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Abstract

A new tracer-encapsulated solid pellet (TESPEL) injection system was successfully
commissioned for the stellarator fusion experiment Wendelstein 7-X (W7-X) during its OP1.2b
operational campaign. TESPELSs are polystyrene encapsulated solid pellets loaded with tracer
impurities that have been employed in other stellarator devices for impurity transport studies.
During the OP1.2b campaign approximately 140 pellet injections were performed with a
successful delivery rate of 89%, thus this system has proven to be very reliable. Here, the
experimental set-up and methodology are described first. In addition, it is outlined how, through
the analysis of TESPEL time-of-flight signals and of the temporal evolution of line emissions
originating from shell and tracer species as well as comparisons with ablation models, the radial
localization of the deposited tracer is determined. This contribution also provides a general
overview of the TESPEL injector performance during OP1.2b, discusses the global effects of
TESPEL injections on W7-X plasmas and reports on first results in terms of a summary of
TESPEL injections, plasma response to TESPELSs, the post-deposition evolution of tracer
spectral emission lines and soft x-ray emissions.
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1. Introduction

Impurity control is a critical issue on the pathway to steady-
state magnetic confinement fusion reactor operation scenarios.
It is well known that increasing impurity confinement in high
density plasmas can lead to impurity accumulation with sub-
sequent radiation collapse, in particular in helical devices [1].
This is recognized as a potential bottleneck on the pathway
to the development of a stellarator based fusion reactor. For
instance, impurities, released by high-energy plasma particles
impacting on the inner walls of fusion machines, can dilute
the plasma and can represent, via ionization and recombin-
ation processes, a significant loss channel for plasma heat-
ing. Moreover, if the impurity concentration exceeds a cer-
tain limit - e.g. due to transport and accumulation in the
plasma core—and radiation losses grow, radiation collapse
occurs as the supplied heating power can no longer sustain the
plasma. Nonetheless, impurity injection-based experiments
have allowed effective impurity control to be achieved for
some plasma regimes, for instance the HDH-mode in the W7-
AS device [2] and the impurity hole phase in the Large Helical
Device (LHD) [3]. With the start-up of the optimized stellar-
ator Wendelstein 7-X (W7-X) device [4] and the installation
of water-cooled divertors, which will allow long-pulse opera-
tion [5], the search for suitable operation scenarios that avoid
impurity accumulation has become a critical task.

In order to study impurity transport processes under well
controlled experimental conditions, methods such as gas puff,
laser blow-off (LBO) and impurity pellet injection have been
employed to date for a wide range of magnetic confinement
devices [6—8]. Whereas the first two methods deposit tracers
close to the plasma edge, which are subsequently transported
into and about the plasma, the tracer-encapsulated solid pel-
let (TESPEL) method has the unique advantage of releasing
its tracer(s) directly in the core of the plasma once ablation
of the surrounding protective polystyrene shell has exposed
them to the hot plasma [9]. Additional advantages include
pre-selection, to a certain extent, of the tracer deposition
depth, selection of the quantity of tracer material enclosed
with the pellet and a large number of elements that can
be injected compared to LBO or gas puff. The deposition
depth is determined mainly by the plasma electron temper-
ature and density profiles, and to a certain extent by the
shell geometry (diameter, wall thickness) and the TESPEL
speed. These are important advantages for impurity trans-
port studies which have highlighted, for instance in LHD,
the importance of location (inside/outside a last-closed flux
surface) of the impurity source on impurity behaviour in the
plasma [10].

A primary aim of the W7-X project is to achieve long-pulse
discharges; thus, it is necessary to develop successful opera-
tion scenarios that avoid impurity accumulation in this device.
Given the successful installation and operation of TESPEL
systems on other stellarator devices [11, 12], it was considered
that a dedicated system could provide valuable information

for resolving the impurity challenge in W7-X and allow inter-
machine comparisons. Hence, a dedicated TESPEL system
was installed and integrated on W7-X [13, 14].

Here, the commissioning and some first results of this sys-
tem are described and discussed. This system design and oper-
ational principals are similar to those of the TESPEL system
installed on LHD and due to comparable machine geometries,
the shell types employed previously on LHD are also used
here. This paper provides a general overview of the TESPEL
injector performance during its first experimental campaign
OP1.2b. The main purpose of this paper is to present the
applied method for the precise localisation of the tracer depos-
ition area, as its knowledge is an important prerequisite for
further impurity transport studies (which are outside the inten-
tion of this paper). Furthermore, the global effects of TESPEL
injections on Wendelstein 7-X plasmas are discussed and first
measurements of the x-ray emissivity in the poloidal cross-
section of the plasma are presented, which provide inform-
ation about the temporal evolution of the spatial distribution
of the impurity tracers after a TESPEL injection. We discuss
the effects and methods in this paper on the example of a
single, representative Wendelstein 7-X experiment, which was
performed in standard magnetic field configuration with elec-
tron cyclotron resonant heating (ECRH) only. The effects dis-
cussed are typical for this type of discharges and have been
partly discussed in other papers investigating TESPEL injec-
tions (see [15, 16]).

