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Abstract. High magnetic eld tokamaks, like SPARC, rely on ion cyclotron radio frequency heating (ICRF)

to reach fusion relevant temperatures. The SPARC tokamak will have 14 ICRF antennas in 7 toroidal locations
delivering> 20 MW of power to the plasma. New capabilities with the full wave cold plasma solver, Stix,
now allow for resolving the wave-particle resonances using lower order thermal corrections to capture core
absorption of Landau damping and ion resonances in devices like SPARC. Favorable comparisons to the TORIC
codes give con dence in the single pass absorption of this model to accurately capture the strength of edge
interactions of the RF. Using this new dielectric formulation in the Stix code, simulations of the 2D poloidal
cross section of SPARC are completed for the rst campaign and primary reference-like discharges (PRD-like).
A scan of the minority ion concentrations of helium-3 is performed and shows the expected behavior that as
the helium-3 decreases the amount of single pass absorption also decreases which is seen in both scenarios.
Additionally, both scenarios show only slight @irences in single-pass absorption for the range of 3% to 5%
helium-3 allowing for more exibility in experiments. This study also highlights theetences between the

rst campaign and PRD-like with the rst campaign discharges showing much more multi-pass absorption and
an e ect of con ning the wave to a smaller portion of the cross-section due to the fast wave cuhis latter

result suggests that far- eld sheath recti cation at the high- eld side would be minimal for the rst campaign
scenario.

1 Introduction (PFC) in any region of the vacuum vessé]. [While hot

) ) ) , plasma solvers are able to realistically reproduce damp-
One of the leading concepts for fusion pilot plants is to ing and mode conversion, edge plasma solvers are able to
utilize high magnetic elds to achieve larger energy gains. )5 4e| complex antenna geometries and include necessary
For many of these high eld devices, reaching fusion rele- 1, qary conditions such as the RF sheath boundary con-
vant temperatures will have to rely on using ion cyclotron giinn need to calculate RF recti cation on PFCs. These
radio frequency heating (ICRF) due to limits of gyrotrons edge plasma code capabilities however cannot be included

not being able to reach upwards 0800 GHz needed for i, ot plasma solvers due to the limitations of the spectral
electron cyclotron heating. Conversely, neutral beams are.ethod in resolving complex geometry

feasible but not ideal to use due to the cost and complex- There is a need to incorporate thermakets back into
lty. One of these dewc_es is the SPARC tokamak that is CUrype 6| plasma dielectric to capture both the cold edge and
rently under construction. SPARC will use 14 ICRF anten-, plasma core within one code. Currently, there are sev-
nas to couple up to 28 MW of ICRF power to the plasma g 5| harallel e orts to accomplish this goal with the most
[1]. W.'th ICRF plgyln_g such a nqtable role in ,SPARC' notable being using a kinetic response in the plasma con-
numenpally modeling |t's behavior in the plgsma is vital. ductivity as described irg] 9] and the new 2D wave solver
Typically for modeling ICRF propagation in a toka- ,qing the NGSolve nite-element library that relies on the
mak the_ _edge and the core are tre_ated separately. The ol Budé method10, 11]. In this work, a di erent ap-
edge utilizes cold plasma model nite element method 50 1o this problem is introduced with the method of
(FEM) codes S_UCh as Stig], Petra_—M B]' COMSOL [4]_ adding back lower order thermal corrections from the hot
and others while the core uses kinetic hot plasma dielecy,35ma dielectric for the lowest order harmonics into the
tric spectral-bas_ed codes such as TOI_%]:ahd AORSA gy code with a comparison to TORIC described in Sec-
[6]. However this separate treatment is no longer approyjon 5 with this newly updated dielectric, Stix is used
priate when Iookm_g at- certain physics problems such as, investigate the eect of varying the minority concentra-
far- eld sheath recti cation that occurs when the launched i, of helium-3 in a 2D poloidal cross section for two key

fast wave mode converts at the plasma facing component,qeg of the rst campaign and the primary reference-like
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2 The Stix Code

