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Abstract

New experiments have been conducted at DIII-D to improve the physics understanding of
plasma initiation assisted by Electron Cyclotron (EC) wave injection, allowing better
extrapolation to ITER. This has been achieved by applying an EC pulse prior to start of the
inductive plasma initiation (i.e. the generation of a loop voltage). A pre-plasma was formed
during the EC pulse that was characterized in terms of the maximum density and temperature.
Parametric scans were performed to study the influence of the EC injected power, EC injection
angle, and pre-fill gas pressure on the pre-plasma creation process. These experiments showed

that pre-ionized plasma of good quality can have a significant effect on the subsequent Vj40p

induced plasma initiation process, i.e. a high density pre-plasma, increases the plasma current
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rise and speed at which ionization is achieved when the Vj,, is applied. A good quality pre-
plasma is one that achieved a significant degree of ionization, mainly obtained by providing
sufficient ECH power in DIII-D of the order of 1 MW. It was found that a minimum EC power
of 0.5 MW was required in DIII-D to create ionization, and this would scale to a minimum

power of roughly 6.5 MW for ITER.

1. Introduction

Tokamak plasma initiation is generally achieved by inducing a toroidal electric field
that ionizes a neutral gas and drives a toroidal current that, by ohmic heating, enhances the
plasma temperature. The limited value of the toroidal electric field due to the thick vacuum
vessel and superconducting coils (E¢ ~ 0.3 V/m) may complicate plasma initiation at ITER
[1, 2]. Powerful electron cyclotron (EC) wave injection can assist plasma initiation (i.e. EC
assist) by providing additional heating during the burn-through phase, but it is also able to pre-
ionize the prefill gas [3-6]. The benefits of EC assist to tokamak plasma initiation are well
known and have been applied successfully by many devices [3, 6, 7, 8, 9]. However, it is not
easy to separate the beneficial impacts from the EC pre-ionization and the auxiliary heating
provided during the burn-through process. New experiments have been carried out at DIII-D
[10] to further improve the physics understanding of the effect of EC pre-ionization to allow
better extrapolation to ITER.

Modelling of the ITER First Plasma (FP) burn-through process suggests that the impact
of second harmonic EC is limited, due to the low fraction of EC power that is absorbed by the
plasmas [2, 11]. The situation improves if one considers multi-pass absorption which will occur
when the ITER blanket and first wall are installed after FP. Absorption also improves if first
harmonic EC waves are used [2, 11]. It is however unclear which the detailed EC requirements
are to create an EC pre-plasma, and how this pre-plasma is able to beneficially affect the overall
plasma initiation process.

While the influence of EC heating on the burn-through process is well understood and
can be modelled for ITER [12, 13], it is not clear how the experimental results for the pre-
ionization process obtained at various devices extrapolate to ITER. To determine the
requirements for ITER EC pre-ionization, a better understanding of the pre-ionization
mechanism, and its effect on the subsequent inductive plasma initiation process is required [2].
Previous studies into EC pre-plasmas have shown that their formation is improved in the

presence of a small vertical magnetic field component [3, 5, 6]. It was shown that EC pre-



plasmas can be formed that have significant electron densities, n., and temperatures, T, (i.e.
ne>10'8 m3and T,>100 eV, respectively) and may even carry a toroidal current [4].

The process of the formation of EC pre-plasmas in tokamaks can be divided into four
phases, namely: (1) the non-linear EC ionization phase, in which non-linear interaction
between the electrons with the EC wave electric field is sufficiently large such that the energy
transfer exceeds the energy needed to ionize the neutral particles in the pre-fill gas, (2) the
electron multiplication phase, in which the plasma created near the overlap between the EC
beam and the EC resonance expands toroidally along the magnetic field lines, thereby creating
plasma in a narrow toroidal tube, (3) pre-plasma heating phase in which EC waves are absorbed
by the plasma in the toroidal tubes, increasing its temperature, while plasma-neutral interaction
further increases its degree of ionization, and finally (4) the expansion phase, when the plasma
in the toroidal tubes expands into the entire volume, encompassing a large part of the tokamak
vessel.

This entire process develops independently of whether a toroidal electric field is applied
or not. A good physics model for the non-linear ionization phase is available [14]. This model
predicts the minimum EC wave electric field strength needed to ionize the neutral gas, which
can be converted to a minimum EC power density (i.e. the EC power Pgcy, per EC beam width,
wgc)- This process is linked to the wave electric field, and not the total injected power. Adding
EC from multiple launchers will increase the injected power but not necessarily the local wave-
electric field, because the EC waves from different launchers are not synchronized. Hence, the
exact specifics of the EC system used for a particular device are important for this phase. Based
on the equations provided in ref. [14] the minimum second harmonic (X2) DIII-D EC power
of 100 kW will be able to increase the electron energy into the range where the ionization cross-
section is maximum (i.e., 60 eV). Note that this model does not explain which parameters will
determine the development of the subsequent phases of the pre-ionization process; it would
only generate ionization where the EC beam overlaps with the EC resonance.

As explained in ref. [3], the high pressure at this location will cause it to expand with
the charged particles preferentially travelling along the toroidal field lines. This toroidal
expansion happens on timescales related to the ion sound speed (¢ = m , where £ is the
Boltzmann constant, and m; is the ion mass) as the high-pressure shock propagates toroidally.
For DIII-D, this is expected to occur on a sub-millisecond timescale (~7R,/cs). Further
ionization takes place in the toroidal tube via electron-neutral collisions. Once plasma is

created, the EC wave-plasma absorption will further heat the plasma in the tube. The



temperature increase is, however, limited by various energy losses, amongst them the energy
lost by neutral ionization. At one point, however, the majority of the neutrals may be ionized
resulting in a fast increase of the plasma temperature. The high temperature plasma will diffuse
away from the toroidal tube into the remainder of the vessel, initiating the final phase of the
pre-plasma formation process. It was observed previously that this expansion process is not
symmetric on both sides of the X2 resonance [4], suggesting it is heavily affected by a
convection process. This whole process has much in common with that occurring in the
formation of Electron Cyclotron Wall Conditioning (ECWC) plasmas generated for the
purpose of cleaning the tokamak first wall [15].

