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Outline SPA%,%

« SPARC

« Energetic particles = fusion alphas + runaway electrons
- MHD
* Transport
« Diagnosis (backup)

« Summary & future work

29 Sep 2026 Tinguely | TMEP 2026 3



SPARC is a net-fusion-power tokamak built by CFS S""g
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SPARC assembly is progressing rapidly in Devens, MASPA:,;‘C:%

TF coils s bE - | ||| vacuum vessel

i
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Fast ions
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SPARC;

Plasma profiles change Alphas drive TAEs
TRANSP NOVA-K (linear eigenvalue)
CGYRO MEGA (nonlinear initial value solver)

Workflow FAR3D (gyro fluid)

M3D-C1-k (non/linear kinetic-MHD)

TAEs transport alphas
ORBIT (guiding center)
ASCOT (full orbit)
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SPARC'’s “Primary Reference Discharge” — Q ~ 10 SPA%
DT fusion power > 100 MW, ICRH power > 10 MW

TRANSP
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Alpha birth velocity exceeds the on-axis Alfven speed SPA'},‘%
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M3D-C1-k is a 3D nonlinear extended MHD code SPARC

e Single/multiple toroidal modes, non/linear runs

e Includes wall geometry and coil currents for high-fidelity
free-boundary simulations

e Dirift/gyro-kinetic model for fast ions and thermal ions

Particle tracing for fast ions and runaway electrons

e Example: SPARC PRD sawtooth simulations [Wang]

T0O . T1 12 T3 . T4 . TS5
6F n=0 --memem n=3 =ememem n=>6 4
n=1 --n=4 - - - - n=7 1
4r n=2 n=>5 /
s ' { =
S of :
<D l' : 1 : Il‘
P LR B2 0 i 4 .
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t [ms]
Jardin, et al. Computational Science & Discovery 5, 014002 (2012) Ferraro, et al. Nucl. Fusion 59 (2019) 016001
Liu, et al. Computer Physics Communications, 275, 108313 (2022) Wang, et al. In press (2026)
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M3D-C1-k: n=1 fishbones [W Wang, C Kim]

« Alpha [a’f scan shows the reduction of n=1 internal kink
and the excitation of fishbone mode
« Low g growth rate reduction with small frequency
« Higher g : the growth rate increase
and the mode becomes a fishbone [1-3]
* Abenchmark study is in progress with NIMROD simulations,
showing good agreement!
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[1]. Fu, G.Y., et al., 2006. Physics of plasmas, 13(5).
[3]. Liu, C., et al., 2022. Computer Physics Communications, 275, p.108313.
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[2]. Brochard, G., et al., 2020. Nuclear Fusion, 60(12), p.126019.
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M3D-C1-k: alpha-driven TAEs [W Wang] S"’*%

e Benchmark against previous MEGA (and NOVA-K) sims [1], 12 720
specifically for n=10 TAE
e Mode frequencies agree well, and mode structures are similar
around q = 1 surface, r/a ~ 0.35
e Linear mode growth is observed by multiplying the alpha
density profile ~3-5x
o Growth rates agree at ~3[j’f but trends diverge
o MEGA predicts marginally unstable TAE at nominal [o’f

o But M3D-C1-k predicts stable TAE... os .
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[1]. Tinguely, R.A., Gonzalez-Martin, J. and Todo, Y., 2025. Nuclear Fusion, 65(3), p.036021.
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Challenge to determine the “correct” saturation SPA';,‘%
amplitudes — Look for alpha profile gradient flattening
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TAEs lead to ~3% reduction in total fusion power SPARC
and >2x increase in lost alpha power (mostly n=5 TAE)
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ASCOTS5: TAE-induced alpha transport [A LeViness] SPA%,‘CE

« ASCOTS5 is a Monte Carlo orbit-following code which | TAEs simulated | % alpha power loss
can simulate the effect of TAEs on EP transport [1] None 1126 + 0.009%
* Fixed equilibrium & kinetic profiles, no ripple =5 1'270 " 0'0100/
« TAEs taken from NOVA-K, amplitudes from TRANSP - e ;
. e n=9 1.122 £ 0.009%
« TAEs simulated individually and together —
. _ n=10 1.119 £ 0.009%
* Followed virtual alphas: —
. : n=15 1.123 £ 0.009%
« 131,072 per simulation — - 5
. 352 MeV at start of sim n=5,9,10,&15 | 1.280 £ 0.010%
* evenly distributed TAEs redistribute alpha slowing-down distribution
in real & velocity space
* weighted by fusion rate no MHD | s

