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Pulsed injections of boron carbide granules into Wendelstein 7-X stellarator (W7-X) plasmas transiently
increase the plasma stored energy and core ion temperatures above the reference W7-X experimental
programs by up to 30%. In a series of AMW ECRH heated experiments, the PPPL Probe Mounted Powder
Injector provided 50 ms bursts of 100 micron granules every 350 ms at estimated quantities ranging from
approximately 1 mg/pulse to over 30 mg/pulse. For each injection the stored energy was observed to
initially drop and the radiated power transiently increase, while the radial electron density profile rose at
the edge as material was assimilated. Once the injected boron carbide was fully absorbed, the density
rise transitioned to the core while the stored energy increased above the previous baseline level by an
amount linearly correlated with the injection quantity. During the injections, the ion temperature

gradient steepened with peak core ion temperatures observed to increase from a nominal 1.7 keV to over
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2.6 keV for the largest injection amounts.. Enhanced performance is accompanied by a reversal of the
radial electric field at p < 0.3, indicating the core transport has switched to the ion root. These
observations are suggestive of a change in transport and provide further evidence that externally induced

profile modifications provide a possible path to enhanced W7-X performance metrics.

1. Introduction

As fusion research transitions to long pulse devices with the goal of achieving steady state operation, both
the methods of providing excellent first wall conditions as well as maintaining their status throughout the
duration of the discharge will need to be augmented.  For example, a consequence of “always on”
superconducting magnets, such as those on W7-X[1], EAST[2], KSTAR[3], LHD[4], and WEST[5] is that
premium wall conditions cannot be restored by between discharge volume breakdowns. This commonly
employed method, termed “glow discharge cleaning”(GDC)[6], is prevented by the shaped magnetic
fields[7]. By the same token, depositional volume breakdown coating methods such as boronization[8]
cannot be employed while the magnetic field is energized and thus require a cessation of operations[9].
Given a desire to extend magnetic coil lifetime by minimizing current cycling events, it would be
programmatically advantageous to develop alternate methods to modify wall conditions or getter rising

hydrogen levels within standard operational conditions.

The injection of milligram quantities of low-Z particulate impurities through the use of an Impurity Powder
Dropper (IPD)[10] has resulted in discharge improvements in a number of the world’s leading fusion
research devices. The introduction of lithium and/or boron powder into NSTX[11], EAST[12, 13] and
KSTAR[14] has led to the mitigation or elimination of ELMs, while boron pulses have led to an increase in
confined electron and ion temperatures in LHD[15]. Improvements to overall discharge performance have
also been observed on AUG in response to the injection of boron nitride[16]. In addition, the application
of particulate based conditioning methods has been shown to beneficially alter the plasma material
interface on DIII-D[17], NSTX-U[18], EAST[19], ASDEX[20] and most recently on LHD. In these instances,
the gravitational introduction of aerosolized powders, either Li, B, or BN has been observed to have lasting

(inter-discharge) effects similar to traditional wall conditioning methods[21-23]

Given programmatic constraints, a full powder dropper installation on the Wendelstein 7-X stellarator
(W7-X) was deemed temporarily impractical, and as such an alternate technology was required. A vacuum

compatible periodic particle source termed the Probe Mounted Particle Injector(PMPI1)[24] was developed
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and installed on the W7-X Multi-Purpose Manipulator (MPM)[25] probe allowing direct injection of
impurities. The initial objectives of the PMPI experiments were to assess the ability of a single injector to
effectively distribute conditioning material within a stellarator geometry and if possible, to determine if a
particulate injection system had a beneficial effect upon W7-X wall conditions. While results of the
experiments vis-a-vis improved conditioning were inconclusive, important information was observed
about impurity entrainment and distribution throughout the vessel. In addition, these periodic pulsed

injections were also observed to generate an unexpected transient performance boost.

In this paper we outline the operational envelope of the PMPI and describe the first experiments
undertaken with this new actuator. This includes observations of full toroidal transport of the injected
material as well as a discussion of the supplemental calibration utilized to better characterize the quantity
of injected material. After this we classify plasma responses to the impurity injections and conclude with
a discussion detailing how those plasma modifications lead to the observed beneficial effects on overall

plasma performance.

2. Experimental Apparatus

Due to program requirements for mainline diagnostic commissioning prior to the most recent Operational
Period of W7-X (OP1.2) it was determined that it would not be practical to install a fully integrated
Impurity Powder Dropper(IPD) as was done on other devices. The arrived upon solution was to create a
modified powder injector which would allow initial experiments to be performed utilizing a temporary
installation on the W7-X Multi-Purpose Manipulator[25] probe arm. The primary impetus behind the
design and implementation of the PMPI was to facilitate rapid deployment of a particulate impurity source
thus allowing a characterization of the behavior of injected impurities within the W7-X topology prior to
the extended programmatic upgrade between the preliminary commissioning phase of W7-X (OP1) and
the latter initial research phase (OP2). The focus of these initial injection experiments was to determine
the ability of a single source impurity actuator to transport injected material throughout the vessel while
assessing the stability of the discharge to the repeated introduction of solid material. These results would
then provide insight into the ability of a full IPD system to operate effectively within the constraints of a

stellarator operational space.

2.1. The PPPL Probe Mounted Particle Injector (PMPI)
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The PPPL PMPI was custom designed to provide a portion of the functionality of the PPPL Impurity Powder
Dropper (IPD) system deployed on AUG[20], EAST[19] and DIII-D[17] within the cylindrical operational
envelope of the MPM (120mm diameter x 150mm length). To accomplish this the PMPI is designed with
a single impurity hopper/feeder pair as shown in figure 1 as opposed to the 4 feeders found in the
standard IPD. A cylindrical column and funnel, comprising an 80 cm? volume maintains the powder
inventory. The feeder tray, located 2mm below the bottom of the funnel, is vibrated at resonance and
this movement conveys powder down the tray towards the impeller wheel. As the major change between
the operational methodology of the IPD and PMPI is the need to provide for horizontal rather than
gravitational injection a piezoelectric rotary motor specifically designed for operation in high field
environments was coupled to a vertically oriented paddle wheel. The eight 35mm long vacuum
compatible thermoplastic polyether-ether-keytone (PEEK) blades attached to the central hub are
machined to be slightly longer than the distance from the wheel hub to the bottom of the feed tray.
During rotation the paddles flex slightly when coming in contact with the aluminum tray scraping powder
along the tray and bringing it forward. As each paddle passes the vertical axis the flexure energy is
released providing the majority of the 0.5 m/s injection velocity. The powder is projected up and forward
out of the feeder tray as shown in panel a) of figure 2. The quantity of powder delivered is determined
by the depth of powder in the tray and can be roughly controlled by altering the excitation amplitude of
the sinusoidal signal sent to the piezoelectric crystals connected to the feeder tray. At normal operation,
this provides a pulsed injection every 350 ms. Laboratory tests in atmosphere have shown a maximum
horizontal throw of 25 cm with the majority of the powder delivered within the range of 12 to 18 cm[24].
The need for a compact mechanical method of horizontal introduction was the primary driving force
behind the actuator design and is responsible for the pulsed nature of injections from the PMPI as
opposed to the more continuous flow observed during IPD operations. The entirety of the PMPIl assembly
is enclosed within a protective graphite covering into which a 13 mm x 20 mm rectangular hole has been
machined on the front to allow for powder injection. For these experiments the PMPI was filled with 80

mL of loose packed granular boron carbide powder for a total inventory of approximately 100 grams.

To deliver the boron carbide payload to the discharge, the PMPI is mounted to the head of the W7-X
Multi-Purpose Manipulator and relayed past the vacuum boundary into the main chamber. The MPM is
designed as a unique multi-user platform for plasma edge investigations and facilitates a variety of
measurements through rapid replacement of diagnostic heads without the need to disrupt the W7-X main

chamber vacuum conditions. For these experiments the MPM moves the PMPI probe head past the gate
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valves and cryostat to a parking position in line with the outer main chamber walls. During experiments
the probe was moved to locations up to 15 cm past the inner wall, a position which, based on measured
SOL profiles[26], left it external to the discharge by amounts ranging from 20 cm at the furthest to 5 cm
at the closest. These standoff distances allowed the probe extended dwell time at this location without
substantial heat buildup on the probe’s graphite shield. We note that at the shorter distances, heating of
the protective carbon shell was observed during the course of the 7s plasma exposure, although
measurements on the onboard thermocouple showed the PMPI temperature to still be well within

operational range.

