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The complex interplay of plasma composition and geometry with both pedestal pressure and tur-
bulent transport, and the resulting impact on fusion power, make optimization with physics-based

transport models a valuable endeavor. Here, we seek to maximize the fusion power of the ARC
power plant [21].

Background

Plasma composition includes the density at the ped-
estal boundary condition (neped), the effective charge
(Zeff), main ion fraction (fmain). The impurity mix is
uniquely defined by Zeff and fmain.
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Changes to plasma composition and plasma geometry impact fusion performance through changes
In the turbulent transport, pedestal pressure, H-mode power threshold, and the total fusion volume.

o Higher ne peq: beneficial to pressure for peeling
modes but deleterious for ballooning modes.

o Higher zeff: peeling ballooning transition occurs at
lower ne ,eq DUt peeling branch pedestal pressure
increases for the same Nng peq [3].

¢ Higher elongation: stabilizes the ballooning
branch [4].

o Higher triangularity: increases the peeling branch
pedestal pressure for the same ng peq [D].

o Lower (positive) squareness: increases the pedes-

Impact on pedestal pressure

tal pressure [6].
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and Miller Extended Harmonic (MXH) [2] equilibria.
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Figure 1: Depiction of the impact elongation, triangularity, and square-
ness have on the plasma (adapted from https://wiki.fusion.ciemat.es/).

Impact on turbulent transport
o Higher impurity concentration:

—> can stabilize the main ion ITG [8,9], experimental
evidence of which is found in [10,11,12].

—> can destabilize the impurity drift mode [13,14], the

impurity ITG mode [15], and the TEM mode [16]. 2"
o Higher elongation: stabilizes turbulence [17].
o Higher triangularity: can be destabilizing at high

elongation [18].
o Higher squareness: Mixed evidence [19,20]

Impact on burning plasma volume

o Squareness can potentially be used for volumetric optimization [7].

Methods

Integrated modeling is performed using MAESTRO,
which combines PORTALS-TGLF [22,23], EPED
[24], TRANSP [25], and MEGPYy [20].
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Bayesian optimization (BO) fits surrogates to data
previously acquired from an expensive black box

function to select the most valuable point to eval-

uate next.
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Figure 3: The stated 20% uncertainty of
EPED results in a relative std of opsys
=15%.

Figure 5: Fusion power (a) and H98 factor (b) as a function Zeff and fmain. (a) Demon-
strates fusion power can be increased by moving to a higher impurity concentration op-
erating point. The nominal operation point is circled in red. (b) Demonstrates the im-

portance of using physics-based models, instead of empirical, to capture these effects.
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Figure 4: Variation in TGLF saturation
rule results in a wide range of fusion
power, with a relative std of ops,s =15%,
when considering SAT1geo, SAT2,
SAT2em, SAT3, SAT3em.
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ro a athn Assuming independence between

sources, the total relative uncertainty
on reported Pfus values is ~34%.
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Figure 6: Additional quantities plotted from the same scan depicted in Figure 8. The charge of the lumped im-
purity increasing with increase Zeff and fmain. Both density and temperature peaking increase with more im-
purities. The operating point with the highest fusion power is well above the L-H transition power threshold.
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Figure 7: Profiles at the locations circled in corresponding colors in figure 8a. Adding impurities stabilizes turbulence resulting in higher temperature
and density peaking. However, they reduce the concentration of fuel ions.

Standalone 1D scans
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Figure 8: Stand alone TGLF scans on the output from the nominal ARC case MAESTRO simulation. Decreasing the main ion fraction is much more stabilizing when at high values of Zeff. In-
creasing Zeff is stabilizing. These results are consistent with the shape of the plot in Figure 8a.

Changes in main ion fraction have
different effects on the turbulence

at different values of Zeff.

Plasma geometry and composition
both have strong impacts on the
predicted pedestal performance.
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Figure 9: EPED scans of pedestal density. Increasing elongation shifts the peeling-ballooning transition to higher
densities. Increasing triangularity has the opposite effect and additionally shifts the pealing branch to higher pres-
sures. Negative squareness might degrade the pedestal pressure. Higher Zeff shifts the peeling-ballooning transi-
tion to lower densities and reduces the pressure in the ballooning branch.
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Figure 12: 1D plots demonstrating the trend in performance between each input and the resulting fu-
sion power. The scatter demonstrates the interconnections between the inputs and results.

Conclusions

how close the evaluation was to the cross section value.
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Figure 13: 2D cross sections of the surrogate models taken at the location of the best MAES-
TRO evaluation. The dots show evaluations the surrogate was trained on; the color represents

|. Through optimization of impurities in ARC, the fusion power can be increased by ~30%. More impurities are also

more favorable to core-edge integration.

ll.Uncertainty on fusion power predictions is driven both by uncertainty about turbulent transport and by uncertainty

In the pedestal boundary condition.

lll.Physics-based transport models, rather than empirical scaling laws, are required to capture the full impact of

iImpurities and shaping.

IV.There is a complex relationship between changing Zeff + fmain (or equivalently the lumped impurity charge +
concentration) and the resulting change in fusion power (see Rodriguez-Fernandez in session JO04).

V.Increasing impurities results in improved performance predominately by increasing temperature and density peak-
iIng, which can overcome the deleterious effects of reducing the concentration of the fuel ions.

VI.BO allows efficient exploration of more operating parameters.

Future Work

o Explore the impacts of changing plasma geometry, in ad-
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