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Abstract

®

CrossMark

This research investigates the temporal evolution of the toroidal plasma current in the
Wendelstein 7-X (W7-X) stellarator under different heating, fueling, and current drive
scenarios. The THRIFT code has been modernized and its predictions of the evolution of the
toroidal current have been compared against experimentally measured currents in W7-X. Good
agreement is found with respect to the characteristic timescale between experimentally
measured and simulated toroidal currents. The total bootstrap current is under-predicted owing
to the applicability of the BOOTSJ model for the plasma collisionalities in question. Edge
plasma resistivity is found to play an important role in the asymptotic behavior of the evolution
of the current, indicating a possible limitation of the minimum plasma temperature when
applying this model. Simulations of ECCD and heating power steps show THRIFT is capable of
capturing the dynamical evolution of the current in response to changes in current sources.
Future uses of THRIFT include validating and benchmarking other non-inductive current

models.

Keywords: Wendelstein 7-X, bootstrap current, current drive, THRIFT, BOOTSJ

(Some figures may appear in colour only in the online journal)

1. Introduction

Wendelstein 7-X (W7-X) is a five-field period, low-shear
superconducting stellarator of the Helias type operating in

4 Dr. Marc Beurskens passed away on 11 April 2024.

b See Grulke et al 2024 (https://doi.org/10.1088/1741-4326/ad2f4d) for the
W7-X Team.
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Greifswald, Germany. It has been optimized according to a set
of criteria, including good magnetohydrodynamic (MHD) sta-
bility, small bootstrap currents, and low neoclassical transport
[1]. It can generate a variety of magnetic configurations,
including different rotational transform profiles and mirror
ratios, made possible by its 50 non-planar coils and 20 planar
superconducting coils [2]. The main purpose of W7-X is to
demonstrate the viability of optimized stellarators as fusion
power plants [3].

Instrumental in achieving this goal is the performance of
its island divertor, which relies on the presence of magnetic
islands appearing on the plasma edge when the rotational
transform ¢ satisfies ¢ = 5/m, with m an integer [4]. Changes
in the edge rotational transform ¢, or its shear will modify the

© 2025 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA
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position or size of these islands, causing the patterns of particle
deposition and power on the divertor targets to change [5, 6].
The rotational transform depends on the magnitude of the total
toroidal current [7]. Therefore, to control the edge rotational
transform and maintain good divertor operation, a good under-
standing of the behavior of the total toroidal current for differ-
ent W7-X scenarios is required [8].

An important driver of the total toroidal current in W7-
X is the bootstrap current, which is a current driven by
temperature and density gradients and arises from collisions
between passing and trapped particles [9]. The bootstrap cur-
rent depends non-trivially on the plasma collisionality, radial
electric field, and magnetic field configuration [10]. Bootstrap
currents greater than 20 kA can be present in W7-X plasmas
[11]. Several models for estimating the bootstrap current to
varying degrees of accuracy exist (e.g. SFINCS [12], DKES
[13, 14], NEOTRANSP [15-17], BOOTSJ [18-20]). Toroidal
currents can also be driven through external means, such
as through RF heating (Electron Cyclotron Current Drive
(ECCD), Ion Cyclotron Current Drive (ICCD)) or neutral
beam injection (Neutral Beam Current Drive (NBCD)). All
current sources (bootstrap current and externally driven cur-
rents) must be considered to evaluate the total toroidal cur-
rent, and validated numerical models of each of these current
sources are therefore necessary.

Validation of such models for W7-X is hindered by the non-
trivial time-evolution of the total toroidal current. Modeling
the plasma as a simple LR-circuit, the total toroidal current
I can be shown to evolve as (assuming stationary plasma
profiles)

I(t) = Ioo (1 —exp (—t/71/z)) » (1)
where

I = Iboot + Icp = steady state toroidal current,

7 =L/R = L/R—time or resistive — inductive time.

Due to the long L/R-time in W7-X, the total toroidal cur-
rent does not typically saturate before the end of a discharge
[21] and I, must be obtained from curve-fitting equation (1).
This procedure is accompanied by a degree of uncertainty as
plasma conditions are never exactly stationary. Compounding
this uncertainty is that as the total toroidal current evolves, the
magnetic field evolves with it, in turn modifying the source
currents. For self-consistent results, the effect of the total
toroidal current on the magnetic field must be considered.
This step is often omitted as it is assumed that this effect is
small [22]. For example, NTSS [15] calculations of the boot-
strap current for different W7-X configurations and plasma
conditions [10, 23] did not take this effect into account. No
investigation into the evolution of the total toroidal current
with self-consistent magnetic field and bootstrap currents for
W7-X has been performed as of yet.