2. Experimental setup and methodology

2.1. The stellarator Wendelstein 7-X

The Wendelstein 7-X (W7-X) device, with major machine
radius of 5.5m, is a large stellarator that confines a toroidal
plasma with an effective minor plasma radius of about 0.5 m.
Its first experimental operation campaign, OP1.1, was under-
taken in 2015 and 2016 [4]. Seventy superconducting coils
produce a steady-state magnetic field with a flux density up
to 3T at the magnetic axis and the modular arrangement of
these coils allows high-flexibility when creating its magnetic
configurations. During the OP1.2b experimental phase [17],
when the TESPEL system was commissioned, up to 8 MW of
ECRH, with resonant frequency of 140 GHz for second har-
monic heating, was available. Moreover, rotatable launch mir-
rors permit the radial localization of the ECRH heating power
(on- or off-axis) in the plasma. Two neutral beam injection
(NBI) heating systems with a nominal 4 MW of heating power
and 55 kV beam energy (full energy component) were also
available for OP1.2b. The total pulse length of the NBIs was
limited to 5 s whereas the ECRH’s were steady-state systems.
The NBIs can also be used for active plasma diagnostic pur-
poses. For this they are operated in pulsed mode. After the
installation of water-cooled divertors, the W7-X device will
be dedicated to long-pulse operation, i.e. up to 30 min [18].
However, during the OP1.2 campaign, when passively cooled
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Figure 1. Schematic representation of the W7-X vacuum vessel and the TESPEL injector assembly showing the poloidal plasma cross

section of the injection plane and its toroidal angle ¢.

divertors were used, the pulse length was limited to less than
10 s. Finally, the plasma working gas is hydrogen or helium
for the TESPEL injections summarized in this paper and
the central electron temperature, T,(0), ranges from 1keV to
8 keV when TESPEL injection occurs.

2.2. The TESPEL injector on W7-X

The TESPEL injector on W7-X (cf figure 1 and further details
in [13]) is a blower-gun type system that basically consists
of a rotatable pellet storage disk from which a TESPEL is
shot through a barrel (inner diameter = 1 mm) into guid-
ing tubes directing it to the main W7-X vacuum chamber.
TESPELs are accelerated by means of a fast valve (fopen ~
2 ms) where helium is used as propellant gas, typically at a
pressure of 30—-40 bar. Multiple gaps between the individual
guiding tubes make it possible to effectively remove the pro-
pellant gas into three expansion chambers. The effectiveness
of this differential pumping system was demonstrated in a
trial run in which a gas shock without a TESPEL (blank shot)
was triggered. When monitoring the W7-X pressure sensors,
no pressure increase could be measured inside the vacuum
vessel. After each TESPEL injection, the vacuum pumps of
the TESPEL injection system typically require about 3 min
to reduce the pressure to its pre-injection value. In the first
expansion chamber, which adjoins the TESPEL disk, a base
pressure of 5 x 10~* mbar was obtained, while in the other
two expansion chambers pressures of p <2 x 10~8 mbar were
reached.

The mechanical integration of the TESPEL system to W7-
X was reported in [14]. After its attachment to the stellarator,
the position of the injector within the torus hall was determined
by laser-tracking (typical accuracy 0.3-0.6 mm) [19]. From
these measurements, the coordinates of the injection axis and
its intersection with the light barriers in the time-of-flight mod-
ule were calculated.

The injector control system, operable from the W7-X con-
trol room via a software panel, is based on SIEMENS S7-300
PLC-components and is connected to a local safety system
which itself communicates with the W7-X central safety sys-
tem. In cases of emergency, all vacuum pumps of the injection
system are switched off, several gate valves are shut, safety
valves in the helium gas supply line are closed and the power
supplies of the two lasers for time-of-flight measurements as
well as of the fast valve controller are switched off. These
power supplies are also controlled by a release signal which is
set by the central safety system. In order to prevent a TESPEL
injection into the W7-X vacuum vessel when plasma is not
present, which might cause damage to the inner wall carbon
tiles, an additional optical interlock was foreseen to detect and
confirm visible plasma radiation immediately before an injec-
tion event. In case of insufficient signal intensity, the trigger-
ing of a TESPEL injection should be interrupted. However,
in tests, the signal intensity output from the photo-diode was
too low to be processed successfully by the discriminator cir-
cuit and hence to interrupt the triggering. This important safety
mechanism has been reviewed.

2.3. TESPEL capsule geometry

A TESPEL consists of a spherical polystyrene (CgHg),
capsule, which contains a pre-selected amount of impurity
tracer(s). In order to ensure comparability for impurity trans-
port studies made using TESPELs in LHD and W7-X which
have similar machine geometries, the same shell types and
sizes are used for experiments in both devices (see table 1).
This is done because varying the outer capsule diameter and
wall thickness allows control of the shell ablation duration
and therefore some control of the penetration depth. These
parameters determine also the amounts of hydrogen and car-
bon being released to the plasma. Moreover, their quantities,
together with the amount of tracer impurities, determine the
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Table 1. Polystyrene capsule types used for W7-X experiments.
Here, Doy is the capsule’s outer diameter, Dj, is the diameter of the
empty core, and Dy, is the wall thickness.

TESPEL Capsule Dout D, Dy
name type (pm) (pm) (pm)
B900 Ball 900 300 300
B700 Ball 700 250 225
S700 Shell 700 550 75

10° 3
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-©- 3x130 um Fe

—0— 3x130umV

1074 - —
1019

10%
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Figure 2. Ratio between the number of TESPEL-derived electrons
and the background plasma electron population for representative
electron densities in W7-X experiments. Shown are the
contributions of three shell types used in OP1.2b (upper right
legend, for details see table 1) and three typical tracer loads (lower
left legend, labels indicating the number of powder grains a
TESPEL is filled with, the grain diameter and the material).

level of background plasma perturbation. Figure 2 illustrates
the ratio between the number of TESPEL-derived electrons
and the background plasma electron population for represent-
ative electron densities in W7-X experiments for the three shell
types used during OP1.2b and for typical tracer loads. It is
seen therein that typical tracer amounts cause a small increase
in the overall electron number, this being less than 5%. The
shell-related data in the diagram point to the importance of
suitable shell geometry selections. It is seen that the ablated
hydrogen and carbon atoms can significantly contribute to the
overall electron inventory in the plasma, especially for back-
ground plasma electron density conditions in the region close
to a few times 1 x 10/m™3. Thus, the TESPEL type best
suited for such conditions is the 700 pm diameter shell-type
whereas the use of 900 pm ball-type is best limited to exper-
iments undertaken when the electron density is close to, or
above, 1 x 1020m—3,

2.4. TESPEL ablation light detection

The basic technical features of the TESPEL observation sys-
tem are described in [13]. Data acquisition of the optical sig-
nals from the 8-channel filterscope and the spectrometer is per-
formed by means of an analogue-to-digital converter (ADC)
at arate of 2MS s~ !, It’s synchronization to the W7-X central
timing system [20] was controlled via MDSplus [21]. Three

RedPitaya STEMlab 125-14 units, also integrated into the
MDSplus system, acted as digital delay generators to trigger
the ADC and to control the TESPEL injection time as well as
two gate valves along the injection path.