* in guiding center mode - ::;0
« until LCFS/thermalized s T
 Only n=5and all 4 combined — =15 |

all TAEs

alpha particles / m?

showed statistically significant
increase in losses!
* Uncertainties calculated
by bootstrapping

0.0 0.2 0.4 0.6 0.8 1.0 00 02 04 06 08 10
P P
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Runaway electrons
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Disruption heat and electromechanical loads and SPA';,‘%
runaway electrons are a concern for SPARC

full-field DT H-mode

R, 1.85m 8 ey
a 0.57m \\
S
B, 1227 = 6 - » RE current ~ 5.5 MA
lp 8.7 MA = : (unmitigated)
Uqs 3.4 e i <E__>~ 8 MeV
K 1.75 2 . Ohmic RE
n. | 4x10%m? (b) . Ccu rrent
T, | >20keV 0 —
Py | 114 MW 0 ’ [rlns] .
fusion 140 MW
Q 11 DREAM [Hoppe, Fulop, Pusztai, Ekmark]
At 10s [R.A. Tinguely et al 2021 Nucl. Fusion 61 124003]
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Two primary RE mitigation methods

Runaway Electron Mitigation Coil

Massive Gas Injection: 10/90 Ne/D2

350 kA, 3.2 ms current pulse
29 Sep 2026 Tinguely | TMEP 2026 18



Self-Consistent MHD+RE modeling in M3D-C1 [R Datta SPA%

Magnetic Stochasticity in a Pla“sma ,c,:urrent density in a
«  M3D-C1 couples the MHD SPARC disruption simulation cold” VDE simulation
t = 0.658 ms t=2.367 ms

equations for the bulk plasma
with a RE fluid model

15

33333
zzzzz
1x107

[Jardin+ 2012] H
« Combining RE generation T . . .
+ MGI + 3D MHD instabilities " LR : ‘
in SPARC disruption |
simulations [Zhao+ 2025] * i
. Used to mOdeI RE + MHD 1.21.41.6R1.[8m2] 2.22.42.6 L ,.5\'\ < Rz(.g)) _3x107
| " | (znhao+ 2024]
. RE + MHD
‘ Disruption

Simulations of
DIlI-D discharge
in M3D-C1

physics I |
« DIII-D [Zhao+ 2025], , ‘. |
« JET [Liu+ 2021], ; o1
* SPARC [Datta+2025,2026] - Ij I
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M3D-C1 + REMC
[R Datta]

M3D-C1 simulations combine
3D MHD activity,

RE generation and
transport, and the REMC in
full midplane disruption
simulations

* We capture various important
effects such as TQ MHD
activity, Ip-spike, and the
3D post-TQ cold VDE

« Simulations indicate that the
REMC can produce over an
order-of-magnitude reduction
in the RE current during the
CQ by delaying the
re-healing of flux surfaces

29 Sep 2026
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RE transport benchmarking [A Feyrer, A LeViness] SPA%,‘%

0.25
*  We connect M3D-C1 simulations T, T OAcASCOT
to the HEAT RE module to B || AT
simulate RE transport and heat go1sy H'EATCO 90
fluxes to realistic CAD “go_lo_ — HEAT 0.4c
S HEAT 0.6¢
« HEAT is being benchmarked £ %
against ASCOT 0.00 ¥
« Good agreement so far h i >
00 g 7 ) time [s] Fraction of losses vs toroidal angle
° M3D-C1 -k Ver|f|Cat|On Bird's-eye view of wall-contour exit points
efforts also underway — ey -
2000 1000
« Ongoing work: 1000 00
How do REMC fields affect z o E
losses and heat flux patterns? £ N
-500
« Clear m/n = 1/1 structure “1000
—-1000
—2000 ‘_1500

—2000 -1000 0 1000 2000
X (mm)
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' i i SPARC
Modeling RE impacts on PFCs [L Singh] ‘m\\%
« The material response to RE impacts ~ GEANT4 with a RE beam depositing [ [
is investigated through a one-way 20 kJ in a limiter tile
coupling between

«  GEANT4 - Monte Carlo 10¢
charged particle interactions +
volumetric energy deposition
e ELMER - thermal response 153
r 4

« Current objective is to predict the
onset of melting resulting from t
RE impacts on different regions of 2620?03
the first wall ELMER t t luti 10

