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Motivation

Low frequency modes affect tokamak operation

— Confinement degradation [1-11], rotation slowing down [11-13], impurity
transport [14]

— Flux pumping [15]
Fast ion interaction with kink mode is well known [10-13,16-23]

Fast ion interaction with tearing mode is more theoretical than
conclusive [25-45]

Most works concern large aspect ratio [All but 10-13,22,231]

* This paper studies coupled tearing and internal kink modes
[11,28,32,46] and its effect on fast ions in NSTX

T On internal kink mode
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Outline

Low frequency modes appear to degrade confinement

Synthetic soft X-ray measurement and “kick” model are
Implemented

Fast ion transport by tearing and internal kink modes is
modeled successfully

Relative phase of the modes plays major role

First principle modeling of multiple modes is needed for further
analysis
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Low frequency modes affect confinement

NSTX #134020
(@) Pyg IMW

* |nstability o
— Onset at peak B while g, < 2
— Neutron rate drops 20%

» Implies loss of fast ions
— Mitigated by P,z step down

« Other parameters
— No ELMs or AEs

L (c) |dB,/dt| /Gs™

— No mode locking (EF correction) | i
— Li conditioned for reproducibility ol JM\% AJ |
00 02 Of?me?éa 08 1.0
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Low frequency modes affect core rotation

° Proﬁles 10.64-0.72s NSTX #134020

— Unchanged g and density profile
— Small drop in temperatures [49]

— Large rotation slowing down at
core (g < 2) [50]
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Modes are identified as tearing & internal kink

« Synthetic SXR diagnosticsT jpiind _  NSTXATEAN
v, (R,i) Equmbru_Jm
— Sampled at 5 MHz [52] L e
— Simulated perturbations are fit to |
measured emissivity* 06}
— Best fit with 2/1 tearing mode and =
: N 00
core n = 1 kink mode
— Best fit with modes coupled in 06}
phase
-1.2F
USXR
1.8 -~ { | LRDFITO6
0.0 0.4 0.8 1.2 1.6
T See Appendix: Automation of [51] R/m

T Equilibrium from LRDFIT (MSE constrained) [23,53]
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Kick model: particle-following ORBIT code used

to infer transport matrix numerically

o Combine AE, AP Repeat for all (E,P 1)
Initialize test Hg%gﬁ?f&gy’ from same (E,P f’ ) bins to infer 5D matrix
particles uniformly variations (kicks) at phase space bir -> input for NUBEAM:
in phase space fixed time intervals into p(4E,4P ) P(AE, AP |E,P ;1)

BSTA PORREI SOCHan . eos 15— 4. TMs energy change
150 - 0.67 : E=90.0 keV [kev/ious!
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o B £ Mk 1.2f ’
100 ' 5 o
-0.33 ";-"' 88 £ i
067 @ i 2 o5 £ 1.0
50 - 1100 88.0 E ” é
— 875 . . . e 83 g sl
€ @ 1 000 002 004 006 008 | <©TOg, g =
g time [ms) = 0
~ 74 E 000 - - - Q5 S el
50 ‘ 7/ 2" P 2 0°
50 s : E 002l .g 0.5 2
3 S > I £ 04
-100 - : ] £-004 S -
- = 0 -
Perturbation from |8 006} o 0.2
-150 - NOVA code S ! AP{/AE = n/w
e T € 008 1.5 <2 — 1 0.0 T AT b
0 50 100 150 S 000 002 004 006 o008 1.0 04 02 00 0.2 04 -1.0 -0.5 0.0 0.5
R [cm] time [ms] change in energy over 10 us canonical momentum
é Podesta PPCF 2017
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Fast ion confinement is modeled by “Kick™ model

synthetic SXR fits 0

— ORBIT computes fast ion
transport probability [55] .
— Input to NUBEAM / TRANSP 15
[56,57] Iy
0

“Kick”™ model [54] %

— Mode structure and amplitude

= Experimental input

= Mirnov coil signals scaled with

060 065 070 0.75 0.80

NSTX #134020

20f

(a) [dB,/dt], f /kHz
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(b) Pyg /MW

R S
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(c)w/cm Mirnov + USXR
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Time /s
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Resonant island appears near core for fast ions