Next, using an ultrafast-frame imaging camera (Photron
Fastcam SAS, up to 600kHz), the spatio-temporal evolution
and drift of the ablation cloud can be followed by select-
ive imaging of emission lines of hydrogen and carbon. It
has been shown that TESPELSs, injected into W7-X, follow
straight trajectories within the plasma without being deflected,
unlike cryogenic pellets [16]. Therefore, locating the depos-
ited tracers in the plasma can be based on a simple time-of-
flight measurement. From the comparison of the shell and
tracer ablation signals and the correlation with the TESPEL
velocity (determined by the time difference between the sig-
nals of the two light barriers of the time-of-flight module), the
exposure and deposition of the tracer to plasma after ablation
of the protective polystyrene envelope can be calculated.

2.5. Shell and tracer ablation analysis

As soon as a pellet enters the hot plasma, ablated particles
detach from the outer shell surface and initially form a neutral
cloud around the travelling pellet. This cloud, which shields
the shell from direct plasma electron impacts, detaches occa-
sionally from the TESPEL and as neutrals become ionized,
the electrons and ions start to gyrate along the magnetic field
lines leading to an expansion of the ionized cloud as observed
by the ultrafast-frame imaging camera [16]. In the case of
cryogenic pellets, detached clouds are observed to be acceler-
ated outwards with the result that the pellet particle deposition
profile is displaced radially outwards when compared to the
ablation light profile [22]. Such outward displacement arises
from interactions between the background magnetic field and
an internal electric field that develops across the partially ion-
ized cloud (plasmoid) due to charge separation. This drifting
continues until expansion of the cloud in the radial and tor-
oidal directions finally leads to equalization of the cloud dens-
ity with the background plasma. It is known that the temporal
evolution of the drift velocity is inversely proportional to ion
mass [23], thus the E x B outward drift will be significantly
reduced for heavier ions when compared to that of hydro-
gen. Indeed, this was experimentally confirmed for TESPEL
and hydrogen pellets in the stellarator TJ-II in which signific-
ant differences were observed between H-pellet and TESPEL
particle deposition profiles [24]. It can therefore be assumed
that, once the tracer is exposed to the plasma after the ablation
of the shell, the tracer ions experience little or no outward drift
and the radial position at which the light from the tracer impur-
ity is observed represents the location of the tracer deposition.
Subsequently tracer ions will undergo ionization and recom-
bination as well as inward and outward transport. These latter
processes can be followed by a range of diagnostic systems on
W7-X. Figure 3 shows the location of the more important dia-
gnostics for impurity transport studies as well as cross-sections
of magnetic flux surfaces (based on calculations using the code
VMEC [25, 26]) and the intersection points of field lines, start-
ing along the TESPEL injection trajectory in the direction of
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Figure 3. Sketch of the confined plasma (top), showing the
locations of the main impurity transport diagnostics available for
TESPEL and (bottom) poloidal plasma cross-sections at the same
positions. Cross-sections show the locations of the magnetic axis,
the last closed flux surface (LCFS) and inner flux surfaces.
Additionally, characteristic lines-of-sight (LOS) are depicted for the
HEXOS and HR-XIS diagnostics. Solid and dotted lines in orange
illustrate the initial intersection points of field lines in positive (fd+)
and negative (fd—) magnetic field directions for particles released
during the ablation processes of the outer TESPEL capsule along
the TESPEL injection trajectory. Red areas at the end of the orange
lines indicate intersection points with field lines in the spatial region
of initial tracer release.

positive and negative field direction, in the related diagnostics
planes.

2.6. Tracer deposition localization

Ablation light is collected through an optical viewport moun-
ted on the same vacuum vessel port as the TESPEL injector
(the viewport to plasma edge distance is ~<2.35 m). Outside

the viewport, a beam splitter divides the light so part of the
light passes through it to a collimating lens that focuses it onto
an optical fibre for transfer from the W7-X experimental hall
to a laboratory located ~40 m away. The light reflected by the
beam splitter is directed onto a lens that, in turn, focusses it
onto a fibre optic light guide for transfer to the fast-frame ima-
ging camera. In the laboratory, the transmitted light is divided
again using a fibre optic fan-out. Part of this light is directed
to a high-resolution spectrometer while the remaining light
is transferred to the filterscope system. This latter system is
equipped with narrowband transmission filters and photomul-
tiplier tubes. The central wavelengths of these filters were
chosen to be close to the wavelengths of the predicted intense
spectral lines emitted by the atomic states of carbon, hydrogen
and the tracers of interest.

The practical evaluation of the ablation signals revealed that
the optical filters in the filter scope had been selected with too
broad a bandwidth, particularly for the C I and the tracer chan-
nels. While the H,-filter had a narrow bandwidth of 1 nm,
all other filters had a full width at half maximum (FWHM)
of 10nm (see the filter list and details in table III of refer-
ence [13]). As aresult, unwanted line radiation and broadband
recombination continuum radiation/bremsstrahlung [27] con-
tributed significantly to the signal level in almost all channels
and a clear separation between the contributions of shell and
tracer ablation radiation required some effort. To address this
problem, we used the following procedures (cf figure 4):

1. Scaling of shell and tracer signals (figure 4(a))

(a) Background level (BGR) determination and
subtraction for shell and tracer signals

(b) Normalization of the H,-signal to its maximum
intensity HY**

(c) Determination of the shell ablation start: where
H,-signal level exceeds BGR + 2 X the standard devi-
ation of BGR

(d) Scaling of the tracer signal by fitting a constant factor
to match H,- and tracer signal levels in the range
between the shell ablation start and 0.8 x HJ*

2. Calculation of a differential signal (figure 4(b): tracer - H,,)

. Calculation of a relative signal (figure 4(c): tracer/H,,)

4. Determination of the transition between shell and tracer
ablation and of the tracer ablation end (dashed grey bars in
figure 4) by comparing the scaled/normalized ablation sig-
nals with the differential and the relative signals. It turned
out that the differential signal alone was not sufficient to
clearly indicate this transition. Instead, the most robust
information was derived from the tracer / H,, signal where
the zero point right before the pronounced increase in the
relative intensity was taken. As small oscillations in the
relative signal made it difficult to determine this specific
zero point automatically, features in the differential sig-
nal and in the normalized/scaled signals helped making the
final decision visually.

