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Reliable & quantitative understanding of Energetic Particle
(EP) dynamics is crucial for burning plasmas

« ‘Classical’ physics works
NB, fusion

* Except when it doesn't...
Fnb

space, velocity, time

Sinks
Thermalization
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Reliable & quantitative understanding of Energetic Particle
(EP) dynamics is crucial for burning plasmas

« ‘Classical’ physics works p——

* EPs from Neutral Beam (NB) NB, fusion
Injection, alphas, RF tails drive «

» With instabillities, ‘classical’ EP
predictions (e.g. for NB heating, Sinks

Instabilities
current drive) can fail 4/7 Thi;g,a;;f::;on,
*AEs, kinks, RWM -

— e.g. Alfvénic modes - AEs
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Reliable & quantitative understanding of Energetic Particle
(EP) dynamics is crucial for burning plasmas

 ‘Classical’ physics works
NB, fusion 3D fields

* EPs from Neutral Beam (NB)
Injection, alphas, RF tails drive P
Fnb
space, velocity, time

Instabilities
— e.g. Alfvénic modes - AEs

« With instabilities, ‘classical’ EP
predictions (e.g. for NB heating, Sinks

. . Thermalization,
current d r|Ve) can fail Instabilities N\ transport
*AEs, kinks, RWM -

> Predictive tools are being developed, validated for integrated
modeling of these effects in present and future devices (ITER,
Fusion Nuclear Science Facility - FNSF)
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How important are fast ion phase space modifications by
iInstabilities for accurate integrated modeling?

 Fast ion driven instabilities (e.g. Alfvénic modes -AEs) tap energy
from gradients of fast ion phase space

— Phase space: energy, canonical toroidal momentum, magnetic moment
(E’PZ;,’M)
 As a result, phase space is modified by instabilities

>What is the effect of those modifications on integrated
modeling results?
— Relevant for analysis of present, NB-heated plasmas

— Relevant for improving predictive tools for ITER, Fusion Nuclear Science
Facility (FNSF) and beyond
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Outline

* Modeling tools: developing ‘kick model’ in TRANSP
* Experimental scenario

* Modeling results:
— Fast ion distribution function
— Integrated quantities: NB driven current
— Derived results: power balance & AE stability

« Summary & outlook
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Outline

* Modeling tools: developing ‘kick model’ in TRANSP
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TRANSP code is used for time-dependent simulations
including fast ion transport by instabilities

« NUBEAM module of TRANSP is the work-horse for
simulations including fast ions (NB injection, alphas)

—“Classical” physics is assumed for fast ion evolution (e.g. scattering,
slowing down)

— Additional modules can be used to mimic non-classical EP transport

>Here we compare results from two models for enhanced fast
lon transport by instabilities:
> Simplest, ad-hoc diffusive model: I'f; = —Djy Vi,
> New physics-driven, phase space resolved “kick” model
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New ‘kick model'in NUBEM uses a probability distribution function
to describe transport in phase space (E,P.,u)

[Podesta, PPCF 2014] [Podesta, NF 2015]

Kicks AE, AP, are described by Phase space, EO_80 OkeV
I
P(AE, AP:|Pr,E pn, A) Effects of multiple TAE modes
1.2 .
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modes IO 3= :
- g‘l . . N
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Mode properties, temporal evolution are inferred from experiments;
use models if no experimental data available

TAE modes (NOVA-K) Kink-like modes (modeled)

* Mode structure, frequency, n,,. from =
experiments + NOVA, or from simple = 0° o rss o 08
models g 04 « 04
* Plug modes in particle-following g 0 0
code ORBlT to Compute p(AE,APC) ‘)5(_04 VVVVVVVVVVVVVVVVVVV 04 :A::Ai{f:“i‘S;?k.H;»
- Repeat for each mode, or set of modes = ° 2 4p¢ 0% 10 02040608 10
NSTX #139048 ‘;'"‘.I
* Initial amplitude A(t) from s measured R

experiments

 Can iterate to get better match with
neutrons, Wy,

* Use p(AE,AP,), A(t) in NUBEAM/TRANSP |
for complete S|mulat|on f ‘

» Ad-hoc D,; adjust D, to match neutrons T——) T 200 W a0

| 139048B21, classical

139048B24, ad-hoc D,

" ALK
2 139048D83, kick model wt [
Al

neutrons [10™ s7]
[Podesta, NF 2015]
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Outline

* Experimental scenario
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Models are tested on a database from NSTX discharges
featuring strong MHD activity

2000

Analyze three NSTX discharges
#141711, #141719, #139048

 Discharges include L- and H-mode phases

* NB power: 2-4MW

* Focus on TAEs, low-f kink-like instabilities
- Neglect high-f Compressional and Global AEs

» Mirnov coils mainly used to infer 500
(normalized) mode amplitudes

1000

Frequency (kHz)

1500~

NSTX #139048  [Fredickson, NF 2013] 1

Global and Compressiohal'AE"s"““
dan "¢ .