« As an example, a 10 MeV RE beam emperature evolltion over 15 ms g o

depositing 20 kJ over 10 ms on a = 1600
— 1200

limiter surface is shown. P
« Shows good agreement with _ 1000
MEMENTO modeling ¥ 800

[Rizzi et al PPCF 2026] o« ¥ Iaoo

energy density [J cm~3]

Temperature (K)

2.9e+02
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Summary & future work

Alphas

« Good agreement found among many codes for alpha-driven MHD and transport
« TAEs may reduce performance slightly, but losses to wall could be more severe
* Future

» Better understand damping among various codes

« Evaluate AE — zonal flow — turbulence suppression

Runaways

 MGI + REMC will likely mitigate runaways (at least by 10x)

* Future
» Accurately capture kinetic effects and runaway transport
« Better understand losses to and impacts on the first wall
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Bonus slides
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Coupling fusion + ICRH + nuclear scattering [S Mackie]SPAE}‘%

* In the SPARC burning plasmas,
there are three fast ion mechanisms:
1.  ICRH-resonant species (He3, T, H)
2. Fusion products (alpha, T, He3, H)
3. Alpha knock-on scattering (AKO)

« Fast ions generated by nuclear
processes modify the plasma dielectric
properties, enhancing harmonic ICRH
tails

* A numerical workflow has been
developed to study these effects and
their observable consequences [1]

 CQL3D: Fokker Planck solver

* DRESS: nuclear kinematics

« AORSA: ICRH + quasi-linear
diffusion

1018 4

1013 4

1012 4

pitch-integrated f; [ion/m3/keV]

1011 -

107 ],

1016 4 l.

Core T and He3 energy
distribution functions in
SPARC PRD with
different simulated fast
ion sources

1095 |

10144
\

101

| = T: DD fusion production (DD)
—— T: Alpha knock-on (AKO)
— T: ICRH

T: ICRH + DD
—— T: ICRH + DD + AKO

== He3: ICRH
He3: ICRH + DD

== He3: DD fusion production (DD)

3000

Energy [keV]
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Opportunities for dedicated gamma diagnostics

LaBr3 detectors can measure
DT gamma-rays on SPARC

1034

event rate [counts/s]
[
<

[E Panontin, in press, 2026]
29 Sep 2026
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Magnetic electron recoil
gamma-ray spectrometer
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[J Kunimune, S Huber, N Fensterheim - HTPD 2026]
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Two sets of Mirnov coil arrays are planned [R Chandra]s"’*ﬁ

« Toroidally separated by ~180 deg
* Horizontal and vertical arrays to inform
poloidal and toroidal mode numbers
* Mineral-insulated Cable (MIC) + heat shields
required for harsh environment
* Outer conducting sheath
— >10x reduced signal level
* Noise floordB ~ 0.1 uT
» Characterized from ~5 kHz to 2 MHz
« Expecting digitization up to 1 MHz

prototypes

103

< 102 4

amplitude (mV/uT)
%
B
>
>
>
>
>
>
o >
P >

L ~AQ CM
200 400 600 800 1000 1200 1400 1600 1800 2000

f (kHz)
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Two sets of Mirnov coil arrays are planned [R Chandra]SPA@

« Toroidally separated by ~180 deg
* Horizontal and vertical arrays to inform
poloidal and toroidal mode numbers
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Two sets of Mirnov coil arrays are planned [R Chandra]s"“;,‘%

« Toroidally separated by ~180 deg
* Horizontal and vertical arrays to inform
poloidal and toroidal mode numbers

* Mineral-insulated Cable (MIC)
- and heat shields -
required for harsh environment

« Outer conducting sheath , N
— ~10x reduced signal level
« Noise floor dB ~ 0.1 uT 107 ’
» Prototypes characterized from g 5
f~0.2-2 MHz ~>E« A at® A :12-turn unshielded cable
+ Expecting digitization up to 1 MHz gloz_ #% © | szzpmenasus
[e] g .
000 0 00000 P s :
- moooogoo B

200 400 600 800 1000 1200 1400 1600 1800 2000
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Massive Gas Injection deployed in Campaign 1 (C1) S"“g

Baseline mix: 10/90 Ne/D,
Staged, risk-motivated deployment
« Early: Halo current melting — 1 valve r
« Later: Thermal quench melting — 4 injectors_«
No MGI physics experiments in C1, .
unless baseline mitigation plan is insufficient

