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Abstract. Plasma core fuelling is a key issue for the development of steady-state
scenarios in large magnetically-confined fusion devices, in particular for helical-type
machines. At present, cryogenic pellet injection is the most promising technique for
efficient fuelling. Here, pellet ablation and fuelling efficiency experiments, using a
compact pellet injector, are carried out in Electron Cyclotron Resonance and Neutral
Beam Injection heated plasmas of the stellarator TJ-11. Ablation profiles are reconstructed
from light emissions collected by silicon photodiodes and a fast-frame camera system,
under the assumptions that such emissions are loosely related to the ablation rate and that
pellet radial acceleration is negligible. In addition, pellet particle deposition and fuelling
efficiency are determined using density profiles provided by a Thomson Scattering
system. Furthermore, experimental results are compared with ablation and deposition
profiles provided by the HPI2 pellet code, which is adapted here for the stellarators
Wendelstein 7-X (W7-X) and TJ-II. Finally, the HPI2 code is used to simulate ablation
and deposition profiles for pellets of different sizes and velocities injected into relevant
W7-X plasma scenarios, while estimating the plasmoid drift and the fuelling efficiency
of injections made from two W7-X ports.



1. Introduction

Plasma core fuelling is one of the key issues for the development of steady-state operation
in large magnetically-confined plasma fusion devices. This is of particular importance for
helical-type machines since neoclassical theory predicts that on-axis Electron Cyclotron
Resonance Heating (ECRH) requires a particle source with the same radial profile to
mitigate potential core particle depletion [1]. The current standard method for fuelling,
gas injection, is predicted to be inefficient for large devices since the particle source is
located at the plasma edge [2]. Hence, the most promising technique for plasma core
fuelling is cryogenic pellet injection. Given that fuel is deposited well inside the last-
closed flux-surface (LCFS) of the confined plasma, fuelling should increase. Moreover,
this particle source does not have an associated energy source unlike Neutral Beam
Injection (NBI) [2].

Cryogenic pellet technology is a well-developed technology that has been
employed on numerous medium- and large-sized fusion devices for several decades [3].
Indeed, numerous experimental studies have been carried out, both in tokamaks and
stellarators, during this time [3]. One of the most relevant findings, in particular for this
work, was the identification of the displacement of the ablated material along the
magnetic field gradient [4, 5]. Nonetheless, it should be noted that the interpretation of
experimental results is more difficult for stellarators due to the complexity of their
magnetic fields [3]; hence there remains a need to undertake further studies for this type
of device.

At present, experimental penetration depths and ablation rates are well reproduced
by ablation models [6-12], some of which consider the anisotropic effects associated with
the confining magnetic field [10-12], e.g., the latter references [11, 12] are 2-D.
Moreover, regarding plasma density evolution, i.e., particle deposition, a number of
models include an ExB drift of the ablated material to explain the discrepancy between
ablation and deposition profiles, where the electric field, E, is produced by the
acceleration of plasmoid charged particles in the background inhomogeneous magnetic
field [13]. In addition, several mechanisms that either enhance [14] or reduce [13, 15, 16]
such a drift have been proposed. These models can reproduce accurately the experimental
results in tokamaks [3, 17, 18]. For instance, these drift effects are included in the
Hydrogen Pellet Injection (HP12) code, developed by Pégourié and Kéchl [10, 13, 19].
The HPI2 is the reference code for pellet simulations in tokamaks since it allows
simulating both the ablation of the pellet and the homogenization of the ablated material
in a self-consistent way. Indeed, pellet injection has been simulated in several tokamaks
using the HPI2 code, such as JET [20, 21], MAST [22] or Tore Supra [23], reproducing
closely the experimental results, even though the homogenization model used assumes
spatially homogeneous plasmoid characteristics and heating, a limitation that is partially
removed in more self-consistent 1-D models [11], [12]. In addition, it has been used for
theoretical studies and design proposals for ITER and DEMO [19, 24-27].

In contrast, the situation is different for stellarators. To date, the HPI2 code has
only been adapted for the Large Helical Device (LHD) [28, 29]. However, it was found
from experimental results that pellet injections are qualitatively different from what is
obtained for tokamaks, since the favourable inward drift detected for HFS injections in
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other devices is not observed in LHD [30, 31]. This situation is not fully understood; thus,
further theoretical, simulation and experimental work is necessary for LHD. One current,
and rather urgent, task is the adaption and benchmarking of the HPI2 for the recently
commissioned W7-X device. This is critical given that pellet injection will be an essential
tool to achieve its scientific goal of steady-state operation at high densities and thereby
demonstrate the viability of stellarators as future fusion reactors [32]. In order to begin
this work, simulations are needed to understand and quantify the influence of pellet size
and velocity, of plasma parameters, such as density, temperature, magnetic configuration
or heating method, and of injection location on pellet penetration, ablated material
deposition and fuelling efficiency, and hence optimize injections. For this, a prior
validation of a W7-X version of the HPI2 code is needed. One means of undertaking this
Is to adapt the same code to the medium-sized stellarator TJ-I1 on which a pellet injector
has been operated since mid-2014 [33-35]. The large pellet injection database of TJ-II
can then be used to benchmark the W7-X version. Such benchmarking, despite the device
size and plasma parameter differences, is considered valid since the underlying drift
mechanisms, related to the non-axisymmetry of the magnetic configuration, are
equivalent.

In this work, after summarizing the pellet ablation and deposition code, the
modifications made to a version developed for tokamaks, for its adaptation to the W7-X
and TJ-1I stellarators, are outlined and explained. Next, hydrogen pellet ablation studies
performed on the TJ-1I are described and comparisons are made between experimental
results and HPI2 simulations. Further on, ablation and deposition profiles are calculated
for the optimized stellarator W7-X [36], on which a pellet injector will be installed for
the second phase of operation. Finally, the findings are discussed, conclusions are drawn
with regard to the viability of this code for stellarators, and recommendations are made
for pellet studies on the W7-X.

2. Background

A cryogenic pellet injected into high temperature plasma is exposed to the incident
energetic particles of background plasma that ablate it until it is completely consumed.
Subsequent to ablation, the ablated pellet material is homogenized in this ambient plasma.
Hence, several physical mechanisms, which come into play at different instances, are
involved. The combined effect of these mechanisms determines the penetration of the
pellet, the rate at which it is ablated as well as the plasma density and temperature profiles
after the injection. Moreover, the fuelling efficiency depends on these; hence a full
understanding of all the involved mechanisms is mandatory.

