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Abstract

WEST L-mode plasmas with dominant electron heating and no core torque source have
observed improvements in confinement during boron (B) powder injection. These results are
reminiscent of previous powder injection experiments on other devices and gaseous impurity
seeding experiments on WEST. During powder injection, the stored energy increased up to 25%
due to enhanced ion and electron heat and particle confinement. The improvements in
confinement were not indicative of an L-H transition. To identify the dominant mechanisms and
the causality chain behind these improvements in confinement, we employ interpretative
modeling using METIS, predictive integrated modeling using a high-fidelity plasma simulator
(HFPS), and stand-alone gyrokinetic simulations using quasi-linear gyrokinetic code.
Interpretative modeling with METIS allowed for the estimation of missing data while
maintaining good overall consistency with experiment. These results provided the initial
conditions for fully predictive flux driven simulations using the HFPS. From these simulations,
quasi-linear gyrokinetic analysis was performed at p = 0.5 and p = 0.65. Collisionality was
found to be a strong candidate for the turbulence suppression mechanism at p = 0.5, while a
combination of collisionality and the T, /T; ratio was found to be the likely mechanism at

p = 0.65. The results additionally suggested that increased Z.g (through main ion dilution)
could play a role in the improved confinement, but this could not be confirmed due to a lack of
experimental measurements. The modeling framework established here can now be used to
evaluate and exploit a variety of future powder injection experiments.

Keywords: transport, powder injection, impurity injection, confinement, QuaLiKiz

1. Introduction [1, 2]. This problem is compounded by plasma-material inter-
actions as the high energy plasma exhaust can sputter the first
ITER, SPARC, and future fusion pilot plants will need to  wall/divertor material into the core plasma. Tungsten (W) is
exhaust large amounts of energy in order to protect the plasma  the chosen material for the ITER divertor [1] and the SPARC
facing components (PFCs) from melting and/or cracking PFCs [3] and has been shown to severely degrade plasma per-
formance (i.e. reduced Wy, and T,) if sputtered into the core

4 hutp://west.cea. fr/ WESTteam. plasma as the W will radiate the mu.ch-needed stored energy
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plants will likely operate in a detached divertor regime [5],
where the plasma will be separated from the divertor PFCs by a
low temperature (7, < 5 eV), radiative region. Plasma detach-
ment is typically achieved using impurity injection (powder
dropping, gas puffing, pre-shot glow discharge deposition)
which spreads the exhausted energy over the entire vessel area
through line radiation. This operational regime reduces the
heat fluxes to the PFCs and reduces the W sputter yield which
is a function of the PFC target temperature.

In addition to power exhaust, impurity injection has been
extensively investigated as a mechanism to improve plasma
performance. The controlled injection of impurities into high
temperature plasmas has often been linked to increased tem-
peratures and/or densities through the suppression of turbu-
lence by various mechanisms [6, 7]. Impurity injection has the
potential to combine a low 7, radiative boundary (necessary to
protect the PFCs) with improved core performance (necessary
to increase the fusion yield); a highly desirable scenario for a
fusion pilot plant. One of the most notable demonstrations of
this scenario was the radiative improved (RI) mode developed
on TEXTOR. These discharges were achieved using impur-
ity seeding from feedback-controlled neon/argon injection or
sputtering from a siliconized wall [8]. TEXTOR RI-modes
were characterized by H-mode-like confinement, a large radi-
ative fraction, high density, and the absence of edge-localized
modes (ELMs). While these parameters make for an attractive
operating scenario, reproduction of these results on medium to
large size machines, such as DIII-D and JET, has proven to be
challenging [8].

Recently, experiments on WEST using boron (B) powder
injection have observed results reminiscent of RI-modes (elev-
ated core density and improved confinement). These results
encourage the possible use of powder injection on ITER
and a future pilot plant. Particulate/powder injection first
gained popularity for its potential as an active wall condition-
ing mechanism. Powder injection uses the high temperature
plasma to ablate and then deposit the injected material onto
the PFCs. This allows for wall conditioning in the presence
of the magnetic field (i.e. active conditioning); necessary for
long-pulse operation where glow-discharge boronization is not
feasible. The use of inert powders (such as boron or boron-
nitride) is additionally safer than traditional boronated gases
(such as diborane) which are explosive and toxic. To evaluate
powder injection as an active conditioning technique, impurity
powder droppers (IPDs) [9] have been installed and operated
on several tokamaks and stellarators worldwide [10-17].

