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Energy Transfer Processes

Deuterium-tritium (D-T) fusion reactions generate 14.1 MeV
neutrons, which leave the plasma immediately, and 3.5 MeV fusion
alpha particles, which are confined by the magnetic field.

The fusion alpha particles transfer their energy to electrons before
ions in the core plasma. The heated electrons produce electron
cyclotron radiation (ECR), bremsstrahlung, and impurity radiation,
which then heat edge electrons and the first wall.

The remaining fusion alpha particles and heated electrons in the core
plasma energize core ions through Coulomb collisions, which will
increase the fusion reaction rate and may conceivably lead to a
thermal runaway instability.

However, in the meantime, energy is also transported and radiated
from the plasma core to the edge and wall. Such energy losses will
inhibit the thermal runaway instability in burning plasmas.
Therefore, multiple timescales of various processes in different
tokamak regions are crucial to burning plasma operations.
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Research Purposes

e A multi-region multi-timescale transport model [1] based on previous
research [2, 3] is developed for simulating burning plasma dynamics in
tokamaks, where regions including the core, edge, scrape-off layer
(SOL), and divertor are modeled as separate coupled nodes.

@ The radiation and transport processes are modeled with different
timescales, where internodal transport times are computed through a
parametric diffusivity formula, and diffusivity parameters are
optimized based on experimental data with machine learning.

o Delayed fusion alpha heating, ion orbit loss (IOL), and atomic
processes are also considered.

@ This multinodal model is validated for DIII-D non-fusion D-D plasmas
with various auxiliary heating conditions first and then simulated for
ITER fusion D-T plasmas in both inductive and non-inductive
scenarios [4, 5].
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Core and Edge Balance Equations

Core particle balance equations:

dng™®/dt = 555 + Soius T Sotrans 0 € L. (1)
Core energy balance equations:
dU"¢/dt = Pooic + Poqus + @57 + Potran, 0 €1, (2)
AU [t = P+ Ple, + PSS, — PR + Q% + PES,. (3)
Edge particle balance equations:
d __ cedge edge edge edge
dng ge/dt - SzJ',ext + Sa',fus + So',tran + So-’|0|_a ocel. (4)

Edge energy balance equations:

dUgdge/dt — Pedge + Pedge + dige + Pedge + Pedge o c 1-7 (5)

0,aux o,fus o,tran o,l0L
edge __ pedge edge edge edge edge edge
dUe /dt - 'DQ + 'De,aux + 'De7fus o PR + Qe + 'De,tran' (6)

Quasi-neutrality:
ngode — n]r})ode + ngrode + ZO[r)g{ode + Zz ZZI’I;Ode. (7)
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GTBURN Package
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Figure 1: Workflow chart of the GTBURN package!.

'Parametric nodal diffusivity model: In X, .4 = bnode + Whode 10 Xnode:
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DII-D: Simulation Methods

Training process: The multinodal model is solved for the training
dataset (20 shots). The mean squared error (MSE) is computed by

1 2
MSE = — g = Y 8
ntny ti Hytl ytlH27 ( )

where the simulation solution for each time step is

anode Tnode Fnode
Go = | B TEe T } )
109m=3 1keV 1keV node€{ core,edge,sol }

Then the error gradients over diffusivity parameters are obtained
through back propagation, and the diffusivity parameters are updated
with these gradients by the gradient descent algorithm.

Testing process: The multinodal model is solved for the testing
dataset (5 shots) with the optimized diffusivity parameters. The
solutions are compared with the experimental measurements for both
the original and optimized diffusivity models.
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DII-D Simulation Results

Table 1: Mean squared errors of testing shots.

Mean squared error (MSE)?
Shot Original model®> Optimized model Relative decrease

131190 11.5861 0.4075 96.48%
140418 56.6859 0.3170 99.44%
140420 70.3650 0.5876 99.16%
140427 29.7967 0.7105 97.62%
140535 88.4208 0.7348 99.17%
Average 51.3709 0.5515 98.93%

2The MSE evaluates the deviation between the multinodal model simulation and the
experimental measurement.
3Parameters in the effective thermal diffusivity xtos [6] are used to initialize the

parametric diffusivity model.
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ITER Simulation Methods

Datasets: Inductive operation: The scenario 2 is in the training
dataset, and the scenario 1 and 3 are in the testing dataset.
Non-inductive operation: The scenario 4 is in the training dataset,
and the scenario 6 and 7 are in the testing dataset.

Optimization: The diffusivity parameters from DIII-D plasmas are
used to initialize ITER parameters as the the transfer learning. A
fine-tuning method is applied by using previous 1.5D simulation
results [4, 5] as optimization targets for the current flat-top duration.

Solution vector: For node € { core, edge },
node node node node node
&v) Ny Ne TD Te

91’,’ = (10)

1109 m 3 108 m 3 10°9m 3 1lkeV 1lkeV |

Simulation: After the optimization of diffusivity parameters, the
initial temperatures are reset to 2 keV/1keV in the core/edge node.
Each ITER scenario is simulated for 15s.
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ITER Simulation Results: Inductive Scenario 2
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Figure 2: Densities and temperatures of the ITER design scenario 2.
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ITER Simulation Results: Inductive Scenario 2
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Summary of ITER Simulations

@ Inductive scenarios: Fusion alpha particles are observed transferring
most of their energy to core electrons first. Next, core electron energy
is removed by impurity radiation, ECR, and collisional energy transfer
to ions. Then, core ions transport their energy to edge ions. The
radiation and transport processes are strong and fast enough to
prevent energy excursion.

@ Non-inductive scenarios: Simulations show higher core electron and
ion temperatures, with stronger energy transport from the core
electrons to the edge.

o Sensitivity analyses: The magnetic field and safety factor are
important for controlling internodal transport processes. The
temperature shape factor and the wall reflection coefficient are
essential in the ECR calculation. The fractions of beryllium and argon
are also critical, while the IOL timescale is not crucial.

@ Future work: It is crucial to perform a similar analysis for the D-D
phase of ITER to prepare a model for the D-T phase of ITER.
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