The Stix code?] is an open-source frequency domain full _ w,z;,e a)f,,i e !
wave electromagnetic solver implemented using the nite- S =1 —5— >+~ T [Z(&) +Z (£ 4)]
element library MFEM 13] that includes the Myra et. al ¢ W2 A |
2015 non-linear RF sheath boundary conditid#] | +2pi _Ae [Z()+Z( )], (6)
W 2kin.i '
Et =r 1‘( i(UDnZsh) > (l)
whereD,, is the electric displacement normal to the PFC . w,z;,e wf“. e 1
andz, is the sheath impedance. Stix can solve the plasma D= D@ D w Foms (Z() Z( )]
wave equation for either the electric eld,in ¢ 2 ”4 !
Wy e
1o 5 2 5 — . —p2k—[z(§2) Z(¢ 2], ()
—r r E e E= iwl.y (2) W ZRKVih,i
Ho
w?, w?,
or the magnetic eldH in P=1 —227%¢) w—”z (8)
i the
- = 1(> — 2 2 _ 2 =17
re (r H) wpoH =1 & “Jew, @) where/, =w n /[kmy.

heresis th Id-ol dielectric dinE q In these expressions, only the ion terms of S and D are
wheree 1S the cold-plasma dielectric de ned in 4an changed to include the rst and second harmonic correc-
Jex is the external antenna current density. It should be

ted that onlv th ic eld f lati I ¢ tions while only the electron term of P is changed to in-
noted that only the magnetic. eld formulation allows 1or -, e ejactron Landau damping using the zeroth harmonic

the m_cluspn of the RF sheath due to stability issues furthercorrection. For the second harmonic terms, thethat
described in14]. is used is estimated by using the cold plasma fast wave
dispersion relation in the vicinity of the wave-particle res-
2.1 Thermal Corrections to the Stix Code onance. The full derivation of each thermally corrected
. . . . . Stix coe cients that are implemented in the Stix code can
P'rewou.s versions of Stix relied on using the cold plasmabe found in Appendix B of14]. The limitations of the ap-
dielectric given as proach are that 1) there are no poloidakets like found

in [16] due to the assumption thag only varies asis/R

S iD 0
s=lip s ol= (1= bb)S + bbP + (ib I=)D, (4) but this approach should still be suient near axis rele-
0 0 P vant for burning plasmas where strong single-pass absorp-

tion is expected. 2) There is no mode conversion (MC)
whereb = By/jBoj and S, P, D, known as the “Stix” coef- but should be a minimal concern with SPARC where the
cients [15], summed up over each particle specjeare ~ Minority heating and thermal broadening of the resonance
de ned as suppress MC and lon Bernstein waves (IBW).
In tandem to adding lower order thermal corrections,
_ Wy _ wf,,- there have been other new improvements to the Stix code.
§=1 Z w2 2 p=1 Z w2’ Previous versions of Stix calculated the total power ab-
sorption within the cross-section but now can be broken
up into various sections of the mesh drentiated by the
mesh attribute numbers. This is particular relevant for
nding out the power absorbed in the core versus the
While using Eq4is su cient for edge tokamak prob- scrape-o layer (SOL). Similarly, the volume averaged
lems where the temperature is cold, simulations extendingpower absorption was calculated for the full-species of
to the core regions need an appropriate model for capturplasma, however now the volume averaged power break-
ing the wave-particle resonances that are singularities irdlown is given by species important for comparison with
cold plasma. The most common method to do this in theTORIC and for coupling to transport codes.
cold plasma limit is to add some imaginary damping to re-
g?ons wh_erew =n However this approach does not 5 » Comparison with TORIC
give a reliable estimate for the absorption of the launched
wave. To get an estimate of how accurate these lower order ther-
Recent developments to Stix incorporate lower ordermal corrections are, a comparison with the hot plasma
thermal corrections to give a better estimate of the absorpwave solver TORIC %] was completed for a primary
tion of the wave. This is done rst by assuming the parallel reference-like discharge (PRD-like) for the SPARC de-
wavenumber varies ag = ng/Ryu.qjor Wheren, is a con-  vice. Due to how TORIC positions the two antennas dif-
stant toroidal mode number. Taking the lowest harmonicferently than Stix, a simpler case of a single ICRF an-
termsn = 0, 1, 2 of the hot plasma dielectric fromi ] and tenna centered around=Z0 of length 32.5 cm was chosen
using the ICRF limit oft = &3 ufh/z 2 1 while keeping  using plasma parameters from the primary reference-like
only the lowest order terms gives the Stix cagents as discharge described in SectidnIn both simulations, the