W

The radial localisation of the tracer deposition in the plasma
was determined from the detected light emissions of the
shell or tracer species and the TESPEL velocity. In a first
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Figure 4. Comparisons between signals from the Fe I—tracer
filterscope and the H,, shell filterscope channels for W7-X
experiment #20180906.38. (a) Fe I signal scaled to the H,, signal.
The Fe I scaling factor is calculated in a non-linear square fit in the
range between shell ablation start and the time when the H,, signal
reaches 80% of its maximum value. (b) Scaled Fe I signal minus H,
signal and (c) ratio of the scaled Fe I signal to the H,, signal. The
vertical lines refer to the range which was identified as the actual
contribution of the ablating tracer particles to the Fe I signal. T1 is
the start time of plasma heating.

approach, the TESPELs were assumed to move along the
nominal injection axis. However, initial calculations produced
unexpected results, in particular the calculated location for
the onset of shell ablation was too deep within the confined
plasma. However, such behaviour had not been observed in
the TESPEL experiments at LHD or TJ-II. Instead, ablation of
TESPELSs typically starts when passing the last closed flux sur-
face (LCFS). As a systematic source of error (about 3%—4%),

LCFS
(220.5° < ¢ < 224.5°)

tracer /shell

ablation range
nominal

injection
axis

magnetic axis

(220.5° < ¢ < 224.5°)

shell ablation
start (calc.)

Figure 5. 3D-sketch of the plasma poloidal cross-section in the
TESPEL injection plane, showing part of the magnetic axis (light
blue) and of surrounding flux surfaces. TESPELSs are injected from
the low-field side (right side in this picture). The nominal injection
axis is indicated by the dash-dot grey line. The estimated positions
(from time-of-flight analysis) of the start of shell ablation for all
considered trajectories within the scattering cone (light grey region
surrounding the nominal injection axis) form a spherical cap
(green). The most likely trajectory (solid grey line) is determined by
calculating the intersection of the shell ablation start positions with
the last-closed flux surface (LCFS). Regions of shell and tracer
ablation along the most likely trajectory are depicted by orange and
red lines, respectively.

an inadequately accurate measured distance between the two
light barriers of the ToF-module was identified. Furthermore,
it turned out that even small angular deviations from the nom-
inal injection axis in combination with the given curvature
of the LCFS can have a significant effect on the result. To
tackle this, ~400 vectors were defined within a scattering
cone with an opening angle of 2.2° (cf figure 5), leading
to a spatial resolution of ds &~ 5mm in the tracer deposition
zone. The coordinates of the LCFS were derived from VMEC-
calculations [25, 26] that were supplied as a list of mag-
netic reference configurations for all experiments of the W7-X
OP1.2b campaign. Finally, the most probable injection vec-
tor was determined by finding the one for which the distance
between the start of the shell ablation and the LCFS was
minimal.

The transport behaviour of the impurities after deposition
depends strongly on the specific shape of the kinetic elec-
tron profiles and the associated gradients. For detailed trans-
port studies, it is therefore essential to know the radial posi-
tion at which the tracer impurities were originally deposited.
The method of deriving the penetration depth from time-of-
flight measurements depends on certain quantities that are not
measured directly, e.g. the location of the LCFES or the specific
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Table 2. Neutral gas shielding scaling law coefficients used for TESPEL ablation simulations. Here with the shielding factor n = 0.4, the
sublimation energy of a CgHg-molecule € = 1.0 ¢V, the electron mass m., the atomic mass A, = 6.5 u and the atomic mass unit u. Z, = 3.5
and ecy = 0.0625 eV are the nuclear charge number and the sublimation energy of an ‘average CgHg atom’ and y = 8/6 is the gas adiabatic

index.
i Reference ci Q; Bi di
1 (28] /= 1 312 2
2 [29], (equation 15) 4 x10".4,'3. 7%/ 1/3 11/6  4/3
3 [29], (equation 20) 1.94 x 10" - 010+ 4,028 . 2,050 (4 —1)028 0.45 1.72 1.44

TESPEL trajectory. In order to validate the method for calcu-
lating the most likely injection trajectory, and thus determine
the radial position of the initial tracer deposition, the shell abla-
tion signal is compared with results obtained from different
ablation rate scaling laws based on neutral gas shielding mod-
els proposed by Khlopenkov et al [28] and Sergeev et al [29].
The equations can be expressed in a generalized form, where
dN; /dt denotes the ablation rate, 7, [cm—3] and 7. [eV] rep-
resent electron density and temperature, respectively, and ,
[cm] is the pellet radius. The related coefficients are given in
table 2:

dN;
dr

Good agreement between the end of the experimentally
observed shell ablation phase and that predicted by the neut-
ral gas shielding scaling laws can then be seen as a proof for a
properly calculated injection trajectory. It should be noted, that
all the afore mentioned scaling laws predict the ablation rate
for a single atom of a specific material. In case of more com-
plex materials such as CgHg, the ablation rate for the molecule
N, is just the rate N for an ‘average’ atom, divided by the
number of atoms that are contained in a single molecule 7.
Thus

ci-nd -Tf" . r[‘i".

ey

N, = .

