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MIT

Physics-based modeling is required to build confidence in reactor designs PSFC

= Historically, tokamaks have been scoped using empirical models and
simplified physics (POPCONs?, system codes).
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MIT

Physics-based modeling is required to build confidence in reactor designs PSFC

= Historically, tokamaks have been scoped using empirical models and
simplified physics (POPCONs, system codes).
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Physics-based modeling is required to build confidence in reactor designs

= Historically, tokamaks have been scoped using empirical models and "Hog

simplified physics (POPCONs, system codes).

= Uncertainties in transport-related input parameters to POPCONs

result in high variability in predicted fusion power and fusion gain.
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Ultimate goal of core transport research:

MIT

Pfusion = f(tokamalk, Pinput) PS FC

= |n core transport research we are interested in determining core kinetic profiles Kinetic 4 Maxwell’s
given a set of device parameters — This requires a full-f description of turbulence. Equation Equations

= A hierarchy of assumptions has been developed to reduce computational cost.

Global Full-f

= Profile predictions are typically done with reduced, quasilinear models due to the Gyrokinetics
cost of using nonlinear gyrokinetics, even if local and 6f approximations are used.

1G.M. Staebler PoP 2007
2C. Bourdelle PPCF 2015
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Ultimate goal of core transport research:

Pfusion = f(tokamak, Pinput)

= |n core transport research we are interested in determining core kinetic profiles
given a set of device parameters — This requires a full-f description of turbulence.

Kinetic
Equation

= A hierarchy of assumptions has been developed to reduce computational cost.

= Profile predictions are typically done with reduced, quasilinear models due to the

Global Full-f
Gyrokinetics

cost of using nonlinear gyrokinetics, even if local and 6f approximations are used.
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MIT

Ultimate goal of core transport research:  Pgygi0n = f(tokamak, Py, ) PSFC

= |n core transport research we are interested in determining core kinetic profiles Kinetic 4 Maxwell’s
given a set of device parameters — This requires a full-f description of turbulence. Equation Equations

= A hierarchy of assumptions has been developed to reduce computational cost. Global Full-f

= Profile predictions are typically done with reduced, quasilinear models due to the Gyrokinetics
cost of using nonlinear gyrokinetics, even if local and 6f approximations are used.

P. Rodriguez-Fernandez NF 2022 Global 6f + Transport

7 b, Gyrokinetics Model
. - . ] — SATO i
Predictions of burning plasmas are o —— SATI
affected by choice of saturation rule, 5 E Local 6f
even if ITG is main contributor. 5 SAT2em |- Gyrokinetics
_ T :
100 __UCIR pio;=0.8 [y %\\ _
80| SAT1 il S . : N : Local §f
@ : — 2] n Gyro-fluid
S 60| SAT2 : ] < ] : ’
3 40 : 2 o e r—
o ' ]
20 i 1] Local §f Local §f
0 ' ] Quasilinear GF Quasilinear GK
0 3 6 9 12 15 0 S
----------------------------------- uaLiKiz
R/Li 000 025 050 075 100 i o~ T __—
C. Holland APS-DPP 2021 Pn Reduced models (Saturation Rules)

© MIT Plasma Science and Fusion Center P. Rodriguez-Fernandez / Fusion HPC / 02.25.2026 7



MIT

Ultimate goal of core transport research:  Pgygi0n = f(tokamak, Py, ) PSFC

= |n core transport research we are interested in determining core kinetic profiles Kinetic 4 Maxwell’s
given a set of device parameters — This requires a full-f description of turbulence. Equation Equations

= A hierarchy of assumptions has been developed to reduce computational cost. Global Full-f

= Profile predictions are typically done with reduced, quasilinear models due to the Gyrokinetics
cost of using nonlinear gyrokinetics, even if local and 6f approximations are used.

Global §f + Transport
Gyrokinetics Model

= In PORTALS we have enabled the use of local, 6f, nonlinear gyrokinetics within
transport solvers!

Local 6f

= New era in core transport research: the direct use of NL GK to predict Gyrokinetics

kinetic profiles and performance and aid in the design of fusion devices.