. W
D= 2P (5
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SOL was taken to be vacuum and both had 1 MW of cou-truded wedge in the toroidal direction mesh using a phase

pled power with a 3% helium-3 minority concentration. A factor for this 3rd dimensior?]. Consequently, using the

constant toroidal mode number of 45 is used, one of thenite element method in 3D requires signi cant memory

scenarios SPARC is consideririy], giving 18m ' atthe  to invert the matrix directly and leads to having to run in

antenna straps and 24 ! at the plasma center. parallel over 2 nodes leading to 16 CPU hours. Con-
Before discussing the results of the comparison be-versely, TORIC is entirely in 2D and runs in parallel over

tween Stix and TORIC, there are a few drences be- 1-2 nodes, depending on the number of poloidal modes,

tween the two codes that are important to highlight. First,leading to less computational time ©fL CPU hour.

the distance from the antenna current source to the last

closed ux surface are dierent in each code. This dis-

tance in Stix is 3.23 cm due to Stix using the true location Stix w/ Thermal Order Corrections

of the antenna strap whereas TORIC includes a vacuum oo £ veX 10000

SOL region that is results in a distance of 7 cm. Hav- o

ing this distance be larger means that the wave must tun-z 2o

nel through a larger region increasing the evanescent re2

gion. Additionally, the antenna current density pro les are -z

TORIC

— Real

set di erently. Stix uses a at constant pro le poloidally ~ -s00| — mag 5000

while TORIC includes a peak in the center of the strap oo oW

which changes the focusing of the launched wave. Lastly, Erve x Foove ¥
the largest dierence is that TORIC is a fully kinetic code ~ **” ool T

10000

meaning it includes the ects of a nitek, and can solve ol
for mode conversion of the wave to kinetic waves such as £ -
the IBWs which can only be modeled with a nite poloidal 3

-30000

mode number. — Real

—40000 Imag

—50000
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Figure 2. Comparison of the lineouts of the real and imaginary
electric eld componentsE. andE , for Stix (left column) and

4.90e+03

2 4.09e+03

£ e © sarerons TORIC (right column).
- l_’&r’ze‘m 2.45e+03
[V/m] - 1.63e+03
Fig. 1 shows the magnitude of the electric eld po-

5o %5 5o | oo0eso0 larizations of E, and E for Stix (left column) and

: TORIC (right column). It should be noted that the col-
orbars are not the same between the two codes due to
the fact that TORIC normalizes its elds to 1 MW of
power H‘ﬂgh the last closed ux surface giving units of
(V/Im)l" MW. These plots show that the wave propagation
follows closely with one another. A better comparison for
R the electric elds is looking at the lineouts taken at2D
shown in Fig2. Here the red line represents the real while
the blue line represents the imaginary components.of
andE . These radial elds show good qualitative agree-

ment with one another however this are someedénces

Figure 1. Comparison of plots ofE+| and [E-| from Stix (left in wave amplitude. This discrepancy is most Iikely due
column) and TORIC (right column). It should be noted that the t0 the di erences between the codes such as therent
colorbars between the two codes areatent. Stix uses Sl units  SOL widths and antenna set-up as described earlier.
for the electric eld of VVim while TOR|C normalizes the electric
eld to 1 MW of coupled power (Vm)/' MW. Fields larger than
the max value of the colorbar for TORIC are indicated by regions
in white.
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Table 1. Power absorption by species breakdown comparison
between Stix with the lower order thermal corrections and the
hot plasma solver TORIC for 3% helium-3 concentration.