WEST provided a unique test bed for the IPD as an act-
ive conditioning technique and power exhaust mechanism due
to its reactor-relevant capabilities as a superconducting toka-
mak with a full-W environment [18-20]. On WEST, B powder
injection experiments in lower single null L-mode plasmas
observed both improved wall conditions and improved plasma
performance. This paper evaluates these improvements in
confinement using interpretative and integrated modeling to
identify and isolate possible turbulence suppression mechan-
isms that can be exploited in future experiments.

A summary of the B powder injection experiments on
WEST is given in section 2. Section 3 provides an overview

of the modeling framework and describes the codes used to
simulate WEST discharges. Section 4 details the gyrokinetic
analysis and the impact of B powder on the electron and ion
particle and heat fluxes. Lastly, section 5 concludes with a dis-
cussion of the modeling results and how they may be applied
to future experiments.

2. Boron powder injection experiments on WEST

2.1. Experiment overview

This section will provide a brief overview of the B powder
injection experiments from the WEST C5 campaign with a
focus on the improvements in plasma confinement. A full
summary of the C5 experiments and their impact on wall
conditioning can be found in [17]. To investigate the viab-
ility of B powder injection in a full-W environment and
on long-pulse time scales, an IPD was commissioned on
WEST in early 2021. After installation and commission-
ing, B powder was dropped into 10 lower single null (LSN)
L-mode deuterium (D) plasmas. These discharges featured
plasma current I, = 0.5 MA, toroidal field Br = 3.7 T,
lower hybrid current drive (LHCD) power Prucp ~ 4.5 MW,
edge safety factor gos = 4.3, and volume- averaged elec-
tron density n, ~ 3.5 x 10" m™3 (Greenwald density frac-
tion ng = 0.45). Ohmic and LHCD were the only methods
of heating/current drive used in these experiments (LHCD
turns on at t = 5 s). Various powder drop rates were tested
to determine the optimal drop rate for future experiments. The
WEST diagnostic suite for these experiments was comprised
of interferometry (core n,), reflectometry (edge n.), doppler
reflectometry (ExB profile), electron cyclotron emission (core
T,), fission chambers (neutron rate), visible and ultraviolet
spectroscopy (impurity line radiation), embedded Langmuir
probes (SOL T, and n,), bolometry (P,q), and magnetics
(Ip, WMHD’ etc).

Figure 1 shows several key parameter traces for WEST dis-
charges with and without powder injection. During the B drop,
improvements in the stored energy, DD neutron rate, electron
temperature, and core density peaking (shown in figure 3) were
observed. Here, the DD neutron rate is taken as a proxy for the
ion temperature. These improvements occurred despite min-
imal changes to the plasma current and LHCD power and an
increase in the radiated power, implying improved confine-
ment. Similar increases in confinement have been observed on
several other tokamaks/stellarators using boron, boron-nitride
(BN), and lithium powder injection [10, 12, 15, 17, 21-27].

The improvements in confinement seemed to impact the
electrons and ion channels differently. Shot 56 919, which
had a modest drop rate of 9.2 mg s~!, showed that the DD
neutron rate was almost agnostic to the electron density.
Concurrent with the powder drop, the neutron rate increased
and stayed at an elevated level, despite the electron dens-
ity rising and then falling. The electron temperature, altern-
atively, appeared to be linked to the density. During the ini-
tial density increase, the electron temperature decreased and
then rebounded as the B powder began to fully assimilate. In
the case where the discharge survived the powder assimilation
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Figure 1. (a) Wmup, (b) DD neutron rate, (¢) (ne), (d) Te 0, (€) Prad,ot, and (f) B-II line intensity at the lower outer divertor for two WEST
discharges with powder injection (56 919 and 56 920) and one without (56 915).