2.1. Ablation and Homogenization models

As a cryogenic pellet traverses a magnetically confined plasma, it is ablated by
interactions with background plasma particles (electrons, ions and impurities). However,
it is also shielded from further direct interactions with ambient plasma by several
mechanisms [3, 6, 7, 37, 38]. Subsequent to ablation, the ionized fraction of the ablatant
expands along the magnetic field lines until plasmoid and plasma pressures balance, while
also drifting down the magnetic field gradient. Plasmoid pressure relaxation with the
background plasma determines the dynamics of the plasmoid and it is the driving term



for the ExB drift of plasmoid particles [13], which, for an arbitrary magnetic
configuration, has the following form [19, 28, 29]:
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where po and p., are the pressure of the plasmoid and the background plasma (in units of
Pa), respectively; B., is the background magnetic field (in units of T), no is the plasmoid
density (in units of m) and mj is mass of plasmoid ions (in units of kg). Additionally, the
change in the particle velocity distribution produced by plasmoid parallel expansion along
a magnetic field line increases plasmoid acceleration [14]. On the other hand, Alfvén-
wave emission from both ends of the cloud reduces the drift acceleration since it leads to
losses of accumulated charges via parallel currents [19]. Moreover, two additional effects
related to the short-circuiting of external and internal currents reduce the drift
acceleration. The latter, Internal Circuit Closure, is produced by the short-circuiting of
internal currents that arise to balance the variation of current accumulation on the
plasmoid surface due to the rotation of magnetic field lines around the plasmoid center
[15, 16]. The former, External Circuit Closure, consists of the depletion of accumulated
charges when regions of opposite polarization become connected during the electric
potential expansion [13]. Hence, all these effects modify the plasmoid drift, and,
therefore, contribute to change the deposited material profile from the one that can be
expected from the ablation profile.

2.2. HPI2 Code Description

The HIP2 code was developed to simulate the ablation of a cryogenic pellet (hydrogen,
deuterium or a mixture of deuterium and tritium) injected into a magnetic confined plasma
created in a tokamak device [10, 19] as well as the evolution of the pellet plasmoid, using
a 0-D, two-cell, four-fluid Lagrangian system [13, 19, 39]. The code takes into account
specific machine geometrical data, plasma energy and density profiles as well as the
magnetic field configuration of the device. It should be noted that, although underlying
ablation effects are machine independent, the calculation of the drift and the relative
importance of the damping mechanism do depend on the device under consideration,
particularly on whether the device is axisymmetric or not.

As mentioned previously, simulations with the HPI2 code were made for the LHD [29,
40], in which qualitative differences were found when compared with tokamaks. Therein,
its extension to the complicated non-axisymmetric configurations required including the
effect of a helical field in the calculation of the drift acceleration force [28, 29].
Furthermore, for the application of HPI2 to the W7-X and TJ-II scenarios, additional
modifications are made to include a generalized calculation of the exact magnetic and
geometric quantities, suitable for any tokamak or stellarator configuration, in the
calculation of the drift; and to reduce the computation time. In this new stellarator version,
the equilibrium magnetic configuration from the VMEC wout-file [41-43] is used to
evaluate all drift-relevant magnetic and geometric quantities, averaged along plasmoid
parallel lengths by employing a dedicated stellarator library. However, as will be outlined
in section 4.1, target plasmas with low electron densities may be problematic, since pellet
and plasma particle content can be similar. As a consequence, plasma cooling by the pellet
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may be overestimated. In addition, since the magnetic field in stellarators depends
strongly on toroidal position, ¢, it varies along the plasmoid length. However, this
variation is taken into account in a simplified manner when calculating the plasmoid drift,
since only the averaged magnetic field along the plasmoid parallel length, <B>, acting at
the plasmoid barycenter is considered. The fact that the three-dimensional variation of
the magnetic field is not included in detail in the calculation of the plasmoid drift might
be a limitation. However, it should be noted that, due to the finite rotational transform in
a tokamak, the magnetic field strength also varies along the magnetic field line and thus
along the plasmoid parallel direction (indeed, even for relatively small iota, due to the
relative compactness, the variation of B on a flux surface is typically larger than in large-
aspect ratio stellarators). Since HIP2 predictions have been validated for tokamaks [13,
20-23], this provides confidence for stellarators.

3. Device description

A number of pellet ablation and plasmoid drift experiments have been carried out in the
stellarator TJ-11 to clarify the influence of the fully three-dimensional magnetic field of
non-axisymmetric devices on pellet fueling efficiency. Representative experimental
results have been compared with simulations performed with the HPI2 code. In addition,
the HPI2 code is used for pellet simulations in W7-X, which can be a support for the
pellet injection plans in this recently commissioned device. In this section, both devices
will be described. First, the characteristics of the TJ-II, together with its pellet injection
system and relevant diagnostics, are reviewed. Next, the optimized stellarator W7-X is
described along with a brief introduction about the pellet injection plans.

3.1. TJ-11

The TJ-11 is a four-period, low magnetic shear (A1 < 6 %) stellarator located at CIEMAT,
Madrid, Spain [44]. Its major radius, Ro, is 1.5 m, and its average minor radius, ao, is <
0.22 m. A set of poloidal, toroidal and vertical coils creates its fully 3-dimensional
magnetic-field with bean shaped cross-section, central magnetic field, B(0) <1.1 T, and
total plasma volume of around 1.1 m3. A wide range of vacuum magnetic configurations
can be obtained, which allows exploring a broad variety of rotational transforms, 0.9 <
10)/2n < 2.2. Generally, hydrogen is used as the working gas. Plasmas, typically < 300
ms, are created and maintained using ECRH and/or NBI. The two gyrotrons that form the
ECRH system (Pecrn <500 kW, taischarge <300 ms) operate at 53.2 GHz, i.e., the second
harmonic electron cyclotron resonance frequency. The central electron densities, ne(0),
and temperatures, Te(0), that can be achieved are <1.7x10'° m= (with particle content
<1.9x10'°, depending on magnetic configuration) and <2 keV, respectively. On the other
hand, the NBI system is formed by two tangential injectors, one counter- and the other
co-injected to the magnetic field direction, as seen in Figure 1 (Enei <32 keV, Pngi <0.7
MW throughput). Central electron densities and temperatures of ne(0) <5x10'° m3
(particle content <5.5x10%°) and Te(0) <400 eV, respectively, can be achieved when a
lithium coating is applied to the vacuum vessel wall [45]. The central ion temperature,
Ti(0), achieved with both heating schemes, is typically <120 eV. Under these conditions,
good density control and plasma reproducibility are achieved, see [46]. An example of
plasma evolution along a discharge is shown in Figure 2, where ECRH and co-NBI



heating are used. In this work, hydrogen pellets are injected into plasmas, using hydrogen
as a working gas, created and/or maintained with ECRH and/or NBI.

