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Abstract. High field side (HFS) lower hybrid current drive (LHCD) is a promising method for efficiently
driving off-axis current in steady state tokamak power plants. The first test of this technology is underway at
the DIII-D tokamak. The initial physics goal is to measure the LH-driven current density profile in order to
validate the ray-tracing/Fokker-Plank codes GENRAY/CQL3D and gain confidence in their ability to predict
LH deposition in future DIII-D experiments and fusion power plants. DIII-D’s motional Stark effect (MSE)
diagnostic will be used to constrain the magnetic equilibrium reconstructions. From these reconstructions, the
ohmic, bootstrap, and driven non-inductive components of the current density profile can be extracted. Several
recent DIII-D plasmas have been identified in which GENRAY/CQL3D predict measurable amounts of current

with only 100 kW of coupled power.

1 Introduction

Efficient, non-inductive current drive is a requirement for
steady state tokamak power plants and can be beneficial
to pulsed schemes as well. Lower hybrid current drive
(LHCD) has been demonstrated as a highly efficient cur-
rent drive scheme [1]. However all prior LH experiments
have launched the waves from the low field side (LFS) of
the tokamak. This places the launcher in the path of the
majority of the heat flux leaving the plasma, reducing the
launcher’s survivability.

By moving the lower hybrid launcher to the high field
side (HFS), not only is the heat flux much lower, but there
are several physics benefits as well. The higher local mag-
netic field permits the use of a smaller parallel refractive
index N due to the requirement that |[Nyj| > Ny in order
to prevent mode conversion to the fast branch of the dis-
persion relation, where N, scales with 1/B:
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where w,, is the electron plasma frequency, w),; is the ion
plasma frequency, €2, is the electron cyclotron frequency,
w is the wave angular frequency, n, is the electron den-
sity, and B is the total magnetic field. Additionally, the
HFS scrape-off layer (SOL) is more quiescent than the
LFS SOL, which is expected to simplify coupling and re-
duce parasitic interactions between the SOL and the LH
waves, which have been shown to decrease current drive
efficiency [2-4].
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The first test of HFS LHCD [5] is underway on the
DIII-D tokamak. The HFS LHCD launcher was optimized
to launch an |Nj| = 2.7 (sign dependent on the direc-
tion of the magnetic field) at 4.6 GHz and is expected
to couple up to a total of ~1.5 MW to the plasma across
all lobes [6]. The launcher consists of eight modules in
the toroidal direction (each with six apertures toroidally
and four apertures poloidally). By varying the klystron
phasing, the launcher can produce spectra that peak at
[Nyl between 2.3 and 3.1. At the time of writing, the
launcher is being conditioned. Once sufficient power and
pulse length is reached, the initial physics task is to mea-
sure the driven current density profile. This is critical for
validating that the ray-tracing/Fokker-Planck codes GEN-
RAY [7]/CQL3D [8] are sufficiently accurate to be used in
the design of future DIII-D experiments and fusion power
plants.

Measurement of the HFS LH driven current density
profile will be conducted using DIII-D’s motional Stark
effect (MSE) system, which consists of 5 arrays totaling
65 channels [9]. MSE measures the pitch of the local mag-
netic field via Stark splitting of atomic energy levels due
to the electric field E = ¢ x B that appears in the frame
of an atom as it moves in the tokamak. Via the polar-
ization of the emitted radiation, the pitch of B can be re-
solved [10]. This measurement requires neutral particles
with high velocities at the location of interest, which are
provided by neutral beam injection. The magnetic field
pitch information is then fed into the magnetic equilibrium
code EFIT [11] to constrain the reconstructions.