Local §f
: : s : Gyro-fluid
Demonstration of high-fidelity solvers in 2022:
(J PORTALS-CGYRO (MIT) - Rodriguez-Fernandez, Howard, Candy A S VR |
 TRINITY-GX (PPPL) — Dorland, Mandell, et al. Local 6 f Local §f I

(d TANGO-GENE (IPP) —Siena, Jenko, et al. . Quasilinear GF Quasilinear GK
l TGLF  QuaLiKiz

___________________________________________________

Reduced models (Saturation Rules)
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MIT

Practical predictions require an inverse solver for §f turbulence codes PSFC

= Solving for the steady-state plasma using local, 6f transport models requires solving an inverse problem.
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MIT

Practical predictions require an inverse solver for §f turbulence codes PSFC

= Solving for the steady-state plasma using local, 6f transport models requires solving an inverse problem.
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MIT

Practical predictions require an inverse solver for §f turbulence codes PSFC

= Solving for the steady-state plasma using local, 6f transport models requires solving an inverse problem.
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MIT

Practical predictions require an inverse solver for §f turbulence codes PSFC

= Solving for the steady-state plasma using local, 6f transport models requires solving an inverse problem.

110 (3 oV’ 10 1 ("
—|— =TV |+ T —| = — —— VW) + (S, — (g; - Vry =—[ (S;))V'dr
V' lge\ 2 it i'i ¢ V' or ((CIL W+ l) qi V), i
et N - TRANSPORT _ NTARGET
_ L l l
50-
_ J [ = Standard transport solvers find the steady-state solution via small, stable
40- 7 [ “steps” towards reducing a residual (time-indep.) or dW /dt (time-dep.).
a - ' [ = Jacobian calculation, use of small steps or ad-hoc modifications of flux
@) 30+ | rs n response (numerical diffusivity) to achieve convergence is often too costly’
5 ' @«,,." i to use with nonlinear gyrokinetics.
20 _-'""""""""(l}"” """""" T = This work was pioneered by:
10 - C‘z : J. Candy et al., Phys. Plasmas (2009) [TGYRO + GYRO]
] ?C;'é I M. Barnes et al., Phys. Plasmas (2010) [TRINITY + GENE/GS2]
RWalalely |
1 2 X 3
a/LTi *Usually 102 — 103 evaluations required in standard transport solvers
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MIT

Practical predictions require an inverse solver for §f turbulence codes PSFC

= Solving for the steady-state plasma using local, 6f transport models requires solving an inverse problem.
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MIT

Practical predictions require an inverse solver for §f turbulence codes PSFC

= Solving for the steady-state plasma using local, 6f transport models requires solving an inverse problem.
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MIT

Practical predictions require an inverse solver for §f turbulence codes PSFC

= Solving for the steady-state plasma using local, 6f transport models requires solving an inverse problem.
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MIT

Practical predictions require an inverse solver for §f turbulence codes PSFC

= Solving for the steady-state plasma using local, 6f transport models requires solving an inverse problem.
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MIT

Practical predictions require an inverse solver for §f turbulence codes PSFC

= Solving for the steady-state plasma using local, 6f transport models requires solving an inverse problem.
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MIT

Practical predictions require an inverse solver for §f turbulence codes PSFC

= Solving for the steady-state plasma using local, 6f transport models requires solving an inverse problem.
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MIT

Practical predictions require an inverse solver for §f turbulence codes PSFC

= Solving for the steady-state plasma using local, 6f transport models requires solving an inverse problem.
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This is the basis of what PORTALS* does but... a bit more complex...
Multi-radius (radial coupling)
Multi-channel (channel coupling)
Multi-model (neoclassical + turbulence) — surrogate separation
Moving-targets (volumetric flows) — targets as surrogates too
GB-normalized transport = nonlinear transformations, MC surrogate
Discontinuous, critical gradient or turbulence saturation - UQ

]- multi-objective, multi-variable

++++++

*PORTALS: Performance Optimization for Reactors

via Training of Active Learning Surrogates
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MIT

Practical predictions require an inverse solver for §f turbulence codes PSFC

= Solving for the steady-state plasma using local, 6f transport models requires solving an inverse problem.