3.1.1.Pellet injector and associated diagnostics

The TJ-11 pellet injector (PI) is a four-barrel pipe gun device with a cryogenic refrigerator
for in-situ cylindrical pellet formation (10 K), fast propellant valves for pellet acceleration
(velocities between 800 m/s and 1200 m/s can be achieved) and straight delivery lines
(see Figure 2). It was developed in collaboration with the Fusion Energy Division of Oak
Ridge National Laboratory (ORNL), Tennessee, USA [33]. The TJ-1l Pl is a flexible
system. Small pellets, type-1 (0.42 mm nominal diameter and length, and containing <
4x10'® H atoms) and type-2 (0.66 mm nominal diameter and length, containing < 1.2
x10° H atoms), are required to avoid raising the density above the gyrotron cut-off limit
(~1.7x10'° m?3). Larger pellets, type-3 (0.76 mm nominal diameter and length, and <
1.8x10%° H atoms) and type-4 (1 mm nominal diameter and length, containing < 4.1x10'°
H atoms), are injected in high-density NBI-heated plasmas. The system has four injection
lines, (labelled Line #1 to #4) with 54 mm separation between lines. The toroidal angle
for Lines #1 and #2 is ¢ = 14°, whereas it is ¢ = 13° for the other two (See Figure 3). Due
to their position, only pellets injected from Lines #1 and #4 approach the plasma centre
for standard configurations, whereas the flight paths for Lines #2 and #3 have nearest
approach at p = 0.273 and p = 0.45, respectively, where p = r/a is the normalized plasma
radius. However, this is not a limitation, since pellet types can be interchanged between
the four injection lines, so all pellet sizes can be injected into a path that crosses the
magnetic axis [34]. Finally, good reproducibility of pellet mass and velocity is achieved.
For instance, discharge #41777, simulated in Section 4, was part of a series of 8 injections
of type-2 pellets (#41777 - #41787). Their mean pellet content and velocity were (6.3 +
0.6) x10%® H atoms and 838 + 30 m/s, respectively. Similarly, of the 27 injections made
in the series (#44607 - #44639), the mean pellet content and velocity were (6.3 + 0.8)
x10'® H atoms and 900 + 18 m/s, respectively. It should be noted that 5 of the latter pellets
suffered friction losses or were broken upon plasma entry.

The Pl is equipped with an in-line diagnostic system formed by a light gate and a
microwave cavity. The signals from these systems are used to estimate the velocity and
the mass of the pellet, respectively [33]. In addition, the light emitted by the neutral, or
partially ionized, cloud that surrounds the pellet is collected by amplified silicon diodes
and a fast-frame camera. Two amplified silicon photodiodes, fitted with interference
filters centred at 660 (with full-width at half-maximum transmission of 10 nm) follow the
Balmer H, emission (A = 656.28 nm) from above (TOP) and behind (SIDE) pellet flight
paths (see Figure 2). The SIDE diode can be replaced by an avalanche photodiode. The
pellet penetration depth and its ablation profile are determined, assuming that the pellet
is not accelerated in the radial direction and that the H, signal is proportional to the
ablation rate. The time resolution of all the diode-based diagnostics is 1 ps. An ultra-fast
CMOS camera, model FASTCAM APX-RS by Photron Incorp., San Diego, CA,
normally records from a viewport located above the flight path (INNER TOP). It is
equipped with coherent fibre bundle and machine-vision type camera lenses [47, 48]; in
this work, a 12.5 mm lens, model HF12.5SA-1 by Fujinon Tokyo, Japan, has been used.
The time resolution of the fast camera can be set, independently from the frame rate, from
1/frame rate to 1 us in order to adapt to the experiment. On the other hand, the spatial
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resolution varies from 1024 x 1024 pixels for full frame to 16 x 128 pixels at maximum
frame rate (250 kfps), where each pixel corresponds to ~0.5 mm to ~1 mm along the pellet
flight path, depending on the viewport used. The field-of-view of the system allows the
plasmoid perpendicular to the pellet injection direction to be recorded, thereby permitting
the study of pellet deflection and acceleration, both in radial and toroidal directions [49].
Apart from that, it is possible to record the trajectory of the pellet from a tangential,
TANG, viewport, hence possible poloidal asymmetries and /or deflections can be
determined, along with the plasmoid drift in both radial and poloidal directions.
Moreover, it is possible to collect light from a rear viewport, SIDE. In this way, pellet
poloidal deflection, plasmoid parallel expansion and poloidal drift can be study from a
third line-of-sight (from behind the pellet injection path, as seen in Figure 1). However,
since recording simultaneously from all viewports is not possible, the three-dimensional
trajectory of the pellet cannot be determined, and some uncertainties may be present in
the analysis.

3.1.2.Plasma diagnostics

TJ-11 is equipped with a wide range of passive and active plasma diagnostics [50]. The
diagnostics that are relevant for pellet injection studies include the Thomson Scattering
(TS) system, which provides one set of electron density and temperature profiles, with
160 spatial positions (~2 mm spatial resolution), per discharge [51]; a microwave
interferometer, with 10 ps of time resolution, that follows the line-integrated electron
density along the discharge, and an eleven-channel Electron Cyclotron Emission (ECE)
system that follows the electron temperature evolution at different radii. The positions of
these diagnostics, relative to the PI1 location, are shown in Figure 1. Due to the limited
number of measurements per discharge of some of the diagnostics (e.g. TS has 1 per
discharge), the shot-to-shot technique is frequently employed, i.e. pellets are injected into
reproducible plasmas and a single measurement per discharge is made at a different time
for every shot.

3.2. Wendelstein 7-X

The Wendelstein 7-X is an optimized stellarator that was commissioned at the end of
2015 [52]. The first, and limited, phase of operation of this large device was completed
in early-2016 [53]. Its main goal is to achieve steady-state operation at high normalized
pressure with a volume-averaged beta, 3, of about 5 %, ion temperatures of several keV
and plasma densities higher than 102° m, and, hence demonstrate the viability of the
stellarator as a fusion reactor. It is expected that its optimized magnetic field configuration
will enable significantly better plasma performance respect to non-optimized magnetic
field geometries [36, 54, 55]. This optimized magnetic field is generated by a set of 70
superconducting NbTi coils. From these, 50 non-planar modular coils provide the basic
rotational transform, while 20 planar coils allow varying the rotational transform and
adjusting the radial position of the plasma. In addition, 10 non-cryogenic conducting coils
enable sweeping of the divertor strike lines while 5 additional coils are used for plasma
edge control and error field correction. This set of coils makes achieving a maximum
magnetic field of 3 T possible.

The W7-X major radius is R = 5.5 m, while its average minor radius is (a) = 0.55
m; this corresponds to a plasma volume of about 30 m®. Its main steady-state heating
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system is an ECRH system [32, 56] formed by 10 gyrotrons, with output power of 1 MW
per gyrotron, operating at 140 GHz, the 2" harmonic of the electron cyclotron resonance
at 2.5 T. It is planned to use the 2" harmonic X-mode (X2) for plasma start-up and at low
plasma electron densities, whereas, it is expected to change to the 2" harmonic O-mode
(02) for densities above the X2 cut-off density (1.2x10%° m=). In addition, two NBI, with
maximum pulse length, taischarge, < 10 S, will provide Pngi = 1.7 MW of neutral power per
injector by the injection of neutral hydrogen atoms accelerated to 55 keV; deuterium
injection will also be possible (Pnei = 2.5 MW, 60 keV) [57]. Moreover, an lon Cyclotron
Resonance Heating system will provide heating to complement the ECRH system [58].
During the first part of the first phase of its operation, OP1.1, pellet injections were not
available on the W7-X [59]. Nonetheless, a recommissioned blower-type injector [60] is
to be employed during the OP 1.2 phase while a new extrusion type injector will be
available at a later date.