NSTX #134020
1 (c) JAE| /keVms™' E = 60 keV ! 2.0

 “Kick” probability
— Fast ions occupy core co-passing
orbits

— ORBIT: “Kick” for fast ions is
localized near core and boundary

= Core: Resonant island
= Boundary: Tearing mode island

— Deposited fast ions are kicked
out from core region (= transport)
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Simulation improved with inclusion of “Kick”

* Neutron rates ) NSTX #134020
(a) |dB/dt| /Gs |
— Fast ions create neutrons o N
; 12 (b) S, /10" s' Measurement
— NUBEAM computes fast ion ol Clousioal
dynamics from classical factorst | e
04r
— Kick model adds the effect of ol
|nStab|l|t|eS 060 0.65 Ti?iaols 0.75 0.80
— Measured neutron rate [59] opH072s
. . i ' S, /10" s™
recovered by simulation with g (O
instabilities 3 06/
%) ~>"" Classical (YO1)
0.4 ‘ Kick (JOB)
04 0.6 0.8
Measurement

T Atomic physics, Coulomb collision and finite orbit
effects, but not instabilities [58]

@DNSTX-U NSTX-U / Magnetic Fusion Science meeting, Coupling of tearing and internal kink modes, Yang et al. (Apr. 27, 2020) 9/19



Transport is localized near resonance island

° I I 0.64-0.72s  NSTX #134020
Fast ion profiles e

— Fast ion pressure drops with kick

— Neutral beam driven current drive
drops with kick 0

— Region of drop is near core

— More interaction with resonant
than tearing mode islands

Classical
Kick

(0] Jys IAcM?

0.0 0.5 1.0
iy,
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Depletion is core-localized in fast ion distribution

 Fast ion distribution AL NSTX #134020
(@) fe Wiy, = 0.1 (b) fe, Yy, =04
— Extends to 90 keV (E;) ) == o0keY == o0keV
— Near core, kick depletes fastions C,assic%
— Distribution near q = 2 surface is 0 T
practically unchanged

— As a result, weighted integrals of
distribution drop primarily near
core [24]
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Transport surges at over-threshold island width

* |sland width scan s
— Experimental values: L
= |sland width 7 £ 1 cm

= Kink displacement 5 + 2 cm °
— Scanned proportionally 1

— Threshold island width exists for
neutron rates and losses [31] 100
0]

0.67-0.71 s NSTX #134020
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Islands > threshold turn flux surfaces chaotic (1/2)
 Poincareé plots

0.70s

NSTX #134020
"w = 0.60w,
E = 60 keV
uB,/E = 0.6

1

— Fast ion trajectory after round trip
— Flux surfaces are layered for
Islands < threshold

— Flux surfaces become chaotic for
Islands > threshold [47,48]
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Islands > threshold turn flux surfaces chaotic (2/2)
 Poincareé plots

0.70s

NSTX #134020
"w = 1.65w,
E = 60 keV
uB,/E = 0.6

1

— Fast ion trajectory after round trip
— Flux surfaces are layered for
Islands < threshold

— Flux surfaces become chaotic for
Islands > threshold [47,48]
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Transport Is sensitive to relative phase of modes

» Relative phase scan
— Experimental relation

= |n phaset

— Scanned for period

— More fast ion transport than
measurement when out of phase

T Fixed relative phase: Islands aligned at midplane
when core displaced to high field side [46]

0.64-0.72 s NSTX #134020

10 (@) -aS, 1% vs. 26 = 0
.- | m U oo
O =
oL_" -
201 (b)-Apr 1%
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Fast ion distribution impacts mode coupling (1/2)

° 1 0.70 s NSTX #134020
MOde Coupllng L (a) LI'ear'ing - I5 (b) lI'ear‘ing+'Kin‘k | °
— Kick probability from tearing

mode changes when internal kink )

mode is added [32] , ‘ |
— Same for internal kink mode [32] . B AE
— Fast ion impacts mode coupling, % 2 2
but how significant is this? " "
L . . ! 0 (I TR L 0

-1.2 0.0 1.2 -1.2 0.0 1.2

P./Puy Pe/Py
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Fast ion distribution impacts mode coupling (2/2)

° 1 0.70 s NSTX #134020
Mode Coup“ng (@Kink I5 (b) Kink + Tearing ~ °
— Kick probability from tearing

mode changes when internal kink

mode is added [32]
— Same for internal kink mode [32]

— Fast ion impacts mode coupling,
but how significant is this?