In this paper, we investigate the evolution of the total tor-
oidal current in W7-X with self-consistent magnetic field and
bootstrap current. The THRIFT code [7, 24], which models
the evolution of the total toroidal current, is re-implemented.
This implementation is parallelized, dynamically coupled to
VMEC [25] to update the magnetic equilibrium, and uses the
STELLOPT code suite [26]. The implementation is described
and benchmarked in section 2. THRIFT simulations of the
total toroidal current are compared against experimentally
measured toroidal currents in W7-X for a few discharges to
gauge the accuracy of BOOTSIJ in section 3. This section
includes ECCD scenarios in W7-X simulated using THRIFT.
We discuss the results of this investigation in section 4.

2. The THRIFT code

The THRIFT code models the evolution of toroidal currents
in plasmas with general three-dimensional magnetic configur-
ations. It assumes that the magnetic flux surfaces form nested
tori, in which case the evolution of the total toroidal current
is described by a one-dimensional diffusion equation for the
rotational transform, given by [7]

de de d® d M = > d [ Siit+ S
—=——4+—=| —d'(S S — |
dt~ d® dr | dd (uo et Sl g\ 5 s,
dv
_77|<JsourceB>d(I)) s 2

where

® = toroidal magnetic flux,

7|, = parallel electrical resistivity,

S;j = susceptance matrix elements [7],
Jsource = source current density,

B = magnetic field strength,

V = plasma volume.

The prime denotes a derivative with respect to the radial
variable r. Only the resistive-inductive behavior of the plasma
is modeled. The effect of magnetic islands, which cause
particles (and hence currents) to be redistributed on times-
cales shorter than the resistive-inductive time, is not captured.
A novel implementation of this equation for easier interfacing
with more recent codes is discussed.

2.1 Implementation details

The flux surface label s = ®/P, was chosen (as opposed
to p=(®/®,)!/?) as the basis of the spatial grid to avoid
1/p singularities near the magnetic axis and to simplify con-
version between toroidal current densities and toroidal cur-
rents. Introducing additional relationships between pressure
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and currents [27] and neglecting the term proportional to
d®/dt [7], equation (2) may be written as [28]

S dL_S]] d
Mar T 92 ds

_<]sourceB>) ) ) (3)

B?) d
(’HV' <<,uo>ds (S11+S12) +p' (S11e+ Si2)

where p is the plasma pressure. Equation (3) was discretized
using a backwards time, centered space (BTCS) scheme. The
boundary condition at the plasma center is taken to be absence
of a net toroidal current, i.e.

I(s=0,1)=0. “

Note that this does not necessarily imply that the total tor-
oidal current density is zero at the plasma center. The boundary
condition at the plasma edge was taken to be [29]

Lext dI
27R dt| _,’

Ei(s=1,1)= ®)

where

E| = parallel electric field,
Lext = 1oR (In(8R/a) —2)
= plasma external inductance,
R = plasma major radius,

a = plasma minor radius.

We note that elsewhere in the plasma, we may determine
the parallel electric field using Ej = 1) Jshield, Where Jspield =
J — Jsource 18 the shielding current density. The time-derivative
of the total toroidal current in equation (5) was approxim-
ated using a backwards Euler scheme. A second-order accurate
expression for the edge parallel electric field was used.

As an initial condition, THRIFT assumes that no currents
are in the plasma upon start-up, i.e.

I(s,t=0)=0. ()

The parameters related to the magnetic field may be
obtained from a suitable magnetic equilibrium code. VMEC
[25] was selected to fulfill this purpose as it shares the assump-
tion of nested toroidal flux surfaces with THRIFT.

In this work, 7| was estimated using the model by Sauter
et al [30]. While this approach allows for a rapid calculation of
the resistivity, the model was specifically derived for axisym-
metric equilibria and may therefore not be valid when applied
to non-axisymmetric systems such as W7-X. Nevertheless, it
is considered as a good starting point for our implementation
and can be replaced with more accurate numerical models in
future applications.