3.2.1.W7-X pellet injector

The ASDEX Upgrade blower-gun injector [60] is currently installed on W7-X. This has
been done in order to determine if injection location is critical for achieving efficient core
fueling, as in tokamaks, and if the beneficial inwards drift is present in W7-X for HFS
injection, unlike in LHD. Injections of cylindrical hydrogen pellets, 2 mm in diameter
and 2 mm in length (containing 3.3x10%° H atoms), are planned for the OP1.2 operational
phase. These pellets will be accelerated to speeds of around 250 m/s and injected into
W7-X from two different injections ports, one located in the HFS part (AEL41) of the
vessel and the other on the LFS (AEK41). Since these two ports, see Figure 4 a) and b)
(the use of Figure 4 c) is clarified later) are toroidally close (¢nrs = -2.22 rad, orrs = -2.24
rad) comparison studies can be undertaken.

4. Pellet ablation (experiments and predictions)

Hydrogen pellet injection experiments have been performed in on/off- axis ECRH and
NBI hydrogen plasmas, with different densities, created using the TJ-1I standard
configuration, called 100-44-64 (the numbers refer to currents in the central, helical and
vertical coils, respectively) (see Figure 3 and Figure 5). Pellet ablation profiles are
determined from the recorded Balmer H, emission, assuming that this emission provides
a reasonable indication of the ablation rate and the penetration depth [61]. In addition, in-
line light-gate and microwave cavity signals are used to establish the timing and pellet
mass. It is also assumed that the pellet is not radially accelerated while it crosses the
plasma. Fast-camera images are used to verify that the radial acceleration of the pellet is
indeed negligible. This can be determined from Figure 6, where a montage of snap-shot
series of pellet images, corresponding to discharge #44624 is shown. Here, a type-2 pellet
Is injected along Line #1 into a standard-configuration ECRH plasma. From this, nearly
constant radial separations are found between the emission maximum of each image,
Figure 7, which signifies that the radial velocity is constant along the pellet trajectory.
Hence, the assumption of constant radial velocity is justified (from geometrical
considerations for INNER TOP, 1 pixel = 0.52 mm for upper injection lines (Line #1 and
#4) and 1 pixel = 0.56 mm for Line #2 and #3).

Representative montages of snap-shot images, recorded from above (INNER
TOP), for individual pellets injected into standard configuration ECRH and NBI plasmas

8



are shown in Figure 8 a) and Figure 9 a), along with the H, emission detected by the
photodiodes (see Figure 8 b) and Figure 9 b)). Next, representative images recorded from
the tangential (TANG) viewport, along with the H, emission, are shown in Figure 10 and
Figure 11 for individual pellets injected into ECRH (Pellet-2 in Line # 1) and NBI (Pellet-
3 in Line #4), respectively, heated plasmas. It should be noted here that the x-axis in
Figure 6, and Figure 8 to Figure 11 is directed along the device major radius, while the y-
axis corresponds to the toroidal direction. It can be seen in Figure 8 a) and Figure 10 a)
that the pellet trajectory for ECRH plasmas is not deviated, rather it continues along the
original pellet injection line until fully ablated. However, for plasmas maintained with
unbalanced NBI heating, the pellet is deflected, in both toroidal (see Figure 9) and
poloidal (Figure 11) directions. Cloud asymmetries are not detected for pellets injected
into either ECRH or NBI plasmas [49]; for pellets injected into ECRH plasmas, this is
consistent with the fact that pellet trajectory is not deviated from the original injection
path. On the contrary, pellets injected into unbalance NBI plasmas are deviated without
any observed cloud asymmetry. Such deflections are usually related to an ablation
asymmetry [40]. However, for the TJ-1I case, calculations indicate that a heating
asymmetry alone cannot explain the trajectory deviation, rather, they can be associated to
momentum transfer from NBI fast ions or a combination of both [49]. Unfortunately, the
current fast-camera system does not allow determination of the actual acceleration
direction. Toroidal accelerations of the pellet of the order of 102 — 10* km/s have been
reported [49] for both co- (NBI 1) and counter- (NBI 2) injections. However, the observed
poloidal accelerations are different for both type of injections; negligible poloidal
accelerations are estimated for NBI 1 comparing to toroidal accelerations (of the order of
10 km/s), while poloidal accelerations observed for NBI 2 are of same order than radial
accelerations, 10% km/s). Additionally, the direction of the magnetic field lines can be
observed in the fast-camera images, since the partially ionized part of the cloud expands
along these. It is also observed in Figure 9b) that, when the pellet crosses the magnetic
axis, i.e., it crosses an already cooled region, the amplitude and frequency of the striations
appear to reduce. Additional examples of H, profiles corresponding to pellets that
penetrate beyond the magnetic axis can be found in refs. [34, 47].

The expected outwards-directed drift of the ablated material in TJ-1l [34] is
observed in fast-camera images (see Figure 12); it is also possible to determine the drift
velocity of the plasmoid in the radial and poloidal directions from these images. First,
using images from the INNER TOP camera viewport, the magnitude of the radial drift is
estimated. The radial asymmetry observed in the light profile of each snap-shot image
(see Figure 6) can be attributed to such a radial, outward-directed drift. To estimate the
magnitude of this radial drift velocity, each light profile is fitted with two Gaussian
curves; the main one represents the ablating pellet, whereas the second one represents the
drifting plasmoid. From the differences between the radial positions of such peaks and
the exposure time (texp ~ 4 ps), values between 2 and 5 £ 0.003 km/s are obtained for the
average drift velocity in ECRH plasmas, which are inside the expected range [62]. An
equivalent analysis is carried out for tangential images, where both the drift in the poloidal
direction and in the radial direction can be estimated. A representative snapshot image
from #45110 (pellet-3 injected along Line #4 into almost balance NBI phase) is shown in
Figure 12, where the direction of the drift is highlighted; it is observed here that the
plasmoid drifts towards the LFS plasma edge and towards the plasma bottom. For ECRH
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plasmas, average drift velocities in the radial direction between 6.5 = 0.7 km/s and 7 +
0.7 km/s are found (texp ~ 4 ps); while for the drift velocities in the poloidal direction, the
values obtained are between 2.5 + 0.7 km/s and 5.6 = 0.7 km/s. On the other hand, for
pellets injected into NBI plasmas, average drift velocities in the radial direction of
between 4 £ 5 km/s and 12 + 5 km/s are obtained for an exposure time, Texp, of 2 pus, while
velocities of 1.4 + 3 km/s to 10 £ 3 km/s are obtained for texp ~ 4 ps. In contrast, for drift
in the poloidal direction, the average velocities are found to be between 5 = 6 km/s and
10 £ 6 km/s for the short exposure time and between 1.5 + 3 km /sand 7.6 + 3 km /s for
the long one. The differences in the uncertainties between ECRH and NBI cases are
explained by considering that pellets injected into NBI plasmas are deflected and, hence,
the light emitted as the pellet changes its direction, both toroidally and poloidally, is
superimposed onto the radial and poloidal drifts, blurring the images and increasing the
incertitude in the estimation of the drift. The reason for differences related to the exposure
time will be discussed later. In addition, smaller uncertainties are achieved for radial drift
velocities deduced from INNER TOP port images than for TANG. This is due to the
calculation procedure of the camera-to-pellet-path distance, which is directly obtained for
the INNER TOP viewport; in contrast to TANG port, which requires a more elaborate
calculation, and hence, uncertainties are increased. It should be noted however that it is
not possible to determine poloidal drift displacements from INNER TOP images.
Although the pixel size to pellet path distance ratio is constant along the pellet path, it
changes with focal length, i.e., the plasmoid drifts downwards and the pixel-distance ratio
changes. Therefore, the radial drift velocity is underestimated, so inclusion of this
incertitude yields an uncertainty of = 0.7 km/s.