The main questions that need to be answered are the following: 1) which of the
previous phases of the EC pre-plasma development determine the effectiveness of ECH pre-
ionization on plasma initiation? 2) What parameters, for example EC characteristics, prefill
pressure or magnetic field configuration, affect these processes? 3) What parameters are best
used to characterize the ECH pre-plasma? 4) How to quantify the effect of the EC pre-plasma

on the Vjoop induced plasma initiation process? And finally, 5) how can these results be

extrapolated to ITER?

The new experiments performed in the DIII-D tokamak aim to understand the physics
of all the four phases of the pre-ionization process as well as the impact of the pre-ionized
plasma on the subsequent loop voltage (Vjo0p) induced plasma initiation process. These
experiments build on the previous EC pre-plasma studies carried out at DIII-D [4-6] but focus
on understanding the timescales involved in development of each of the phases, and
importantly, how they influence the subsequent inductive plasma initiation process. These
experiments were carried out on two different days separated by a long time period.

The experimental strategy used here differentiates from the previous studies into EC
assisted plasma initiation by clearly separating the EC pre-ionization effects from EC heating
during the burn-through phase. This is achieved by applying an EC pulse prior to the loop
voltage application, with the end of the pulse corresponding to the onset of the loop voltage.
With this experiment, the pure EC pre-ionization process can be studied, without it being

influenced by the application of V}4,,. Thereafter, the influence of this pre-plasma on the

inductive plasma initiation can be studied.
Importantly, in this paper we consider two distinct aspects of burn-through. One of
them is the burn-through phase of the impurities, which is the point during the V},,, induced

plasma initiation at which the heating exceeds the losses due to ionization, impurity line-



radiation and bremsstrahlung [2]. The other aspect is the local main species burn-through,
which is the point at which the local D, emission peaks, suggesting that locally more than 50%
of all neutrals have been ionized (i.e., f; = 0.5) [2]. This is a local indicator and outside this
local main species burn-through area a significant fraction of neutrals may remain.

In this paper, we will first introduce the experimental setup in Section 2, especially
detailing the DIII-D ECH set-up used for these experiments and a number of other specifics
relevant to the plasma initiation process. Moreover, the diagnostics utilized in the experiments
are described. Diagnosing the plasmas at such an early stage in the discharge is not an easy
task. It is therefore important to understand which diagnostics can be used and how exactly
their results can be interpreted. Section 3 describes the experimental results obtained on the EC
pre-plasma. Section 4 presents the results on the impact of the pre-ionized plasma on Vi4p
induced plasma initiation. Section 5 discusses the feasibility and implications of using EC-
assisted start-up in ITER and, lastly, Section 6 presents the conclusions obtained from these

experiments.

2. Experimental setup

As explained above, a clear separation between the formation of the EC pre-plasma and the
inductive plasma initiation process was achieved at DIII-D using the pulse schedule shown in
Figure 1. In DIII-D, the time ¢ = 0 s corresponds to the expected creation of the plasma and all
synchronous events (i.e., timing, system enables, etc.) needed for executing a pulse are defined
with respect to this time. The neutral gas is injected into the vessel 300 ms prior to #=0s. The
neutral gas pressure is measured using the ASDEX fast neutral pressure gauge [16] located at
the midplane. Here, the prefill pressure corresponds to the measured value at the time the EC
pulse was switched on. A 30 ms pulse of EC was injected prior to the application of the V}4p,
during which the pre-plasma is formed. The vertical magnetic field configuration at that time
was optimized for the use of EC assist, with a B, = -2 mT, for a toroidal magnetic field of By =
1.8 T at the centre of the machine (i.e., at Ry = 1.7 m) [4]. Thus, B, was 0.1% of the central
toroidal magnetic field. A Vjq4p, is applied at # = -9 ms and it reaches the maximum value of 4
V, att~ 5 ms as measured at the inboard midplane. This is equivalent to a toroidal electric field
of Eg = 0.4 V/m, which is lower than in standard DIII-D operation. In these experiments V}4,p,
has been feedback controlled. Without the ECH pre-plasma, the burn-through phase of the
neutral gas (i.e., deuterium) typically takes place at # ~ 15 to 25 ms, when applying Vioop = 4

V, as done in these experiments.
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Figure 1: Typical set-up of a DIII-D pulse as used in the experiments described in this paper.
Evolution of (a) injected ECH power (Pgcy), (b) applied Vjo0p, (¢) measured prefill pressure,
Do, using the ASDEX neutral pressure gauge and (d) plasma current (Ip) during the EC pre-
ionization phase and the V}4,p, induced plasma initiation phase. The red dashed line denotes the

time when the EC pulse is switched off, separating the two parts of the experiment.

ECH beams are microwaves, with a frequency equal to the electron cyclotron frequency
Wee = eB/m,, where B is therefore the local magnetic field where the waves are (first
harmonic) resonant. These EC waves are resonant at a very specific radial location since the
tokamak magnetic field strength varies as 1/R. In these experiments, the dual EC launchers
installed on DIII-D were used to inject second harmonic X-mode (X2) EC waves from the
tokamak Low Field Side (LFS). The EC wave can be scanned toroidally up to +20° and
poloidally over 40° angular range in the tokamak upper half plane [17]. The EC beam width is
~10 cm at the plasma center [17]. Each launcher is connected to one gyrotron. In these
experiments up to four 110 GHz gyrotrons, each having a nominal power of 500 kW, have

been used to achieve EC pre-ionization. It should be noted that each single gyrotron has higher



power than the threshold proposed in [14]. In addition, more than one gyrotron is required to
inject EC waves with Pgcy > 500 kW, which means that the power is injected at multiple
toroidal locations.

Figure 2 shows an overview of the EC launchers and some of the essential diagnostics
required for the characterization of the EC pre-ionization phase, illustrating their views or
positions in the DIII-D tokamak. Figure 2a shows the top view, indicating the toroidal location
of the ECH launchers with the EC beams injected at a toroidal angle of 0° (solid blue lines) as
well as the radial location where the EC beams will intersect at the X2 resonance layer. For
110 GHz EC with the B4, = 1.8 T, the resonance is located at R = 1.52 m.