The workflow of THRIFT to evolve the total toroidal cur-
rent for a given scenario is as follows. Each scenario is first
discretized into nt time iterations. For each time iteration 7,
the plasma profiles are read from an input HDFS file. Inside

a Picard loop with index k, the magnetic field is first calcu-
lated using VMEQC, after which the resistivity and any source
currents are determined using the appropriate methods. The
system of equations (3)—(6) is then solved to obtain a first-
stage estimate of the total toroidal current density {J}/. The
second-stage estimate {J}} is determined from its value at the
previous Picard iteration {J}}_, (or at the previous time iter-
ation {J}"~! if k= 1) and a Picard factor f = 0.75, using

WH = =D {7} ™

The Picard factor is used to help with numerical conver-
gence. Self-consistency between the magnetic field, source
currents, and total toroidal current is achieved by repeating
this procedure until the relative change in {J}} between two
Picard iterations,

{7 —{he
{7}

is smaller than a threshold value A, = 0.01 on the full spatial
grid. Alternatively, the Picard loop may be terminated before
convergence is reached if the maximum number of Picard iter-
ations is exceeded. A diagram of this iteration scheme is shown
in figure 1.

{Asy = ®)

2.2. Verification

The evolution of the parallel electric field (and hence the total
toroidal current) is exactly known for the case of a circular
cross-section, large aspect-ratio tokamak with a temporally
invariant, spatially uniform resistivity profile and a temporally
invariant source current profile [29]. Under these conditions,
the parallel electric field can be written as a Fourier—Bessel
(FB) series, given by

E™ (x,0) =Y fuFu (x)exp(—1/7.), ©)
n=1

where

T = poood’ /Ky,
= mode decay time,
f» = mode amplitude,
F, (x) = Jo (kpx)
o¢ = core electrical conductivity.

The J; are Bessel functions of the first kind and k, > 0 is
the nth root of
Jo (k) = 5l (k) =0, (10)
where I = Lex/ (10R) and J; (k) = J} (k).
This scenario was recreated to verify the numerical imple-

mentation of THRIFT. A VMEC equilibrium was generated
for a circular-cross-section, large-aspect-ratio hypothetical



Nucl. Fusion 65 (2025) 036001

L. van Ham et a/

Time loop initialisation: {J'} = 0 ‘

Time loop
Read profiles at timestep n:
Te, i, Te, Ty — p

Update equilibrium pressure

Picard loop initialisation:

k=L{J) = {7}

D o
. Picard loop N
4 \

1 Update equilibrium current \

Calculate magnetic equilibrium
(VMEC)

Calculate magnetic
variables and resistivity

Calculate source currents

{AT} < Aol
ork = kpax?

Write THRIFT HDFS5 file

End

Figure 1. Flowchart of the THRIFT method. Dark blue shapes
indicate when external codes are (or could be) called, light blue
shapes indicate processes performed by THRIFT routines.

tokamak with R = 1000m, @ = 1 m, By = 4T to match the con-
ditions mentioned above. Plasma density and temperature pro-
files used were 7. = 100eV, n. =n; =5-10"m=3, Ti(p) =
(1 —2p+ p*)keV. These profiles were chosen to ensure that
the resistivity profile would be spatially uniform and p’ would
be finite. Since equation (6) enforces zero net toroidal current
at the start of the simulation, the rotational transform is ini-
tially zero everywhere and a pressure gradient cannot be sus-
tained, causing VMEC to not converge to a solution. To avoid
this issue, the density and temperature profiles were asymptot-
ically scaled towards the given values over approximately 3 s.
A toy bootstrap current model was used, given by [31]

€R
Jboot () = o sp’ (s) . (11)
a
where € is the inverse aspect ratio. The scenario was simulated
using THRIFT for a duration of 50s. The coefficients f, and

decay times 7, were determined from the simulated electric

THRIFT benchmark (electric fields)

y N 4 A A A A ™ t:3S
’_‘3 A A A ‘:
T _
Svwx—w w » o ey tiis-
> 9 ]
5
= t=10s
——— s o o a_
ml

t=2>50s
() s e e e e e
0 0.2 0.4 0.6 0.8 1

s=®/,

Figure 2. THRIFT (lines) and Fourier—Bessel (shapes) parallel
electric field for the tokamak benchmark case.

THRIFT benchmark (toroidal currents)

10
shielding
i 0
~
-10
\ total
-20 -
bootstrap
0 10 20 30 40 50

time [s]

Figure 3. Toroidal current make-up for the tokamak benchmark
case. The dotted line indicates the Fourier—Bessel estimate of the
total current.

field at r =3 s, after which the predicted electric field was cal-
culated from equation (9).