2.1.1. Choice of Incident Injection Media

The coating of interior plasma facing surfaces is an effective way to control hydrogenic recycling and
reduce impurity influx. To minimize the impact of sputtered coating material on the effective ion charge
of the plasma, low atomic number species are often selected as the materials of choice for injection.
Examples include lithium, boron, and silicon delivered through evaporative coating, volume glow
discharge depositional coating and plasma assisted coating. The standard version of the IPD has been
successfully tested with Li, B, BN, B4C, C, SiC, and Sn. During wall conditioning experiments on other
devices, the standard gravitationally fed IPD is nominally loaded with a subset of lithium, pure boron
powder, or boron nitride as the needs of the host scientific program dictate. Lithium was not a preferred
option for these initial tests on W7-X and so the choice of injection material was narrowed to a boron

containing compound.

Previous experiments have shown that the concomitant nitrogen introduced with BN behaves in a similar
manner as injected nitrogen gas and sharply raises the radiative fraction of the discharge. As such, it
places a more stringent limit on the amount of material that can be injected prior to the onset of a
radiative discharge collapse. Pure boron powder does not lead to these sharp increases in plasma
radiation, and as such would have been the preferred choice of injection material. However, it has been
observed that under certain conditions the boron powder load can tend to aggregate and form clumps
which inhibit material flow and thus optimal performance within a standard IPD. When the system is
mounted external to the vacuum vessel, identifying and resolving this issue is a minor inconvenience,

however as the PMPI is internal to the vacuum boundary, such clumping could not be easily remedied. It
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was determined therefor that boron carbide would be a better choice of injection medium as the carbon
within the crystalline lattice acts in a manner similar to a graphite lubricant and keeps the particulate flow
clump free. The material utilized here is of the same stock as was previously analyzed in figure 4 of [27]
and injected into DIII-D[28] for multi-species granule experiments and was thus deemed suitable for

injection into a research plasma environment.

2.2. Wendelstein 7-X

Wendelstein 7-X is a five-fold symmetric stellarator of major radius 5.5m and minor radius 0.5m with an
interior plasma volume of about 30 m3. The magnetic flux surfaces are generated by a set of external
planar and non-planar superconducting coils and the field geometry has been drift optimized to minimize
neoclassical transport losses while maintaining MHD stability[29, 30]. Primary plasma heating through
electron cyclotron resonance heating(ECRH) supports moderate densities (relevant to this paper <~ 0.5 x
10%° m3) with electron temperatures Te ~ 5 keV and ion temperature T; < 1.6 keV in quasi-stationary
discharges. In anticipation of stable high-beta operation, consistent control of first order heat loading
at 10 island divertor modules has been achieved[31-33] and power and particle exhaust during the two
most recent operational phases, OP1.2a and OP1.2b, are controlled through the use of this helically

shaped island divertor concept[34-36].

To provide suitable machine conditions the inner plasma facing components (PFC) were covered with
graphite tiles while baking as well as glow discharge cleaning (GDC)[37] provided a baseline set of
conditions for the experimental campaign. To maintain wall conditions a series of short ECRH pulse trains,
immediately followed by pumping intervals was employed to reduce the PFC outgassing rate[38]. In
addition, experiments were alternately run with hydrogen and helium working gasses to desorb first wall
hydrogen content providing enhanced density control[21, 22]. After three out of the thirteen
experimental weeks of OP1.2b, a deposited boron coating was applied through a volume breakdown
helium glow discharge doped with a 10% concentration of diborane gas (B.Hs). The 4 hour boronization
discharge deposited an approximately 100nm boron coating on the plasma facing components and was
observed to reduce the normalized influx of oxygen and carbon by factors of approximately 10 and 4
respectively indicating gettering by the boron layer[23]. These boronization conditioning discharges were

run three times over the course of the experimental campaign.
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2.2.1. W7-X Diagnostics

Diagnostics on the W7-X stellarator provide well resolved measurement of plasma characteristics.
Electron temperature and density profiles are provided by Thomson scattering[39, 40] while the line
averaged density is measured by a dispersion interferometer[41] and measurements of the plasma stored
energy are derived from a compensated set of three diamagnetic loops[42]. Impurity levels within the
discharge are measured by the High-Efficiency XUV Overview Spectrometer(HEXOS)[43] and divertor

imaging is provided by a visible camera equipped with a Carbon IIl spectroscopic line filter[44].

The overview visible camera array[45] provides images through ten ports with tangential plasma views.
Camera heads at the end of a series of bellows generate observational viewing cones which stretch
through the module where the respective ports are located and terminate in a line of sight intersection
with the vacuum vessel in the adjacent module as can be seen in figure 3. These camera views are labelled
with the moniker AEQ##, with the first number denoting the module where the port is located and the
second number, either ‘0’ or ‘1", denoting if the view is clockwise or counter-clockwise around the vessel
respectively. For example, mounted onto the AEQ31 port (purple box in figure) is the counter-clockwise
viewing camera in module 3 which directly observes the PMPI injection located in the middle of module
4. For the odd numbered ports, the camera views the interior of the module where it is located as well
as the adjacent increasing number module (i.e. AEQ11 view terminates in module 2 and the AEQ51 view
terminates in module 1 as the circuit is completed). Even numbered observational ports record views
clockwise from the camera origin into the decreasing module number(i.e. the AEQ50 view terminates in
module 4). The need for this precise distinction comes from utilizing these images and specifically their

time history to track illuminated structures as they transit the vessel as will be discussed in section 3.1.

lon temperature measurements as well as measurements of the radial electric field are determined by
monitoring the perpendicular velocity of non-perturbing seeded argon gas utilizing the X-ray Imaging

16+ Ar'’*) provides

Crystal Spectrometer (XICS)[46, 47]. Measurements of the highly ionized Ar dopant (Ar
flow velocities from a doppler shifting of the emission lines as well as ion temperature through analysis of
the line broadened spectroscopic signal. The radial electric field can then be inferred from the radial
component of the local force balance equation using the flux surface averaged perpendicular flow

velocity[48].
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Finally, the Doppler Reflectometer(DR) system[49-53], located at the AEA21 port, injects microwave
radiation at a scanned frequency from 50 to 75 GHz in steps of 1 GHz every 10 ms to monitor spatio-
temporal evolution of density fluctuations. Utilizing transmitted and received signals, the distance to a
reflecting layer within the plasmas is recorded. A fixed probe beam angle of a. = 18° is sensitive to density
perturbations with finite perpendicular wave number such that kip; ~ 1 providing a measure of the
perpendicular rotation velocity. By observing the power of the back scattered signal, radially resolved
density fluctuations can also be obtained. This current experimental layout of this system is described in
Ref [54]. Of note, an attenuation of the fluctuation level during periods of enhanced confinement, such
as after a series of fuel pellet injections[55] has been observed to indicate a change in the nature or

intensity of the turbulence structures.

3. Experiment

For these experiments, repeated pulses of 100 micron diameter B4C granules were injected into a series
of W7X discharges at varying quantities to evaluate plasma robustness to injection, gross toroidal impurity
transport, and any effects on plasma performance. Over a series of 7 discharges injection quantity was
varied from approximately 1 mg/pulse to 30 mg/pulse and the location of the front face of the PMPI was
varied between 20 and 5 cm from the nearest island scrape off layer. The closest point of approach placing
the front of the PMPI approximately 10 cm from the last closed flux surface(LCFS). Injection frequency
was maintained at 2.8 Hz throughout the experimental series as this represented the maximum angular
velocity of the rotational motor and ensured the longest horizontal throw. For this injection frequency
the laboratory measured injection velocity was 0.5 m/s. Based on the duration of ablation and estimated
injection velocity we anticipated a radially injected granule to penetrate roughly 5¢cm into the discharge
as shown in panel c) of figure 2. We note however that this injection velocity figure is only valid prior to
the beginning of ablation at which point the granules become charged and respond to the electromagnetic
forces present. Most specifically, the rapid influx of fast electrons responsible for ablation result in
granules within the cloud becoming negatively charged and electrostatically repelling each other leading

to accelerated cloud dispersal as observed in the overview camera images.