Since pellet velocity is known and there is no acceleration, the temporal evolution
of the H,, emission can be transformed into a radial emission profile, and, compared with
the time-integrated light profile of the images recorded with the fast camera (possible
errors may come from neglected poloidal deflection in the case of upper view, and
toroidal for the tangential view, since the fast-camera system does not allow studying the
3D trajectory of the pellet). Such profiles are shown in Figure 8b) to Figure 11b) for TJ-
Il discharges #44828, #41391, #45110 and #45091, respectively. Good agreement is
found between the spatially resolved profile from the fast camera and the temporal
evolution of the H, emission when constant velocity is assumed, even though some
differences are present. For instance, fast camera lens is not equipped with a filter, hence
all the visible light emitted by the shielding cloud is recorded. Moreover, the fact that the
plasmoid is drifting backwards is not taken into account in the transformation of the
temporal evolution of the H, emission into spatial coordinates. In addition, it should be
also considered that the fast camera image may be saturated (see, for instance, Figure
11b)). Hence, it is confirmed that the supposition of no radial acceleration is reasonable.

4.1. Modelling of pellet injections and comparison with TJ-11 experiments

Hydrogen pellets of different sizes have been injected into both ECR- and NBI-heated
plasmas having a range of plasma densities and temperatures. The previously mentioned
HPI12 code is used to simulate pellet injection into ECRH TJ-II plasmas in the standard
configuration. The ablation and deposition profiles, as well as the temperature evolution,
obtained with this code are compared with the measured H, emission; and with density
and temperature profiles acquired with the Thomson Scattering system (TS). It should be
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noted that the peak observed close to the edge of the TS target temperature profile (at p =
0.75) is also observed in the H, profile. Therefore, it may not be an artefact of the
diagnostic, but real, possibly related to a rational surface at that radial position [63]. In
Figure 13, ablation profiles calculated by the HPI2 code are compared with H, emissions
detected by TOP photodiode. In Figure 13a) and b), plasma discharge #41777 (target
plasma: ne(0) = 6x10'® m3, T¢(0) = 1.1 keV), into which a pellet type-2, containing
6.1x10'® H°, was injected at 808 m/s into an off-axis ECRH plasma, through Line #1, is
shown. The agreement between the recorded H,, which gives an indication of the ablation
rate, and the predicted ablation profile is reasonably good, considering that the H,
emission is not directly proportional to the ablation rate. It should be noted that off-axis
ECRH generates a suprathermal electron population within the plasma core that enhances
ablation at the end of the pellet lifetime [64]. Its presence is identified by hard X-ray
emission along the whole plasma discharge, as can be observed in Figure 14, this being
due to deconfined suprathermal electrons interacting with the vacuum chamber wall.
However, the overall effect of suprathermal electrons on the ablation rate is reduced, since
the population encountered by the pellet as it crosses the plasma is very small, and the
main suprathermal population is located near the plasma centre, where it is almost
completely consumed. The effect of such fast electrons in pellet ablation is not included
in this version of the code. A second example, corresponding to #44614 (target plasma:
ne(0) = 8.2x10% m3, T¢(0) = 1.87 keV) is found in Figure 13c) and d). Here, a pellet type-
2, containing 6.6x10'® HC, was also injected thought Line #1 at 900 m/s into an on-axis
ECRH plasma. In this case, a relatively strong peak is observed in the H, emission before
ablation is completed. However, it is considered that not all recorded light is directly
related to pellet ablation. For instance, it can be deduced from fast camera images that the
photodiodes are also sensitive to emissions from drifting plasmoids. In addition, it can be
seen in Figure 14 that pellet injection triggers a brief emission of hard X-rays, considered
to be due to the deconfinement of suprathermal electrons located near low-order rational
surfaces. These fast electrons do not seem to have any effect on the ablation rate, as
observed in Figure 13 c) for the comparison between the predicted ablation profile and
the light profile obtained from the montage of snap-shot fast camera images. The
penetration depth, i.e. distance travelled by the pellet until its complete ablation, of the
pellet is well predicted by the HPI2 code, as well as the rate of the ablation, whose shape
is similar to the H, emission, considering the expected differences.