The X2 mode EC single pass absorption in a plasma, scales with the product of n, and
T, as long as n, is far below cut-off [2]. Therefore, the higher the pre-ionized plasma density
and temperature the higher the EC absorption. However, in this paper only the injected power
has been used to characterize the EC pre-ionization process, since the fraction that is absorbed
is small and not well known. The visible fast framing camera [18] is one of the important
diagnostics able to provide information about the plasma time evolution of the different steps
during the EC pre-ionization process (further details discussed in Section 3). The Field-of-
View (FoV) of the fast-framing camera located in the 90° platform in DIII-D is also shown in
Figure 2a and it measures the line integrated emission along several Lines-of-Sight (LoS). It
should be noted that the fast-framing camera does not look at the exact toroidal location where
the EC wave intersects the X2 resonance layer. As a result, it can only provide useful
measurements when the pre-ionized plasma has extended toroidally (i.e., once phase 2 of the
EC pre-ionization process is completed).

Most of the diagnostics in tokamaks are optimized to measure high n, and T, so that
the low values of these parameters associated with the EC pre-ionization process make it
difficult to diagnose the plasma accurately. A limited set of diagnostics are able to provide
measurements during the EC pre-ionization and V},,p, induced plasma initiation phase. A
poloidal view of the DIII-D tokamak illustrating the injected EC beam, the X2 resonance layer
location and the LoS of different diagnostics is shown in Figure 2b. The LoS of the three
vertical chords of the CO; interferometer, namely V1, V2 and V3 are located at R =1.48 m, R
= 1.94 m and R = 2.1 m respectively [19]. The interferometer measures the line integrated
plasma density and for these experiments, the chord V1, which is located close to the X2
resonance layer location, has been used to measure the line-integrated pre-ionized plasma

density (ney;) during the EC pre-ionization phase. However, it is difficult to determine the



path length of the V1 chord that passes through the pre-ionized plasma during the pre-
ionization phase. Therefore, in order to determine the average pre-ionized plasma density along
the V1 chord, the line-integrated density measurements are divided by the total path length of
the laser beam passing through the vacuum vessel (~4.68 m). The interferometer can measure

line-integrated density values above 5 x 1017 m?,

Figure 2b also shows the radial
interferometer polarimeter diagnostic that can also measure the line integrated density and is
comprised three radial chords located at Z=-13.5 cm, Z= 0 cm and Z = 13.5 cm respectively
[20].

The DIII-D Electron Cyclotron Emission (ECE) radiometer is a multichannel
heterodyne system that can estimate the local T, from measurements of optically thick, second
harmonic (X-mode) electron cyclotron emission [21]. The ECE diagnostic has 40 channels
which view along a horizontal chord at the tokamak mid-plane at a toroidal angle of 81° (Figure
2a). Some of the radial locations of this measurement, numbered from 5 to 40 are marked in
Figure 2b. The optical thickness of the plasma during the EC pre-ionization phase is usually
low, therefore it becomes difficult to accurately calibrate the ECE signals and estimate the
absolute values of the local T,. However, the ECE measurements can still be useful to examine
the trends of the T, during the EC pre-ionization phase. It should be noted that the
measurements of T, shown in the figures in this paper are measured using the ECE channels

close to the resonance layer location.
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Figure 2: Overview of the DIII-D tokamak showing the EC launcher toroidal location and LoS
of some of the essential diagnostics for the characterization of the EC pre-ionization process.

(a) DIII-D top view showing the EC beams (blue solid lines) and the dashed blue lines show



the maximum toroidal EC injection angle possible (the poloidal injection angle was not varied
in these experiments), X2 resonance layer location (light green line), some of the selected radial
locations of the ECE channels (red circles), the LoS of the SPRED diagnostic (cyan line) and
FoV of the fast-framing camera (purple cone) (see also Figure 4b). (b) Poloidal view of DIII-
D showing the X2 resonance layer position (yellow line), injected and reflected EC beam path
(black lines), the LoS of the three vertical chords of the CO, interferometer (dark green lines),
the ECE channels (red diamonds), the LoS of the filterscope diagnostic showing only chord
number 11 (blue line) used during these experiments, the LoS of the SPRED diagnostic (cyan
line) and three radial chords of the radial interferometer polarimeter diagnostic (red lines). The

plasma boundary is denoted by the black oval shape.

3. Characterization of pre-ionized plasma

An example of the typical evolution of various parameters that can be used to characterize the
ECH pre-ionization process is shown in Figure 3a, including the calibrated injected EC power
(Pgcp) since it plays a significant role in the creation of the pre-ionized plasma. As discussed
in Section 2, there is only a limited set of diagnostics that can be used to quantify the pre-
ionized plasma parameters. These include the following quantities: (1) maximum Ip, (2)

maximum line-integrated plasma density (ng'?¥), (3) time of the D, emission peak with respect
to the start of the EC pulse (tgzak), (4) maximum T, of the pre-ionized plasma (T."?*) and (5)

the time it takes to reach the maximum pre-ionized n, and 7.

A very small, but measurable Ip ~ 5-7 kA, is also observed in the EC pre-ionization

phase during these and previous experiments [3, 4]. The t2%** is determined from the Dy

emission measurements obtained from the line of sight of the filterscope diagnostic, which
passes through the resonance layer location (see Figure 3d) and provides information about the
degree of ionization of the neutral gas close to the resonance layer location during the EC pre-
ionization process. The peaking of the D, emission indicates at least 50% of the deuterium gas
[2] is ionized within the FoV of the camera and is a reasonable definition for the timing of the
local burn-through of the main species. As shown in Figure 3e, the value of n*®* is ~10' m
for Pgcy = 1.4 MW (obtained from the V1 interferometer chord). Note that the local electron
density is too low for the plasma to be optically thick for EC waves. Hence, only a small
fraction (roughly a few percent) of the ECH power is expected to be absorbed by the pre-

plasma.