3.1. Gross Toroidal Impurity Transport
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First order observations of toroidal impurity transport are provided by an array of high speed (100Hz)
survey cameras installed on W7-X. The array of images in figure 4 shows the evolution of illuminated
field aligned structures resulting from an injection event. The field of view of the AEQ20 camera used
here is toroidally opposite of the PMPI location. The injection occurs at 5.07s and the first image in the
series shows the camera view before material has transited the vessel. As can be seen in the next panel,
the injected material results in a series of distinct illumination bands with the peak of the injection as seen
in the third panel exhibiting extended edge radiation bands. A comparison of the first and last images
shows that the dissipation of the distinct edge illuminated structures occurs more quickly than the decay
of overall discharge radiation. Given the visible spectral response of these cameras, the higher ionization
states of the boron in the core would not be recorded by these images and as such this widespread

illumination is indicative of strong poloidal mixing of the injected boron within the discharge edge.

Similar responses can be observed in all 5 modules in response to injection. The concurrent images from
multiple camera locations at t = 5.12s can be seen in the photo array displayed in figure 5. The large
center panel displays the image recorded by the camera installed at the AEQ31 port which is focused on
the MPM location, and thus the PMPI injections. The injection pulse highlighted here started 50 ms prior
to the images shown. Between the pulse initiation and the time of the frames displayed in these images
the material has transited throughout the vessel. A frame by frame integration of the pixel intensities
within the camera images generates a time history of the injection event and by then correlating signal
intensity rises with the camera image plane location a rough estimation material spread can be
determined. In figure 6, the first indications of the injected pulse come from the AEQ31 view,
corresponding to a direct observation of the MPM location. Increased signal coincident with the arrival
of radiative impurities is next observed by cameras associated with the AEQ40 and AEQ50 ports which
have views directly clockwise and counterclockwise to the PMPI location respectively. The simultaneous
observation by both cameras and the further rise in all other cameras indicates that there is not a
dominant preferential streaming direction for the recently entrained impurities. Fitting curves to the
intensities and examining the gap between peak illumination times in the AEQ31 and AEQ51 camera views
provides a time of flight for the pulse of approximately 15 ms which gives an approximate toroidal

entrainment velocity of 1200 m/s with an estimated error of +/- 400 m/s.

The in-situ particle deposition method of wall conditioning is envisioned as supplemental to a standard

boronization. With an initial conditioning volume breakdown being utilized to coat all interior surfaces of
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the vacuum vessel, the introduction of boron particulates into nominal W7-X discharges would provide a
deposition of injected material onto high fluence plasma surfaces such as limiters and divertors to extend
the coating lifetime and to maintain overall peak performance. Observations of the interaction between
the injected material and these components was undertaken to ensure that there is strong engagement
between the injected material and some of the surfaces where conditioning is required. The upper panels
of figure 7 display Carbon Ill filtered images of the Module 1 upper divertor during an injection series.
These images show a substantially enhanced carbon signal during the injection period. Given that the
boron and carbon are injected concurrently, it is reasonable to assume that there is a substantial presence
of boron also engaging with the divertor surface. With experiment 20180927-47 undertaken in the 5/5
standard configuration a field line trace from the estimated injection location is shown in the lower panel
of figure 7. The PMPI and the start of the material evolution is outlined in the box labelled a) where the
red line is a single field line starting at R = 6.04m. This location represents the approximate penetration
depth for a nominally injected granule as estimated by the injection velocity and ablation duration. The
field line is then evolved for ~100m, illustrating a field-parallel pathway throughout the vacuum vessel.
We note that this trace includes the module one upper divertor, also shown in figure 7 within a dashed

box labelled b).

The trace provides an indication where direct deposition of material may occur, however we note that
these initial field line tracings do not account for any dispersion within the discharge or poloidal spread in
the injected material. As can be seen by the presence of the bright bands in the top middle panel of figure
7, there is a substantial volume circulation of injected material which can be understood by noting that
the material introduction provided by the PMPI, as seen in the large central panel of figure 5, is not point-

like and as such we can anticipate a substantial evolution of material throughout the vessel.

3.2. Quantification of injection quantities

Due to the stochastic nature of the coupling between the PEEK paddles and the material within the feeder
tray, as well as variances in powder depth occurring during conveyance from the reservoir to the paddles,
there is substantial discrepancy in the quantity of material disbursed by each PMPI pulse. While the
injector was never intended to deliver precision quantities of material it is nevertheless possible and
appropriate to attempt to determine an approximate injection quantity per pulse for initial analysis

purposes.
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A calibration of the feeder flow rate was performed prior to installation on W7-X and can be found in
Ref[24]. It was also determined that the average coupling efficiency between the PEEK paddle and the
material contained within the tray is approximately 50%. That is, 50% of the material within the tray is
projected upward and forward into the plasma while the remaining material is captured by the lip on the
carbon cap just in front of the feeder tray. This feature was designed to direct insufficiently accelerated
particulates to an open area in the bottom of the protective carbon cap just underneath the PMPI
structure. As an example mass throughput calculation we note that during the experimental program
W7X20180927-07 the average throughput of the feeder tray at the voltage selected for this discharge was
6 mg/s based upon laboratory calibration. Given a paddle frequency of 2.8 Hz in conjunction with the
50% injection efficiency, this provides an estimated material injection quantity of approximately

1mg/pulse.

These pulses are then further characterized by correlating the laboratory calibration with images of the
injection events as provided by the overview video diagnostic system[56], a representative image of which
is illustrated in figure 2b). Given the stochastic toroidal spread of the material, the only way to ensure
that the majority of the PMPI injection was accounted for was to observe it directly at the injection point.
With this in mind, the illumination provided by the fast visible camera was chosen to provide a post-facto
quantification. Experimental program 20180927-07 was chosen as a reference injection discharge as the
PMPI was programmed for a minimal excitation level and thus we believe the injections to be well
characterized. The left panel of figure 8 displays the evolution of plasma parameters Pecgy, Prap, Ne, Te, Ti,
and Wpia showing the minimal plasma response to small injections while the right panel shows a time
history of injection events. This series was generated by performing a background subtracted summation
of the pixel intensities in the area around the PMPI. The video images of the injection events from this
experimental program are then compared to the peaks to determine which events are due to powder
injection and these are denoted in the figure by the red arrows. Peaks following injection events are
integrated to determine total ablation generated illumination and the average of the first 12 pulses was
utilized to determine an empirical conversion factor between signal intensity and calibrated injection
amount. The final pulse, being over a factor of 2 larger than any other injection event in this discharge,
and thus indicative of an off normal event, was not included in the average. Completing this process leads
to an estimated conversion factor of 4.2 x 10° counts/gram with a standard deviation of 2.2 x 10°

counts/gram. A nominally linear response of the CMOS sensor over the intensity range then allows us to
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utilize this conversion factor to estimate injection quantities in future discharges with larger injection

amounts.

This method of post-facto calibration does not come without qualifications and limitations. In general the
illumination generated by impurities can be highly dependent upon material density as well as electron
density and temperature. However, as the penetration depth of the granules prior to full ablation is on
the order of 5cm and as the camera is only sensitive to visible emissions we assert that the images being
recorded are generated at the outer edge of the discharge. Here the profile characteristics are dominated
by edge interactions and recombination and as such are fairly consistent over the course of injections
allowing some confidence in pulse to pulse and shot to shot comparisons. Another limitation on the
accuracy of this conversion is the observation that for many injections a substantial fraction of the
illuminated pixels were saturated. As such, values obtained utilizing the conversion factor should be
viewed as an approximate lower bound on injection quantity. The upper bound then being provided by
the quantity of material conveyed by the powder feeder portion of the PMPI, understandable as the
injector cannot disburse more material than is physically present.  Thus, while this method of
supplemental calibration is insufficient for a strict quantitative analysis of the injection driven events

reported later in this work, it does provide a framework to allow an initial classification of the results.