[ TeVEISE toroidal AEs
[shear  Avalanches

Kinks

M S R

1 [Lestz GP12.70

{|Crocker GP12.83]

1 [Tang GP12.84
]

Hao GP12.67
ang GP12.69

I
Database:  °f |
_ _ _ S al simulated
— Simulation results binned every 10ms = (classical) meured
< -
— Error bars indicate variation within 10ms = 2
: e 2 ol et ISR BT T
— No systematic uncertainties included 0 100 200 300 400 500 600

t [ms]
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Outline

* Modeling results:
— Fast ion distribution function
— Integrated quantities: NB driven current
— Derived results: power balance & AE stability
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Models result in considerably different
fast ion distribution functions

E [keV]

classical

kick model

10— T
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ol t=300ms

NSTX #139048
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PO N s Y '
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-0.5

0.0 0.5 1.0

* Ad-hoc D, model affects all (E,P,u) regions indiscriminately

» Kick model includes (E,P,u) selectivity:
— AEs mainly affect higher-energy co-passing particles in this example
— Lower energy, counter-passing particles (pitch<0) almost unaffected

> Important when F,, is then used for AE stability calculations
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NB-CD efficiency, fast ion density are greatly reduced
by strong AE activity

NB-CD efficiency here defined as:
. Z'r/a an 1
Ninb — >

r/a Jtot PNB

* Neutron deficit scales with AE virulence

g — Neutron deficit used as proxy for AE activity
E « Up to 50% overall reduction in 1., is
- computed
o I " > Slight differences between two transport
0.2 [ ad-hoc D, 1 models
<L kick model E
0.0 ]

0 10 20 30 40 50 60 Are differences also observed in radial
neutron deficit wrt classical [%] profiles?
— Ciritical info to develop current, q-profile control
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NB-driven current peaking is reduced;

models

resulting J_, profile varies across

1 peaking =

1.4~ ad-hoc D, ]
= - kick model
2 1.2; 2 -
> +
c
£ 10 % ]
© . +
O I A "
o r s

z 0.8 + 1

= % ‘

0.6 o : .

0.6 0.8 1.0 1.2 1.4

Jns peaking - classical

| Peaking is computed
| as ratio of central to

average J,:

/a=0.2
2::/Z=0 Inb

< Jnb >0§r/a§1

* |nstabilities broaden NB-driven current

« Comparable broadening and reduction in peaking from both

models

> But: J,, profiles can be substantially different -> current profile

control issues
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NB power transferred to thermal plasma is reduced

b

y similar amount for both models

Ay B | ‘ ‘
& Fad-hoc D — NSTX #139048 -
S i S L ]
l 3iklck model SO S 600
= =] ° kick model
= | : S 400~ ]
2 ot % $& E ks
(@] L 1 [}
= r o k3 ] @] L - _
S E A ] Hg 200+~ ad-hoc D,
o) r A o o \:5‘55‘:'::"
S 1 o SO . t=220ms |
ol AL Ol
z P 1400 F ‘ s
o OE _ t=400ms
“““““ | — % 1200 - -
0 1 2 3 4 S
Py to electrons [MW] - classical % 1000 . |
: : : S 800 i |
* No substantial difference for volume-integral g R
_ g 8 600" \\\\\\\\\\ 7 ]
» But: local power to thermal species can vary o 400l ]
substantially o 200 -
. 0> | ‘ | ‘ -~
> Important for local thermal transport analysis! 100 110 120 130 120 180
[Heidbrink, PPCF 2014] [Holcomb, PoP 2015] [Podesta, NF 2015] R [cm]
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Fast ion distribution modifications can strongly affect
computation of AE mode stability

Kick model enables estimates of “mode stability”:

B aE'wcw,j
ot

= 2%erf.jBwav,; = Prij — 27D, jEwav,j  Effective growth rate, drive - damping

= Prij — 27D, i Ewav Wave energy evolution for j-th mode

8E'wcw,j
— Ot
I:> Yesf; =0, Pr ; > 0  Condition at saturation

- 2’76ff,jEwav,j

* Kick model computes Py, for each mode
*  Amplitude A,,,; ~ E,.,/* imposed
« Worst case scenario: assume damping -> 0
> Need a positive Pj; for a mode to be “unstable”
- Are A, assumptions and P;; results energetically consistent?

wav,j
- Can A, be inferred from simulations (towards predictive capability)?

wav,j
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Example: mode “saturation” can vary
If multi-mode effects are taken into account

Yeff; =0, Pgij >0 Condition at saturation

n=2 TAE EP power to n=2 TAE [kW]
2.5 E 250 - E
= 20 E 200 - E .
Eip E—irey Focus on dominant
o " ] x E El
g 3 = 100: E _
< (1).2 ry 3 n=2,4,6 TAEs
0.0 ] OF = - L\F’_
100 150 200 250 300 350 400 100 150 200 250 300 350 400 — TAE modes (NOVA-K)
t[ms] t[ms] = n=1, 1=95.0kHz
= , 1=95.
n=4 TAE EP power to n=4 TAE [kW] — 0.8 n=2, 100 Oktz
E = ) n=4, = X Z
23 ] GCJ n=6, f=175.0kHz
= 20 E
£ s - % g 04
5100 1 o v
< E
05 E o 0
0.0F ] =
100 150 200 250 300 350 400 100 150 200 250 300 350 400 w
t [ms] t [ms] o) 0.4
n=6 TAE EP power to n=6 TAE [kW] z 0 02 04 06 08 1.0
250 E Y
= 205 3
s
2100 .
< os5E E
0.0& ] :
100 150 200 250 300 350 400 100 150 200 250 300 350 400
t [ms] t [ms]
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Additional modes modify phase space,
can affect estimates of saturation