An indication of T, is obtained from an ECE diagnostic channel (channel 25) close to, but not
at, the ECH resonance layer location. Those ECE channels that measure at the ECH resonance
are usually badly disturbed by the ECH injection and cannot be used, while those further away
do not always register a signal because T, is too low. In common with the absorbed power
measurement, interpretation of these ECE signals must be made with care because the plasma
is far from optically thick. This will be discussed further at the end of this section. As shown
in Figure 3f, the measured Tgcg drops significantly as soon as the EC pulse is switched off.
The time it takes to reach the maximum pre-ionized plasma n, and T, is usually of the order of

few tens of ms.
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Figure 3: Example of characterization of the pre-ionized plasma during the EC pre-ionization
phase. Evolution of (a) injected EC power, (b) applied V}qop, (¢) measured Ip, (d) Do emission
measurement (blue line) obtained from the line of sight of the filterscope diagnostic, which
passes through the region of the ECH resonance layer location and C-III emission measurement
(red line) obtained from the SPRED diagnostic , (e) line-integrated density measurement from
the V1 chord of the interferometer, and (f) Tgcg or ECE radiation temperature measured by the
ECE diagnostic from the channel 25 (i.e. close to the ECH resonance). The dashed black lines
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denote the EC pulse duration, and the red dashed line represents the time corresponding to the
D, emission peak.

As discussed in Section 2, the fast-framing camera has been used in these experiments
to study the evolution of different stages of the EC pre-ionization process. Figure 4 shows the
image obtained using the fast-framing camera a few ms after the EC injection is turned-on. The
central column (Ohmic transformer) of DIII-D is located on the left-hand side of the image (x
pixel: 0-100, R ~ 1.1 m), the outer wall is on the right-hand side (x pixel: 350-512, R ~ 2.4 m)
and the EC X2 resonance layer location is at x pixel = 210, corresponding to R = 1.52 m. As
can be seen in Figure 4, the toroidal ring formation occurs already 4 ms after the EC injection
is switched on and connects the first (upper, i.e. at y pixel: 260) intersection of the EC beam
with the X2 resonance layer. It should be noted that, as mentioned previously, the FoV of the
fast-framing camera does not view the toroidal location where the EC beam is injected (see
Figure 2a), thus the plasma must already extend toroidally and has formed a toroidal plasma
tube. The EC beam is reflected from the central column and crosses the resonance again at

approximately y pixel 150, but at this moment in time a second toroidal tube is not yet visible.
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Figure 4: a) The image obtained using the fast-framing camera 4 ms after the EC
injection was turned-on for shot 179008 (# = -36 ms). The main emission is at the location of
the EC resonance, while the brightest light is emitted from the poloidal region where the first
pass of the EC beam intersects with the EC resonance. The horizontal axis shows the number
of pixels (x-pixel), linked to radial positions of the viewing lines, while the y-pixels are linked
to the vertical positions. b) The image obtained for shot 178994 in the presence of a hot plasma,
allows some of the DIII-D structures in view of the camera to be visible. On the left (at x-pixel
= 100) is the central column, while the toroidal limiter structures and fast wave-antenna

(highlighted by the red square) are also visible. See also Figure 2a.
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Figure 5 shows the evolution of the different phases of the EC pre-ionization process
obtained using the fast-framing camera, specifically for a case with radial ECH injection.
Figure 5a shows the temporal evolution of the intensity averaged over the region where the
first pass of the injected EC beam at the X2 resonance layer occurs (denoted by the blue box
in Figure 5¢) and the region where the second pass of the reflected EC beam at the X2 resonance
layer occurs (denoted by the red box in Figure 5c). Phase I and II of the EC pre-ionization
process take place before ¢t = -37 ms (i.e. within the first 3-4 ms after the EC injection is
switched on). Phase III, which corresponds to the local burn-through of the main neutral gas
and the impurities close to the X2 resonance layer takes longer and depends on the amount of
injected ECH power. In this discharge, it takes place between ¢ = -36 ms to ¢ = -20 ms (Figure
5b — 5d), with the peak of the visible radiation reaching its maximum value at ~ -27 ms. For
this example, the local burn-through in the first and second pass cases develop very similarly.
The roll-over or peaking of the local D, emission suggests that at these locations the local
ionization fraction exceeds 50% and that T, > 20 eV. There is also visible emission observed
in between the crossings of the resonance. Phase IV of the EC pre-ionization phase corresponds
to the radial expansion of the EC pre-ionized plasma from the resonance to the outer wall
(Figure 5e and 5f). As is known from previous experiments [4], this expansion is asymmetric
with respect to the EC resonance. More detail on the radial expansion of the pre-ionized plasma

will be given later in this section.
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EC beam at the X2 resonance layer occurs. (b)-(f) Images from the fast-framing camera taken
at different times during the EC pre-ionization process. The blue and red boxes correspond to
the region where the first pass and the second pass of the EC beam at the X2 resonance layer

occur respectively.

A second example of the evolution of the different phases of the EC pre-ionization process,
specifically for a tangential co-current EC injection case is shown in Figure 6. The phases I and
IT occur within the first 5 ms after the ECH is switched on, as shown in Figure 6a, and the phase
III starts from ¢ = -35 ms and lasts until -16 ms (Figure 6b — 6d). However, in contrast to the
radial injection case, a difference is observed between the maximum values of the intensity
averaged over the regions where the first and second passes of the EC beam intersect the X2
resonance layer (Figure 6a). Clearly the second pass is now less effective in heating the local
plasma. Phase IV of the EC pre-ionization process starts at # = -15 ms onwards (Figures 6e and
6f). Comparison of the radial and tangential co-current EC injection cases (Figures 5 and 6)
shows that there is a difference in the temporal evolution of the different phases of the EC pre-
ionization process even though both the cases have the same Pgcy = 1.4 MW and p, = 0.0025
Pa. Phase IV, i.e. radial expansion of the pre-ionized plasma, is delayed in the case of tangential

co-current EC injection compared to the radial injection case.
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Figure 6: Evolution of the EC pre-ionization process obtained using the fast-framing camera
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pass of the EC beam at the X2 resonance layer occurs. (b)-(f) Images from the fast-framing

camera taken at different times during the EC pre-ionization process.

Parametric scans (in Pgcy, EC toroidal injection angle and prefill pressure) were
performed to understand the influence of the various parameters on the EC pre-ionization
process. Additional parameters, such as the value of the externally applied vertical magnetic
field, the EC harmonic and time interval of the EC pulse being applied, have not been scanned
during these experiments since some of this information is already available from detailed
previous experiments [4, 5].