Given the limitations of the camera based conversion factor it is reasonable to question the value of this
numeric over a simple application of the laboratory calibration. The need for supplemental calibration of
the injection quantities was dictated by an observed strongly increasing level of material injection
recorded during experimental program 20180927-47 as seen in the illumination history shown in the top
panel of figure 9. For this discharge, the front of the PMPI was moved to major radius r = 6.13m which
places it 5cm from the island scrape off layer and the piezoelectric vibration was set to produce
approximately 40 mg/pulse in an effort to generate maximum particle entrainment. These settings
resulted in a series of increasing injection amounts over the course of the discharge. This ramping of the
injection quantity can be understood if one observes that there is a delay between the programmatic
request for an increased powder injection rate, as was done for this discharge, and the full delivery of that
rate as caused by the transit time for the thicker layer of powder to traverse the feeder tray and reach the
impeller blades. As such the injection output is only anticipated to approach the calibrated PMPI output
near the end of the injection series. Applying the previously arrived at calibration factor we can estimate

the range of injected material deposited into the discharge to vary from ~ 1 mg/pulse to over 30 mg/pulse
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with the possibility of injections reaching 60 mg/pulse. Panels (a)-(c) shown on the lower half of figure 9
display single frame camera images which illustrate the variation in optical signature observed with
different quantities of powder injection. In these images the PMPI is located midway down the right hand
side of the image. Here we observe a rapid integration of material into the scrape off layer of the
discharge, and for the largest injection, obvious entrainment of radiative material into field aligned

structures.

To further check this method, the spectroscopic boron-V signal at 4.857 nm provided by the HEXOS
diagnostic was examined. The integrated injection peaks were compared to the initial pulse and a relative
injection quantity was determined. Again, assuming this initial injection consistent with laboratory
calibrations, and thus representative of approximately 1 mg/pulse as was found with the the camera
method we find that the relative intensities of the subsequent peaks to be largely in agreement with the
survey camera method. The utilization of the survey camera method was chosen as the preferential
method as the injected powder was observed to transit the interior of the vessel in both a clockwise and
counter-clockwise manner, and as the HEXOS diagnostic is a localized measurement 140° away from the
injection site, there were concerns that variations in toroidal conductance and redeposition of material

would add extra uncertainty to the measurement.

The summary of these conversions can be found in Table 1 which shows injection quantities estimated by
QSV camera signals, relative injection quantities as determined by the HEXOS diagnostic, and the
estimated range of injection quantities provided by these methods. We note again that we are not
claiming a precise measurement of injection quantity, and that the ranges provides in the final table row
represent the rough accuracy limits of this method. Injections in this discharge appear to fall into three
categories as distinguished by both the estimated size of injection as well as their respective effects upon
the discharge. The initial injections, prior to 4 s, are of quantities less than 10mg per pulse and do not
appear to strongly perturb the plasma. During the next period of injections from 4 - 5 s, injected quantities
between 10 and 20 mg per pulse are observed and a transient positive effect upon the plasmais recorded,
with that effect having concluded prior to the next injection. For the final period of injections from 5 -
6.5s injection quantities above 20 mg are estimated and the net beneficial effects upon the plasma, while
varying, continue throughout the pulse sequence until the final pulse triggers a radiative collapse of the
discharge at t = 6.2s Discussion of these injections and their subsequent effects upon the plasma will be

covered in the next section.



Publishing

AlP

Pulse Start

(s) 2.1s | 2.7s | 3.0s | 3.3s | 3.6s | 395 | 4.2s | 455 | 4.8s | 5.1s | 54s | 5.6s | 5.95s | 6.2s
?:.Y,:ISXEI 3.9E+6 | 2.7E+6 | 7.6E+6 | 1.2E+7 | 2.8E+7 | 2.0E+7 | 6.6E+7 | 4.6E+7 | 3.6E+7 | 1.0E+8 | 1.0E+8 | 1.1E+8 | 1.3E+8 | 1.9E+8
Injection

quantity 0.9 0.6 1.8 2.9 6.7 4.7 | 15.7 | 109 | 85 | 23.7 | 24.6 | 25.3 | 31.3 | 453
QsV (mg)

HEXOS

Signal 50 91 92 358 315 849 616 434 | 1151 | 1146 | 1154 | 1592 | 2712
Intensity

Injection

quantity 1.0 1.8 1.8 7.1 6.3 | 16.9 | 12.2 | 8.6 | 22.8 | 22.8 | 229 | 31.6 | 53.9
HEXOS (mg)

Estimated

Injection 1-10 mg/pulse 10 - 20 mg/pulse
Quantity

Table 1 : Estimation of injection quantities for experimental program 20180927-47. The top row
indicates the start time of the pulse being analyzed while the next two rows are the integrated pixel
intensities from the QSV cameras and that conversion into approximate mg quantities. The quantities in
the third row are the integrated HEXOS signal for the same pulses while the 4™ row is the relative
injection quantity estimation arrived at by normalizing the initial pulse to 1mg. Given the uncertainties in
this measurement method the final row represents the injection quantity range of the pulses we are
utilizing for classification purposes.

Overall these experiments have shown the W7-X discharges to be continually robust to material injection
at quantities up to 20 mg/pulse or 60 mg/sec. At these levels of externally applied heating (4MW ECRH)
the plasma is able to subsume and then expel the injected powder, returning to a baseline state prior to
the next injection event as evidenced by only a marginal rise in Zes, to be shown in section 5.2. There are
no indications that the plasma could not continue in this state for an extended period of time, suggesting
that this level of material introduction could be utilized for future PFC conditioning studies. For injections
larger than 20mg/pulse the plasma does not return to a baseline state between pulses and the continued
injection of material leads to an impurity buildup and the expected radiative collapse for this discharge.
We note that as a consequence of the rapid plasma termination at the end of the injection series, the full
boron carbide load from the final injection pulse was not assimilated into the plasma. This resulted in a

mobilization of incompletely ablated material during the start-up of the subsequent discharge and an
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additional radiative collapse. This effect was limited to the next discharge and subsequent operations

were conducted without noted deleterious effect from the PMPI injections.

3.3. Injection effects on plasma behavior

Our discussion focuses on the results obtained during W7-X experimental program 20180927-47, the
overall behavior of which can be seen in figure 10. While the effects noted here can be observed in the
other B4C injection experiments to a lesser extent, this was the only discharge subject to injections larger
than 10 mg/pulse. In addition, the range in pulse sizes allows a direct comparison of the effects of multiple

injection quantities on plasma behavior within the same discharge.

The smallest injections which occur in the period from 2.5 - 4s produce mild transient increases in the
radiated power and density, as observed in the top two panels of figure 10. These injections do not appear
to result in substantial changes to either the core electron or ion temperature resolvable among the
nominal signal variations and only result in minor depressions in the overall plasma stored energy. The
perturbations to all signals return to a baseline level in the time between injection events. We also note
that the ECRH probes do not report a significant reaction of non-absorbed power due to material injection
and thus the absorbed ECRH power (Pecru) is nominally constant over the course of the experimental

program.

The series of moderate injections from 4.1s to 5.2s generate more substantial modifications to overall
behavior and will be used to explore the demonstrated and repeatable effects upon the plasma. The
radial profiles of the ion and electron temperatures as well as the electron density, at the times highlighted
by the colored dashed lines in figure 10, are shown in figure 11. The dashed black trace corresponds to a
pre-injection time of 2.08s and is the baseline to which future profiles are compared. The profiles
corresponding to times t = 4.18s and t = 5.08s are taken during the initial mass incursion phase of the
PMPI pulses. Upon injection into the plasma, the incident material is ablated by electrons rapidly free
streaming along the field lines. Because of the long connection lengths present in the W7-X stellarator
these electrons draw energy from large sections of the edge plasma, thus rapidly equilibrating the
temperature along the edge flux surfaces. The energy utilized for ionization in the edge causes core
electron heat losses leading to the observed reduction in core electron temperature (T.) seen in both the
third panel of figure 10 and the blue and green profiles shown in panel b) of figure 11. Also observed is a

rise in the edge electron density (ne, figure 11) and a loss of overall stored energy (Wpia). The interplay of
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these effects for the injection at t = 5.07s is highlighted by the expanded panel on the right of figure 10.
Strong increases in the observed radiated power and spikes in the boron-V HEXOS[43] signal also occur in
conjunction with the incorporation of the injected boron carbide into the plasma. For these moderate
injections we observe that the ion temperatures remain at the baseline levels during the initial phase of

the injection event.

