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Physics codes describing the interaction of energetic-particles & Alfven waves

and their resulting tfransport come in many different flavors and fidelities
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Physics codes describing the interaction of energetic-particles & Alfven waves

and their resulting tfransport come in many different flavors and fidelities
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Physics codes describing the interaction of energetic-particles & Alfven waves

and their resulting tfransport come in many different flavors and fidelities
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Physics codes describing the interaction of energetic-particles & Alfven waves

and their resulting tfransport come in many different flavors and fidelities
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Physics codes describing the interaction of energetic-particles & Alfven waves

and their resulting tfransport come in many different flavors and fidelities
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The D . empirical model contains several simplifying

assumptions

Transport is assumed to be ...

0

) Local (flux tube like)
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The D . empirical model contains several simplifying

assumptions

Transport is assumed to be ...

dT
Local (flux tube like) Dece(p,T) = Do 3 (p,7)

)
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The D . empirical model is validated by 2 methods

Transport is assumed to be ...

dT
a) Local (flux tube like) Dece(p,T) = Do—(p, 7)
b) Purely Radially Diffusive
c) Independent of ion energy and pitch angle
d) Flux surface symmetric
Method 1 Method 2
Primacy Hierarchy DIll-D AE database statistics
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1. Model methodology dT
DECE(paf) — DOT(par)
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1. Model methodology dT

2. Vdlidation - Primacy Hierarchy DgcE (P 2 T) = Do T (P ? T)
a. Volumetric - neutron rate
b. Spatial - Fast lon Balmer Alpha (FIDA)
c. Phase space - Imaging Neutral Particle Analyzer (INPA)

Heidbrink et al., PPCF 49, 1457 (2007)
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1. Model methodology
2. Vdlidation - Primacy Hierarchy

a.
o.
C.

a.
o.
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dT

DECE(paf) :DOT(par)

Volumetric - neutron rate
Spatial - Fast lon Balmer Alpha (FIDA)

Phase space - Imaging Neutral Particle Analyzer (INPA)
3. Vdlidation - AE DIlI-D Database
4. Discussion

Sat. regime & mixing length theory
Comparison to gyrokinetic modeling
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Methods: Fast ion transport modeling using cross spectral analysis of

radially adjacent

n = 4 Alfven continuum
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Sampling rate: 500 kHz
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Methods: Fast ion transport modeling using cross spectral analysis of

radially adjacent

measurements

n = 4 Alfven continuum
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ECE diagnostic:
40 channels spanning rho= 0-1
Sampling rate: 500 kHz
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Methods: Coherent ECE fluctuations are extracted from experimental
spectrograms using a closing morphology transformation methodology
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Methods: Coherent ECE fluctuations are extracted from experimental

spectrograms using a closing morphology transformation methodology
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Methods: Coherent ECE fluctuations are extracted from experimental

spectrograms using a closing morphology transformation methodology
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Methods: Coherent ECE fluctuations are extracted from experimental

spectrograms using a closing morphology transformation methodology
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Methods: Coherent ECE fluctuations are extracted from experimental

spectrograms using a closing morphology transformation methodology
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Validation 1a: Tested on DIII-D discharge #202017, with strong variation

in fast ion transport, finds strong neutron rate agreement
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Validation 1a: Tested on DIII-D discharge #202017, with strong variation

in fast ion transport, finds strong neutron rate agreement
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Validation 1a: Tested on DIII-D discharge #202017, with strong variation

in fast ion transport, finds strong neutron rate agreement
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Validation 1a: Tested on DIII-D discharge #202017, with strong variation

in fast ion transport, finds strong neutron rate agreement
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Validation 1a: Tested on DIII-D discharge #202017, with strong variation

in fast ion transport, finds strong neutron rate agreement

Primacy Hierarchy
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Validation 1b: Tested on Fast lon Balmer Alpha (FIDA) data, with
agreement within experimental measurement errors
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Validation 1b: Tested on Fast lon Balmer Alpha (FIDA) data, with

agreement within experimental measurement errors

FIDA-channel FO5, #202017, 500-530 ms, 650.0-653.0 nm
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Validation 1b: Tested on Fast lon Balmer Alpha (FIDA) data, with

agreement within experimental measurement errors

PrImGCy HIerGrChy FIDA-channel FO5, #202017, 500-530 ms, 650.0-653.0 nm
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Validation 1c: Comparison of Imaging Neutral Particle Analyzer (INPA) data

yields agreement at injection energies & disagreement at lower energies

> filter

vacuum window

=  exp
= classical
= D(ECE)

neutron rate [1/s]

0.4 0.6 0.8 1.0
time [s]