The remainder of the analysis consists of identifying
and subtracting off portions of the current profile from
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the total parallel current density Jj, producing the non-
inductive current density of interest. The bulk electron
ohmic contribution is given by Jonm(0) = Treo(0)E|(p),
where p = +/¢/(mBro) is an effective radius with units
meters, ¢ is the toroidal flux, B¢ is the magnetic field on-
axis, o, 18 the neoclassical conductivity, and Ej is the
parallel electric field generated inductively via the cen-
tral solenoid. o, is calculated with the Python pack-
age omfit-classes’ nclass_conductivity method [12] with
the average ion charge number ’Koh’ option, as derived
in [13].
E) is calculated via [14]:
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where (Bi) is a flux surface average of the square of the
toroidal magnetic field, F is the normalized poloidal cur-
rent fOR RJ.dR, and ¢ is the poloidal flux. When p;, the
value of p at the separatrix, or Brg are functions of time,
the following can be used:
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where 0 = p/pp.

The bootstrap contribution Jgg is calculated with
omlfit-classes’s sauter_bootstrap method, again taking the
’Koh’ [13] option for the average ion charge number.
The driven non-inductive current is then given by Jyn; =
JH — Johm — JBs = InB + JEC + JLH,[Ot’ where Jyg is the
neutral beam current density, and Jgc is the electron cy-
clotron current density. This process is then repeated for a
reference shot with zero LH power applied. Assuming the
plasma profiles and other current drive sources are approx-
imately unchanged, Jyp o can be found via Jxi — JNI, ref-

Jitot = Jin + Jnot, Where Jp g is current density due to
the LH waves driving fast electrons, and Jy, is the current
density due to the synergistic effect between E| and the
LH-driven fast electrons [15]. To determine the magnitude
of these two terms from the measured Jy (o1, @ model for
the hot conductivity o7, such as that given in [16], could be
used to find Jho = 01 E). Alternatively, GENRAY/CQL3D
simulations could be completed with just £, with just LH,
and with both LH and E}. By comparing the driven cur-
rents in these three cases, the expected Jp gy and Jyo could
be identified. The simulations detailed in the following
Section do not include any electric field and are thus con-
servative estimates of the driven current.

If it is found that the plasma profiles do change be-
tween the reference plasma and the plasma with LH, it will
likely be due to the difference in auxiliary power. One of
the electron cyclotron systems could be used in heating
mode to account for this. This analysis requires a quies-
cent flattop of ideally several hundred ms and favors high
B (~2T on DIII-D) to maximize Stark splitting and thus
the MSE signal. An upper bound on the smallest mea-
surable current density comes from [17], where a current
density profile with a Jcp peak Of 70 kA/m? was success-
fully measured.

Table 1. Shot number, time slice, toroidal magnetic field,
and plasma current for three possible MSE current drive
measurement target plasmas.

’ Shot \ time (ms) \ By (T) \ I, (MA) ‘
203692 2300 1.97 1.37

199749 3000 -1.99 1.37
195187 1300 1.87 1.0

2 Predictions of HFS LH current density

GENRAY/CQL3D simulations have been performed for
several DIII-D plasmas to identify target shots in which
the desired peak Jyy is achievable. Given that this mea-
surement will be attempted during the first campaign
in which the LH launcher is operational, not all mod-
ules may be sufficiently conditioned for use. As such,
the GENRAY/CQL3D simulations were completed as-
suming low power and only three neighboring modules.
All GENRAY simulations assumed four poloidal launch
points, matching the four-way poloidal splitting of the
launcher. The three most powerful lobes were included us-
ing a sin(x)?/x? power spectrum, where x = 271(Nj peak —
0.5AN))/AN; and AN is the zero-crossing width of the
lobe. Additionally, a modified version of GENRAY’s hot
plasma dispersion relation was used that includes the hot
plasma correction to g [18].

The GENRAY/CQL3D results for three target shots
are presented here. The timeslices, toroidal magnetic field,
and plasma current of these shots are listed in Table 1.
These shots were chosen due to their low density and high
temperature, which maximize the current driven at small
power levels. All simulations were completed assuming
100 kW of power is coupled to the plasma. The effect of
the E on the driven current is neglected.