The density profiles of these plasmas, after the complete ablation of the pellet and
homogenization of the ablated material, predicted by the HP12 code are shown in Figure
15, together with those of the target plasmas, measured by the TS. In addition, densities
measured by the TS at different times after the injection of a pellet, for reproducible
discharges, are plotted, so the time evolution of the plasma density can be reconstructed
[34]. Moreover, the evolution of the deposition profile, i.e., the increment of the plasma
density, can be observed in this figure. The use of the shot-to-shot technique to reconstruct
post-injection density and temperature, and deposition profiles (see Figure 15 to Figure
17) is justified by good plasma and pellet reproducibility. For instance, for the discharge
series (#41777 - #41787), the target line-averaged densities were 5.2 + 0.2 x 10 m3 [34],
albeit for simulation the chosen discharges had a smaller difference (< 0.1 x 108 m™3)
While for series (#44607 - #44639), the target line-averaged densities were 4.9 £ 0.1 x
10 m=. In Figure 15 a) results corresponding to discharge #41777 are shown; while in
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Figure 15 b), results for #44614 are plotted. It can be observed in both cases that the
plasma density given by the HPI2 code is shifted towards outer radii, compared to the
experimental profiles. However, it should be noted that the code does not take into
account particle transport, so the density profile, at the injection toroidal position (¢ =
149), is calculated when the homogenization of the material is completed (in these
particular cases, ~0.32 ms and ~0.3 ms, respectively, after the injection of the pellet); in
contrast, TS measurements are made at ~0.8 — ~1 ms after pellet injection, since, from
experimental observations, it is established that this is the time required to achieve
complete particle distribution [34], and hence, no clear change is observed before that
time in TS profiles. Therefore, it is necessary to simulate the time evolution of this density
profile, considering transport, to accurately compare the simulation result with the
measured ones. The density profile at time t = +0.8 ms for #41777 (t = +1.48 ms for
#44614) after the injection of the pellet is calculated using neoclassical simulations with
DKES [42] as explained in detail in [35] and the result is also plotted in Figure 15.
Neoclassical transport is considered here as it has been shown to reproduce the transport
of ablated material towards the plasma core [35]. Generally speaking, it is seen that the
pellet injection creates density profiles that are more hollow than before. If this is the
main change in the shape of the plasma profiles in the particle time scale (the electron
temperature goes back to previous values on a faster time scale), neoclassical transport
should lead to an increase of the core density, as discussed in [35] for TJ-11 NBI plasmas.
Together with this, there should be a drop of the density in the outer regions and a
transiently constant density at intermediate radial positions. This goes qualitatively in the
right direction, and indeed the density profiles calculated including neoclassical transport
are closer to the corresponding Thomson Scattering profiles than those estimated by HIP2
only. However, the quantitative agreement can be considered reasonably good for
discharge #44614 but poorer for discharge #41777. Moreover, despite the overall good
agreement of discharge #44614, the neoclassical simulation predicts a density lower than
the target density, around p ~0.15, which is not observed in the experiment and it is as
odds with the general description given above. It is first noted that the radial electric field
also evolves after pellet injection within the time scale of particle transport [35], as does
the ambipolar radial electric field in these simulations. It is also noted that in discharge
#44614 the core electron temperature is relatively high, which means that the radial

I : : 1dT,, . . .
electric field (approximately given by Zd—:) is large and DKES simulations become

inaccurate [65]. In addition, regarding discharge #41777, it should be recalled that the
presence of suprathermal electrons is not considered in the calculations. The presence of
such a population may explain the disagreement between measured and predicted density
profiles. Finally, changes in the particle sources from the wall are neglected in transport
simulations. However, there is no indication that part of the pellet fuel goes to the wall,
even though the estimated fuelling efficiency is low [34]. In contrast, the efficiency
estimated from HPI2 simulations is high, at ~80% for the cases considered here. When
neoclassical transport is considered, the fuelling efficiency is considerably reduced.
Values are estimated to lie between 60-70% for #41777 and 30-50% for #44614, these
being significantly higher than the experimental ones (~25% for both cases). In order to
account for this, it is considered that the number of particles deposited near the plasma
edge may be overestimated due to a numerical artefact that appears when drift
displacement is large, with the result that a substantial and unknown fraction of particles
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is not considered lost. In addition, it is not possible to determine accurately the density
evolution with DKES for radial positions outside p >0.8. Therefore, such uncertainties in
the estimation of fuelling efficiency are important, and hence, may explain the differences
with experimental values.

Simulated electron and ion temperature profiles for 0.3 ms after pellet injection,
i.e. HPI2 post-injection temperature profiles, are plotted in Figure 16 and Figure 17 for
#41777 and #44614, respectively. In the same figures, temperature profiles, measured by
the TS system, before and at 0.8 ms and 1.48 ms after pellet arrival at the plasma edge
respectively, are also shown. Since plasma cooling and recovery during and after pellet
ablation are faster than plasma density changes, it is difficult to determine from TS
profiles whether this cooling effect is overestimated by HPI2 calculations. However, in
ref. [34], it is shown that processes associated with pellet ablation are mainly adiabatic,
which concurs with assumptions made for HPI12.

In addition to the above, the magnitude of the drift velocity is predicted by the HPI2
code; for #41777, drift velocities between 0.6 km/s and 3.8 km/s are found, when the
plasmoid is detached from the pellet, whereas, when the plasmoid is completely ionized,
the obtained values are between 1.4 km/s and 3.8 km/s. In addition, during the
homogenization phase, radial drift velocities up to 2.5 km/s to 20 km/s are reached, while
poloidal drift velocities of between 1 km/s and 10 km/s are attained. Similarly, for
#44614, the magnitude of the drift velocity predicted are between 0.4 km/s and 5.1 km/s
(for the detached plasmoid), and between 0.9 km/s and 5.1 km/s (for the completely
ionized plasmoid). Also, during the homogenization phase, the maximum velocities
obtained are between 1.4 km/s and 23 km/s for the radial direction and between 0.7 km/s
and 14 km/s for the poloidal direction. Moreover, the time evolution of a single plasmoid
drift velocity from p ~0.8, for both cases, is shown in Figure 18, where both radial and
poloidal components are plotted; here, it is observed that the drift velocity is initially
accelerated (until t ~35 ps), and after that, it is decelerated until the motion is completely
stopped. The initial acceleration and subsequent deceleration concur with the fact that the
estimated average drift from fast camera images depends on exposure time. Furthermore,
the values of the drift velocities, in both the radial and the poloidal direction, calculated
with the HPI2 code agree reasonably well with the averaged values estimated from fast
camera images. On the other hand, the direction of the drift is given by the magnetic field,
in particular by the inverse curvature radius, and since TJ-Il is a fully 3D device, this
depends on the parallel length of the plasmoid. So, in HPI2, as mentioned in the
description of the code, the inverse curvature radius is averaged along the whole plasmoid
length and, this average value is used to calculate the effective drift of the plasmoid.

Examples of the inverse curvature radius vector field are plotted in Figure 19 and
Figure 20 for plasmoids whose dimension parallel to the magnetic field lines, Zo, is 0.8
m and 10 m, where it can be seen that the drift is directed radially outwards and poloidally
downwards for plasmoids of short parallel length and, as they expand, the drift becomes
inwards-directed. In addition, the complete trajectory of each plasmoid during the
homogenization phase for #41777 is plotted in the same figures, so it can be seen that
plasmoids drift following the direction of the inverse curvature radius at the
corresponding parallel length. It is also observed that most plasmoids drift to the plasma
edge and are partially or completely lost, while only some of them are stopped before
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reaching the edge, explaining the density profile shifted to the LFS plasma edge with
respect to the ablation profile, and the low fuelling efficiency of pellet injections in this
type of plasmas, where pellets do not penetrate to beyond the plasma centre [34]. Finally,
it should be noted that a detailed comparison with experimental results is not possible
with the current fast camera system, since, in addition to time average effects, due to finite
exposure time, fast camera images are only able to show the drift of the plasmoid at the
beginning of the homogenization phase, when the parallel length of plasmoid is short
compared to the length of the field line, referred as self-connection length [13], i.e. when
no average effect has come into play yet. It is found that the direction given by the HPI2
code for plasmoids of small parallel length, agrees with the drift estimated from fast
camera images (see Figure 12) and with the deposition profiles shifted towards the LFS
plasma edge, an effect that has been reported for LFS injections in several tokamaks [5],
[13, 62] and in the LHD [66].