Once the material is fully integrated into the plasma, the radiated power and boron signal intensity return
to near baseline levels. For reasons we will explore in the next section, during this post injection phase as
denoted by the t = 4.38 and t = 4.68 traces in figure 11, there is a strong increase in the core ion
temperature as well as a more moderate increase in the electron temperatures above the pre-injection
level. The peak core ion temperatures are increased above the baseline temperatures by greater than
30% from a nominal value of 1.7 keV prior to granule injection to a maximum of 2.2-2.3 keV. The fact that
the ion temperatures display a slower response to the injections indicates that the observed variations
may themselves be a reaction to the previously enumerated changes in plasma parameters(ne, Te), rather

than a direct consequence of material injection.

There is also a strong response exhibited by the stored energy (Wpa, figure 10, 4" panel)[42]. While the
stored energy decreases promptly with the introduction of material, during the recovery phase it is
observed to exceed the pre-injection value. Examining the expanded section on the right hand side of
figure 10 we can see that approximately 100ms after an injection event Wpia has recovered to a pre-
injection level. At this point, instead of remaining at the baseline level, it continues to increase for an
additional 150ms to a level up to 30% larger than the initial value. For moderate injections, this increase
in stored energy can then be seen to roll over and begin to decay back to the nominal discharge stored
energy prior to the next injection event. The increase in stored energy cannot be simply attributed to an
increase in density as the expanded panels show the stored energy reaching a peak even as the density
has returned to near nominal quantities. The profiles corresponding to t = 4.88s display the plasma state
observed just 50ms after a more modest injection. As shown, the electron temperature is mildly raised
however, unlike the traces from 150 ms after the larger injections, there is not yet a corresponding strong

rise in the core ion temperature.

Transitioning to the period of largest injections from 5 — 6.5s, we note that in addition to the prompt
responses there are also sustained effects to the overall plasma behavior. In figure 12 we show the

electron temperature and density profile responses to a series of injections. The black trace in the first



AlP

Publishing

panel is indicative of a pre-injection electron temperature profile taken at t = 2.08s. The change from this
profile to the one just after a pulsed powder injection can be seen in the difference between the red and
black traces in panels a) and b). In panel a) the red trace, corresponding to a measurement at t = 5.08s is
taken just after the peak of an injection event. The exact timing of the pulse with respect to the
measurement time can be seen in the HEXOS signal of the 4.85 nm B-V emission line at the bottom of the
figure. Similar to the moderate size injections, there is a reduction in electron temperature as the injected
material enters the discharge. The electron temperature remains depressed as the boron is assimilated
into the discharge at t = 5.18s trace, before rebounding to a level higher than the previous baseline level
as t = 5.28s trace with the core electron temperatures now observed at 3.5 keV as opposed to the 3.15
keV recorded before the series of injections began. In panel b) the incoming pulse is observed to generate
a profile with increased edge density as the as the material is absorbed. Note that when comparing the
early injection time (red) to the baseline pre-injection levels(black) we see that there is no change in core
density during the early injection time periods consistent with the outside-in absorption of material. The
later time traces show a relaxation of the steep edge gradient as the material is transported into the core
att=5.18s and t = 5.28s. This evolution of the electron temperature is repeated in panels (c) and (e) for
the two subsequent B,4C injections. Again we observe a suppressed core electron temperature as the
material is injected and absorbed with a rebound of core performance once the boron has been fully

integrated into the plasma.

Examining the three red traces in panels (b), (d), and (e) of figure 12 we observe the plasma relaxation
from the induced flat profile as the material is assimilated. Density profile ne(panel b) (t = 5.08s) occurs
15 ms after the leading edge of the boron trace is recorded and is peaked at p = 0.8. The panel d) density
profile at t = 5.38s, recorded 30 ms after the B-V leading edge, shows that the profile has now flattened.
The third set of density profiles traces (panel f) begins with a trace at t = 5.68s which occurs 70 ms past
the B-V leading edge. This profile shows a return to the standard peaked density profile as the edge has
absorbed and either flushed or transmitted to the core the majority of the boron pulse with just a remnant
of the electron density shown between the t =5.68s trace(red) and the other traces in the panel. In closely
examining the behavior of the intermediate t = 5.78s (green) trace we also note that the density profile
appears to relax to the baseline behavior also in an outside-in manner with the edge matching the late

time profile before the profile at the center of the discharge responds.

Elevations of the ion temperature in response to large material injections exceed those of the moderate

injections as previously discussed. As shown in the 2-D profile evolutions in figure 13, the moderate pulses
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prior to 5s are capable of generating performance improvements, in some cases exceeding the empirical
limit of 1.8 keV observed during the majority of W7-X discharges[1]. These improvements are transitory,
lasting at most 250 ms, roughly the interval between pulses, prior to a return to the discharge baseline
state. However, once the injection quantity becomes large (>20mg) after t = 5s, the plasma no longer
completely returns to a baseline state between injections. Thus, while the peak ion temperature is
reduced due to the subsequent injection, the gains resulting from the previous injection are not
completely diminished resulting in the core ion temperature being driven to a new peak height during
each subsequent enhanced confinement phase. These evolutions are captured in the ion temperature
profiles comprising panels b) - d) with the measurement time called out by the colored boxes on the
bottom of the diamagnetic energy trace in panel e). As a unique feature of this graph series, the final time
trace in a previous panel (for example t = 5.38s) is repeated in the panel below to facilitate a better
comparison between injection pulses. This feature illustrates that the ion temperature which is elevated

in a earlier pulse serves as a basis from which the next pulse builds.

The single slice ion temperature profile fits shown here are constrained by the electron temperature in
the edge to remove condition whereby the ion temperature exceeds the electron temperature in these
electron-only heated plasmas. The profiles are also flattened in the core to correct for elevated core
temperature inversions due to low signal driven by the fast time resolution needed to resolve fine scale
features. Thus while the 2D trace of the inverted XICS data does display instances of the measured core
Ti values greater than 3 keV, because of these constraints on the analyzed profile slices we only claim a

performance boost to 2.6 keV.

4. Discussion

During the majority of the standard ECRH powered discharges which comprise the bulk of W7-X
operations during OP1.1 and 1.2[57, 1] T. was observed to be substantially larger than T; with a flat core
density profile and a generally positive core radial electric field indicating electron root confinement[58,
46]. Noted in these experiments was the observation of an empirical limit to the core ion temperatures
of approximately 1.8keV suggesting anomalous loss mechanisms and transport roughly an order of
magnitude larger than the W7-X optimized neoclassical transport levels[59, 60]. Within the present
operational space we expect that the three primary candidate modes which could be responsible for the

turbulent transport are the Electron Temperature Gradient (ETG), lon Temperature Gradient (ITG), and
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Trapped Electron Modes (TEM) [61]. Gyrokinetic simulations[62] have shown that the W7-X three
dimensional geometry prevents significant transport from the electron scale ETG modes[63] while the
fact that the longitudinal invariant “J” displays a maximum value on the magnetic axis, the so called
“maximum-J property”[64] means that the trapped electrons are localized into regions of good
curvature[65]. This leaves micro instabilities, driven by the presence of a strong ITG band, and unstable
under normal W7-X operational conditions[66, 67], as a proposed mechanism to explain the anomalous

losses and thus the empirical limitation to the core ion temperatures.

There are however, some instances where the observed ion temperature limit has been exceeded. The
most studied of these has been pellet enhanced discharges[68-70]. In the period following the injection
of a stream of frozen hydrogen pellets into W7-X plasmas an elevation of core ion temperatures above 3
keV is recorded, with overall energy confinement temporarily surmounting the 1SS04 scaling. The
improvement in transport is consistent with a stabilization of the previously enumerated ITG
turbulence[71] as a result of strongly peaked density profiles caused by deep fueling from the pellet train
injection. This temporary stabilization reduces anomalous transport and increases the overall plasma
stored energy leading to a reversal of the core radial electric field as the plasma transitions from electron

toion root.