Du, X. D., et al. NF 58.8 (2018): 082006.
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Validation 1c: Comparison of Imaging Neutral Particle Analyzer (INPA) data

yields agreement at injection energies & disagreement at lower energies

Experiment

> filter

vacuum window

=  exp
= classical
= D(ECE)
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Du, X. D., et al. NF 58.8 (2018): 082006.
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Validation 1c: Comparison of Imaging Neutral Particle Analyzer (INPA) data

yields agreement at injection energies & disagreement at lower energies

Primacy Hierarchy
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D predicted neutron rates agree even in disparate scenarios

Ex: # 204232 (AE turbulence suppression) & #180619 (Steady State High gmin)

Model effectiveness across discharges motivated a database level

validation effort
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Validation 2: The D model developed is validated against a database of

ECE

+40 discharges w/ strong MHD activity

Pointname Description Range

|B;| [T] Toroidal Field 1.3 —2.1

I, [IMA] Plasma Current 0.0—1.5

(n.) [x10”m=3] |Line-averaged 0.5—5.0
density

Pygr [IMW] Neutral Beam 0.5 —10.0
Power

Prcy IMW] Electron Cyclotron [0.0 — 3.2
Power

) Triangularity -0.6 — 0.7

K Elongation 1.1 - 1.8

Y. fim; [amu] Fractional main ion |1.5 — 2.0

Di-p mass b




Validation 2: The D model developed is validated against a database of
+40 discharges w/ strong MHD activity

ECE

Pointname Description Range
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Validation 2: The D .. model developed is validated against a database of

+40 discharges w/ strong MHD activity

DIlI-D Alfven Eigenmode Exp database

100} O |
1015}
) =
= 2
o~ o~
) ) v
3 classical B
ZE D(ECE) ;E
~ 1014 B =, flat-top ~ 101
A =Ilpramp ¢‘
e A o’
l' . T n' . ;
1014 1015 101 10°
D”’-D (Nexp> [1/S] (WMHD> [MJ]

NATIONAL FUSION FACILITY

K. J. Callahan / DIlI-D / Sept 2026 34



Validation 2: The D .. model developed is validated against a database of

+40 discharges w/ strong MHD activity

DIlI-D Alfven Eigenmode Exp database
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Discussion: On the possible origin of the fixed constant, a mixing length

constant in the radial decoupling AE saturation regime

_Resonance defuning _Radial decoupling
. (b)

X Wang and S Briguglio 2016 New J. Phys. 18 085009 !
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Discussion: On the possible origin of the fixed constant, a mixing length

constant in the radial decoupling AE saturation regime
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Discussion: On the possible origin of the fixed constant, a mixing length

constant in the radial decoupling AE saturation regime
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Discussion: On the possible origin of the fixed constant, a mixing length

constant in the radial decoupling AE saturation regime

Resonance detuning Radial decoupling 160 -
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Discussion: Mixing length estimates of Alfven Eigenmode transport

from a single unstable mode

D resonance ™~ —
k o

Dradial ~
2
BT

40
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Discussion: Mixing length estimates of Alfven Eigenmode transport

from a single unstable mode
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Discussion: Mixing length estimates of Alfven Eigenmode transport

from a single unstable mode
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Discussion: D _. analysis of existing discharges demonstrates critical

gradient behavior reasonably consistent with gyrokinetic estimates

AE database, #159242-159257, p=0.6, 400 ms
104
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== Ygx B
¢ linear CGYRO
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0.006 0.008 0.010

dfep
dr
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ax
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Discussion: D _. analysis of existing discharges demonstrates critical

gradient behavior reasonably consistent with gyrokinetic estimates

AE database, #159242-159257, p=0.6, 400 ms

3.2 x104 i ' i ' l.olxlos .
- YExB %k exp - DECE
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- ,E 0.6}
T 16} S
= % 0.4}
o)
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0,0 : ‘ - ‘ %2 07 ‘ ‘ ‘
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ax dg‘:" ax 4

E.M.Bass-Self saturation of Alfén eigenmodes with a reactor-like low rho-star (10/01 11:55am)
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Conclusions and ongoing work

Conclusions: A new, computationally efficient method for determining fast ion
transport in tokamak experiments is now available, which is validated by

1)  Primacy hierarchy
2) Adatabase of +40 DIII-D AE discharges

RESEARCH ARTICLE | SEPTEMBER 29 2026
A diffusive empirical fast ion transport model using electron
temperature fluctuation data &

K. J. Callahan &= ; M. A. Van Zeeland ; W. W. Heidbrink ; M. E. Austin b 8 L [V ; X. D. Du
D. Liu ; J. Rueda-Rueda ;J. B. Lestz