Figure 2 depicts the THRIFT (lines) and the FB (shapes)
electric field at selected snapshots of the simulation. The
two quantities are in good agreement with each other and
both decay towards zero in steady-state. The toroidal cur-
rents for this case are shown in figure 3. The THRIFT current
and FB current are again in good agreement with each other
and both asymptotically evolve towards the bootstrap current.
The estimated decay times for the currents are 7,z = 6.54s
(THRIFT) and 77,8 = 6.48s (FB). The small disagreement
between the FB and THRIFT electric field is mainly attrib-
uted to the temperature and density profiles not having com-
pletely stabilized by # = 3 s. The bootstrap current and resistiv-
ity varied as a result by about 0.5% and 0.4%, respectively. The
convergence tolerance THRIFT used for the current density is
also on the same order as the disagreement and has possibly
also contributed to the error. Overall, the results show that the
numerical implementation has been successful and verify the
functioning of THRIFT.
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3. Current evolution simulations for W7-X

THRIFT is used to self-consistently simulate the evolution
of the total toroidal current for a few different scenarios in
W7-X. Experiments of interest are those in which the meas-
ured toroidal current evolves asymptotically, which can be
curve-fit with equation (1) to obtain I, and 77 /¢. The same
approach can be applied to results from THRIFT. If no current
drive is present, I, corresponds to the bootstrap current. This
approach allows for validation of THRIFT for W7-X as well
as investigating the accuracy of the numerical model used to
estimate the bootstrap current for these cases.

This work employs BOOTSJ, which calculates the boot-
strap current using a semi-analytical model in the limit of a
long mean-free-path, large aspect ratio, collisionless plasma
[18-20]. Previous publications have claimed that its results
are still accurate for W7-X [32], HSX [33], and a spherical
tokamak with 3D effects [34]. However, in a more recent
publication, BOOTS]J is benchmarked against SFINCS for a
quasi-axisymmetric design and performed poorly [35]. Further
investigation into the applicability of BOOTSJ to W7-X dis-
charges is therefore of interest.

Additionally, BOOTS]J is one of only a few numerically
tractable codes which can rapidly calculate bootstrap currents.
Itis thus suitable for interfacing with THRIFT, where the boot-
strap current needs to be calculated many times in a single dis-
charge. Recently, a similarly fast code named MONKES [36]
has been developed which may be considered in the future.

3.1 THRIFT validation

Three experimental discharges, representative of operations at
W7-X, were selected to be simulated. Discharge 20 180 828.30
(Case I, figure 4) is a low-iota (¢, = 5/6) discharge featuring
a constant 2.5 MW ECRH power during 20s of operation.
Plasma conditions (density and temperature) are stable. The
toroidal current evolves asymptotically and reaches 13 kA
before the experiment is terminated.

Discharge 20 180906.13 (Case 11, figure 5) is a standard-
iota (¢, =5/5) discharge featuring a constant 4 MW ECRH
power over 14s of operation. Plasma conditions for this
discharge are also stable. The toroidal current also evolves
asymptotically and reaches 7kA before the experiment is
terminated.

Finally, discharge 20181004.45 (Case III, figure 6) is
a reversed-field, low-iota discharge. It features SMW of
ECRH power for a duration of 8s, after which it is stepped
down to 3MW for the remaining 4s of the experiment.
The plasma parameters are relatively stable between r~0.5s
and r~3.3s. Between r~3.3s and r~8s, plasma density
increases and temperature decreases. After the power step-
down, the plasma density is stable whereas plasma temperat-
ures drop sharply. The toroidal current is continuously increas-
ing prior to the heating step-down and decreases after ECRH
power is reduced. This case is expected to exhibit a significant
change in source currents after the heating step and it allows us
to investigate how such changes affect the THRIFT prediction.

W7-X low-iota (20180828.30)

T

g?’ F =Prcrm]
Z o) 3
=8
q, 1 ]
() 1 I
=8 ¥ —T. (ECE13) -1, (ECE24) -T; (XICS)]
L6k ]
oAb ]
Sof E|
&2 \
‘TE 5F ' T Zfad]
=3
=
20
15 7
<'10 ]
24,
~ O ]
0 1 1 L 1
0 5 10 15 20 25

time [s]

Figure 4. Overview of measured quantities in case 1. From top to
bottom: ECRH power, temperature, line-integrated density,
diamagnetic energy, toroidal current. Electron temperatures are
measured at the plasma core (ECE13) and approximately at the
mid-radius (ECE24).

W7-X standard-iota (20180906.13)

—4f =Prcra
=
=)
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>
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Figure 5. Overview of measured quantities in case II.