4.2. Simulation of pellet injections for Wendelstein 7-X

A preliminary comparison of pellet penetration and material deposition for LFS and HFS
injections has been performed using the new version of the HPI2 code to simulate the
injection of hydrogen pellets into W7-X from the two ports, indicated in section 3.2.1. In
the simulations, possible erosion of the pellet due to friction off the inner guide tube walls
is considered by using a smaller pellet diameter (dp = 1.5 mm). Hence, the number of
hydrogen atoms in such a pellet is 1.9x10%°, compared to 3.3 x10%° for a 2-mm pellet.
Moreover, these simulations are performed for two different plasma scenarios; the high
temperature case corresponds to ECR heating in X2-mode, whereas the second one, the
high-density case, corresponds to ECRH in O2-mode. Hence, the impact of background
plasma is also evaluated. The density and temperatures profiles of both plasma scenarios
are plotted in Figure 21. Ablation and deposition profiles of the four different cases are
plotted in Figure 22, while penetration depth and fuelling efficiency are found in Table 1.
The HPI12 code predicts that pellet injection into W7-X plasmas from the HFS allows the
ablated material to achieve deeper deposition and higher efficiency, as seen in Figure 22
and Table 1. Furthermore, a slightly deeper deposition is expected for injections into high
temperate plasmas (ECRH in X2-mode) since a larger difference between plasma and
plasmoid density, due to larger ablation rate, enhances the drift (see equation 1). On the
other hand, for LFS-injection, deeper deposition should be achieved for high-density
plasmas (ECRH O2-mode), since the lower temperature of O2-mode plasmas increases
pellet penetration and the larger density difference in the X2-mode ECRH enhances the
outward-directed drift of material.

In addition, two LFS injection ports, indicated in Figure 4 b) and c), are compared as
a preliminary study for the design of a new pellet injection system. For that, simulations
of two different pellet sizes are carried out, varying the velocity of the pellet from 200
m/s to 1000 m/s and for the same plasma scenarios. An example of ablation and
deposition profiles obtained for 3 mm long and 2.8 mm diameter pellets (containing
8.9x10%° H atoms) at 600 m/s is shown in Figure 23, while the fuelling efficiency for all
the different cases is plotted in Figure 24. According to the results of the simulations, it
is possible to determine that, even though the penetration of the material is similar for
both injection ports, AEK41 is the most suitable, since fuelling efficiency is higher,
particularly for large and fast pellets (see Figure 24), due to differences of the inverse

14



curvature radius. As can be seen in Figure 25, the inverse curvature radius in the toroidal
position corresponding to AEE41 port is significantly larger for plasmoids of short
parallel length, comparing with the plasmoid self-connection length; for larger plasmoids,
average effects remove this difference.

5. Conclusions

Pellet of different sizes have been injected into TJ-1I plasmas. H, emission detected by
photodiodes, and fast camera images have been used to study the ablation, along with the
drift velocity and direction for several plasma characteristics. In addition, TS
measurements have been employed to analyse the time evolution of the plasma density
profile, and to study the relation between the estimated drift and the shape of the
deposition profiles. From these, first, the assumption of non-radial pellet acceleration is
confirmed using a fast-frame camera. In addition, fast-frame snap-shot images are used
to estimate the time average drift velocity. The radial component is found to be 1.4 -12
km/s, depending on the heating method and the exposure time; while time-average
poloidal drift is estimated to be of between 1.5 km/s and 10 km/s. Second, under the
assumption of constant radial pellet velocity, the temporal evolution of the H, emission
is transformed into a radial profile and compared with the ablation profile obtained with
the HPI2 code for injections into ECRH plasmas. The agreement is found to be
acceptable, considering that the measured H, emission is only an indication of the ablation
rate and not proportional to it. Moreover, the agreement improves significantly when
average-H. emission profiles are considered. Also, for #44614, for which the fast camera
was available, the comparison between predicted ablation and light emission profiles is
considerably better. In addition, when deposition profiles reconstructed from shot-to-shot
TS measurements, are compared with simulation results, it is seen that simulated profiles
are shifted towards the LFS plasma edge with respect to the experimental ones. However,
due to the time delay between TS measurements and pellet injection time, it is necessary
to consider neoclassical transport. For this, the HPI2 density profile temporal evolution
is followed using the DKES code. Even though the agreement between ablation profiles
and simulated ones is satisfactory for both cases, the TS post-injection density profile is
reasonably reproduced only for #44614. The experimental post-injection density of
#41777 cannot be reproduced by simulations, although the result shows the right
tendency, i.e. increment of the core density and reduction of the edge density. Such
disagreement is mainly related to the presence of suprathermal electrons, whose
associated effects are not included in this version of the HPI2 code.

Next, simulations were carried out for hydrogen pellets injected into W7-X
plasmas. Since the agreement between TJ-1I experimental and simulated results is
considered to be acceptable for on-axis ECRH plasmas, the predictions made for W7-X
should be reliable, providing the population of suprathermal electrons is not significant.
Therefore, in such cases, higher efficiency of the fuelling and deeper penetration of the
ablated material are expected for HFS injections, due to the inwards-directed drift
experienced by plasmoids detached in the inner part of the plasma. In particular, injections
into high-temperature plasmas are expected to be especially advantageous, since the
larger difference between plasma and plasmoid pressures enhances the drift. Regarding
the preliminary study for the design of a new pellet injector for W7-X, one injection port
— AEK41 — is identified as the most suitable since fuelling efficiency is higher due to the
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smaller inverse curvature radius, which does not have an associated outwards drift as
large as the AEE41 port.

In the future, further experimental studies are intended to be carried in TJ-1I; for
instance, a scan of iota profile and magnetic well, which may lead to a deeper
understanding of the influence of the magnetic field and the reconnection length in the
deposition of the ablated material and the efficiency of the fuelling in stellarators, taking
advantage of the ability of TJ-11 to operate in a broad range of magnetic configurations.
These experimental studies can be complemented with simulations employing the HPI12
code. In addition, images of pellets injected into co- and counter-NBI plasmas can be used
to confirm whether the neutral beam injections are balanced enough to avoid the toroidal
deflection caused by unbalance injection, and, if they are indeed balance, the effect of fast
ions in the ablation could be simulated with this version of the HPI2 code. Moreover, it
is considered essential to include the effect of suprathermal electrons in order to determine
whether their presence can explain the observed discrepancy between predicted density
profiles and TS measurements, particularly for off-axis ECRH plasmas. Furthermore,
optimization of the fast camera system could lead to improve estimations of the drift
velocity; it can also be modified to follow the injection from behind the pellet. These
modifications of the fast camera system may facilitate the comparison of experimental
results and predictions and, therefore, complete the benchmarking of the HPI2 code for
W7-X.
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Figure 1. Bird’s eye view of the TJ-II. The locations of the magnetic coils, PI,
associated diagnostic and relevant plasma diagnostics are highlighted.
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1.2x10'° H atoms injected into discharge #44828 at 682 m/s along Line#1 during the
ECRH phase.