Although Stix and TORIC are modeling the same case, Species Stix_ TORIC
the computational time and resources required by each Electrons 1.5%  20%
code are dierent due to the inherent nature of their re- Helium-3 (3%) 95%  71%
spective computational methods. While Stix is modeling Deuterium 0.5% 2%

Tritum 3% 6%

a 2D case here, the code itself solves in 3D using @3
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Table 1 gives the power absorption breakdown be-
tween the two codes for this case. It is seen that Stix is
able to capture the majority of the absorption on the mi-
nority helium-3 species as does TORIC with similar break-
downs in the bulk deuterium and tritium ions. The minor
discrepancy between the deuterium values are most likely
due to the fact that the fundamental deuterium resonanct
occurs o -axis requiring more poloidal modes for TORIC
to resolve. For the tritium absorption, the minor dience LLb Te 163 V]
is due to the fact that, has to be estimated from cold- —— PRD ne [1e19 m-]
plasma in Stix. It is also seen that there is somesdince — PRD Te [le3 eV]
in the electron absorption values. One reason could be o 14 L6 18 20 22 24
due to the broadening d@f, by the poloidal modes that is i majortml
not included in this approximation. Additionally, Stix es-
timates a larger portion of power onto the helium-3 ions
than TORIC which could be due to the fact that TORIC
includes toroidal resonance broadeniBp A decrease in
helium-3 absorption by adding this broadening term would
shift more power to the electron Landau damping giving
better agreement. Future development of the Stix code willPlasma. While the current concentration amount is ex-
aim to include this toroidal broadening ect to further in-  Pected to be around 5% helium-3, scanning lower concen-

vestigate the discrepancy in absorption of the electrons belrations will determine whether there is an ideal operating
tween the two codes. concentration that gives similar single pass absorption as

in the higher concentration cases but with less dilution of
the plasma. Fig4 shows the total electric eld for vary-
3 First Campaign Discharge ing helium-3 concentrations for this L12 case. First the
expected result is seen that as the amount of helium-3 de-
For simulating the launched ICRF wave behavior in creases, the larger the resulting electric elds are towards
SPARC, a 2D poloidal cross-section was chosen that inthe higher eld side. It should be noted that the wave-
cludes the core plasma, scrapedayer (SOL), antenna particle resonance @b = .3 occurs o -axis closer to
vacuum box, and the vacuum vessel geometry. Conthe low eld side at 2.03 m. These plots also show that
ducting wall boundary conditions were placed at the e€ven in the higher concentrations the wave is not fully ab-
vacuum vessel domain boundaries. For launching thesorbed in a single pass as seen by the high electric elds in
wave, parameterized volumetric current sources were usetegions past the wave-particle resonance. While this sce-
to mimic the antenna current straps centered &23 nario is multi-pass, it is seen in Fig.that for the range
poloidally and were placed at the same location as founddetween 3% and 5%, the variation of the eld is minimal.
in a 2D slice of the CAD model. The currents were phasedHaving similar absorption within this range will give more
opposite of one another and lastly to account for the ICRF exibility in running the scenario.
antennas being eld-aligned, the pitch angle was intro-  Lastly, these electric elds show an interestingeet
duced into the direction of the current. of the wave eld being con ned to a reduced region of the
In the rst campaign, the main scenario is an L-mode Poloidal cross-section. This ect was found to be due to
with 12 T background magnetic eld on axis, referred to the fast wave cut-obeing pushed far into the core region
as L12 in the remainder of the paper. The radial elec-Of the plasma on the high eld side due to the low density,
tron density and temperature pro les are shown in Bg shown in Fig5. This unintentional eect can be bene cial
taken from POPCON analysis. For the SOL density, ain minimizing the amount of far- eld sheath recti cation
decay |ength of 3 cm was taken up to the outer limiter ON the hlgh- eld side due to the fact the wave re ects well
then 1 cm decay length for regions past the limiter. OnWithin the core before reaching the high- eld side.
the low eld side, the density is stopped right before the
lower hybrid resonance (LH) which occurs atlo®m * 4 Primary Reference-Like Discharge
to avoid numerical singularities in contrast with the high- (PRD-like)
eld side whose density doesn't reach the LH resonance
before the end of the domain. A constant toroidal modeThe behavior of the launched ICRF wave in the primary
number ofn, = 45 was chosen with a launched frequency reference-like discharge was also simulated using the same
of 120 MHz. The background magnetic eld, taken from conditions as described in the previous section. This sce-
an EQDSK, gives a very small scrape-layer measuring  nario uses a H-mode plasma with the density and tempera-
1 cm from separatrix to the wall and 5 cm from the antennature, shown in Fig3, found using POPCON analysisd].
straps to the fast wave cut-@n the low eld side. In this scenario, the background magnetic eld is also 12
One key parameter in the behavior of the RF heatingT on axis. While the rst campaign of SPARC will be
is the minority ion concentration. With 12 T magnetic the L12 scenario aimed at achieving a>QL, the PRD-
eld on axis a helium-3 minority will be used in a D-T like scenario is a reference for experiments in later cam-

Electron Density and Temperature for Both Scenarios

10?