These performance parameters are observed to be grossly similar to those observed during the post
injection phases of the PMPI discharges and thus may suggest similar nascent causes. The effects of B4C
Injection into the W7-X plasma contain 2 distinct stages. The first stage is described by a change in the
electron temperature and density profiles in response to the injection while the second stage is
characterized by the plasma response to these modified profiles and results in increases to the ion
temperature and overall discharge stored energy as well as confinement time. Having covered the first

stage in the previous section, we turn to the second stage of the injection event.

4.1. Modification of plasma gradients and turbulence suppression

The initiation of the enhanced confinement period starts with the evolution of the density profiles. The
ablation and ionization of the newly introduced material leads to a substantial increase in edge electron
density. For example, a 10 mg pulse contributes a localized influx of up to 4.4x10% boron and 1.1x10%°

carbon atoms if fully integrated into the plasma. These contributions effect not just the magnitude, but
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also the shape of the resultant profiles. This can be seen in the modification of profile gradients displayed
in the left hand panels (a, ¢, and e) of figure 14. The major variations observed over the course of injection
are to the density gradient. During the initial mass assimilation phase the edge density for p > 0.8 is
strongly steepened which leads to a much flatter density throughout the core. However once this phase
has completed the density gradient is steepened over the entire radial profile of the plasma. Periods of
greatest enhanced confinement at t = 5.28s also coincide with times of enhanced ion temperature
gradients from p = 0.8 to p =0.4. Experiments detailing enhanced performance of W7-X plasmas after
pellet injection have also noted the most efficient turbulence stabilization to occur when steep density
and temperature gradients are found to radially overlap[70] in support of the hypothesis of transiently

stabilized ITG modes..

The changes in normalized inverse scale length, defined by |a/Lee| = a*|Vi(ne)|/ne, |a/Lte| = a*| Vi
(Te)|/Te and |a/Lri| = a*|Vi(Ti)|/Ti for minor radius a = 0.5m are shown in in the corresponding right hand
side panels b), d), and f) of figure 14. The strongly reduced gradient scale length during the injection
phase moves the plasma deeper into the so called “stability valley”[64] which occurs at conditions
unfavorable for ITG and TEM growth[72] and this movement in turn drives a decrease in anomalous

transport levels.

A consequence of this transition should be observable as a reduction in the presence of turbulent
microstructures within the plasma. The measurement shown in figure 15 displays just such a reduction in
the radially resolved density fluctuations during the post-powder injection periods (open markers) when
compared to the pre-injection baseline(filled markers). This suggests a suppression of turbulence and thus
a subsequent reduction in anomalous transport. We assert that following the recovery of the electron
temperature, after the injected material has been ablated, ionized and thermalized, this reduction in
transport allows for an extended electron-ion collisional interaction time which is most likely responsible
for the observed higher ion temperatures given that the only heating for this plasma is delivered through

ECRH.

4.2. Ambipolar electric field reversal and enhanced plasma confinement

The species specific radial flux which occurs within the stellarator geometry as a consequence of the

ambipolarity condition[73] results in the neoclassical self generation of a radial electric field. In the
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majority of W7-X ECRH heated plasmas, where T. >> T;, this results in a positive radial electric field in the
plasma core and the observation therein of the so called “electron-root” confinement[46]. However,
during the enhanced confinement periods observed in the PMPI discharges the gap between core electron
and ion temperature drops from 1.4 keV before injection to a minimum of 500 eV primarily due to an
increase in ion temperature. As a consequence of these increased ion temperatures there is an observed
reversal of the radial electric field corresponding to the “ion-root” solution of the ambipolarity
relation[74] as displayed in figure 16. In panel a), the radial electric field as measured by the XICS is
observed to be positive in the plasma core during the period before injection and has transitioned to a
negative electric field as recorded after assimilation of the injected material. Examining the time history
of the electric field as shown in panel b) clear indications of core ion root confinement occur coincident
with the instances of enhanced performance. This measurement of the radial electric field is
corroborated by a similar results recorded by the Doppler Reflectometer(DR). As with the XICS, a
measurement of the perpendicular rotation velocity is utilized to determine electric field and the result is
displayed panel c) of figure 16. As is shown, the radial electric field during periods of post-injection
enhanced confinement is more strongly negative than is observed during the periods prior to injection.
Note that the values presented in the figure are normalized by E./Vr from the recorded data to account
for the flux surface compression at the bean shaped outboard midplane location of the Doppler
Reflectometer. Examining the XICS and DR traces we note that similar normalized radii for the two
measurements are in generally good agreement in shape and in value to within a factor of 2. For example,
the primary negative peak of the DR measurement at rho = 0.6 is coincident with a strong negative swing
of the XICS measurement at this value prior to the error bars of the XICS becoming large due to the lack
of highly ionized argon in these outer radii. Similarly, the pre-injection values for the XICS and DR are
slightly negative and essentially flat from rho = 0.6 to rho = 0.3. The positive swing evidenced by the XICS

in the core region of the plasma is not resolved in this measurement by the DR.

The projected neoclassical ambipolar radial electric field can be calculated by solving the drift kinetic
equation for a given set of temperature and density profiles. A comparison of this with the XICS radial
electric field measurement as done in [48] shows good agreement over a significant portion of the W7-X
operational space.  To compare current measurements with theory, a neoclassical calculation of the
electric field utilizing the SFINCS(Stellarator Fokker-Planck Iterative Neoclassical Conservative Solver[75])
code. For these calculations, the ion temperature measurements from the XICS diagnostic as well as the

electron temperature and density measurements from Thomson scattering are used as inputs to generate
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a numerical solution of the drift-kinetic equation for the species specific distribution function generating
neoclassical fluxes and flows. The results of the electric field portion of the calculation, as displayed in
panel d) figure 16 show that the depression of the electric field in response to the modified electron and
ion temperature and density profiles is consistent with the underpinnings of neoclassical theory. While
this calculation and the corresponding two measurements do not match exactly (note the difference in
vertical scale between panel a) and panels c) and d)), there is good general agreement on the ability of
the powder injection and the resulting changes in plasma profiles to significantly modify the radial electric

field.

In these experiments, both E; and E.-shear may have an impact in the stabilization of density
fluctuations. As shown in figure 15 and panel c) of figure 16, the reduction in the density fluctuations is
measured in the radial range where the E,-shear increases (rho = 0.4-0.9) which points to the stabilizing
effect of the E,-shear as a relevant player. This effect however does not exclude the stabilizing effect of
the E, itself that can be relevant particularly in stellarators. This has been shown in Ref. [71], where the
impact of the E; on turbulence was studied using the gyrokinetic code GENE for W7-X configuration. These
simulations show how E; produces a displacement of the fluctuations in the magnetic surface towards
regions with lower curvature less favourable for turbulence generation with the subsequent reduction in

the turbulent transport.

Further evaluation of neoclassical energy flux in both the electron and ion root phases shows an amplified
ion energy flux during periods of ion-root confinement significant enough that ions become the dominant
neoclassical loss channel[48]. This is also consistent with a reduction in anomalous losses from turbulent
transport and manifests as a transient increase in the stored energy. Given that the input ECRH power
was maintained at a constant level over the course of the injection series this indicated a period of
enhanced confinement. An average confinement time of 130ms is observed during the pre-injection
period from 1-2 s as shown in figure 17. While this value then oscillates in response to the injections, the
experimental energy confinement time, Te**® = Waia/(Pecri-dWaia/dt), can be seen to reach values of 210ms
during periods of enhanced confinement. These periods are also notable as they clearly surmount the
values predicted by the 1SS04 empirical scaling also shown in the figure. We note here that as the 1SS04
scaling is intended as a metric for performance of stationary plasma conditions, a strict comparison to the

transient elevations of the PMPI discharge is not completely tractable. However given that the periods of
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enhanced confinement are on the order of a confinement time and thus could be considered quasi-

stationary we offer the comparison as a figure of merit.

4.3. Additional Observations

As to be expected, the introduction of increasing levels of B4C impurities generated a marked change in
the effective ion charge (Zer). As shown in figure 18, small injections ( < 10 mg) have little impact with
impurity flushing completed in the interval between pulses allowing the plasma to return to a baseline
state. The effective ion charge increases from approximate 1.3 at the beginning of the discharge to an
elevated secondary plateau near 2 during the period of medium injection quantities from 4 —5s. For
injections larger than 20mg/pulse the Z.f measurement continues to increase with each subsequent pulse
reaching an average of 3.5 with oscillations due to impurity injections and their subsequent flushing. It is
only through repeated pulses of increasing magnitude that we reach a point whereby the discharge is no
longer able to support the impurity burden at the present input power and the discharge suffers a

radiative collapse.