The effect of the different parameters on the EC pre-ionized plasma is characterized by
using the following quantities: ng'@*, tDpzak, Tecg and the time it takes to reach the maximum
pre-ionized plasma density and temperature. Figure 7a shows the effect of the injected ECH
power on the rate, dn./dt at which n, increases during the pre-ionized plasma density rise
phase (until the maximum density is reached) for both the radial and tangential EC toroidal
injection angle. For the radial EC injection case, an increase in the injected ECH power results
in a higher dn,/dt for same p,. A similar trend is observed for the tangential co-current EC
injection case. Therefore, the higher the EC injected power results in a larger increase in the
pre-plasma density rise rate close to the X2 resonance layer location.

Figure 7b shows ng'?* as a function of Pgcy and a similar trend was observed for the

max

max ;
ne

close to the resonance layer, namely ng'®* increases with the increase in Pgcy. It was also
observed that there is a threshold in Pgcy below which no pre-plasma density is observed, and
this value is different for different EC injection angles. The threshold values of Pgcy are 0.5
MW and 0.75 MW for the radial and tangential co-current injection cases respectively. At the
same Pgcy and py, the radial EC injection resulted in a faster increase in the pre-plasma density
compared to the tangential injection. Note that the threshold powers are significantly higher
than that predicted for non-linear ionization by EC waves, as discussed in Section 1 [14]. But
the latter is relevant to the process that initiates Phase I, while the threshold measured in these
experiments and documented in Figure 7 concerns the build-up of a significant local plasma

density (Phase III).
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Figure 7: Effect of Pgcy on (a) the density increase rate during the pre-ionized plasma density
rise phase, and (b) the maximum pre-ionized plasma density for both radial and tangential co-
current EC injection angle. The circles denote the radial injection cases with the blue and red
colours denoting the two different values of p,. The triangles denote the tangential co-current

cases with the green and black colours denoting the two different values py.

A rough estimate of the line-averaged density can be obtained by dividing the line-
integrated densities by the vertical length of the observed pre-plasma along the X2 resonance,
as shown in Figure 7. This length is [ ~ 4.68 m and means that maximum line-averaged
densities 0of 0.5-3 X 10'® m™ are found in these experiments. Note that the obtained value of n,
with respect to p, is correlated with the degree of ionization achieved. Another way to

characterize the increase of ionization rate is by analyzing the local Dy emission, in particular

the time at which it peaks, tgiak for both radial and tangential EC injection cases as shown in
Figure 8. Faster ionization of the neutral gas is observed at higher ECH powers for both cases,
and local burn-through is achieved earlier with higher ECH powers. It was also observed that
at low Pgcy (< 0.75 MW), the local burn-through of the neutral gas is not possible within the
30 ms time interval of the EC pulse. The times of local burn-through (i.e. 5-10 ms) when
applying sufficient EC power (i.e. approximately 1.5 MW) are comparable, but slightly slower
than what is observed in ASDEX-Upgrade during similar experiments [3].
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Figure 8: Effect of Pgcy on the tg‘;ak for both radial and tangential co-current EC injection.

The circles denote the radial injection cases with the blue and red colours denoting the two
different values of p,. The triangles denote the tangential co-current cases with the green and
black colours denoting the two different prefill values of p,. The yellow dashed line

corresponds to the 30 ms time interval of the EC pulse.

The effect of the variation of py on the EC pre-ionization process was also studied

during these experiments. This has been quantified in terms of both dn./dt and tDpzak. Similar
to earlier experiments [6], an optimum prefill pressure range is found for which the ECH pre-
plasma formation is more efficient (i.e. a higher pre-plasma density is achieved), as shown in
Figure 9. For the same Pgcy and EC injection angle, dn./dt decreases if the p, is either
increased or decreased with respect to the optimum value. This means that if the pre-fill
pressure is too low, the pre-plasma will not establish, while if it is too high it may take too long
to develop a high enough density to be detected, or to create a local burn-through within the
desired time. This is reminiscent of the range of p, for which an inductively driven discharge

would establish if a voltage is applied [2].
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Figure 9: Effect of py on dn./dt during the EC pre-ionization phase. The triangles

denote the tangential co-current injection and the circles the radial injection case. Note that

different levels of Pgcy are applied for the radial and tangential injection experiments.

Figure 10 shows the effect of py on tgzak for different EC injection angles. It was
observed that too high or too low a value of p, results in slower ionization of the neutral gas
and, therefore, local burn-through of the D, was not observed during the 30 ms time interval
of the EC pulse for such conditions. An optimum p, range between 0.002 to 0.005 Pa, was
found where an increase in p, resulted in decrease of Dy peak timing. A higher value than the
optimum of ~ 0.005 Pa slows down the ionization of the neutral gas (i.e. a slower increase in

the local n.), and results in a later Dy, peak and no burn-through.
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Figure 10: Effect of the p, on tgzak for both radial and tangential co-current EC injection. The
triangles denote the tangential co-current injection and the circles the radial injection case. The
yellow dashed line corresponds to the 30 ms time interval of the EC pulse. Note that different

ECH power levels are applied for the radial and tangential injection experiments.

Another parameter that can be used to characterize the pre-ionized plasma is the local
Tgcg obtained from the channel 25 of the ECE diagnostic, which is located close to the

resonance layer location. Figure 11 shows the effect of Pgcy on the Tgig showing that the

increase in the injected ECH power results in a higher Tg¢g: for both the radial and tangential
co-current EC injection cases. It was also observed that the radial EC injection case results in
a higher Tgly: compared to the tangential one even for the same p, and Pgcy values. As noted
above, the interpretation of the value of Tgcg should be approached with care since the pre-
plasmas are far from optically thick and, thus, Tgcg cannot be reliably related to T, .
Nevertheless, the range of temperatures and their asymmetry are also consistent with early

experiments on EC pre-plasmas in DIII-D [4, 5], and consistent with the observation that these

pre-plasmas achieve local burn-through for higher powers.
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Figure 11: Effect of Pgcy on Tgeg. for both radial and tangential co-current EC injection. The
circles denote the radial injection cases with the blue and red colours denoting the two different
values of py. The triangles denote the tangential co-current cases with the green and black

colours denoting the two different p, values.