Primacy Hierarchy

VNN_ JfdpdEar

/F|DA\ JfdpdE

INPW

)
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Conclusions and ongoing work

Conclusions: A new, computationally efficient method for determining fast ion
transport in tokamak experiments is now available, which is validated by

Primacy Hierarchy

1) Primacy hierarchy
2) Adatabase of +40 DIII-D AE discharges ‘/NrQ JfdpdEdr /
/FDAN_JfdpdE

|NPW
Ongoing work:

1) Add an energy dependence to this model (back-up slides)

2) Extend workflow to other devices (JET, JT-60SA)

3) Use to help verify and validate reduced fast ion transport models like TGLF-EP
and nonlinear CGYRO
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Back-up slides: TGLF-EP vs DECE cross-comparison
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TGLF-EP+Alpha comparison to experimental data: Electron Cyclotron

Emission Data

# 159243 - 400-1000 ms
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Back-up slides: Peak growth rate perpendicular wave-number

appears pinned to 0.5 cm "' for all radial locations with AE activity
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#204232 at 550 ms, linear CGYRO
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Back-up slides: extra FIDA comparisons at other times

fida [ph/s/sr/m?2/nm]

| fida di [ph/s/sr/m?]

NATIONAL FUSION FACILITY

FIDA-channel f05, #202014, 390-410 ms, 650.0-652.5 nm

x1016
M . ]
exp
1.2 Il passive
— D(ECE)
— classical
0.9}
0.6
0.3}
0.0 . w j\!\
648 651 654 657 660
x1016 wavelength [nm]
v : ! ‘
1.2} ' @@ D(ECE)
@—® classical
9 exp
0.9
0.6
0.3
0. L . . :
?50 165 180 195 210
Major radius [cm]
-

fida [ph/s/sr/m2/nm]

| fida dA [ph/s/sr/m?]

FIDA-channel f05, #202014, 2200-2220 ms, 650.0-652.5 nm

1.6}

1.2}

0.8}

0.4}

0.0

x1016
i LA . |
exp
Il passive
—  D(ECE)
— classical
648 651 654 657
x1016 wavelength [nm]
T u T T y
@@ D(ECE) :
|| @@ classical '
9 exp '
L]

180 195
Major radius [cm]

165

K. J. Callahan / DIlI-D / Sept 2026

210

52



Back-up slides: main ion CER comparisons
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Back-up slides: Adding in an energy dependence normalized to injection

energy at 80 keV

DIII-D # 202014

FIDA-channel f05, #202014, 390-410 ms, 650.0-652.5 nm
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Back-up slides: Adding in an energy dependence normalized to injection

energy at 80 keV for INPA data
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Back-up slide: Comparison of empirical AE diffusion modeling to

historical transport predictions demonstrates strong agreement

Diffusion modeling using ECE T | Classioal o modes L Ee
amplitudes strongly consistent s 3 . Kickmodel L zos
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Back-up slide: Test on alternative D  _ .
dependence characteristics specifically

scalings with dT/T show linear

DIII-D # 202017

DII-D # 204232
Total ECE coherence 1.0
& -
3 6.0
~ 0.5 4.5
I
= 0.0 3.0
o : ‘ 1.5
(] ! L isl b ot .
— _05 i ;‘gl[bg'rhl.lhlnf‘»-l » 00
= g EJ 40
= = -1.0 — 4 = Dgdil
D(ECE) [10%4cm?/s] ~ 3 — D(PID)
U:] — p(Amin) 24 ‘§' -
a1
z 1.8
B 0.6 ‘ 8o 0.8 1.6 2.4 3.2 4.0
0 1o 0.010
n 0.4 ) 0.008
0.6 = 0.006
T 0.004
0.0 0.002
x1014 i
=24 ‘ e T 0.8 1.6 2.4 3.2 4.0
L 4 3.2
!
c —~ 2.4
PR o W
o o 1.6 : -
= 1.2 =
c - exp Il .
9 = classical 0.8
5 0.6 = Dodl/I 0.002 0.004 0.006 0.008 0.010
) - D (dT/T)?
c dif
- 0.4 0.8 1.2
time [s — DImA2/s] = 266.700 di/l
& i [s] K.J.Cdllahan/ | —  Fitted Equation: D = -13919.610 * dI/IA2 + 418.582 * dI/I




Discharges w/ stronger n =1 activity observe stronger disagreement

between D _ .. and exp
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] . DIII-D # 153072
Discharges w/ low B | can have incomplete Total ECE coherence

spatial coverage & density cut-off
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