Each of these discharges used two ECRH launchers depos-
iting power in stellarator-symmetric fashion to cancel out any
residual RF current drive. Both launchers had mirror angles
and sources selected in a manner that was believed to minim-
ize the current drive. The exact amount of current driven by
ECRH heating under these conditions was not known but was
anticipated to be negligible compared to the bootstrap currents
observed in these cases.
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W7-X step-down (20181004.45)
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Figure 6. Overview of measured quantities in case III.

Thompson scattering was used to measure electron temper-
atures and densities. Ion temperatures were measured using
x-ray Imaging Crystal Spectroscopy (XICS). Experimental
measurements of these parameters were converted into usable
profiles using WAPID_FIT [37]. The resulting profiles were
then interpolated on the spatial grid using cubic Hermite
splines. This last procedure included enforcing the edge
boundary condition

T.i=0¢eV, (12)

which causes the electrical resistivity to diverge in the plasma
edge (n) oc Te 3/ 2). To mitigate this issue, temperatures were
not allowed to drop below 14 eV, corresponding to the ion-
ization temperature of hydrogen. The plasma was assumed
to consist purely of hydrogen (Z.; = 1) and quasi-neutrality
was achieved by enforcing n; = n. in the plasma. The dens-
ity and temperature profiles had uncertainties of about +5%.
Finally, BOOTSJ was initialized with m = 32 poloidal Boozer
modes, n = 16 toroidal Boozer modes, and a damping factor
of Adamp =0.1.

3.1.1. Fixed heating. ~ Figures 7 and 8 show the evolution of
the total toroidal current in experiment (red) and as calculated
by THRIFT (magenta) for case I and case II, respectively. The
values of 77 /g and I, obtained from experiment and THRIFT
as well as yoo; from BOOTSJ are shown in table 1.

The simulated total toroidal currents evolve asymptotically
just as the experimental currents. The decay times of both tor-
oidal currents are in agreement with each other, differing by
3.6% for case I and by 8.8% for case II. This agreement indic-
ates that THRIFT is accurately capturing the time-behavior
of the total toroidal current in these cases. The magnitudes
of the simulated total toroidal currents disagree with exper-
imental observations. The simulation /. is smaller than the

W7-X low-iota current (20180828.30)

-
=measured
=gimulated

-10
-12
_14. |

0 5 10 15 20
time [s]

Figure 7. Comparison of simulated and measured currents for

case .

W7-X standard-iota current (20180906.13)

—measured
-1 =simulated

2 4 6 8 10
time [s]

Figure 8. Comparison of simulated and measured currents for
case II.

experimental /, by about 66% for case I and about 82% for
case II. Furthermore, the extrapolated steady-state current for
simulations disagrees with the bootstrap current calculated by
BOOTSJ.

The latter issue is explained by the behavior of the par-
allel electric field, shown in figure 9. Here, the simulation
was artificially extended to t=80s by keeping the profiles
unchanged after t=19.6s to allow the total toroidal current
to saturate. The edge electric field nearly vanishes at t=80s
as dictated by the edge boundary condition, but the strong
edge peaking causes an electric field to be ‘frozen-in’ inside
the plasma, leading to a finite shielding current in the plasma
even in steady-state. This peaking is nonphysical and occurs
because the magnitude of the resistivity strongly grows in the
plasma edge despite the temperature clamp. This issue can be
mitigated by imposing a more aggressive temperature clamp
(estimated at 7'~ 100 eV) or by using a different model for the
resistivity.
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Table 1. Summary of results. Decay times 7,z and steady-state currents /o, were obtained from curve fitting. Uncertainties indicate
goodness of fits. The mean bootstrap current /gs at mid-radius is also indicated.

TR [8] I [KA]
measured simulated measured simulated Igs [kA]
Case | 12.76 +0.36 13.22 £0.002 16.32+0.24 5.534+0.03 8.65
Case II 12.16 £0.07 11.09 £0.003 10.59 +0.002 1.91 £0.001 3.31

150 W7-X low-iota edge electric field (¢ = 80 s)

100

50

E” [1043 Vv m‘l]

_50| J
0.8 0.85 0.9 0.95 1

s=®/P,

Figure 9. Evolution of parallel electric field in the plasma edge for
case .

W7-X low-iota bootstrap benchmarking (20180828.30)
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Figure 10. Bootstrap current density as calculated by three different
codes (BOOTSJ, SFINCS, NEOTRANSP) for case I at r=19.65.