The primary impurity species within the discharge; boron, carbon and oxygen respectively, are shown in
the three lower panels, highlighting inter-pulse variations and changes in the overall baseline level. The
given signal values are based on a Simpson integration over the line peaks with a local linear background
subtraction. As such, signal levels can not be compared between any two lines, but each line shows the
correct run of its individual signal level with the influence of neighboring lines reduced by the local
background subtraction. There is a general increase in the boron signal as the injection quantity increases
with the stepwise increment a direct consequence of the periodic injections from the PMPI and the
inability of the discharge to completely flush that quantity of impurities prior to the next pulse. However,
we note that there is not a corresponding increase in the carbon baseline level which is concomitantly
introduced as a component of the boron carbide molecule. This may be due to the fact that while the
PMPI injections are the primary contributor of B into these plasmas, the local graphite tiles provide a
substantially larger C source than is generated by the injections. While only the carbon V line intensity is
displayed, similar behavior has been noted over the ionization species from C-Il to C-VI. Contrasting these
signals is the observed decrease in overall oxygen signal intensity once the pulsed impurity injections

begin, as shown in the bottom trace, the oxygen level at the end of the pulse sequence is roughly half of
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the pre-injection intensity level. This overall behavior is observed with varying degrees in the ionization

species from O-lll through O-VI but with minimal response from the O-VIlI signal.

As the PMPI experiments were also intended to provide a first estimation of the efficacy of an Impurity
Powder Dropper as an alternate means of wall conditioning for W7-X, spectroscopic data were scrutinized
for evidence of wall conditioning. The expectations to generate conditioning effects were low due to the
sustained discharge improvements observed by W7-X as a result of the standard boronizations. The
observation that the plasma improvements resulting from a gaseous boronization did not appear to
degrade significantly during the experimental operations conducted between the three boronizations
could indicate that there was still an effective deposition layer on the plasma facing components. This
would then mitigate any observable impact from additional material deposition. As such it was
unsurprising that an attempt to determine a positive impact on wall conditioning as directly provided by
the PMPI was inconclusive. At this juncture, all that can be stated with certainty is that the operation of
the PMPI did not have a deleterious impact on the overall wall conditions or on subsequent experiments
during OP1.2b. Absent the installation of a full IPD system, an adequate assessment of the powder
injection effects by the PMPI on wall conditioning might best be accomplished by a dedicated set of PMPI

experiments in either an unboronized machine or one far from a standard boronization..

In addition we also note that the high material fluence experiments were only attempted in the standard
5/5 magnetic configuration. In this configuration, a flux tube followed along any of the the 5 topologically
distinct individual magnetic islands will return to its original location after a single toroidal transit.
Replicating the PMPI experiments in both high (5/4) and low iota (5/6) rotational transform configurations
might lead to greater contact between the initial injection site and a variety of plasma facing surfaces as
these magnetic geometries are comprised of a single island chain transiting the vessel multiple times
before returning to its original location. These configurations provide an extended connection length
between the injection location and a plasma facing surface[26], and thus the impurity loaded island chain
would have greater access to a range of limiter and divertor surfaces. These configurations and the
respective changes in material transport as a result of the altered magnetic fields could be an interesting
aspect of future experiments and would also allow correlation to recent results from full torus modeling
of IPD boron injections at LHD[76] and DIII-D[77] which predicted asymmetries in the SOL impurity density

accumulation and emission as well as material deposition.
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5. Summary

The PMPI was successfully tested during the recent W7-X operation campaign with a demonstrated ability
to inject on demand boron carbide pulses displaying good particle entrainment and unexpected effects
on overall discharge behavior. Particles were horizontally injected at a range of pulse injection quantities
from less than 1 mg up to at least 30 mg as determined by an in-situ measurement of local ablation
characteristics. Wide angle cameras show rapid ablation of the injected particles and entrainment of
impurity loads into field aligned flux tubes transiting the vessel. Observations of carbon filtered divertor
imaging show direct engagement of injected material with high flux plasma facing surfaces allowing for
the possibility of depositional coating. This, coupled with the observation that deposited boron tends to
migrate around the vessel during normal plasma operation[1] provides support for the utilization of a
single source of particulate injection to effectively distribute material throughout the vacuum vessel. In
addition, by providing an array of injection events we are able to demonstrate a sustainable impurity

burden for present W7-X experimental programs providing a baseline for future conditioning efforts.

Injected impurities are observed to enter the confined region of the discharge as evidenced by an increase
in overall radiated power as well as increases in plasma density and measured Ze. Prompt response to
injection also includes a reduction in electron temperature, a decrease in stored energy and an increase
in spectroscopic boron intensity as the injected material is absorbed and thermalized. However, once the
estimated injection quantity exceeds approximately 10 mg/pulse, there are more substantial effects upon
the plasma behavior. Once the material has been assimilated into the discharge, there is an observed
increase in ion temperature and stored energy. For moderate injection sizes, the duration of these effects
is contained to the times between the individual pulses and so do not appear to generate cumulative
effects whereas the larger injections (<20mg) generate a sustained increase in the core ion temperature.
The accompanying increase in stored energy also continues to trend upward until the point where it is
abruptly terminated by the subsequent introduction of an additional pulse of boron carbide, leading to

radiative collapse.

The presumed sequence of events leading to these enhanced confinement periods proceeds as follows.
The injection of the boron carbide powder depresses the electron temperature and shifts the location of
density gradient. While unconfirmed during PMPI injection discharges, gyrokinetic simulations[71] of

turbulence reduction via electron density peaking are supportive of the postulate that these conditions
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lead to a reduction of the anomalous transport thus providing an extended time for electron-ion
temperature equilibration resulting in increased ion temperatures. The reduction in temperature gap
between the electrons and ions is then responsible for the reversal of the ambipolar electric field,
transitioning the core of the plasma from an electron root to ion root confinement which in turn provides
greater confinement and stored energy. A subsequent burst of powder eliminates this enhanced
confinement by rapidly exhausting energy through the electron channel during material ablation. As such
no definitive statement can be made about the expected lifetime of the enhanced confinement mode. It
is assumed that the enhanced confinement will degrade as the density gradient decays leading to a return
of greater anomalous transport and a loss of high temperature ions returning the ambipolar electric field

to its nominal ECRH driven state.

In conclusion, we assert that systematic experiments with the PMPI could help determine if the utilization
of a powder dropper as a real time conditioning technique would support the W7-X goals by assisting in
the maintenance of premium wall conditions over the course of extreme long pulse (20 min+) discharges.
Given the strong, but transient enhanced performance metrics generated during boron carbide injection
discharges, we also believe that a more thorough investigation of these parameters could be a strong
candidate for future investigation. As such, the ability of particle injection to maintain premium wall
conditioning and possibly aid in plasma performance through profile shaping could certainly be viewed as

