s .

A
This clarifies the role of FLR effects: large k, p; reduces the stabilizing effect of particles with A >,
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Counter-CAE are predicted to be less unstable than GAEs

(a) AX=0.3, GAE

P T 04 np wh An o d) 0 f (2 —]2 )
GAE 0.00 = —: S n; 2w v||res jO (1 — /‘l)Z /1 |
; ] V|| = Vres
Y/wci
) ] e 0.5 : « Same (sufficient) instability condition: 4,,< 1, as
. Y ] GAEs, and same vy for k,=0 [1,2], but w= kv,.
(b) Ax—o 3, CAE k,p: * Most unstable modes have k,p,<1, and are in the
0.04[ T T range.
I ®/0,=0.4
CAE b oeed
o _ ] (1 + aVo/VA)_1 < (D/(Dci < (1 + aVo/VA\/[l-}\,Q])_I
_ where a = [k, /K|.
T ool .-f':(,)/%:o.s _ » Counter-CAEs have much smaller growth rates
S L than GAEs for k, /k; = 1.
k,/k k,p; « Two-fluid effects / coupling to SAW reduce growth
Contour plots of growth rate and plots of y vs k| p, for wide pitch rate of CAEs [2].

parameter distributions; blue-green contours correspond to

negative values, and orange-red to positive.
(a) GAE: AL;=0.3, y/o; values are between -0.22+0.036;

(b) CAE: AAy=0.3, same range of y/o values as in (a).
° NSTX-U
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[1] Belova et al, Phys. Plasmas 2019
[2] Lestz et al., Phys. Plasmas 2020.



Finite frequency corrections for GAEs w/w,; ~1

1| (k? k2 2 k2
w* = kffvif? where f? = El<k—2| (1+ ) + 1) — \[(k_ﬁ(l +xfi) + 1) — 4;‘, and x| = kyva/wei

0.8
MHD _ k_[>>k”
0.6 P - k,=0
w/wg 0.4F P -
L ,//,'/'
I P
0.2 F 7 .
I p
VY
L [ )
OO L | | | L L L | L L L | L L . | | | L
0.0 0.2 0.4 0.6 0.8 1.0
k”VA/(UC,'

NSTX-U
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Limitk, = 0:

w = kv 1+ k”vA
174 chi

2 _ k”vA
chi
lelt kJ_ > k”:

2
w=kyw,/ 1+<k”vA>

A= 1= Vres?/V? < 49 — sufficient condition for instability
(= peak growth rate) valid for large frequencies (w/®.; ~1)
but correct 2-fluid GAE dispersion should be used.

One-fluid MHD dispersion leads to overestimated most
unstable frequency and underestimated k; (n).




Most unstable frequency and k; range for w/w; ~1

lambda0= 0.700000 lambdaO= 0.70000

Numerical solution for
two conditions using 2-
fluid SAW dispersion :

1. Vl,res = Vo
(existence of resonance)
2. Am= 1- V||resz/V()2 < /10
(max y)

Wy K)|\Va/Woi

Vo/Va Vo/Va

-1 -1
MHD conditions: (1 + ﬂ) <= < (1 +-21- /10) , corresponding to v yes < vy and
A

VA Wci
An < Ay respectively, modified for w/w, ~1 . Due to MHD description of thermal plasma, the

HYM code overestimates most unstable frequencies and underestimates most unstable |n|.
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Summary and Future Work

« HYM simulations demonstrate that high-frequency modes (w/w¢~ 0.6) previously misidentified in
DIII-D as compressional (CAEs), have shear polarization 6B = 6B, (GAES).

« Simulations reproduce experimentally observed frequencies and estimated toroidal mode numbers
for DIII-D experiments.

« A simple analytical theory based on local dispersion relation is very successful in predicting the
counter-GAE instabilities.

* New analytic theory explains range of most unstable modes, and GAE frequency scaling across
different devices (NSTX, NSTX-U, DIII-D).

* Counter-GAEs can be unstable in ITER (Vpeam/Va S1) with w/w,; ~0.5-0.7.

Future work;

* Need to include 2-fluid (Hall) effects in thermal plasma description to account for finite frequency
effects ~O(w/wy;). At present, HYM overestimates unstable frequencies, and underestimates toroidal
mode numbers.
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