The bootstrap current calculated by BOOTSJ is smaller
than the experimentally observed bootstrap current by about
49% and 69% for cases I and II, respectively. This indic-
ates that the collisionalities reached during these discharges
are too large for the collisionless approximation to be appro-
priate. Finite-collisionality models have previously predicted
bootstrap currents in W7-X that are larger than those derived
in the collisionless limit [10]. The bootstrap current densities
for case I at # =19.6s predicted by BOOTSJ, NEOTRANSP,
and SFINCS are compared in figure 10. The estimates of
NEOTRANSP and SFINCS for this scenario agree with each

W7-X low-iota rotational transform (20180828.30)
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Figure 11. Evolution of the rotational transform for case I.
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Figure 12. Evolution of the rotational transform for case II.

other and disagree with BOOTSJ. However, the NEOTRANSP
and SFINCS current densities correspond to a total toroidal
current of about 22 kA, which exceeds the experimental /., by
35%. This highlights the point that even more detailed numer-
ical models may be inaccurate, and validation of such models
is still necessary.

The evolution of the rotational transform for case I and case
II is shown in figures 11 and 12, respectively. In both cases,
the rotational transform experiences an initial strong negat-
ive core shear followed by a strong positive core shear later in
time. This core shear is a result of the highly-localized boot-
strap current density modifying the magnetic field structure in
the plasma core. Away from the plasma core, the rotational
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W7-X step-down current (20181004.45)
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Figure 13. Comparison of simulated and measured currents for
case IIL

transform is weakly increased, with this effect diminishing in
strength further away from the core.

In case I, THRIFT predicts that the rotational transform
eventually crosses the 5/7 rational in the core, potentially res-
ulting in the formation of magnetic islands. The size of these
islands has not been estimated, but the large shear in the rota-
tional transform at the crossing point is expected to limit their
effect on the evolution of the toroidal current. No important
rational values are crossed by the rotational transform in Case
II due to the smaller bootstrap current and the larger spacing
between rationals. For both cases, the rotational transform is
anticipated to be affected more strongly if the bootstrap cur-
rent used by THRIFT better agreed with the bootstrap current
seen in experiment.

3.12. Heating step-down. Figure 13 shows the evolution
of the total toroidal current in experiment and as calculated
by THRIFT for case IIl. No estimate of the L/R-time is
made. As seen in cases I and II, the THRIFT total toroidal
current is smaller than the experimentally observed toroidal
current prior to the heating step-down. Both currents evolve
asymptotically until #=3 s. Between r=3 s and =38 s, the
time-derivative of the experimental current decreases, whereas
the time-derivative of the THRIFT total toroidal current
increases.

Considering the L/R model, the change of behavior of the
experimental current can be explained by a decrease in I,
an increase in 7 g, or both. Since the temperature decreases
and the density increases, the resistivity increased and 77/
must have decreased. Therefore, I, must have decreased in
this experiment through the mechanism of a decrease in the
bootstrap current. No such decrease in the BOOTSJ bootstrap
current or its components, shown in figure 14, is observed. To
the contrary, a small increase in the BOOTSJ bootstrap current
is visible just before the heating step-down, causing the time-
derivative of the THRIFT total toroidal current to increase
betweenr=3sand t=6s.

\(;V?—X step-down bootstrap current (20181004.45)
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Figure 14. Breakdown of the bootstrap current for case III.

Figure 14 shows that the VT—driven component of the
bootstrap current sharply decreases after the heating power
step-down. In experiment, the direction of the evolution of the
total toroidal current reverses after the heating step, indicating
that the magnitude of the bootstrap current is smaller than the
total toroidal current at this moment. In the simulation, the rate
of change of the total current is only reduced, indicating that
the bootstrap current is still larger than the total toroidal cur-
rent at this moment. The THRIFT total toroidal current even-
tually exceeds the experimental total toroidal current, which
indicates that the BOOTSJ bootstrap current is larger than the
experimental bootstrap current.

Bootstrap currents for finite-collisionality W7-X plasmas
that are larger or smaller than bootstrap currents in the col-
lisionless limit are both possible. As demonstrated in figure
26 in [10], there exists a range of collisionalities for which
the bootstrap current is greater than the bootstrap current in
the collisionless limit. After the heating step in case III, the
temperature decreases and the collisionality is expected to
increase. The plasma then likely has a large enough collision-
ality for it to operate in this range after the heating step. These
results are further indicative of BOOTSJ not being appropriate
for application to W7-X, but the results also show that the tor-
oidal current evolution calculated by THRIFT indeed responds
to changes in bootstrap current and resistivity as expected.