1[0 (3 vl 10 , 1T
_[_t(_niTiV>+niTi_t Z—VE((CIL"VT)V)‘F(SL') — <Qi'VT)=WfO(5i)V dr

TRANSPORT _ NOTARGET
l l

Because we evaluate the flux with the actual transport
model (surrogates are just used to inform where to
evaluate), predictions of PORTALS are NOT surrogate
predictions but actual transport model predictions.
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MIT

Practical predictions require an inverse solver for §f turbulence codes PSFC

= Solving for the steady-state plasma using local, 6f transport models requires solving an inverse problem.
110 (3 , oV’ 10 , 1 (" ,
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TRANSPORT _ NOTARGET
l l

r

Surrogate

START .
—> (f - —

(Simulation

Surrogate
Optimization

>y

NO *
4
Convergence . .
. <— | Simulation
Evaluation
¢YES

*Usually for ion-scale NL CGYRO: [ Solution ]
~1K GPU h per profile evaluation in HPC
resources (e.g., NERSC Perlmutter)
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Surrogate techniques proved to be very effective at flux-matching problem PSFC

= We find that ~15 evaluations (simulations per radius) are, ~ 10° 5 NLCGYRO! E
typically, enough for convergence. € - i | -

= Benchmarks with quasilinear TGLF indicate faster §
convergence than with standard numerical solvers. 5 10725 H .
10—3 _§ ! } §
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Surrogate techniques proved to be very effective at flux-matching problem PSFC

= We find that ~15 evaluations (simulations per radius) are,
typically, enough for convergence.

= Benchmarks with quasilinear TGLF indicate faster 5O i P T D :
convergence than with standard numerical solvers. ; / ;
= Use of uncertainties from limited time averaging (initial value |
solvers) or discontinuities (reduced quasilinear models) is ;
identified as key contributor to PORTALS efficiency. R
& |
o S 221 TARGET
Q. 10 -
0.3 ]
> Averagevalue — 0=
g 0.2 Sthgviation P e [
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L ;
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0.0
0
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Time (a/c.) training of Gaussian Processes
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Surrogate techniques proved to be very effective at flux-matching problem

= We find that ~15 evaluations (simulations per radius) are,
typically, enough for convergence.

= Benchmarks with quasilinear TGLF indicate faster
convergence than with standard numerical solvers.

= Use of uncertainties from limited time averaging (initial value
solvers) or discontinuities (reduced quasilinear models) is
identified as key contributor to PORTALS efficiency.

= Surrogate training simplified by dimensionality reduction (local
simulations) and de-coupled from high-dimensional
flux-matching problem.

Flux-matching problem Surrogate training (at ry)

a/LTe, a/LTe, a/l{ﬁe... a/LrTe’
a/LTl' a/LTl, a/Lfl-... —_— /LTll T/
a/Lne, a/Lne, a/LnSe a/Lne ,

N, X N, N¢ X 2
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MIT

SPARC is a compact, DT, high-field device under construction by CFS PSFC
= Enabled by high-temperature superconductor technology, SPARC aims : o e 2

at achieving breakeven and burning plasma conditions at a compact - “?

size (B, = 12.2T, Ry = 1.85m). ICRF heated, W-walled. s -

= Under construction by Commonwealth Fusion Systems (CFS) in
Devens, MA. Plasma operations to start at the end of 2026.

= Empirical scaling laws projected Q = 11 in standard H-mode operation.
= EPED+TGLF integrated modeling projected Q = 9.