Lastly, the characterization of phase IV of the EC pre-ionization process was also
performed based on the time, texpansion» it takes for the start of the radial expansion to take
place with respect to the switch on of the ECH injection (i.e. the time for the pre-plasma to
expand from the X2 resonance layer to the outer wall, as shown in Figure 5f). It was observed
that the radial expansion occurs earlier at higher Pgcy for both the radial and tangential co-
current injection cases (Figure 12). If Pgcy is too low, the expansion may not take place within
the duration of the EC pulse (i.e. 30 ms for these experiments). The additional power threshold
to achieve expansion is higher (>1 MW) than the one noted above for the pre-plasma to locally
burn-through. The radial expansion occurs only after the local burn-through of the neutral gas
has been completed (i.e. after the completion of phase III). The exact mechanism that drives
the asymmetric radial expansion of the plasma remains an active area of study [4, 5]. In the
experiments here, it was noted that the radial expansion of the pre-ionized plasma results in
interaction with the outer wall, bringing in impurities. The latter will have, as will be seen in

the next section, a detrimental effect on the plasma initiation induced by the Vjoqp.
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Figure 12: Effect of the Pgcy on texpansion for both radial and tangential co-current EC
injection. The circles denote the radial injection cases, with the blue and red colours denoting
the two different values of p,. The triangles denote the tangential co-current cases with the

green and black colours denoting the two different p, values.

4. Characterization of the effect of the pre-plasma on the Vi,0p induced plasma

The next step in the study is to investigate how the EC pre-ionized plasma affects the Viyqp
plasma initiation process. The two processes were separated by switching-off the EC injection
just before the application of the Vjo4p at £ = - 9 ms (see Section 2 and Figure 1). The V4, is
feedback controlled in all of these experiments and pre-programmed so that its value reaches a
maximum value of 4-4.5 V at ¢t ~ 5 ms, which corresponds to a toroidal electric field of Eq =
0.4 V/m in the centre of DIII-D. This value of Eg, is lower than is usually applied at DIII-D and
chosen because it is closer to the value that is envisaged for ITER plasma initiation (Eq = 0.3
V/m). Moreover, at this lower value of Eg, the Ohmic plasma initiation process is more fragile,
hence the positive effect of the EC either by pre-ionization or by burn-through assist, is more
easily noticeable.

In these experiments the V},, remained unchanged while studying the differences in
the plasma initiation process, either due to the creation of an EC pre-plasma (EC injection
applied prior to the application of a V}4,p,) or by applying EC to assist the burn-through (EC
injection applied during the application of a Vj,4p). The experiments were carried out on two
separate days, one set in July 2019 (Day-1) and the second in September 2020 (Day-2). Hence,

differences in the vacuum and wall conditions between these days can affect the comparison
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of these two data sets. Furthermore, the availability of diagnostics was not the same on both
experimental days.

A successful plasma initiation process can be defined as the discharge being able to
achieve burn-through of the impurities and plasma current ramp up to Ip = 100 kA. It was
observed that on these two experimental days the purely Ohmic plasma start-up (i.e. neither an
EC pre-plasma nor the use of EC for burn-through assist) at this low value of V},,, was not
successful.

A number of typical plasma initiation parameters can be used to quantify the behaviour
of both successful and failed plasma initiation cases. Figure 13 shows the measurements that
were used for this purpose. These include the V44, the measured Ip, the Do emission from the
filterscope diagnostic, the C-III emission from the SPRED diagnostic and the measured line-
integrated n, obtained from the V1 chord of the interferometer. From these one can derive a
number of quantities such as: (1) time of the D, emission peak with respect to the start of the
Vioop application (Atp,) indicating the speed at which the early ionization process develops,
(2) the average rate of change in plasma current (dlp/dt), or as used here for easier
characterization, determined through the time needed for the Ip to reach 50 kA, and (3) the
ratio of the maximum value of the C-III emission peak to the plasma density at the time of the
C-III peak (CIII™**/n,), as a measure of the carbon content. It should be noted that value of Ip
= 50 kA corresponds roughly to the current needed to form closed magnetic flux surfaces

during the DIII-D plasma initiation process.
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Figure 13: Example of characterization of the effect of the pre-ionized plasma on the Vio0p
induced plasma initiation process. Evolution of (a) Pgcy, (b) applied Vj,p, (¢) measured Ip, (d)
D, emission measurement obtained from the LoS of the filterscope diagnostic, (e) line-
integrated density measurement from the V1 chord of the interferometer, and (f) C-III emission
measurement from the SPRED diagnostic. The dashed black line denotes the time

corresponding to the D, emission peak and the dashed red line denotes the Ip = 50 kA value.

It was found that a higher ng"®* results in a shorter Atp, (thus faster ionization of the
neutral gas) during the Vo4, induced plasma initiation process, as shown in Figure 14a, for
data taken on Day-1 of the experiments (red squares). Thus, the higher the pre-plasma n,, the
more the prefill gas is ionized during the EC pre-ionization process, and the easier it is to start-
up (~10-12 ms) than the Atp, ~ 22 ms found for the Ohmic start-up (black square) for high
pre-ionized densities. Interestingly, when EC is used during the V},,p, induced plasma initiation
(to assist the burn-through phase) the time for the Dy to peak (blue squares in Figure 14a) is

only slightly shorter than what is found for Ohmic plasma initiation.
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Figure 14: Effect of the pre-ionized plasma density on (a) Atp, and (b) dlp/dt for Day-1 and
Day-2 of the EC pre-ionized plasma experiments. The red squares denote the shots having the
EC pre-ionized plasma formation, the black square is the pure Ohmic case, and the blue squares
denote the cases where V4, and ECH beam were applied together for Day-1. The green circles
denote the shots having EC pre-ionized plasma formation for Day-2. Please note that some of

these cases, especially the Ohmic case, are non-successful plasma initiations.

Next it was observed that, in general, a pre-ionized plasma with a higher n, results in a
faster increase of Ip during the Vj4,, induced plasma initiation process as shown in Figure 14b.
This suggests that a higher pre-plasma density allows the plasma temperature to increase faster
during the V40, induced plasma initiation, thus resulting in a lower resistance and a faster
current rise. There is, however, a case on Day-1 that breaks this trend. This is the case with the
highest achieved n, during the pre-plasma, created with high power ECH (Pgcy = 1.4 MW
radial injection). The development of this pre-plasma was such that the plasma expanded
rapidly (Phase IV as discussed in Section 3) resulting in early, extensive plasma-wall
interaction, during the pre-plasma phase, prior to the application of Vj,4p. It will be shown later
that this resulted in a larger carbon concentration during the V44, induced plasma initiation
stage, which is detrimental to increasing Ip as shown in Figure 15. Clearly, too fast an
expansion and plasma-wall interaction during the pre-plasma phase has a degrading effect on

the Vjo0p induced plasma formation.

