


• nTτ = density * temperature * 
energy confinement time

• Ignition is a critical goal for fusion 
reactors.

• Must increase τ to achieve 
ignition

• Mitigate turbulence -> increase τ



• Assume slow evolution of 
equilibrium profile 
compared to fluctuations

• Assume small correlation 
lengths

• 3 spatial dimensions, 2 
velocity dimensions

• Domain restricted to flux 
tubes







Guiding Physics Equation

• Can we find the heat flux without fully solving the GK equation?





• 𝑢(𝑥, 𝑡) is periodic on [0, 𝐿)

• Arises in plasma physics: trapped ion mode instabilities

• Quadratic nonlinear term

• Higher-order dissipation

• Nontrivial chaotic dynamics

• A long-wavelength limit of the equations in turbulence code

𝑢𝑡 + 𝑢𝑥𝑥𝑥𝑥 + 𝑢𝑥𝑥 + 𝑢𝑢𝑥 = 0



• Basic structure: feed-forward series of layers of neuron-like units.

• Artificial neurons receive weighted inputs and process into outputs.

• Weights between layers are optimized on a training set.

• Primarily used for pattern recognition or classification tasks

Input

Network

Output







• Implement reservoir using tensor library

• Train reservoir to predict future states of turbulent plasma

• Use reservoir to predict turbulent heat flux within a specified 
tolerance

• Determine if reservoir’s time to solution is faster than GX alone



Reservoir Details



• u(t) : full GX solution

• 𝑅𝑖𝑛: linear map to reservoir ANN

• Reservoir: recurrent neural network

• 𝑅𝑜𝑢𝑡 : linear map from reservoir to 
output

J. Pathak et al. Chaos 28, 041101 (2018); 
https://doi.org/10.1063/1.5028373



• u(t) = full GX solution

• 𝑅𝑖𝑛= linear map to reservoir ANN

• 𝑅𝑜𝑢𝑡 = linear map from reservoir to 
output 

• Evolve reservoir state:

• Optimize output layer using 
Tikhonov-regularized linear 
regression

J. Pathak et al. Chaos 28, 041101 (2018); 
https://doi.org/10.1063/1.5028373



J. Pathak et al. Chaos 28, 041101 (2018); 
https://doi.org/10.1063/1.5028373









Alternative 

• Build solver using GX and verify

• Reproduce 1-D KS result from J. Jiang and Y. Lai. Phys. Rev. Research 1, 
033056 (2019).

• Still provides foundation for AMSC 664











Training



𝑚=1

𝑇/∆𝑡

𝐮 −𝑚∆𝑡 − 𝐮𝑅(−𝑚∆𝑡)
2 + 𝛽 𝐖out

2



Jiang and Lai. Phys. Rev. Research 1, 033056 (2019). 

DOI:10.1103/PhysRevResearch.1.033056





• Simulate small-scale turbulence in the flux tube

• Mitigate turbulence -> increase confinement time τ