P. Rodriguez-Fernandez JPP 2020

0 . - : 0
Overview: A.J. Creely JPP 2020 0.0 0.2 0.4 ) 0.6 0.8 1.0
N
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MIT

SPARC PRD scenario was the first one to be simulated with PORTALS PS FC
= |n 2022 we utilized PORTALS to simulate SPARC’s PRD core with NL Physics included
CGYRO, making SPARC the first burning plasma to be predicted > Multi-channel (T,, T;, ).
with core nonlinear gyrokinetics! > Evolving alpha heating, energy exchange,

. . . N .. radiation (Bremss, line, sync).
PORTALS required only 16 profile evaluations - Q = 8.0 prediction » NL CGYRO': EM, 6 GK species, Miller

at ELMy H-mode pedestal levels. geometry, Sugama collisions, kgps < 1.2.
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P. Rodriguez-Fernandez et al 2022 Nucl. Fusion 62 076036

1
“Machine learning, harnessed to extreme computing, aids fusion energy development” MIT News, 04/27/2022 J. Candy JPC 2016
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SPARC PRD scenario was the first one to be simulated with PORTALS PS FC
= In 2022 we utilized PORTALS to simulate SPARC’s PRD core with NL Example Surrogate:
CGYRO, making SPARC the first burning plasma to be predicted PF fusssnsec fusos pass i prusssy,

with core nonlinear gyrokinetics!

= PORTALS required only 16 profile evaluations - Q = 8.0 prediction
at ELMy H-mode pedestal levels.

12 iterations 4 iterations

]
[ '\

| ] | ] | ] | ] | | | ] ] ] | ] ]
100 5 i i E =
E —I e fs {-wamz:l E
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Y . -
E N B % of bounds around last point
c 1072 = =
(v} 3 =
- ] o . .
~ ] i Since surrogates are fitted to local parameters,
1073 5 I = targets (e.g. Prr) can be varied to obtain new
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| |
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lterations (calls/radius)

o
un

© MIT Plasma Science and Fusion Center P. Rodriguez-Fernandez / Fusion HPC / 02.25.2026 27



SPARC PRD scenario was the first one to be simulated with PORTALS PSFC
= In 2022 we utilized PORTALS to simulate SPARC’s PRD core with NL \ """""""""" -
CGYRO, making SPARC the first burning plasma to be predicted 20 :'\\\ 25MW |
with core nonlinear gyrokinetics! § ; \\
= PORTALS required only 16 profile evaluations - Q = 8.0 prediction = ™ -
at ELMy H-mode pedestal levels. ;*Q\;SXP,CRF,E<MW/m3)
0 ....ﬁ. LA e B

= Predictions of SPARC 25MW-PRD scenario reveal that core plasma :
is very stiff, as expected from ITG dominance.
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MIT

SPARC PRD scenario was the first one to be simulated with PORTALS PSFC
= |n 2022 we utilized PORTALS to simulate SPARC’s PRD core with NL ’ covRo | [TPANF1999 ;,;"’ILE
CGYRO, making SPARC the first burning plasma to be predicted ] im+Pi:ica'
with core nonlinear gyrokinetics! 107y Patabase
= PORTALS required only 16 profile evaluations - Q = 8.0 prediction §10—1
at ELMy H-mode pedestal levels. CH ‘
= Predictions of SPARC 25MW-PRD scenario reveal that core plasma 102 ; r
is very stiff, as expected from ITG dominance. 1
= In agreement with empirical o rN =0 10 ’ -
scaling laws of global quantities. "1 S S c
1.5 1 3 R 1.50 ] = O L_
1.4-3 _"'d'““ ' 1'48; I,* i
g IR . L .
T 13 . 4N . L B
< 1.2E - ‘E:in- . )
1cero . Lt .
Empirical ¥ P w Data from C. Angioni PoP 2007
L0 ‘ r atabase(JE&AuF, CMIODI) _ ° _ M. Greenwc;ld NF 2007 /
107! 100 10!
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PORTALS-CGYRO is being

used to study DIII-D, AUG, JET, ITER, ARC

MIT
PSFC

N.T. Howard PoP 2024, P. Rodriguez-Fernandez NF 2024
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MIT

Same technique allows for robust predictions with quasilinear models PS FC

= PORTALS can be used to further accelerate
transport solutions with reduced models by:

> Using uncertainty quantification in surrogate fitting
(for discontinuities & stiff behavior)

31
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Same technique allows for robust predictions with quasilinear models

MIT

PSFC

= PORTALS can be used to further accelerate
transport solutions with reduced models by:

> Using uncertainty quantification in surrogate fitting
(for discontinuities & stiff behavior)

Point evaluation|(a/Lr,, a/Lre, a/Ly, Ti/Te, Vei, BE)

/N

+2% a/Lr, | |£2% a/Lr, || £2% a/Ly || £2% Ti/T. || £2% ve;

+2% Be

Qe (,Ll, O'), Qi (.u' O'), Fe (:u' O-)
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P. Rodriguez-Fernandez / Fusion HPC / 02.25.2026

LN

32



MIT

Same technique allows for robust predictions with quasilinear models PS FC

= PORTALS can be used to further accelerate
transport solutions with reduced models by:

> Using uncertainty quantification in surrogate fitting
(for discontinuities & stiff behavior)

> Defining physics-constraints for surrogate models

60 i comstant Mean Function | 60 <torroinear Mean Function,

504 | - 50 - | s

IR S L

olp / :
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) )
Si &
o ] R 1
_f:') 204+—— | /-\ L .;q:" 20 - | [
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= ] [ = ]
€ 104 - & 101
0- o
—10—|| '''''' i —10_r -------- LML B LR IR T i
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Same technique allows for robust predictions with quasilinear models

= PORTALS can be used to further accelerate
transport solutions with reduced models by:

> Using uncertainty quantification in surrogate fitting

(for discontinuities & stiff behavior)

> Defining physics-constraints for surrogate models

> Defining proper convergence metrics based on flux
variance instead of residuals or gradient variations

(for early stopping)

Ricci validation metric:

_XR;S;
1 dj—do . _ Lyl)z
R; = S (1 + tanh 1 ), with d;j = Ax?+Ay?
Ax; + Ay;
Sj = exp <_ ]—y]>
x| + |yl

P. Ricci PoP 2011

© MIT Plasma Science and Fusion Center

MIT
PSFC

xj — transport flux per channel/radius
y; — target flux per channel/radius
A = uncertainty in evaluations

P. Rodriguez-Fernandez / Fusion HPC / 02.25.2026
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Same technique allows for robust predictions with quasilinear models

= PORTALS can be used to further accelerate
transport solutions with reduced models by:

> Using uncertainty quantification in surrogate fitting

X ={a/L}, a/LL, a/L7L.. a/L7, a/LTT’;, a/L7

MIT
PSFC

(for discontinuities & stiff behavior) Plasma to evaluate
> Defining physics-constraints for surrogate models l

> Defining proper convergence metrics based on flux Input transformation _
variance instead of residuals or gradient variations 3 o
(for early stopping) = | =
> Leveraging automatic differentiation through 2 l l l l l l E
surrogates and physics-guided solvers = pm ep pm =5 cp Zh i
(for acceleration of each BO iteration) = Q|"”r1 Ql"'rl F|e'r1 Q|e'r" Q|i'r” Fl"”r" 5
< =
2 ! <
° :
<

Output transformation

: g
Residual

U]
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MIT

Same technique allows for robust predictions with quasilinear models PS FC

= PORTALS can be used to further accelerate
transport solutions with reduced models by:

> Using uncertainty quantification in surrogate fitting
(for discontinuities & stiff behavior)
> Defining physics-constraints for surrogate models Plasma to evaluate

> Defining proper convergence metrics based on flux l
variance instead of residuals or gradient variations

X ={a/L%,, a/LY, a/Li...a/LT, a/LT, a/L7T,

o Input transformation
(for early stopping) = | ‘ /
> Leveraging automatic differentiation through § /;/
surrogates and physics-guided solvers 5 1 I
(for acceleration of each BO iteration) E GPr,, . GPQe,rn GPyr GPp,
> Leveraging GP posteriors for acquisition functions S | | | |
that balance exploitation and exploration !