Napm

2

2.7 Tracer spectral line emission

W7-X is equipped with a large number of different spectro-
scopic diagnostics covering a broad wavelength range from
x-ray to the near-infrared [30]. In order to track the post-
deposition temporal evolution of the line emission of the injec-
ted tracers, two spectrally resolving diagnostics, the high effi-
ciency XUV overview spectrometer (HEXOS) and the high
resolution x-ray imaging spectrometer (HR-XIS) are promin-
ent [31, 32]. Thus, focussing on iron as the tracer impurity for
this work, the principal accessible emission lines for HEXOS,
in the wavelength range 5-35 nm, are shown in table 3 for sev-
eral ionization states. Several of these will be used later to
provide an example of the temporal evolution of the impur-
ity line emissions and to derive the radiation decay time from
semi-logarithmic signal plots. Such a radiation decay time can
then be considered as a proxy/measure for the impurity con-
finement time.

Table 3. Characteristic Fe spectral emission lines detected by the
HEXOS system for TESPEL injections [33]. The wavelengths, as
well as upper and lower transition levels, are shown. The *’s
indicate spectral lines used in figure 14. (1) The Fe XXV spectral
emission at ~0.185 nm (He-like state) is measured by the HR-XIS
diagnostic [32].

Spectroscopic Wavelength Lower Upper
notation [nm] level level
Fe VIII 9.837 3p°® 3d 3p° 6f
Fe XIV 21.133 3s%3p 3s%3d
Fe XV* 28.416 2p® 3 s? 2p°3s3p
Fe XVI 33.541 2p%3s 2p° 3p
Fe XVIII 10.394 252 2p° 25 2p°
Fe XX* 11.870 252 2p 252p*
Fe XXI 14.573 2 s2 2p? 252p°
Fe XXII 13.581 25s%2p 25 2p?
Fe XXIV* 19.203 1s*2s 1s*2p
Fe XXVv* M) ~0.185 152 1s2p

2.8. Radial and poloidal impurity distribution measured by
soft x-ray emission

The soft x-ray multi-camera tomography system (XMCTS)
of Wendelstein 7-X [34] measures the X-ray emissivity
in the energy interval 1-12keV in the triangular poloidal
cross section along 360 sight-lines using 20 slit cameras
(cf figure 11). The two-dimensional emissivity patterns are
obtained by tomographic inversion (here the regularization
based on the minimum Fisher information [35] is applied). Its
time resolution is 0.5 ps and the average spatial resolution is
approximately 4 cm.

Line radiation and continuum radiation add up to the
total x-ray emissivity. X-ray line radiation is proportional
to n.nz where n. is the electron density and n; the ion
density. For continuum radiation, consisting of contributions
from bremsstrahlung and recombination radiation, the emitted
power is proportional to ¥; n.n; Z[2 Té/ 2 [36]. For both, line
and continuum radiation, a direct proportionality to electron
and ion density is given. During the ablation of a TESPEL
and subsequent transport processes, the densities are locally
increased. The effect of tracer impurities on the x-ray emis-
sion is particularly enhanced by the Z> dependence of the
continuum emission. Taking into account that the effect of

1/2 . L
Te/ on continuum radiation is less pronounced compared
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Figure 6. Summary of TESPEL injections during OP1.2b. Here, ‘good’ is an intact TESPEL entering the LCFS, ‘not injected’ is a TESPEL
lost before entering W7-X, ‘premat. plasma termination’ is plasma termination or collapse prior to injection, ‘fragmented’ is a broken
TESPEL entering the LCFS and ‘multiple injections’ is more than one TESPEL during an experiment.

to the other parameters, the analysis of the x-ray emissivity
can be considered for interpreting the poloidal and radial
distribution of the injected tracer impurities, although the dia-
gnostic method cannot separate between the three different
contributions to the total x-ray emissivity.

3. Results

3.1 Global injection summary

During W7-X’s 1.2b operational phase, 141 experiments
involving TESPEL injections were performed. In total, 93
TESPELs were successfully injected into the W7-X plasma
(see figure 6). Due to a malfunction in the TESPEL disc or due
to trigger errors, 19 TESPEL were not accelerated on not injec-
ted. Events such as plasma non-ignition or premature termina-
tion could not be detected automatically due to problems with
the optical interlock. In some cases, the injection of a TESPEL
into the main vacuum vessel could be interrupted manually,
but in a few other cases this was not possible and the unablated
TESPEL then most probably hit the inner wall of the vacuum
vessel. However, video inspection after campaign completion
did not reveal any damage to the mounted carbon tiles. In addi-
tion, 11 TESPELSs entered the plasma partially fragmented. It
is likely that they have suffered strong impacts on the inner
tubing walls during their transfer through the guiding tube sys-
tem. Finally, in 5 cases, multiple pellets were injected unin-
tentionally. This occurred accidentally and may have been be
to human error during the disk loading procedure or to stor-
age chamber skipping during in operation. Nonetheless, even
such a severe plasma perturbation did not lead to radiation col-
lapse. Indeed, both of the latter events, fragmented TESPELs
and multi-injections are easily detected in the signals from the
two laser gates of the time-of-flight module. Now, considering
the data for ‘good’ and ‘fragmented’ injections has allowed an
evaluation of the guiding tube system alignment to be made.
This analysis results in a transfer probability of 89%. Taking
into account ‘not injected’ and ‘multiple injections’ cases the
overall success of the injection system is 73%.

3.2. Plasma response to TESPEL

The ablation of an injected TESPEL results in the release
of a large number of cold electrons and ions which cause a
short-lived global perturbation of the plasma (see figure 7).
This manifests itself as an instant but small rise (=5%) in
line-averaged electron density and a concurrent but transient
drop in electron temperature, seen in the data derived from
electron cyclotron emission (7 gcg,,.). About 200ms after
injection, 7, recovers to values being even slightly above the
temperature before injection. The ion temperature in the core
region changes less quickly and less pronounced but slowly
rises and finally exceeds the pre-injection value. Spatially
resolved measurements (from x-ray imaging crystal spectro-
meter (XICS) and electron cyclotron emission (ECE), not
shown here) exhibit an inwards propagating temperature drop
starting at the edge with the injection of a TESPEL, often
referred to as cold wave.