23



3.5
BEC pulse at t=-40 ms before vloop appl.
30 r QO Ohmic
@ 25 } (=]
< O
2 20 }
s N
o
7 15 {3 (m]
— @D Failed impurity O
5 10 F burn-through
=
© 05 }
0‘0 1 Il 'l 'l
0 100 200 300 400

Climax/n [a.u.]
Figure 15: Effect of the impurity concentration (CIII™*/n,) on dlp/dt during the V}4,, induced
plasma initiation process for the Day-1 of the EC pre-ionized plasma experiments. The red
squares are the cases with the EC pre-ionzation process and the black square is the pure Ohmic

case€.

The studies were repeated during the second day of experiments (Day-2). The results
obtained on the effect of the EC pre-ionized plasma on the Atp, and the dlp/dt are shown in
Figure 14a and 14b (green circles), respectively. The same trend was observed for the Atp,
during the Day-2 experiments (green circles in Figure 14a) compared to the Day-1 experiments
(red squares in Figure 14a). However, the nice trend found on Day-1 for dIp/dt is not visible
in the discharges of Day-2. The current ramp-rate for all cases on Day-2 was significantly
reduced compared to what was found for Day-1, even though similar pre-plasma densities were
observed (Figure 14b). It is likely that this is due to an increased resistance, a lower temperature
and likely a larger impurity content for the Day-2 experiments. The reason for this difference
in behaviour could be due to different wall or vacuum conditions of the DIII-D tokamak. For
the Day-1 experiments, the vacuum vessel pressure was 9.7 X 107® Pa and the most recent
baking and boronization was done 12 days before whereas for the Day-2, the vacuum vessel
pressure was 2.4 X 1075 Pa and most recent baking and boronization was done 12 days before.
The difference in wall conditions clearly impacted the V40, induced plasma initiation. It is
however noteworthy that such differences between Day-1 and Day-2 experiments were not
observed when characterizing the pre-plasma, as shown in Section 3. Thus, as long as the pre-

ionized plasma remains small and does not expand up to the wall, it is not strongly affected by
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the machine conditions. Moreover, the very early stages of the V}4,p, induced plasma formation,
up to the time the D, peaks, seems also unaffected (as shown in Figure 14a). It is assumed that
machine conditions only changed the further development of the density and impurity content
and eventually the plasma burn-through phase.

Figure 16 shows that there is a much larger variation in the density at the time of the
burn-through phase (i.e., the line-integrated density at the time of the Do peak during the Vj40p
induced plasma initiation), during Day-2 than for the Day-1 experiments. The difference in
density might be caused by a difference in low-Z impurity content, but also outgassing of main-
species from plasma-facing components during the plasma initiation process. For Day-2, the
shots with lower n, during burn-through phase resulted in higher dlp/dt and successful V},p
induced plasma initiation. The shots with higher line-integrated density during burn-through
phase resulted in lower dIp/dt and failed plasma initiation. Higher levels of outgassing would
also lead to the observed higher n, lower T, higher resistance and thus lower dlp/dt. Clearly,
one indicator on the quality of the V}4,p, induced plasma initiation process, the time for Dq to
peak, is affected in a different way compared to the other indicator, dIp/dt. This comparison
between the experiments in the two days also shows how important the choice of these two

indicators to characterize plasma initiation is.
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Figure 16: Comparison of the effect of the line-integrated density at the time of the burn-
through phase on dlp/dt for Day-1 and Day-2 of the EC pre-ionized plasma experiments. The
red squares denote the shots having the EC pre-ionized plasma formation for Day-1, and the

green circles denote the shots having the EC pre-ionized plasma formation for Day-2.
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5. Extrapolation to ITER

The extrapolation of the DIII-D results to ITER is not a straightforward matter for a number of
reasons. As shown above, there are several different factors that are relevant, such as the ECH
power threshold to achieve ionization [14] and furthermore the ECH power and/or time scale
to create a high-quality pre-plasma with sufficient ionization. The first is theoretically well
understood and it can be shown that, according to ref. [14], that a X2 ITER ECH beam of 500
kW will be able to increase the electron energy into the range where the ionization cross-section
is maximum (i.e. 60 eV). Thus, the IMW ECH beams at ITER will create ionization at the
locations where the ECH beam crosses the resonance. For FP it is planned to inject ECH from
one upper launcher in ITER and allows it to reflect from the inner wall back through the plasma,
which is a very similar scheme to what was used in the DIII-D experiments reported here. Thus,
one expects ionization near the location where the ECH beam first passes the resonance and,
at a level, less ionization effect at the 2" pass location. The question is whether these local
ionizations are sufficient to support plasma initiation.

As shown by the experiments discussed here, different levels of Pgcy are required at
the different phases (I - IV) of the pre-plasma and, presumably, the burn through. For example,
sufficient power is needed to create a higher level of ionization in the relevant breakdown area.
The scaling of this second criterion is, however, complicated. This extrapolation depends more
on the exact geometry of the injection of the ECH, not only on the toroidal angle, which is a
well-known relevant parameter, but also on how these beams pass through the vessel and are
reflected from in-vessel components. Specifically, for ITER First Plasma operation, the EC
beams will pass from the launcher through the very upper part of the vessel to be reflected via
a set of mirrors on to the inner vessel wall, such that they pass once through the breakdown
region, into a beam dump on the low field side mid-plane. For subsequent operational stages,
once the blanket shield blocks and first wall are installed, multi-pass reflections will occur.
Furthermore, the separation between the pre-plasma and the Vj,, voltage-induced plasma
initiation process in the range achieved in this experiment is not possible at ITER (and other
devices, typically with superconducting coils). In ITER the electric field builds up slowly, over
a timescale of several hundred milliseconds, and ECH assist will be applied jointly with the
electric field. Exact extrapolation of experimental results is thus only possible if the
experiments are repeated, in the same manner and with the same experimental criteria, but in a

device of different size than DIII-D including a scan of the overlap between ECH and electric
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field application. Nevertheless, it is possible to disentangle from the DIII-D experiments some
of the most important features and discuss what can be expected for ITER.