Benign termination is possible, but not planned
« 6 total valves with arbitrary distribution
of 2 gas mixes (one could be pure D)
MGI general characteristics:
. H2, D2, He, Ne, Ar, Kr, Xe ,
- 0.5Lplena, 0-6 MPa L st 2026]
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Hardware is arriving for the RE Mitigation Coil

19 toroidal conductors machined,
now being alumina spray-coated

Variable resistor delivered, while @ 1
“slow” switch (~50 ms) will not be used L,
Open-circuit loop-voltages continue to \y
be a concern — evaluating feasibility of = e
closed-circuit REMC
« EFCCs can mitigate error fields toroidal joint
during |, ramp-up and ramp-down ,——i o A

* Flattop | transients can induce
multi-Gauss error fields
New testing effort underway to address
concern over joint melting due to high current
Feasibility study and joint testing will
inform REMC deployment strategy

350 kA, 3.2 ms
current pulse
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In- and ex-vessel HXR spectrometers for start-up REs SPA@

Rad-hard 5 um diamond CVD sensors
— in-flight thin-target Bremsstrahlung

Thick-target bremsstrahlung in 0.1-30 MeV range /
in 1\\70-30 keV range [D Vezinet]

_ top view

Concrete wall

responsivity (A/W)
s s 3

transmission (adim)

10°
E (keV)
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Two ex-vessel HXR spectrometers dedicated to start-up REs SPA@

SPARC
_ top view

XR monitors

X

* LaBr, inorganic scintillators
« 1.5" diameter, 1.5” height
«  3.2% energy resolution
@ 662 keV
« Count rates up to 1 MCps
* Anode currents < 310 uA
« Wide fields of view
* co- and counter-l,
- Data acquisition modes
* Current (baseline)
e Spectroscopic

Concrete wall

29 Sep 2026
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responsivity (A/W)
s S

In-vessel SXR arrays are also planned for start-up REs SPA@

2 toroidally
mirrored X-ray

SXR CVD responsivity
bias = 0 V A = 71.5° mm2
active — 2.07 depleted + 2.60 diffusion — 4.67 um

|||||

10-2

2
ansmission (adim

Rad-hard 5 um
diamond CVD sensors
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Aiming for in-flight thin-target
Bremsstrahlung in 10-30 keV range



Visible/infrared synchrotron emission can diagnose SPA%
spatial distribution of start-up REs “in flight”
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https://app.nemasystems.io/personal-alex/default/sparc-imag-soft/data/134?commit=ku28fjluv0kbd7thr1g4gi2nn8q4l2l
https://app.nemasystems.io/personal-alex/default/sparc-imag-soft/data/135?commit=xk51v7trt8tmrkltvagjo6azwask6kx
https://app.nemasystems.io/personal-alex/default/sparc-imag-soft/data/223?commit=cy7ln66frqkyoil0hsfdd1xjfi9rxee
https://app.nemasystems.io/personal-alex/default/sparc-imag-soft/data/223?commit=oofccuvp8wjnnhmyajedtla6boe80g0

Visible/infrared synchrotron emission will diagnose SPA%
spatial distribution of REs “in flight” — VDE, Z ~ -3 cm
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https://app.nemasystems.io/personal-alex/default/sparc-imag-soft/data/135?commit=xk51v7trt8tmrkltvagjo6azwask6kx
https://app.nemasystems.io/personal-alex/default/sparc-imag-soft/data/198?commit=mu2tajf5jbv2qguwundnix9svnqdcby
https://app.nemasystems.io/personal-alex/default/sparc-imag-soft/data/198?commit=ako4xoz92lhmpwxxxtl1k2t46ii5yff

Visible/infrared synchrotron emission will diagnose SPA%
spatial distribution of REs “in flight” — VDE, Z ~ -38 cm
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https://app.nemasystems.io/personal-alex/default/sparc-imag-soft/data/134?commit=ku28fjluv0kbd7thr1g4gi2nn8q4l2l
https://app.nemasystems.io/personal-alex/default/sparc-imag-soft/data/135?commit=xk51v7trt8tmrkltvagjo6azwask6kx
https://app.nemasystems.io/personal-alex/default/sparc-imag-soft/data/202?commit=zg8ktg425zq74ax703rqgeninkmu485
https://app.nemasystems.io/personal-alex/default/sparc-imag-soft/data/202?commit=g98qy9r8zp0h9tww4ii1e94exl3nm6g
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