Yeff; =0, Pgij >0 Condition at saturation

L B L B B | IS L [T T

80 | Multi-mode run 1 ' t=190ms -
' Single-mode run ] 0.8} 7
— 60 ] _
E I ] I Single-mode
m 40 _ _ o 0.6 * —
S £ £
<t ® | >
il 20 , “ o o
o ' || ]‘ & L = 0.4- Classical| =
5 o’ il = | (ref) | <
% | 0.2 7
- 20 ] '
'40'1//1‘ OOJI\‘/I‘UltIMr‘T‘]Odei ““““““ L
100 150 200 250 300 350 400 1.1 1.2 1.3 14 15
t [ms] R [m]

« Use same mode amplitude for multi- and single-mode runs
« Power to mode also depends on presence of other modes
« Radial fast ion profile varies substantially
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Work in progress: developing a procedure
to infer mode amplitudes based on energetics

For a given scenario:

« Compute ideal mode structures (e.qg.
with NOVA)

« Compute kick probability for each mode
(e.g. with ORBIT)

* Plug probabilities in TRANSP, use
modulated mode amplitude to probe
“mode stability”

* Analyze power transferred to modes vs.
mode amplitude

>|nfer average “saturation amplitude”
— Net power to mode must vanish
— Not applicable to rapidly (<1ms) chirping modes

Amode [au]

Power to mode [kW]

Power to mode [kW]

1.5

—
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260 280 300

“ H <>O<> N
saturation| | “saturation ]
a amplitude”I I amplitude”%

finite Ydamp ydamp=0 >

o

02 04 06 08 10 12 14
Amode[au]
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Power balance between fast ions & modes can be used to predict
mode amplitudes vs time for multi-mode scenarios

First tests to infer A, from power balance: « Damping rate is varied, 0<yy,,, <10%
B » Conditions for ‘acceptable’ values:
- NSTX #139048 — Neutron rate matches experimental value
4 MmoRre . \ b — P;~0 satisfied for all modes
— | 139048B21, classical .
" _
,‘IO 37139048D79,y=0.0% g;_c‘
- (0]
L 139048D93, y=1.0% B
2 *, S
£ 2[139048D96, y=5.0% / e
3 o :
c 60 %
1 - 02 04 06 08 10 12 1.4
Amode[au]
0"V NV > Required yy,m,; @ppear ‘reasonable’,
100 150 200 [25<]) 300 350 400  Vamp,<10%
t[ms

> Jo be done: compare with damping rates from NOVA-K
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Outline

« Summary & outlook
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Summary & outlook

« Two models compared for EP transport in integrated simulations:
— Simple, ad-hoc diffusion model
— Phase space resolved “kick” model — testing on NSTX, DIlII-D [ Kramer C06.10 |
— Comparison with physics-based “Critical Gradient Model” (N. Gorelenkov, IAEA-TM
2015) in progress
« Ad-hoc model OK for global quantities (e.g. neutrons, Wy,p)
» But: substantial differences observed for profiles, fast ion distribution function &
their temporal evolution
— Important for development of g-profile, current control (NSTX-U goals) | Boyer GP12.76 |

* Future work:

— Further validate kick model vs. phase space resolved measurements
= e.g. from FIDA, ssNPA | Ruskov GP12.66 |

— Investigate kick model performance for predictive simulations:
= Main challenge is to predict mode amplitude evolution consistently (e.g. from energetics)

QD NSTX-U 57t APS-DPP, Phase space effects on fast ion modeling, M. Podesta, Nov. 2015

24



Backup slides
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Power balance between fast ions & modes can be used to predict
mode amplitudes vs time for multi-mode scenarios

» Firsttests toinfer A, .
NSTX #141711 , : ,
50 —— ‘ « Here damping rate is varied based on
| measured ] — Neutron rate (match experimental value)
141711C01, classical . t'\'.- =T — Sat|sfy Pﬁj~0 for all modes
1.5 |

141711E04, y=0.0% * Required Yaamp,j @PPEAr reasonable,

T 141711E02, y=0.25% ydampj<1 0%

141711E01, y=1.0%

neutrons [10" s™]
o
[

3
=,
(0]
0.5 _ 3
£
S
g :
00— __ ‘ ‘ ‘ \ ‘ ‘ . ‘ | ‘ 0(3 -60 | . ‘ . ‘ ‘ . .
350 400 450 500 02 04 06 08 10 12 14

t [ms] Amode [au]
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