(56 919), the electron temperature increased above that of
the case without B injection [17]. Understanding the mech-
anisms behind these differences may provide insights into the
improved confinement.

This paper focuses on shot 56 920 (yellow traces in figure 1)
which featured the largest improvements in confinement with a
25% increase in the stored energy and a 200% increase in the
neutron rate. While this discharge disrupted after 400 ms of
powder injection, the improved confinement was not believed
to be a transient effect. At more modest drop rates, such as in
shot 56 919 (orange traces), the improved confinement lasted
the entire drop duration. The disruption was likely due to a lar-
ger than expected drop of boron powder which then triggered
a radiative collapse. For 56 920, there was an anomalously
large attenuation of the flowmeter signal (which measures the
powder drop rate) around the disruption time, indicating that a
large quantity of boron powder was dropped into the plasma.
This may have been the result of powder build-up near the drop
tube entrance or the high input voltage which may increase the
fluctuations in drop rate. Operating at higher auxiliary heating
power should enable the sustainment of higher drop rates and
prevent disruptions from off-normal drops. This hypothesis
will be tested in future experiments.

2.2. Possible mechanisms for improved confinement

Further analysis of these discharges suggested the change in
confinement was not indicative of an L-H transition. L-H
transitions in WEST observed the formation of a density ped-
estal, a substantial reduction in the plasma internal induct-
ance ¢; (due to the increased bootstrap current), and the form-
ation of a radial electric field E; well [18, 20]. By contrast, in
the powder injection experiments, the density increases were
observed primarily in the core and were not accompanied
by reductions of ¢; or formations of E, wells. The change in
the E x B velocity profile due to powder injection, measured
by Doppler reflectometry and proportional to E., is shown in
figure 2. The center of the well seemed to be pushed radially
outward, however the magnitude stayed relatively the same.
This is in contrast to L-H transitions in WEST, where the mag-
nitude of the E x B velocity well decreased by ~ 3 km s™!
from —2 km s~! to —5 km s~! after the L-H transition [28].
Lastly, no signatures of ELMs were present in the fast camera
video or D, signal.

As mentioned previously, the RI-mode was one of the
most attractive scenarios developed using impurity injection.
In those discharges, core density peaking was the predominant
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Figure 2. E X B velocity profile from doppler reflectometry at one
time point before and several time points during the B drop. B
powder was dropped at t = 6.7 s.

mechanism responsible for the suppression of ion-temperature
gradient (ITG) driven turbulence [8]. Similar to the RI-modes
on TEXTOR, core density peaking was observed during the
B powder injection experiments in WEST. Figure 3 shows an
increase in the core electron density during the powder drop
phase compared to the pre-drop phase. These profiles corres-
pond to time-averages from fitted interferometry inversions
(solid lines) and reflectometry measurements (markers with
error bars). Even though the powder injection site is local-
ized to the edge, there was significant density peaking from
p < 0.8. This increase in core density was not attributed dir-
ectly to the ionization of the B powder as simulations from
SOLEDGE-EIRENE and DIS of WEST discharges with B
powder injection indicated that the B atoms become fully ion-
ized at p > 0.9 [29]. Therefore, the peaking of the core density
was likely due to modified particle transport rather than a mod-
ified particle source.

The peakedness of these profiles was evaluated by taking
the ratio of the line-averaged density from a central-viewing
interferometry chord (p =0.02) with the volume-averaged
density. Flat density profiles will give ratios ~ 1, while peaked
profiles will give ratios > 1. The density peaking ratios for the
discharges presented in figure 1 are shown in figure 4. There
is a noticeable non-linear increase in the density peaking after
powder injection begins and the traces strongly resemble the
stored energy and neutron rate traces from figures 1(a) and (b).
Furthermore, the density peaking seemed to increase with the
powder drop rate, possibly due to increased Zg.