10!

10°

—— L12 ne[1lel9 m1]

ne[lel9 m—3]and Te [1e3 eV]

Figure 3. Radial pro les of both the L12 (blue) and PRD-like
(green) electron densities and the L12 (orange) and PRD-like
(red) electron temperatures taken at D.
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Figure 5. Plot of N R = 0 that shows where the fast wave
cut-o occurs at the transition from red to blue for the L12 case
(left) and PRD-like (right).

Z[m]

dramatically increases the amount of electric eld reach-
ing the high eld side in contrast with the L12 scenario.
Additionally contrary to the L12 case, the electric elds
penetrate much further into the plasma also due to the lo-
cation of the fast wave cut-cas seen in Figh. This e ect

is most notably due to the dérence in densities since the
magnetic elds and temperatures are similar in strength.

5 Conclusion

This paper introduces the newest developments to the full-
wave cold plasma solver, Stix, that includes lower order
thermal corrections from the hot plasma dielectric in order
to capture wave-particle resonances= n ;, and elec-
tron Landau damping. While the primary purpose of Stix
R[m] R[m] is to investigate plasma-wave edge interactions, having a
more physical model of the core damping gives a more ac-
curate representation of the ects that occur in the edge.
These corrections are based on the idea of assuming the
parallel wavenumber varies 8= ny/Ruaqjo- With a con-
stant toroidal model numbet,. Taking the lowest order
terms for harmonics & 0, 1, and 2 gives modi ed Stix
coe cients that can be used in the cold-plasma solver. It
is seen with comparison to TORIC which includes the full
hot plasma dielectric, these thermal corrections within Stix
paigns for demonstrating high fusion energy gains with Qgive a more physically relevant estimate for wave-particle
10 20. absorption than ad-hoc collisions. While this is a useful

Fig. 6 shows the eect of varying the helium-3 con- approach for capturing a majority of the wave-patrticle res-
centration for this PRD-like case. First it is seen that theonance, it is important to note that Stix does not include
strength of single pass absorption is much higher than theny poloidal mode numbers in its estimate of the parallel
rst campaign discharge due to the density being twice aswave vectorkg, which can cause al0% uncertainty in
large with an optimum absorption peaking in the rangethe computed power absorption and is not able to calculate
between 3% and 5% helium-3. Consequently due to themode conversion to thermal waves such as lon Bernstein
strong absorption, decreasing the minority concentrationwaves.

T
1.4 1.6 1.8 2.0 2.2 2.4

1.4 1.6 1.8 2.0 2.2 2.4

Figure 4. Scan of changing minority helium-3 concentrations

from 0.5% to 5% of the total electric eldE|, for the L12 case

with the white line indicating the last closed ux surface. The

black dashed line indicates the wave-particle resonanee of
He3 OCCUrring at R= 2.03 m.
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ally it was found that for both cases the range between 3%
and 5% helium-3 led to similar amounts of single pass ab-
sorption giving more exibility in operation of the device.
Lastly, an interesting eect found in the L12 study was
that the launched wave was con ned to a much smaller re-
gion of the plasma than in the PRD-like case. This was
found to be due to the fast wave cut-occurring farther
into the core of the plasma causing the fast wave to re ect
back to the low- eld side. With the wave re ecting be-
fore it can reach the high- eld side implies that far- eld
sheath recti cation on the high- eld side of the rst cam-
paign scenario will not pose as much of a risk as initially
thought.

With the latest developments in Stix, including the ca-
] pability of running with full 3D geometry, ongoing and
future work will shift to modeling the ICRF behavior in
a 3D toroidal wedge. Particular interests include investi-
gating whether there is wave interference between the 14
ICRF antennas and what far- eld sheath recti cation looks
like on the low- eld side in regions where there is a large
magnetic eld angle into the plasma facing component.

.— 3.000e+04 °-*

— 2.250e+04
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|» 1,5008+404

-1.54

— 7500.
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