The increase in ion temperature after injection may seem
counter-intuitive at first glance, but a similar behaviour was
observed after injecting a series of cryogenic pellets into
W7-X [37, 38] and at the same time an improved energy
confinement was noted. The behaviour is explained by the
changes in the density profile induced by the ablating pel-
lets and the resulting stronger density gradients, which sup-
press the ion temperature gradient turbulence, which finally
leads to an improved confinement. In [38] it is pointed out
that comparable effects with regard to improved energy con-
finement can also be observed immediately after TESPEL
injections.

The diamagnetic energy, Wg;,, drops for a short term after
the injection and then increases slightly and remains so until
the electron density and temperature have almost returned to
their pre-injection values. Such behaviour is usually accom-
panied by a decrease in density fluctuations and also points to
a suppression of turbulence during this period [39].

Finally, as seen in the bolometer and bremsstrahlung time
traces, the global radiation rises instantly and decays again to
pre-injection values within a few hundred milliseconds.
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Figure 7. Example of the effects of a TESPEL injection on global plasma parameters (W7-X experiment #20180906.38). The curves show
the evolution of electron cyclotron resonance heating power (Pgcru), neutral beam power (Pngi), total radiated power (Praq), line-integrated
electron density ([ nd), electron and ion temperatures measured by Thomson scattering (7, 1s), electron cyclotron emission (7, gce) and
x-ray imaging crystal spectrometry (7 xics), respectively, plasma diamagnetic energy (Wgia), and bolometer core channel emission (core
rad.) and line-integrated bremsstrahlung emission about 630 nm (1/VBg30). The vertical dash-dash line represents the TESPEL injection
time. The diagrams in the right-hand column show part of the same data as on the left side, expanded by a factor of five.

3.3. Shell ablation and tracer deposition

A correct localization of the tracer deposition volume is a
very important precondition for impurity transport studies. As
pointed out in section 2.6, the actual trajectory within the
injection stray cone has a significant influence on the spa-
tial area, where the tracer is initially released. Figure 8 shows
the spatio-temporal mapping of selected trajectories and illus-
trates how the deposition area (calculated from the experi-
mentally observed ablation signals) varies with such trajector-
ies. As seen from equation (1) and the coefficients in table 2,
the ablation rate of an injected pellet is strongly influenced
by electron temperature, and to a lesser degree by electron
density. As an example, predicted penetration depths, obtained
using the three sets of scaling law coefficients in table 2, are
compared with the experimental ablation profile for W7-X
experiment #20180906.38. For this, the kinetic profiles and
the confidence levels used as input for predictions are taken
from Thomson Scattering measurements (see figure 9). In the
same figure, the time reference for the H,, signal is converted

to radial positions along plasma normalized radius. Thus, from
this figure, an experimental penetration depth of p ~ 0.47 is
determined for the experiment. Next, in the same figure, and
considering a 700 um shell type TESPEL with 80 um wall
thickness, predicted ablation profiles are shown for the three
sets of coefficients of table 2. Moreover, the shaded area in
figure 9(c) indicates the predicted minimum and maximum
end positions for the shell ablation for the most likely traject-
ory path. This area is obtained using the kinetic profile confid-
ence intervals for all three models.

As noted previously, 93 TESPELs were successfully injec-
ted into W7-X plasmas during the 1.2b operational phase. In
order to highlight the good reproducibility of tracer depos-
ition, and to demonstrate the possibility to preselect the tracer
deposition depth to some degree, TESPEL penetration depths
versus central electron temperature are plotted for ‘shell’ and
‘ball’ capsule types in figure 10. Central electron temperat-
ure, rather than central electron density, is considered here as
the ablation rate is more sensitive to electron temperature than
to other variables, i.e. plasma density, TESPEL velocity or



Plasma Phys. Control. Fusion 66 (2024) 115020 R Bussiahn et a/

1219 1\
\ LCFS
1.0 A
0.8 7 ‘ trajectories
< \
So064. |\ S /S topmost,
g lowermost
0.4 1 % —— most likely
02 = shell abl.
R +  tracer abl.
v n
0.0

1 1 1 1 1
8.0100 8.0105 8.0110 8.0115 8.0120
t-T1 [s]

Figure 8. Spatio-temporal mapping of different possible TESPEL injection trajectories for W7-X experiment #20180906.38. Trajectories,
labelled as topmost and lowermost refer to trajectories at the upper and lower edge of the scattering cone in figure 5 and result in the
shallowest and deepest TESPEL penetrations whereas the ‘most likely’ trajectory is the one where the shell ablation (orange) starts closest
to the last closed flux surface (LCFS). Here r/a = 1 is the LCFS and r/a = 0 is the magnetic axis. T1 is the start time of plasma heating.
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Figure 9. (a) TS electron density and temperature profiles with confidence levels used here to predict shell ablation along the most likely
trajectory for W7-X experiment #20180906.38, (b) measured ablation signal (H, channel) superimposed on the normalized plasma minor
radius and (c) results for different neutral gas shielding scaling laws (1: from [28], 2: equation (15) of [29], 3: equation (20) of [29]), taking
the TS kinetic profiles of (a) as input. Here, r/a is the normalized plasma radius. The shaded area indicates the predicted minimum and
maximum end positions for shell ablation along the most likely trajectory according to the confidence intervals in (a) for all three models.
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Figure 10. Penetration depth of two different TESPEL capsule
types as function of the electron temperature at the plasma core, 7.
Data points refer to the position where the shell ablation ends and
the tracer ablation starts, as calculated from filterscope signals. The
linear regression lines are added to guide the eye.

TESPEL radius. This plot shows good radial tracer deposition
reproducibility and thus confirms the possibility to preselect a
radially shallower or deeper tracer deposition by choosing the
capsule type.