203692 is an L-mode plasma used in a previous HFS
LHCD conditioning experiment, where it showed low re-
flected power in the LH transmission lines. The temper-
ature and density profiles are given in Figure 1, the pre-
dicted LH-driven current density profiles are shown in Fig-
ure 2, and Figure 3 is an example of the ray-trajectories for
the N = —2.7 case. All of the cases except N = —2.5 sur-
pass the needed 70 kA/m?. Additionally, this range of N
exhibits single pass damping, decreasing the likelihood of
SOL interactions decreasing simulation accuracy, which
may occur due to GENRAY/CQL3D not having knowl-
edge of the SOL.

However, there is some sawtoothing in 203692 dur-
ing flattop, which would negatively affect the MSE anal-
ysis. It is therefore planned to decrease the plasma cur-
rent from 1.37 MA to 1 MA when conducting the MSE
experiment. How this reduction in plasma current af-
fects the waves’ upshift was approximated by repeating the
GENRAY/CQL3D simulations with the same profiles and
toroidal field but scaling poloidal field down by a factor of
1/1.37. The new current density profiles are shown in Fig-
ure 4, where both Ny = —2.5 and —2.7 fall below the target
value of Jy g peak = 70 kA/m?. Interestingly, the shapes of
the N = —=2.9 and —3.1 current density profiles are simpler
than in the I, = 1.37 MA case and would be more easily
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Figure 1. Temperature and density for DIII-D discharge
203692.

1401 N|| =-2.5
N|| = -2.7

120 1 N|| = -2.9

| 1]

100 1

80

60 -

JuH(kA/m?)

40

201

00 02 04 06 08 10
Ppol

Figure 2. LH current density profile predictions for shot
203692 for various launched N and 100 kW of coupled
LH power.
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Figure 3. Ray-trajectories predicted for shot 203692 for
Ny =-2.7.
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Figure 4. LH current density profile predictions for an
I, = 1 MA version of 203692 for various launched N and
100 kW of coupled LH power.
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Figure 5. Temperature and density profiles for DIII-D dis-
charge 199749.

reproduced by the MSE analysis. In the case that reducing
the plasma current does not sufficiently prevent the onset
of sawteeth during the desired measurement window, aver-
aging over many sawtooth periods or over multiple repeat
shots may be attempted to improve the measurement.

199749 is an H-mode plasma from an ELM suppres-
sion experiment that made use of resonant magnetic per-
turbations (RMPs), resulting in low density (see Figure 5).
Looking to Figure 6, more current is expected to be driven
in 199749 than 203692. Like 203692, this range of N} is in
the single pass absorption regime. While the larger driven
current densities are beneficial, 199749 is far more sensi-
tive to wall conditions than 203692. In a previous launcher
conditioning experiment, it was attempted to reproduce
199749, but the low density could not be achieved. 199749
also features sawteeth similar to 203692.

195187 is an L-mode plasma from a helicon experi-
ment. From 1100 ms - 1500 ms, 195187 is quite quiescent
and presents a good time period for the MSE measure-
ment. The temperature and density profiles are shown in
Figure 7, and the predicted current densities are given in
Figure 8. All cases readily surpass the desired 70 kA/m?
value, though the single pass absorptions are 97%, 71%,
41%, and 56% for Ny = -2.5, =2.7, 2.9, and -3.1,
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Figure 6. LH current density profile predictions for shot
199749 for various launched N and 100 kW of coupled
LH power.
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Figure 7. Temperature and density profiles for DIII-D dis-
charge 195187.

respectively. While closer to the multipass regime than
203692 or 199749, these values are still well in excess of
the typical single pass absorption in past LHCD experi-
ments on other devices.

3 Conclusion

Conditioning of the HFS LHCD launcher is underway
at DIII-D. When it is possible to couple 100 kW to the
plasma, several DIII-D discharges have been identified in
which the predicted LH current density is larger than the
current density successfully measured in past electron cy-
clotron top launch experiments.
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