Lastly, the evolution of the rotational transform for case III
is shown in figure 15. The behavior of the rotational transform
for this case prior to the heating step is similar to that seen in
case I. The rotational transform also crossing the 5/7 rational
in the core in case III for the same reasons. Immediately fol-
lowing the heating step, a rapid increase in the rotational trans-
form can be seen. This occurs while the time-derivative of the
total toroidal current decreases. The change in rotational trans-
form must therefore be due to the change in the source current
density profile. The evolution of the rotational transform for
all three cases suggests that the toroidal current distribution
is of importance for investigating plasma stability, as crossing
low-order rationals in the plasma is possible without (or with
only small) enclosed toroidal currents.
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W7-X step-down rotational transform (20181004.45)
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Figure 15. Evolution of the rotational transform for case III.

3.2. Current drive scenarios

A net toroidal current is necessary at W7-X to position the
edge magnetic islands and control the strike line locations
on the divertor [5]. Because of the long L/R time anticip-
ated for these scenarios (~30 s) the total toroidal current will
not quickly reach steady-state, leading to non-optimal diver-
tor performance for significant durations. This time may be
reduced if current drive is used to accelerate the evolution of
the total toroidal current. The rate at which the total toroidal
current evolves can be approximated by (again assuming sta-
tionary plasma profiles)

. I
1(t) = —=-exp(—t/T ) - (13)

TL/R

Hence, by temporarily increasing the steady-state current
I = Iyoot + Iex; through current drive, the total toroidal cur-
rent may reach its saturated value (namely, the bootstrap cur-
rent) earlier.

The main tool for current drive in W7-X is ECCD [22].
Experiments demonstrating the acceleration of toroidal cur-
rents up to and exceeding steady-state currents with ECCD
have previously been performed in W7-X [3]. Application of
ECCD in the plasma core has however also been associated
with sawtooth-like behavior in W7-X [38—40]. NBCD is also
a possible source of current drive at W7-X and has previously
been investigated [41, 42]. In this section, the effect of ECCD
on the evolution of the total current and rotational transform is
considered.

The simulation for Case I was repeated and extended to
t=50s. Density and temperature profiles were held constant
between ¢ =19.6s and t =50s. BOOTSJ mode and damping
settings were left unchanged, but the overall bootstrap current
density profile was scaled by a constant factor to obtain better
agreement between the mean bootstrap current and the steady-
state toroidal current estimated from experimental data. ECCD

W7-X low-iota current drive (20180828.30)
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Figure 16. Evolution of the total toroidal current for the
ECCD-assisted cases and unassisted case.

was mimicked using a simple Gaussian expression given by

2
-7
JECCD (P) = Inorm €XP <(pw)2)> 3 (14)
Igccp
Inorm - =~ 15
2w a?l (1)

=3 l\/ﬁ. (erf 1;”‘) +erf<:;'>>
ool 2w )]

(16)

where

r. = deposition location in p—space,
w = ECCD width,

Iscep = requested amount of ECCD,

and erf is the error function. . =0.3 and w=0.175 were
chosen to match the ECCD deposition pattern seen in [22].
A total ECCD current of Igccp = 20 kA was driven for differ-
ent durations fgccp after which it was disabled and the current
was allowed to freely evolve.

The evolution of the total toroidal current for different dur-
ations of ECCD is shown in figure 16. For each current drive
scenario, the trend in the data suddenly changes after ECCD
is disabled. If ECCD is disabled early (fgccp = 5 s), the total
toroidal current evolves at a reduced rate towards the steady-
state value of 12.6kA. Conversely, if ECCD is disabled too
late (tgccp = 158), the total toroidal current overshoots the
steady-state value and it will decrease in magnitude over time.
If ECCD is applied for fgccp = 115, the total toroidal cur-
rent varies only little after ECCD is disabled, indicating that
it has reached its steady-state value. In comparison, the total
toroidal current in the unassisted case still has not saturated at
t=50s.
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W7-X bootstrap currents with current drive
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Figure 17. Evolution of the bootstrap current for the ECCD-assisted
cases and unassisted case.
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Figure 18. Evolution of the total toroidal current density for
teccp = 11 s after ECCD is deactivated.