a cooperative asset in future W7-X high performance long pulse campaigns.
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Figure 1. Assembly drawing view of PPPL Probe Mounted Particle Injector. The right hand image points out
the primary components of the injector. Powder is fed from the reservoir down into the feed tray. The tray
is oscillated at resonance by the piezoelectric vibration actuator which conveys the material from the rear to
the front of the PMPI. Once there the powder is driven into the discharge by a rotating impeller wheel being
driven at 0.35 Hz by the piezoelectric rotary motor such that the injection frequency is 2.8 Hz. The left image
shows the protective graphite housing which isolates the interior workings from the surrounding discharge
except for a small rectangular opening found at roughly the 6 o’clock position on the font face which allows
powder injection.
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Figure 2: Images of powder injection. Panel a) shows the cloud of boron carbide particulates as they exit the
feeder tray of the PMPI. Panel b) is a false color image of a powder injection event during W7-X experimental
program 20180927-47. The PMPI with its protective carbon cover can be seen as the cylindrical object on the
right, illuminated by the ablating B4C as it comes in contact with the edge of the discharge. A Poincare map
is shown in panel c) with the blue arrow showing the location of the powder injection and the tip of the arrow
indicative of the approximate initial edge penetration depth.
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Figure 3 : Camera image location in W7-X. The locations of the high speed survey cameras
are denoted by the colored boxes with attached arrows. A bellows extends from the camera
port, through the cryostat and to the edge of the vacuum vessel as denoted by the associated
blue cylinders. The green cones emanating from each camera location show the field of view
of the respective camera and the associated colored ovals in the above figure show the
approximate location where the camera view intersects the vessel wall with the associated
origin port labelled in the dashed boxes. Also denoted by a black bar is the toroidal location
of the HEXOS diagnostic.
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Figure 4: Evolution of field aligned impurity structures far from the injection site. Views from the visible survey
camera AEQ20, approximately toroidally opposite the injection location, show the development of illuminated
bands resulting from material ablation. Material is injected at t = 5.07s during W7-X experimental program
20180927-47 and propagation is evidenced by the illuminated structures in the middle three panels. Given the
spectral response of the visible camera, the enhanced radiation in the final panel is most likely due to radiative
boron distributed poloidally throughout the plasma edge
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Figure 5 : The above array of images displays simultaneous views from multiple cameras providing a snapshot of
impurity propagation around the internal volume during W7-X experimental program 20180927-47. The
impurity pulse begins at t = 5.07s, and by the time of the images at t = 5.12s has generated illuminated field
aligned structures throughout the vessel as well as an increase in overall discharge radiation. Odd numbered
panels show counter clockwise propagating views within the vessel and even numbered panels show clockwise
propagating views and are inverted. The blue circle highlights the PMPI injection location in the large AEQ-31
view.
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Figure 6 : Integral intensities from the visible camera array during 20180927-47 show time evolution
of impurity propagation around the W7X vessel. The AEQ31 camera directly observes the injection
site, which explains the leading response. The AEQ40 and AEQ50 views are directly clockwise and
counterclockwise respectively. The simultaneous rise of the later signals indicates that there is not a
dominant preferential direction for powder propagation.

Publishing

AlP




Figure 7: Interaction of injected material with divertor surfaces. The top row of images displays carbon-IlI filtered
imaging of the module 1 upper divertor showing enhanced interaction during an injection event within W7-X
experimental program 20180927-47. The three images show the module before, during, and after the conclusion
of the injection event. The lower image shows field line tracing from the injection site, labelled a) to the module
1 upper divertor, labelled b). The dotted outline denoted by c) represents the plasma extent in the area between
divertor modules and is representative of the AEQ camera even numbered views as seen in figure 5.
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Figure 8 : Injection evaluation for W7-X experimental program 20180927-07. From top to bottom, the panels
on the left show the injected power (Pecru), radiated power (Prab), line integrated density (ne), electron and ion
temperatures(Te, Ti), and the discharge stored energy (Woia). The graph at right displays integrated pixel
intensities from the EDICAM visible camera on port AEQ31. The confirmed PMPI injection events are denoted
by the red arrows. The camera image is background subtracted with an early frame from the same discharge.
An increase in ECRH heating from 2 —3 MW at t =4 — 7 s (green bar) and from 3 —4 MW att =7 — 10 s (violet
bar) are responsible for the increased baseline radiance during those periods and have been subtracted out
accordingly for the final ascertainment of peak area used in injection quantification.
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Figure 9 : Quantification of injection amount utilizing integral pixel intensity. The top graph displays the
time history of injections from the W7-X experimental program 20180927-47. The bottom row of
images show the optical signatures observed for three separate injection events. Comparing optical
signatures against a calibration factor derived during a previous discharge provides estimated quantities
of injected material in the lower panels of 1-2 mg (a), 10-20 mg (b) and 30-60 mg (c) respectively.
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Figure 10 : Powder injection effects upon overall discharge behavior for experimental program 20180927-47.
From top to bottom, the panels show the injected power (Pecgn), radiated power (Pgao), line integrated density
(ne), electron and ion temperatures(Te, Ti), discharge stored energy (Wpia) and the time evolution of the boron-V
line as recorded by the HEXOS diagnostic. The dashed colored lines correspond to temperature and density
profile slices displayed in figure 11. The grey box on the right shows a time expanded section of the respective
traces corresponding to the box in the figure on the left.
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Figure 11: Evolutions in plasma profiles for ion temperature(a), electron
temperature(b) and electron density(c) as a result of boron carbide pulses
between 4s and 5.1s during W7-X experimental program 20180927-47. Line
colors in the above graphs correspond to colored bars in Figure 10. Lines are
fits to data from Thomson scattering(n. and T.) and x-ray imaging
spectroscopy(XICS) (Ti) with error bands reflecting the scatter of the data.
The grey area denotes radial locations outside the LCFS.
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Figure 12: Electron temperature and density responses to large quantity pulse injections for
W7-X experimental program 20180927-47. The black dashed trace in panels a) and b)
corresponds to a pre-injection measurement of electron temperature and density. The
response to powder injection is shown with the red, green and blue traces displaying fits to the
early, middle, and late cycle responses respectively. Panels c) and d) display similar traces for
the second pulse shown in the HEXOS trace on the bottom, while panels e) and f) show traces
for the third injection pulse. Grey panels correspond to areas outside the last confined flux

surface.
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Figure 13 : Progression of ion temperature profiles in response to material
injection during W7-X experimental program 20180927-47. Panel a ) displays
the 2D evolution of the ion temperature in response to moderate and large
injections. lon temperatures within the core above 2keV (yellow to red on
the color scale) signify an elevation above those temperatures recorded in
standard ECRH heated W7-X discharges. Panels b) - d) display radial profile
response to PMPI injections. Note that the final time trace within panel b) is
repeated in panel c) to allow evaluation of the continuing increase of core
temperatures. Similarly, the final time trace within panel c) is repeated in
panel d) for similar effect. The colored boxes on the x-axis of panel e) show
the respective state of the plasma diamagnetic energy during the profile
evaluation times.
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Figure 14 : Record of gradient and scale length changes in response to powder injection in W7-X
experimental program 20180927-47. The graphs at left represented by panels a), c), and e) show
respectively the changes in ion temperature, election temperature, and electron density gradients both
prior to the injection series (t = 2.08s) and in response to the injection which occurred at approximately t
=5.07s. The panels on the right b), d), and f) respectively show the response of the inverse gradient scale
length for the same period and quantities. The grey boxes represent the area past the LCFS.
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Figure 15 : Doppler reflectometry measurement of radially resolved density
fluctuations during W7-X experimental program 20180927-47. Solid markers in
the top panel denote pre-injection measurements while hollow markers are
indicative of post injection enhanced confinement periods. The bottom panel
shows core ion temperature as measured by XICS. The colored bands denote
time intervals for the respective period of measurement.
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Figure 16 : Electric field response to injection events in W7-X experimental program 20180927-47. Panel a) displays
the ambipolar radial electric field as measured by XICS for a period prior to and during the injection event along with
the corresponding shaded error bands. As indicated by the increasing size of the error band, XICS measurements at
normalized radii grater than p = 0.6 are not well constrained during the injection series. Panel b) shows the radial
electric field evolution over the course of the discharge with dotted lines overlayed to indicate the pulse start times.
Measurements in panel c) are provided by doppler reflectometry. The red filled markers denote the electric field for
times prior to particle injection while the blue hollow markers are a measurement of post injection electric field.
Panel d) displays a SFINCS neoclassical calculation of ambipolar radial electric field with the red circles representing
the calculated field prior to injection while the blue squares denote the post-injection field.
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Figure 17 : Comparison of confinement time scalings. The confinement time for W7-X
experimental program 20180927-47 is calculated, both with and without the variations
in stored energy being taken into account as shown by the red and blue traces
respectively. This is compared to the instantaneous 1SS04 scaling for the given set of
plasma parameters.
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Figure 18: Evolution of effective ion charge and impurity concentration during the
injection series in W7-X experimental program 20180927-47. Periodic variations of
Zeff in response to injections can be seen in the top panel with the colored band
representing standard deviation error in the measurement and the dotted lines
denoting pulse injection start times. The bottom panels focuses on spectroscopic
evolution of the inter-pulse impurity level for the common impurities boron, carbon
and oxygen.
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