(for reduction of required evaluations) 4 Output transformation

4

Acquisition function
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MIT

PORTALS is now open source via the MITIM-fusion repository PS FC

= MITIM-fusion (MIT Integrated Modeling for fusion) is a public python-based GitHub repository with tools
developed over the years to interact with transport simulations and perform analysis.

= All PORTALS development is done inside of MITIM-fusion.

https://github.com/pabloprf/MITIM-fusion

MITIM: a toolbox for modeling tasks
in plasma physics and fusion energy

license py3 |compatible

The MITIM (MIT Integrated Modeling) is a versatile and user-friendly
Python library designed for plasma physics and fusion energy
researchers. This light-weight, command-line, object-oriented toolbox
streamlines the execution and interpretation of physics models and
simplifies complex optimization tasks.

CONTENTS

Installation

Standalone Capabilities

Optimization Capabilities

Frequently Asked Questions

© MIT Plasma Science and Fusion Center P. Rodriguez-Fernandez / Fusion HPC / 02.25.2026

a
MITIM: a toolbox for modeling tasks in plasma physics
and fusion energy

©) Edit on GitHub

MITIM: a toolbox for modeling
tasks in plasma physics and
fusion energy

The MITIM (MIT Integrated Modeling) is a versatile and
user-friendly Python library designed for plasma physics and
fusion energy researchers, distributed as the MITIM-fusion
GitHub repository. Developed in 2018 by Pablo Rodriguez-
Fernandez™ at the MIT Plasma Science and Fusion Center,
this light-weight, command-line, object-oriented toolbox
streamlines the execution and interpretation of physics
models and simplifies complex optimization tasks.
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Conclusion MIT
onclusions PSFC

= Surrogate-optimization applied to flux-matching problem of &f codes as e B e S :
embedded in PORTALS (Rodriguez-Fernandez NF 2022, NF 2024) opens e |E
new pathways to:

SPARC ’

1) allow predictions of performance in future reactors, and DILD |
1) study turbulence and validation in current experiments

with first-principles simulations.

= Physics-based integrated modeling and nonlinear gyrokinetics are being

used to plan SPARC campaigns and inform fusion power plant design to P e ——

reduce risk of extrapolating from limited empirical databases. 0.0 02 04 / 0.6 08 10
r/d

= Profile predictions with nonlinear gyrokinetics specially interesting when (T— i — A T _

quasilinear models not fully developed (e.g. spherical tokamaks, 24 i

stellarators, fast ion interactions) and when they encounter difficulties 4] i

. =g
(e.g. source-free density predictions). ~ \ ;
£ 3] s
= Surrogate-based optimization can be used for many engineering/physics = :ng :

applications with expensive forward evaluations.

Email: pablorf@mit.edu 11 RSN IS o—
Group’s website: mfeim.mit.edu 00 02 04 06 08 10
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Papers published on this technique

= PORTALS methods:

= P. Rodriguez-Fernandez et al 2022 Nucl. Fusion 62 076036
https://doi.org/10.1088/1741-4326/ac64b?2

= P. Rodriguez-Fernandez et al 2024 Nucl.Fusion 64 076034
https://doi.org/10.1088/1741-4326/ad4b3d
= Some PORTALS applications:

= DIII-D: N.T. Howard et al Phys. Plasmas 31, 032501 (2024)
https://doi.org/10.1063/5.0175792

= ASDEX Upgrade: R. Bielajew etal 2025 Nucl.Fusion 65 086042
https://doi.org/10.1088/1741-4326/adef68

= ITER: N.T. Howard et al 2025 Nucl.Fusion 65 016002
https://doi.org/10.1088/1741-4326/ad8804

= SPARC: P. Rodriguez-Fernandez et al Phys. Plasmas 31, 062501 (2024)
https://doi.org/10.1063/5.0209752
= GitHub Repository of MITIM-fusion (with PORTALS inside):

https://github.com/pabloprf/MITIM-fusion
read-the-docs (not up-to-date yet, sorry) https://mitim-fusion.readthedocs.io/en/latest/
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MIT
PSFC
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