29



Normalized plasma radius (p)

é 0.04 . 1 075 053 037 32 046  0.61
£ ——TOP(/10*")
'i == Camera(/40) Nearest approach
2 <08 at plasma

k51 0.02 D 3 centre=10.172 m

;_’, N |

-~ = 0.6 Limit

E 0 = Camera

= § Sight

g Z04

g =

£-0.02 2

= = 0.2

£ b)

g

5-0.04 0 A . . .

= 0 0.05 0.1 0.15 0.2 0 005 0.1 0.15 0.2 025 03

Distance from LFS plasma edge (m) Distance from LFS plasma edge (m)
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phase.
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Figure 13. HPI2 simulated ablation (purple) and deposition (blue) profiles compared
with measured H, emission profiles (green) for pellet#2 injected along Line #1 into the
ECRH phase of discharges a) and b) #41777 (6.1x10'® H atoms, velocity = 808 m/s) and
¢) and d) #44614 (6.6x10® HO, velocity = 900 m/s). Figures a) and c) show
experimental H, emission in photons/s, together with the average emission and the
dispersion for a number of reproducible discharges; ablation profile is shown here in H°
atom/s. In addition, c) shows, in yellow, the light emission profile obtained from the
montage of snap-shots images from fast camera for #44738 (from the series of
reproducible discharges). On the other hand, b) and d) show ablation and deposition
profiles in m=, compared to H, emission in photons/m?®.
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green) and DKES (dashed/dotted magenta). The corresponding electron density
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Electron temperature profiles of the target plasma (blue) and after pellet injection
(green). The HPI12 simulated electron temperature profile (dashed/dotted light green) is
also shown.
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Figure 17 . a) Electron (green) and ion (blue) temperature profiles before (solid,
experimental) and after (dash-dotted lines, predicted) complete pellet ablation and
homogenization for discharge #44614 (6.6x10'® HO, velocity = 900 m/s). b) Electron
temperature profiles of the target plasma (blue) and after pellet injection (green). A
HPI12 simulated electron temperature profile (dashed/dotted light green) is also shown.
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Figure 18. Simulated evolution of the plasmoid drift velocity, during the
homogenization phase, in the radial (blue) and poloidal (green) directions plus the total
(pink) for plasmoid #12 (originating at p ~ 0.8) for discharges a) #41777 and b) #44614.
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Figure 19. a) Effective inverse curvature radius vector field for the TJ-I1 standard
configuration, ¢ = 14°, and plasmoid of dimension parallel to magnetic field lines, Zo, of
0.8 m. Dotted black line separates regions of positive (upper left of curve) and negative
inverse curvature radius (lower right of curve). b) Close-up of plasma cross-section
showing blue arrows that represent outwards effective drift. The trajectories of all
plasmoids for the simulation of #41777 are shown (purple). Arrow lengths are
proportional to plasmoid drift acceleration.
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Figure 20. a) Effective inverse curvature radius vector field for the TJ-I1 standard
configuration, ¢ = 14°, and plasmoid parallel length Zo = 10 m (red arrows represent
inwards effective drift (negative inverse curvature radius), whereas the blues represent
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positive and negative inverse curvature radius. b) Close-up of plasma cross-section
showing the trajectories of all plasmoids in the simulation for discharge #41777
(purple). Arrow lengths are proportional to plasmoid drift acceleration.
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Figure 22. Ablation (dotted) and deposition (solid) profiles for HFS and LFS injections
into high-density, low-temperature, plasmas of W7-X (blue is HFS-injection into
ECRH-02 mode heated plasma, green is HFS-injection into ECRH-X2 mode, purple is
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In all cases pellet velocity is 250 m/s, pellet content is 1.9x10%° H atoms (length = 2

mm, diameter = 1.5 mm).

43



—
g

—— g
[ AEK41, X2-ECRH
» AEE41, X2-ECRH
- AEK41, 02-ECRH

—
=

8 -
| Ablation
6 FDeposition

Al

s L

0- I T N B
0 0.2 0.4 0.6 0.8 1

Ablation and Deposition Profiles (10 19 m'j)

Normalized plasma radius (p)

Figure 23. Ablation dotted) and deposition (solid) profiles for 3 mm pellet (diameter =
2.8 mm, pellet content = 8.9x10%° H atoms) injected at 600 m/s into high-density, low-
temperature, W7-X plasmas from the AEK41 and AEE41 ports (blue is from AEK41
into ECRH-X2 mode, green is from AEE41 into ECRH-X2 mode, purple is injection
from AEKA41 into ECRH-O2 mode, and yellow is injection from AEE41 into ECRH-02
mode heated plasmas).
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Figure 24. Predicted fuelling efficiencies for injections for series 1 (blue circles- 2.5 mm
pellets into X2-mode ECR-heated plasma), series 2 (green triangles- 3 mm pellets into
X2-mode ECR-heated plasma), series 3 (pink diamonds- 2.5 mm pellets into O2-mode
ECR-heated plasma) and series 4 (yellow squares- 3 mm pellets into O2-mode ECR-
heated plasma) from ports a) AEK41 and b) AEE41 for a range of injection velocities
(from 200 to 1000 m/s).
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Figure 25. Effective inverse curvature radius vector fields for W7-X injection ports a)
AEKA41 and b) AEE41 for a plasmoid parallel length of Zo = 0 m. Red arrows represent
inwards effective drift (negative inverse curvature radius), whereas blue arrows
represent outwards drift (positive inverse curvature radius); dotted green lines separate
regions of positive and negative inverse curvature radius.
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Injection  Heating p p ANe, max p of Fueling

port method  penetration deposition Anemax  efficiency
(%)
AEL41 | ECRH-02 0.82 0.33 8.7x10'®  0.64 08
AEL41 | ECRH-X2 0.85 0.24 1.0 x10'°  0.69 08
AEK41 | ECRH-02 0.77 0.50 1.7 x10%®  0.72 47
AEK41 | ECRH-X2 0.81 0.60 9.9x10Y  0.73 43

Table 1. Relevant HPI2 results for four different scenarios considered for the OP1.2
phase of W7-X. Here, “p penetration” represents the radial position to which the pellet
penetrates, while “p deposition” represents the deepest position reached by deposited
material. The next two columns show the density increment for maximum post-injection
density and the radial position at which this maximum occurs, respectively. All radial
positions are given in normalized minor radius units. In the last column, fueling
efficiency is the ratio between the number of particles deposited in the plasma and the
number of pellet particles.

47