,-SWA®Y/ [3V]
,-SWA®Y/ [3V]

u | . i ! u! L . [
-1.2 0.0 1.2 -1.2 0.0 1.2
P/Py, P/Pu,
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Conclusion

« Coupled tearing/internal kink modes is observed experimentally

 Fast ion transport by coupled modes is successfully interpreted
by “kick”™ model

» Relative phase of modes plays major role in fast ion transport

« First principle modeling of multiple modes is needed for further
analysis
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Reference (inclusive)

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)

Heidbrink NF 34 535
Carolipio NF 42 853

Zweben NF 39 1097
Garcia-Munoz NF 47 L10
Gobbin NF 49 095021
Gunter PPCF 41 767

Chang NF 30 219

Poli PoP 15 032501

Zhang NF 55 113024
Cecconello PPCF 57 014006
Menard NF 45 539
Chapman NF 50 045007
Heidbrink NF 56 056006
Delgado-Aparicio NF 53 043019
Jardin PRL 115 215001
Chen PRL 52 1122

White PoF 28 278

Coppi PoFB 2 927

Porcelli PPCF 33 1601
Porcelli PPCF 38 2163

21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
35)
36)
37)
38)
39)
40)

Borba NF 40 775
Pfefferle NF 54 012001
Menard PRL 97 095002
Heidbrink NF 58 082027
Forest PRL 79 427

Gude NF 39 127

Sesnic PoP 7 935
Frederickson PoP 9 548
Li PPCF 58 045012
Anderson PoP 20 056102
Bardoczi PPCF 61 055012
Liu NF in press (2020)
Konovalov SJPP 14 461
Mynick PoFB 5 2460
Mynick PRL 43 1506
Marchenko PoP 8 4834
Hegna PRL 63 2056

Cai PRL 106 076002

Cai PoP 19 072506

Cai NF 56 126016

41)
42)
43)
44)
45)
46)
47)
48)
49)
50)
51)
52)
53)
54)
55)
56)
57)
58)
59)

Pritchard PoP 4 162
Brennan NF 52 033004
Halfmoon PoP 24 062501
Somlyakov PoP 2 1581
Wilson PoP 3 248

Bando PPCF 61 115014
White CNSNS 17 2200
Chirikov JNEC 1 253
LeBlanc, RSI 79 10E737
Bell, PoP 17 082507
Fredrickson RSI 1797
Stutman RSI 74 1982
Levinton, RSI 79 10F522
Podesta PPCF 56 055063
White PoF 27 2455
Pankin CPC 159 157
Hawryluk POPTC 1 19
Goldston JCP 43 61
Roquemore, SOFE SP1-39
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Appendix: Synthetic SXR diagnostics code

« GAUNTLET: Automated FALCON

— Measured signals are periodically averaged

— Low frequency modes are modeled analytically
— Emissivity profile relates perturbation to signal

— Fit is more sensitive to resolution than to noise
— Fit is not sensitive to initial guess
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Measured signals are periodically averaged

« USXR signal processing 5000
— Calibrated signals are taken Ghoo 22 am) %
— Filtered around mode frequency 0 _,/ l
500

(b) Signal /nA (filtered)

— Averaged each periods within
fixed time window (£1 ms)
500 Pass = 7.76 kHz £10%

— Amplitude and phase extracted o0 o

0

T

Time /s

200 (c) Signal /nA (averaged)

0

(

Window = 0.70 s +1 ms

0 40 80 120
Time /us

-200
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Low frequency modes are modeled analytically

« Eigenfunctions for low frequency instabilities

— Tearing mode uses scaling law
w? = (1675/5sBg)Y
to get helical flux

_Boj"‘1 n d;‘w
W, = R, ) ) \g mrr Y cos (

where { = m6 — n¢ + fot wdt
— Kink mode uses analytic formula

§=6/[1+ (a/m)¥]

to get flux displacement
— Flux translated with reconstructed equilibrium emissivity profile
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Emissivity profile relates perturbation to signal