3.4. Post-deposition impurity transport and tracer evolution

The scientific goal of the TESPEL method is to deposit a
quantified source of known impurities, either intrinsic or non-
intrinsic to the device, at a well-localized and known radial
position within the plasma core in order to undertake impurity
transport studies. Once deposited and exposed to the plasma,
tracer particles are ablated by the plasma and the result-
ant clouds of semi-ionized (tracer plasmoids) particles will
expand toroidally along the magnetic field lines until the
tracer plasmoid and background plasma pressures equalize.
The ablation cloud expansion velocity had been estimated by
analysing the optical emission of ionized carbon (C>*) in [16]
to be approximately 8800 m s~! parallel to the magnetic field,
and ca. 1100 m s~ perpendicular to it. It can be assumed that
the actual high-z tracers are subject to similar processes, even
if the velocities will differ due to the difference in mass com-
pared to carbon.

Despite the investigation of diffusion and convection prop-
erties of W7-X plasmas and detailed transport analysis is out-
side the scope of this paper and will be left open to a future
publication, some general aspects should be discussed here
on behalf of experimental findings. Examples of soft x-ray
emissivity signals, measured along selected sight-lines of the
XMCTS diagnostics (cf figure 11) are shown in figure 12. The
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Figure 11. Arrangement of the 20 XMCTS camera heads (1A - 4E),
providing 18 lines-of-sight each (grey labels next to the cameras,
numbered 0-359). For camera 2B, five selected lines-of-sight are
plotted in red, indicating those for which the related time-traces are
shown in figure 12. Green curves indicate flux surfaces at the radial
positions r/a = 0.1, 0.71 and 1.0.

signals are characterized by oscillations, lasting for more than
ten milliseconds and having frequencies in the order of about
1 kHz. While the signal of sight-line # 116 shows the highest
oscillation amplitude, # 119 has the most intense signal and
similar to # 125 also the steepest leading edge. Furthermore, a
closer look to the lowermost diagram reveals a small peak, loc-
ated at around 8010.5 ms with a width of about 70 us, before
the signals exhibit a steep rise in intensity (most prominent for
the sight-lines # 117, # 119 and # 125).

A 2D tomographic reconstruction of all available XMCTS
signals, superimposed on the local closed flux surfaces, is
presented in figure 13. These plots reveal that the initial post-
deposition x-ray emissions (upper left image, labelled 0.040)
are localized in an area that is poloidally, but not radially, dis-
placed from the initial intersection space of the magnetic field
lines predicted for XMCTS and shown in figure 3. Starting
with the sub-figure labelled 0.310, another narrowly limited
area of most intense soft x-ray radiation begins to develop.
Only with the last figure shown at the bottom right (label
0.590), the originally existing radiation asymmetries appear
to have largely equilibrated along the flux surfaces. The time
scale on which this process happens can be estimated from the
damping of the oscillations in figure 12 and amounts to several
10 ms.

Similar radiation asymmetries were observed in plasma
emissions, measured using bolometers, immediately after
a cryogenic pellet injection into the stellarator TJ-II [40].
According to a friction- and inertia-based model developed in
[40], a sudden breakdown of the advection/compression bal-
ance caused by the injection of the pellet led to emission asym-
metries where an emission blob was seen to rotate about the
magnetic axis during several milliseconds after the injection.
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Figure 12. Temporal evolution of soft x-ray emissions along
selected lines-of-sight (as indicated in figure 11).

In the same work, the observed oscillation in the phase of
the radiation asymmetry was reproduced by impurity fluid
dynamic simulations and explained in terms of the advection
of adecaying m = 1 asymmetry by the E x B flow. The oscilla-
tion characteristics seen in figure 12 is very similar to the one
discussed for cryogenic pellets, so the physical effects caus-
ing them are assumed to be the same and E x B drift may
then explain the observed poloidal shift in the initial post-
deposition x-ray emissions.

Comparing the temporal evolution of the soft x-ray emissiv-
ity patterns in figure 13 with the signal evolution along spe-
cific sight-lines (figure 12) and also with the TESPEL abla-
tion signals (figure 4) reveals further interesting details. The
ablation of the injected TESPEL took about 300 us for the
shell and another 70 us for the tracer. The signal maximum in
figure 4(a) appears at about 250 us to 300 us after the ablation

SXR emissivity (arb.u.)
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Figure 13. Temporal evolution of soft x-ray emissions, as detected
by XMCTS, after the TESPEL injection into W7-X experiment
#20 180 906.38 with positive magnetic field configuration
(EIM001+-252). Intensities, presented here correspond to the
differences between the emissivity at the respective time instant and
the averaged intensity distribution at the time of TESPEL arrival.
Labels in the lower right corners of the sub-figures refer to the time
in milliseconds after the arrival of the TESPEL in the confined
plasma region. In comparison to the intersection points of the field
lines, in the vicinity of which the ablated atoms/ions are initially
released (see figure 3), the first, increased x-ray emissivities are
observed here (see the upper left subfigure) with a slight poloidal
offset in clockwise direction.

start. In figure 13 it takes about 300 ys (from label 0.040 to
0.310) until the strongest x-ray emissivities (faint orange area)
become visible at R = 500-520 cm, z = 0-20 cm. This spa-
tial range is covered by the selected sight-lines in figure 12.
A comparison of the ablation signal characteristics with the
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Figure 14. The temporal evolution of spectral line emissions from
Fe XV, Fe XX, Fe XXIV and Fe XXV. Signals are normalized with
respect to the maximum signal value. Here ty, is the time when the
Fe tracer is exposed to the hot plasma. The wavelengths of these
lines are highlighted by an * in table 3.