Figure 17 shows the evolution of the bootstrap current
for the ECCD-assisted and unassisted case. The magnitude
of the bootstrap current is decreased in the ECCD-assisted
cases compared to the unassisted case. This difference grows
with about 0.2kA per second while ECCD is enabled and
slowly disappears after ECCD is disabled. The differences
seen here would be larger by a few kA if the vacuum magnetic
field was used for bootstrap calculations instead of the self-
consistent magnetic field. This emphasizes the necessity of
self-consistently calculating the bootstrap current, especially
for devices where the bootstrap current is expected to play an
important role in operation.

Figure 18 depicts the total current density in the fgccp = 11
s case after ECCD is disabled. Immediately preceding the
ECCD shut-down, the total current density peaks at the ECCD
deposition location (speax = rz = 0.09). After ECCD is dis-
abled, the total current density profile will evolve in a manner
to match the bootstrap current density profile. Since I~ I
at this moment, the excess of total current density at speqx is
redistributed to regions where J < Jpoo. This redistribution is
explained by the evolution of the shielding current density,

W7-X low-iota shielding current density (tgccp = 11 )
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Figure 19. Evolution of the shielding current density for
teccp = 11 s after ECCD is deactivated.
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Figure 20. Evolution of the rotational transform profile for
teccp = 11 s after ECCD is deactivated.

shown in figure 19. At #=11s, the shielding current density
is positive everywhere and peaked in the plasma core. After
the ECCD is disabled the shielding current density becomes
locally negative, i.e. parallel to the total current density. This
‘excess’, negative shielding current density then rapidly dif-
fuses to regions of positive shielding current density, leading
to a rapid decrease of the magnitude of the shielding current
density everywhere in the plasma. These simulations also fea-
ture the aforementioned problem with the (edge) parallel elec-
tric field and the shielding current density does not completely
vanish in steady-state.

The rotational transform for the case tgccp = 11 s is shown
in figure 20. ¢ briefly crosses the 5/6 resonance in the plasma
core when ECCD is applied. From ¢ = 1 s until tgccp, the rota-
tional transform crosses the 5/8, 2/3, and 5/7 resonances
in quick succession. These crossings are closest together at
t=11s, at which point their physical separations are 1.9 cm
(5/8 and 2/3) and 3.4cm (2/3 and 5/7), respectively. No
explicit calculation of the width of these islands was performed
but if they overlapped it could result in a loss of plasma con-
finement. The edge rotational transform (figure 21) initially
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Figure 21. Evolution of the edge rotational transform for the
ECCD-assisted cases and unassisted case.

decreases at the start of the simulation, attributed to an ini-
tial change in the susceptance matrix elements. Afterwards, ¢,
evolves at a faster rate for the ECCD-assisted case than for
the unassisted case, which is attributed to the larger rate of
change of the total toroidal current in the ECCD-assisted cases.
Finally, the edge rotational transform jumps when ECCD is
disabled due to a change in the edge S;», exemplifying how
the distribution of the currents has an effect on the magnetic
configuration. Noticeably, ¢, jumps to its steady-state value for
teccp = 11s.

4. Discussion

In this work, the temporal evolution of net toroidal plasma
currents in 3D systems was investigated. A novel implement-
ation of the THRIFT code was performed for this purpose,
which was verified using an ideal tokamak scenario. BOOTSJ
was used to calculate bootstrap currents and bootstrap cur-
rent densities for various W7-X scenarios. Despite being a
rapid code, BOOTSJ fails to accurately calculate the boot-
strap current density in the cases considered, disagreeing with
both experiment and other models of the bootstrap current.
The collisionalities in these cases were sufficiently high for
the collisionless assumption of the bootstrap current to be far
removed from the experimentally estimated bootstrap current.
This reveals the need for a fast bootstrap current model that
is accurate for higher collisionalities, as future reactors will
not always operate in regimes of low collisionality. THRIFT
was further used to consider simple current drive scenarios in
W7-X.

Several future research avenues are envisioned for THRIFT.
Codes such as SFINCS, PENTA, or NEOTRANSP could be
interfaced with THRIFT in a manner similar to how BOOTSJ
had been interfaced in this work. The resulting current evol-
ution for each of these codes may then be compared against
each other and against experiment, allowing for a benchmark-
ing of the codes. The same approach could be taken to bench-
mark NBCD models (e.g. ASCOTS [43], BEAMS3D [44])
or ECCD models (e.g. TRAVIS [45]). THRIFT could also be

used to investigate current drive scenarios in other stellarat-
ors. If a subroutine for inductive current drive were incorpor-
ated into THRIFT, it may further be used to simulate currents
in tokamaks or devices featuring Ohmic transformers (e.g.
NCSX [46], CTH [47]).
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