Indeed, the importance of Z.¢ on core density peaking was
highlighted when other medium to large size machines, such
as DIII-D and JET, attempted to reproduce the RI-mode but
were unable to obtain the density profile bifurcation observed
in TEXTOR. The prevailing theory is that a critical Z is
needed to obtain this profile bifurcation, and this critical
Ze differs depending upon various machine characteristics
[8]. If so, future powder injection experiments may benefit
from increased powder drop rates to obtain the critical Zg.

56920
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——Drop Phase (t = 7-7.4 s)

10

h [1019 m'3]

0.8 1

0.6
p

0 0.2 0.4

Figure 3. Density profiles from time-averaged interferometry
inversions (solid lines) and reflectometry measurements (markers
with error bars). Colors denote the time-average windows used:
pre-drop phase (blue) and drop-phase (red).
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Figure 4. Ratio of the line-averaged core density (p = 0.02) with
the volume-averaged density for three discharges with different
powder drop rates.

Predictive capabilities on this front are therefore highly desired
as large increases in Z.g will result in unacceptable levels of
fuel dilution.

In addition to the core density, there were also modifica-
tions to the edge density. A small inward shift in the edge dens-
ity gradient was observed around the separatrix, likely due to
a reduction in wall fueling from the B powder [17]. Further
analysis showed no large variations in the separatrix density;
however, it is difficult to make any gradient-based conclusions
on turbulence suppression due to the spread (~10%) in the
reflectometry data.

Lastly, fuel dilution may have played a significant role in
the turbulence suppression. This was the case for gaseous
N; seeding experiments on WEST, which observed increases
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in confinement without density profile modification [30].
Unfortunately, uncertainties in the visible bremsstrahlung sig-
nal prevented measurements of Z¢ during the WEST powder
injection experiments. Resistive estimates of Z¢ (~1.73), cal-
culated during the Ohmic phase of the discharge (0-5 s),
showed no large changes following a discharge with B powder
injection. The use of LHCD powder prevents resistive estima-
tions of Z.g during the B drop.

Experimental trends presented in [17] showed some correl-
ation of stored energy with the level of D recycling. The fur-
ther the D recycling was suppressed the larger the increases
in stored energy, possibly due to further fuel dilution res-
ulting from less wall fueling. To confirm the dominant tur-
bulence suppression mechanism(s), interpretative modeling
using METIS [31], predictive modeling using a high-fidelity
pulse simulator (HFPS) [32], and a quasi-linear gyrokinetic
code (QuaLiKiz) [33] were employed.

3. Modeling framework for the WEST powder
injection discharges

Shot 56 920 was chosen as the modeling fiducial due to its
large improvements in confinement when compared to the
other powder injection discharges. The significant changes in
stored energy and neutron rate from this discharge likely meant
more noticeable changes in the particle and/or heat fluxes
than in those discharges with more modest drop rates and
improvements in confinement. Therefore, analysis was con-
centrated on this discharge despite its short pulse duration.
Future powder injection discharges will aim to have similar
or higher improvements in confinement with longer pulse and
drop durations. These discharges will provide more rigorous
testing for the framework developed in this paper.

The modeling framework is as follows: METIS was used to
supplement experimental measurements by estimating miss-
ing quantities through an integrated modeling approach. This
combination of experimental and estimated measurements
from METIS was then used as the initial condition for fully
predictive simulations using the HFPS, which evolved the
density/temperature profiles over time. The resultant profiles
from the HFPS simulations were then used in the gyrokin-
etic stability analysis. A diagram of this workflow is shown
in figure 5.

3.1. Preparation of dataset using interpretative modeling with
METIS

While the WEST diagnostic suite was able to survey a num-
ber of key plasma parameters, several inputs necessary for
gyrokinetic analysis were not measured. For example, the ion
temperature profile and its resulting gradient lengths were
unavailable for this campaign (these measurements will be
available for future experiments using a recently installed x-
ray crystal spectrometer). In addition, the experimental meas-
urement of the current profile (typically done through the
motional stark effect) was not available due to the absence
of diagnostic neutral beams on WEST. Lastly, ECE meas-
urements of the electron temperature profile were constrained

to p < 0.5 due to light pollution from LHCD. Without these
experimental measurements, transport modeling was limited
in accuracy due to degrees of freedom in important input para-
meters such as the ion temperature gradient. Therefore, inter-
pretative modeling with METIS was used to constrain the
missing experimental measurements needed for the initial and
boundary conditions of the predictive integrated modeling.
These predicted profiles could then be used as input for the
stand-alone gyrokinetic modeling. Here, stand-alone refers to
the use of the code outside of a self-consistent or predictive
loop.