For the ECH pre-plasma formation to affect the ITER plasma initiation, the process (of
ionization) needs to be faster than what is achieved by the loop voltage. For the applied low
peak electric field of 0.4 V/m, the Ohmic ionization process in DIII-D lasts about 15-23 ms
(see Figure 14 in Section 4, in ref [1]). This time scale can be compared with the duration to
achieve the same effect solely by ECH, which can be significantly faster for the highest ECH
powers used in these experiments (down to 5 ms see Figure 8). This means that when the ECH
pre-plasma formation process takes place simultaneously with the application of the loop
voltage in DIII-D, the ECH generated process can be more significant than the ohmic
processes, especially in the very early stages (before the time when the D, peaks) when Ip is
still low, if sufficient power is applied.

The experiments suggest that the key process, for the formation of the pre-plasma and
its further ionization, is the heating of the plasma that surrounds the EC resonance. The net
heating is obtained from the balance between the absorbed EC power (which is linearly
dependent on n, and T, [2]), and energy losses, either by direct particle losses (there are open
field lines, and the charged particles are prone to drifts) or energy losses due to ionization of
neutrals, impurity line-emission or bremsstrahlung, similar to start up with induction [7]. As
shown in these DIII-D experiments, this depends on p,, (since the neutrals from the area
outside the plasma will enter and be ionized in it), and on the heating of the pre-plasma. The
scaling parameter in this process is the volume of the pre-plasma, which is considered to be a
toroidal ring, with a radius equal to the EC resonance location, and with width and height that
depends on the vertical part of the EC resonance that is affected by the EC beams. This last
point strongly depends on how the geometry of the EC beams and their reflections cross the
resonance at various vertical locations but as shown experimentally, it is also affected by the
applied vertical field [3, 5, 6]. ITER will employ only single pass ECH in the breakdown region
for FP operation, but the 7 ECH beams cross the resonance at different vertical locations, thus
increasing the affected volume. One could estimate the EC pre-plasma volume to scale roughly
as Ry X a~R3 (where R, is the device major radius and the minor radius). This would suggest
that to achieve similar conditions in ITER (R, = 6.2 m) as have been obtained in DIII-D (R, =
1.7 m), the minimum EC power of 0.5 MW found in DIII-D to obtain EC pre-ionization (i.e.,
Phases I and II of the EC pre-ionization process) would scale to a minimum power of roughly

6.5 MW for ITER. Similarly, the EC power threshold of 1 MW found in DIII-D, for a high-
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quality pre-plasma (i.e., Phase III of the EC pre-ionization process), which forms within the
time-scale of V},,p, induced plasma initiation, would scale to a power of roughly 12 MW for
ITER. It should be noted that this EC power threshold value is based on the use of X2 ECH,
but O1 ECH is known to be more efficient to pre-ionize and heat the plasma [14]. Therefore,
likely for O1 ECH less power will be required. However, since the main objective of ITER FP
operation is the demonstration of plasma initiation only and not the formation of a full plasma
discharge, this second and higher threshold may be of less relevance for the FP campaign. The
exact power threshold may be affected by details of the ECH injection scheme that may differ
from device to device. The scaling of this threshold to ITER would benefit from further similar

experiments at devices smaller or larger than DIII-D.

6. Conclusions

The experiments reported in this paper build on a strong basis of earlier studies on ECH
assisted plasma initiation done in DIII-D and other devices [3, 6, 7, 8, 9]. These EC pre-
ionization experiments have shown that the pre-ionized plasma can have a significant impact
on the subsequent V44, induced plasma initiation process. Therefore, in order to quantify the
effect of the ECH pre-plasma, a series of parameters have been determined that characterize
the plasma initiation process. It is found that the pre-plasma characteristics are influenced by
several parameters, such as the pre-fill pressure and the ECH injection angle (radial or
tangential). However, the main observation is that sufficient ECH power must be injected to

obtain a measurable effect on the V44, induced plasma current ramp-up in DIII-D and this

minimum power is of the order of IMW. This threshold power is higher than the expected EC
power levels needed to create ionization, based on ref. [14], which is of the order of 100 kW
(see Section 1). This last criterion [14] predicts the required power levels, for the initial
ionization to form near the resonance, but it is found that more power is needed to form a
toroidally expanded plasma, with a sufficient degree of ionization. At higher power levels, (i.e.
>1 MW) a local burn-through of the neutral gas is observed, suggesting that the pre-plasma
ionization fraction locally exceeds 50%. A further critical parameter is the time needed to
achieve a high-quality pre-plasma (i.e. high electron density and high ionization fraction). If it
forms too slowly, then the duration of the DIII-D pre-plasma stage may be too short to achieve
the required quality. Moreover, if ECH pre-ionization is combined with the application of the

Vioop its effect may develop on a longer time-scale (i.e. the time for Do to peak) than the

expected duration of the V}4,p, induced breakdown.
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Many of the aspects of the pre-plasma formation are similar to the formation of ECWC
plasmas, such as, the asymmetric radial expansion of the pre-ionized plasma appears to be
similar to the cases observed in TCV for the ECWC plasmas [15]. The aim of ECWC plasmas
is, however, to condition the plasma-facing components, hence these plasmas need only reach
phase IV (see Section 3) in which the pre-plasma is fully expanded into the vessel. It has been
shown here that the pre-plasmas created with the highest ECH powers in DIII-D expand very
quickly and that the resulting plasma-wall interaction brings in impurities, which for plasma
initiation has a detrimental effect. Hence, the optimum power levels to assist the pre-ionization
for plasma initiation will have to be lower than those used for ECWC.

The observed power thresholds required to create high quality pre-plasmas in DIII-D
and the time-scales at which they form, can be roughly extrapolated to ITER. However, the
error bar on the estimated power is large and further careful analysis and further comparison
with EC assisted breakdown in other devices is needed to obtain a more accurate estimate of

the required EC powers for ITER pre-ionization assist.
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