« Soft X-ray tomography
— Performed to the equilibrium

— Provides relation of magnetic flux

— Analytic perturbed flux is
converted to perturbed emissivity

— Line-integrated to simulate signal
and fit to the measurement

emissivity

to emissivity

Z/m

1

0

o - MNO

-1

0.70s NSTX #134020
18 @y (R2) | Equilibrium (b) Equilibrium € /arb.
AN Simulation
1.2r
00 02 04 06 08 1.0
06¢ yhy,
0.0r (c) Amplitude ‘ Measufement
Simulation
-06 & o
o ar® o
(d) Phase /n rad.
1.2+ - o 1
<
, USXR ©o0 ¢ 1
18l . 1 . LRDFITO6 w0 007
00 04 08 12 16-08 -04 0.0 0.4 0.8
R/m Tangency radius /m
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Fit IS more sensitive to resolution than to noise

* Fit sensitivity to signal error ool®s o NSTX#138040
(a) Island width /cm (b) Island location I_cm _
~ Nominal signal error is 2%
. . . Y = Count Error £2%
— Fit uncertainty is small up to
signal error of 10%; W oom*
Island width uncertainty < spatial ol " o8 M
. 0 3 6 10 20 30 40 50
resolution oo - o
. . . . (c) Kink amplitude /cm (d) Kink location /cm
— Similar fit uncertainty for m
Increasing signal error implies /|

that fit algorithm is robust |
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Fit Is not sensitive to Initial guess

* kit SenSItIVIty to Inltlal gueSS 150(-a9flsslandwidth /em 60 ) |s|and'|ocat:iT/::13894o
— Fit needs initial gues.s | o g %g%&@ | 4ol
— Box scatter means fit result is %g%ﬁfo?;% &
independent of initial guess o % - -
within error bars e e Y:OF‘“GS“';()
— Most can use any initial guess W N——
(c) Kimk amplitude /cm (d) Kink location /cm
— Island location initial guess is J T 1Ll :
provided from Mirnov coil, EFIT sl e
and CHERS 2t el of Ak
0 il i 0 |
0 2 4 6 O 10 20 30
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Backup

 Original figures
« Backup slides
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Low frequency modes affect confinement

NSTX #134020
[ (@) Pyg MW

* |nstability o
— Onset at peak B while g, < 2
— Neutron rate drops
— Mitigated by P, step down

« Other parameters

— No ELMs or AEs oL@, 10"
— No mode locking (EF correction) %[, k
— Li conditioned for reproducibility I 1
(f) |dBl/dt| /Gs™
iy
00 02 04 06 08 1.0
Time /s
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Low frequency modes affect core rotation

 Profiles 1
— Unchanged g and density profile 0
— Small drop in temperatures 1
— Large rotation slowing down at i

core (q < 2) o
5
0
10
0
20
0

00 02 04 06 08 10

0.64-0.72 s NSTX #134020

(@)n, /1 o”ﬁ

(©) T, /keV

(d) Zer

EEE—

\l () frop /kKHZ

vy,
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Resonant island appears near core for fast ions

NSTX #134020

 “Kick” probability e

— Deposited fast ions occupy core >
CO-passing orbits

— ORBIT: “Kick” for fast ions is

localized near core and boundary ] Sirsd e Lo
= Core: Resonant island 5[(c) 1ag] /keV'mEs* . >0 20(4) pAE, AP,)
- = €

= Boundary: Tearing mode island 1.0f .
L (7]

. . . > E 5l

— Deposited fast ions are kicked ] o
out from core region (= transport) - ) E = 60 ke
g B P uB,/E = 0.6
0.0 | 0.0 -2 PRy =04
-1.2 0.0 1.2 -6 0 6

AE /keVms™

P./P,,
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Depletion is core-localized in fast ion distribution

 Fast ion distribution e L | ST 24029
(a) nFI§/1O m (e)fy \|I_/\|fa=0.1 (f) e ‘V_/‘Va=0-4
— Extends to 90 keV (E;;) Ccrmcsion == o0keV £ 7 00keV
— Near core, kick depletes fast ions o =

. . . . (b) pri/kPa /\

— Distribution near g = 2 surface is . }
. j (1)} PR —
practically unchanged Wiy, =04

10

— As a result, weighted integrals of
distribution drop primarily near

core

(€) Jyg /Acm?