METIS is a fast 1.5D tokamak modeling code that allows
for the interpretative/predictive modeling of discharges from
a variety of tokamaks (e.g. AUG, JET, and WEST). The code
balances speed and performance by combining 0D confine-
ment scalings with 1D current diffusion models and 2D plasma
equilibria to build a self-consistent picture of the transport pro-
cesses in the plasma. METIS has been used in past interpretat-
ive analysis of WEST L-mode discharges with gaseous nitro-
gen injection [30]. An extensive background on the founda-
tion and workflow of METIS is given in [31]. Therefore, only
a summary on the relevant portions of the code will be high-
lighted here.

For inputs, METIS (in interpretative mode) takes in a vari-
ety of experimental plasma parameters such as the plasma
geometry, plasma equilibria, radiated power, stored energy,
and any available kinetic profiles. The thermal energy content
and plasma geometry were taken from 2D NICE equilibrium
reconstructions constrained by magnetics and polarimetry
[34]. The fitted electron temperature and density profiles were
taken from ECE and interferometry, respectively.

Various assumptions were then made to constrain the miss-
ing experimental measurements while ensuring global data
consistency. For the ion temperature, the profile shape was
assumed to have the form T; « /n.T, with the magnitude
for T; on axis fitted to be self-consistent with the meas-
ured DD neutron rate. Due to light pollution in the visible
bremsstrahlung wavelength range, Z.¢ was estimated to match
the measured flux consumption during the Ohmic phase of the
discharge (0-5 s). This resulted in a flat Z.¢ profile estimate of
1.73. The treatment of light impurities was additionally simpli-
fied by assuming only nitrogen was present. Lastly, tungsten
was chosen as a representative high-Z impurity, and its con-
centration was scaled to match the experimentally observed
radiated power from bolometry. Due to the large cooling coef-
ficient of W, its impact is predominantly observed in the radi-
ated power and not in the Z., as a plasma could not tolerate
a substantial concentration of W. The available experimental
data and assumptions that went into the model are summarized
in table 1.

Using these assumptions, an interpretative METIS simula-
tion was conducted on shot 56 920. The consistency between
experimental and simulation is shown in figure 6, where the
estimated stored energy content from METIS (derived from
the estimation of missing quantities) had less than a 7% differ-
ence than the stored energy calculated by NICE (constrained
by magnetics and polarimetry angles) during the LHCD phase
and even better agreement during the powder drop.
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Figure 5. Modeling workflow showing the interplay between METIS, the HFPS, and QuaLiKiz.

Table 1. List of key diagnostics used in the C5 B powder
experiments and a list of the assumptions used in the METIS
modeling to estimate the missing measurements.

Experimental Data Desired Quantity
Electron cyclotron emission T.(p <0.5)
Interferometry ne (p)
Reflectometry Te cdee (P)

Magnetics/Polarimetry
Fission chambers

2D equilibria, g, WvnD
DD neutron rate

Bolometry Praa
Assumptions Desired Quantity
Zes is equal to the measured flux Zefp
consumption during the Ohmic
phase and flat across the profile
T; scales with neutron Ti (p)

rate and the profile has
the shape of /T, /n.
Low-Z impurities dominate, nw
assume mostly N with W
content scaled to match Pr.q
LHCD power
deposition model [31]

Puep (p), Core source
profile for electrons

3.2. Kinetic profile predictions from the high-fidelity plasma
simulator

A HFPS was then used to evolve the initial conditions provided
by the combined set of tools and assumptions described in
table 1, over the entire LHCD heating phase. Two import-
ant points were addressed with these predictive simulations.
First, the capability of the models used in reproducing the
increase in plasma energy confinement was assessed. Second,
the simulations provided a good starting point for stand-alone
gyrokinetic analysis (performed with the same transport code,
QualL.iKiz) since the output profiles were constrained by the
flux driven approach taken in the integrated modeling.