temporal evolution of the XMCTS sight line signals suggests
now, that the first three sub-figures in figure 13 (labelled 0.040
to 0.240) illustrate the x-ray emissivity changes during the
TESPEL shell ablation (release of H and C), the one labelled
0.310 covers the transition phase between shell and tracer abla-
tion, when high-Z materials (tracer load in this experiment:
Fe + Si3N4) come into play and all further sub-figures depict
the poloidal transport of tracer particles and finally their equi-
libration along the fluxsurfaces. Furthermore, based on the
comparison of the above figures, it can be assumed that the first
little peak in the line-of-sight signals mentioned at the begin-
ning correlates with the ablation of the polystyrene shell and
the steep rise in the signals afterwards represents the release
of the tracer load and subsequent ionisation and transport.
Finally, figure 14 shows the temporal evolution of selec-
ted Fe spectral lines emitted by different ionization stages that
were followed by the HEXOS and HR-XIS diagnostic. The
signals are normalized to the maximum line emission intensit-
ies for each ionization state in the respective diagram. With Fe
XV and Fe XX, there is an initial, short-lived intensity peak,
followed by an immediate, rapid drop in intensity, which is
then followed by a phase of constant decay. The initial transi-
ent peak is due to rapid multiple ionizations of the iron atoms,
from the atomic state through to the He-like of H-like states,
by plasma electrons in a volume where Te is of the order
1-2 keV. Then, as Fe ions are transported outwards across
plasma regions of lower Te, recombination occurs and spec-
tral lines emitted by lower ionization states of Fe reappear and
decay. The analysis of latter phase, established about 100 ms
after injection, where the signals of the different ionisation

states begin to show similar decay behaviour, allows impur-
ity confinement times to be determined. At present, such an
analysis is being undertaken with the STRAHL transport code
and findings will be reported in a future publication. This code
solves the radial continuity for each impurity ionization stage
in a 1D geometry and, in doing so, calculates radial transport.

4. Conclusion

A TESPEL injector system has been installed and commis-
sioned on the Wendelstein 7-X stellarator. A successful trans-
fer probability of 89% for intact TESPELs is reported. It is
found experimentally that the successful injection of a ‘shell-
type” TESPEL with an outer diameter of 0.7 mm, loaded with
Si3N, /Fe tracer particles (Fe-amount: 1.66 x 10'7 atoms) into
plasma with a line-integrated density of 4 x 10" m~2 (line-
averaged density = 3 x 10" m~2) results in a 5% perturba-
tion in density, this being in very good agreement with pre-
dictions of 4%-5%. It is seen also that a sharp reduction in
electron temperature concurs with the increase in plasma dens-
ity due to the ablation processes and the deposition of cold
electrons. However, unlike the density perturbation, which
requires several hundreds of milliseconds to return to its pre-
injection value, core electron temperatures return to within a
few percent of pre-injection values after several 10’s of mil-
liseconds. Thus, it is considered that injections of TESPELs
with adequate size and tracer content will result in acceptable
changes in the plasma core transport conditions that are to be
investigated.

When it comes to the theoretical description of the impur-
ity transport, many models assume compliance with the trace
limit (o = nZZ2 /n; < 1) [41]. This boundary condition is sig-
nificantly more limiting with regard to the experimental condi-
tions for typical TESPEL injections than the plasma perturba-
tion limit. The impurity strength o = n,Z? /n;, due solely to the
contribution of the polystyrene of the outer TESPEL shell, is a
factor of ~ 5.3 above the curves for plasma perturbation shown
in figure 2, so that even with the shell type S700 an o < 0.1
can only be achieved at plasma densities above 5 x 10 m~3,
To estimate the actual tracer impurity strength, the calcula-
tion of the impurity concentration of the respective ionization
stages is necessary, taking into account the given ionization
conditions and temperature profiles, respectively. Therefore,
for the theoretical description of the impurity transport and for
modelling of the transport parameters, strict attention must be
paid to the impurity level under the given experimental con-
ditions and to the suitability of the model. This is particu-
larly important considering the fact that when a TESPEL is
injected, at least two different tracer materials (carbon from
the polystyrene shell and the actual tracer material) are intro-
duced into the plasma. The complexity may increase due to
the possibility of filling TESPELs with up to three different
chemical elements or even complex compounds at the same
time. Furthermore, due to the expected large local density per-
turbation immediately after the ablation of TESPEL tracer
particles, a strongly localised, but transient, violation of the
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tracer limit must be taken into consideration when undertaking
analysis. The specific influence of various TESPEL properties
(shell geometry, specific tracer load, tracer material) on turbu-
lent transport behaviour is outside the scope of this Paper. It
will be determined in future investigations. For further aspects
on impurity transport modelling, especially under conditions
where the tracer limit is not met, we refer to the works of
Angioni [41] and Reinke [42].

Through careful consideration and analysis of TESPEL
flight-path trajectories, filterscope signals, as well as kinetic
plasma profiles and their confidence levels, uncertainties in
the determination and prediction of the radial location of
tracer exposure to the plasma have been estimated, i.e. Ap =
40.05, for the investigated injection experiment. Moreover, it
is shown that the use of different polystyrene capsule types and
sizes for W7-X provides some flexibility for the pre-selection
of the tracer penetration depth. From the injections made to
date, the related radii of tracer release have ranged from p ~
0.32 t0 0.6 for ‘S700’ capsule types and from p ~ 0.25 to 0.42
for ‘B900’ types. These locations are well within the core plas-
mas and thus such injections avoid complications that arise
in transport analysis due to the initial inward transport of the
source as occurs when gas-puff or laser blow-off injections are
performed.

In conclusion, it is considered that the TESPEL method will
prove to be a powerful tool for undertaking impurity transport
studies in future experimental campaigns on the Wendelstein
7-X stellarator device. In particular the problems arising from
the broad band filters causing poor spectral separation between
the different detection channels of our filterscope had been
addressed in the meantime. With a new set of narrowband
filters having bandwidths of about 1 nm FWHM, we expect
a precise separation between shell and tracer ablation sig-
nals. Furthermore, also the fastcam system had been upgraded,
providing now a second line-of-sight, such that a 2D recon-
struction of the TESPEL injection trajectory will become pos-
sible with Wendelstein 7-X’s experimental campaign OP2.2.
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