0.0

1.0

0.5
vy,
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Islands over threshold turn flux surfaces chaotic

 Poincareé plots

— Fast ion trajectory after round trip
— Flux surfaces are layered for

— Flux surfaces become chaotic for

Islands < threshold

Islands > threshold

1.0

- O - O

- O

0.67-0.71 s
Eup

=
(@) AS/S,.

(0) ANjpee/Mipses .~ ©

‘ fmmf
o o ool .

(©) Proge KW
o pY

o

o0 mn e

IDD[

EIDI
| .
- O

=

(f) Adne/dns o

1

w/cm

NSTX #134020

(g) w = 0.60w,
E = 60 keV
B/E =06

04 06 08 1.0

vy,
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Transport Is sensitive to relative phase of modes

e Relative phase scan 100.64-0.72 J . NSTX #|134(320
@08, /% (@) A0 =0
— Experimental relation oo’ 84
= In phaset ) anu E oo
: oL °%los,a | N
— Scanned for period SRR
— More fast ion transport than R 15
20 15
measurement when out of phase (d)-anq %
oL ° -0
20 %
s ] E
0bo® ‘ o
0 -a00 1%
oe” "] s ) ‘ .
0.0 0.5 10 00 05 10 15 20
T Fixed relative phase: Islands aligned at midplane A® /m rad. R/m
when core displaced to high field side
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Fast ion distribution impacts mode coupling

° 1 0.70 s NSTX #134020
MOde Coup“ng 157 ) Tearing (b) Coupled (c) Kink 2
— Kick probability from tearing g

mode changes when internal kink & - =
mode is added = g
— Same for internal kink mode i

— Fast ion impacts mode coupling, e T ee, M e,

but how significant is this?
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Backup — Relative phase of coupled modes

 Phase difference is constant
during mode excitation

NSTX #134020

(a) eTearing + eKink

 Phase sum is constant too? o
+
+
-5 s s
10 (b) eTealring'eKink;_ +
+
"
S
+
o ﬁ%@%&ﬁ
L %ﬁﬁiﬁjﬁ
T TR £
- + ot T
T
++ o
10 A
064 066 068 070 0.72
Time /s
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Backup — Full discharge modeling

* Modeling of 0.71 - 0.75 s

— Tearing mode 3/1 coupled with
iInternal kink (n = 1) excited

— Transition at 0.72 s after surfaces
of g = 2 and q = 3 coincide

Simulation

0 mm

0.8
04r-

0.0 . . .
060 065 070 075 0.80

o
o

o
(o2}
T
4
++

°
~

NSTX #134020
(a) |dB,/dt| /Gs™

(b) S, /10" s’ Measurement
Classical |
Kick |

Time /s

0.64-0.72s

(c)S, /10" s gg%
[ +

Measurement

04 0.6 0.8
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Kick and RBQ-1D reduced models address EP

transport in time-dependent integrated simulations

« NUBEAM module accounts for (neo)classical EP physics
— Includes scattering, slowing down, atomic physics

—> | TRANSP (main)] —> |NUBEAM step k ] —> | TRANSP (main)] —j
Classical EP physics: Phase-space resolved
apply scattering, slowing reduced EP models:
down; update sources ‘kick’, RBQ-1D

New physics-based models enable predictive capabilities

é Podesta PPCF 2014, PPCF 2017; Gorelenkov NF 2018
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Constants of Motion variables are used to

describe resonant wave-particle interaction

Each orbit characterized by: Wave stability (drive):
E, ener
ay _ ﬁ OF OFnp
P.~mRv,,~q¥, canonical momentum Y X W OF +n 9P
U~V,erp?/B, Mmagnetic moment <
* Complex orbits in real space translate in simple * Resonant interactions obey simple rule:
trajectones in phase space
N £, 80.0keV wP: —nk = const.
R T w=27f : mode frequency
Ew'— . {\ ] n : toroidal mode number
) if: s 3
E ool 41 2% % AP:;/AE x njw
E £ ’ '-fs
goeL Y Define transport matrix(es) for NUBEAM:
S | |
Eo’d E co-passing '. | p(AE/APé’/E/Pé?;u)
L 'x- i-
o2r iy an ".b ] “Conditional probability that a particle at (E,P , 1)
0.0lis & i, NI receives kicks AE, AP, from wave-particle interaction”
-1.0 -1_3.5 0.0 05 ¢
6 canonical momentum Podesta PPCF 2014, PPCF 2017
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