The HFPS uses the IMAS (ITER Integrated Modeling &
Analysis Suite) format data as input and output. It is based on

350 T T T T T T —
— Experiment
- -METIS

300+

250

200

150

Stored Energy [k]]

100

50

Time [s]

Figure 6. Comparison of stored energy calculated by NICE and
constrained by magnetics/polarimetry angles (solid blue line) with
the simulated result from METIS (dashed orange line).

the JINTRAC suite of codes [35] (with JETTO as the transport
module) which have been widely used and whose predict-
ive capabilities have been validated against JET experiments
[32,36].JETTOis a 1.5D transport code that solves the plasma
transport equations averaged over magnetic flux surfaces char-
acterized by the Grad-Shafranov equation. These equations
characterize the electron and ion temperatures, the main ion
density, and the current diffusion.

For the transport models, QuaLiKiz was used for the turbu-
lent transport (without toroidal rotation physics) and NCLASS
for the neoclassical transport (here the tungsten density was
not evolved). A residual background of Bohm-like trans-
port was additionally used to ensure numerical stability. The
LHCD heating source was not self-consistently modeled but
was prescribed at each time as described in table 1. Finally, the
boundary conditions were set to p = 0.8 (normalized toroidal
magnetic flux). The settings of the predictive HFPS simula-
tion are summarized in figure 7. The quantities in red are self-
consistently predicted, while the quantities in blue are taken
via the data preparation from table 1.
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Figure 7. HFPS workflow showing the generation of the fully predicted electron and ion temperature/density profiles. The quantities in red
are self-consistently predicted, while the quantities in blue are taken via the data preparation from table 1.

Figure 8 shows that the predicted time traces from the HFPS
were able to accurately capture the large density increase
(t ="7-7.4 s) from the powder assimilation as well as the asso-
ciated reduction in temperature. We note that there was some
discrepancy in the central electron temperature after t = 7 s
(blue traces in figure 8(b)). This is likely due to the sensitivity
of T, in the central region (p < 0.3) to the heating and radi-
ated power since turbulent transport is reduced. Nevertheless,
the discrepancy in 7, was less pronounced at mid-radius
where the gyrokinetic analysis was performed (orange traces
in figure 8(b)). Figure 8(c) shows a comparison of predicted
stored energy from the HFPS (Wy,, predictive) against the
magnetic reconstruction (Wyup, NICE) and the interpretative
thermal energy content based on the measured and inferred
profiles as described in table 1 (Wy,, interpretative). The pre-
dicted values were within 30% of the experimental values and
capture the qualitative trends, in particular the increment in
energy content at the time of the boron drop. There was a
slight drop in stored energy in the HFPS case at the LHCD
turn-on time (f = 5 s) which was likely due to a discrepancy
between the computed LHCD deposition profile and the exper-
imental profile at that time. This discrepancy, however, was
short lived and the experimental trend was recovered quickly.
The agreement between experiment and the HFPS simulations
provided confidence for its use as input to the gyrokinetic
code.

From the predicted profiles, normalized gradient lengths
of the electron temperature and density, defined as:
R/Ly, = —RVT,/T; and R/L, = —RVn/n, were then cal-
culated as a function of both normalized radius and time.
These particular gradient lengths were chosen to isolate the
impact of core density peaking on the ion temperature profile.

Normalized gradient lengths for the ion temperature and elec-
tron density at mid-radius (p = 0.5) are shown in figure 9(b)
for various times during the discharge. The volume-averaged
density from 56 920 is provided in figure 9(a) to show the
time points of the gradient lengths with respect to the powder
drop. As the powder assimilated into the plasma, the ion tem-
perature and electron density gradient lengths both increased,
which is consistent with the observed increases in the electron
density and neutron rate (aT;).

In addition to the normalized gradient lengths, the HFPS
simulations calculated relevant flux driven transport quantities
such as the turbulent electron particle and heat flux (I',, Q,),
and ion heat flux (Q;) profiles. Figure 10 shows these quantities
as function of time for the radial locations of p = 0.5 and p =
0.65. Note that the particle flux was not strictly zero since these
are not steady state solutions (i.e. the time derivates of n;, T;
and T, are not zero) and due to contributions from the Ware
pinch. The electron heat source was dominated by LHCD heat
deposition and the ion heat source by equipartition in theses
electron heated plasmas. The resultant traces were used to
determine the contours of particle and heat flux detailed in the
gyrokinetic analysis presented in the next section. Gyrokinetic
simulations were first performed at p = 0.5 due to stronger
confidence in the data quality. Simulations done at p > 0.5
were more reliant on profile fitting due to missing ECE meas-
urements and simulations at p < 0.5 had difficulties conver-
ging to sensible values. Therefore, the domain investigated
was limited to p = 0.5 and p = 0.65. Additionally, these radial
locations were sufficiently inboard to ensure full ionization
of the B powder (7, > 2 keV [17]). Future experiments with
more extensive diagnostic coverage should be able to expand
the radial domain of this modeling workflow.
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3.3. Stand-alone gyrokinetic simulations with QuaLiKiz

To explore the key mechanisms leading to the improved con-
finement, we tested the impact of various parameters individu-
ally using a turbulent transport code. Two choices needed to be
made concerning the input parameters of the reference case
and concerning the turbulent transport code. For the inputs
of the reference case, we used the HFPS predicted profiles
at 6.4 s (prior to the B drop) as a set of self-consistent data.
The current profile was consistent with the plasma resistiv-
ity and the energy content was obtained based on the pre-
dicted temperature and density profiles was consistent with
the equilibrium reconstruction from NICE (figure 8(c)). For
the turbulent transport code, we used QuaLiKiz, a gyrokinetic

quasilinear turbulent transport code. In this implementation,
the collisionality operator of QuaLiKiz has been improved and
in particular the handling of trapped electron modes (TEMs)
was more accurate when compared to higher hierarchy models
such as the gyrokinetic code GENE [37]. QuaLiKiz is about 2
orders of magnitude faster than linear simulations with GENE
or GKW. This is due to the fact that the eigenfunctions are
not resolved self-consistently, unlike in GENE and GKW, but
are approximated in the fluid limit. This approximation has
been extensively demonstrated in [33, 37] and the references
therein.

In this stage of the workflow, QuaLiKiz was used in a stand-
alone capacity, meaning that the outputs were not influenced
by any self-consistent loops. To evaluate the impact of various
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parameters on the turbulent fluxes, a 2D scan of the plasma sta-
bility was performed over a range of normalized gradients of
R/Ly, and R/L,. This provided a broad domain over which to
observe any changes to the heat and particle flux contours. The
analysis presented in the next section is therefore more qual-
itative than quantitative, as the missing experimental meas-
urements preclude any consistent error analysis. Nevertheless,
these simulations should provide insights into the simultan-
eous increased density peaking and increased ion temperature,
shown in figure 9(b), from the B drop.

To perform this scan, a 2D grid with the ion temperature
gradient length (R/Lr,) on one axis and the electron density
gradient length (R/L,) on the other was created. Using this
grid, the electron particle flux, electron heat flux, and ion heat
flux were calculated over a range of gradient lengths, nor-
malized radii, and time. Relevant plasma parameters (such as
vy, q, s, ...) were taken from the HFPS simulations to con-
strain the gyrokinetic modeling.

The results of a representative QuaLiKiz simulation are
shown in figure 11. This simulation corresponds to particle
flux and electron-ion heat flux contours calculated for r = 6.4 s
(before the B drop). The background color map repres-
ents a wide range of electron particle flux contours from
0to 6 x 10°° m~2s~!, the white line represents the elec-
tron particle flux contour from the HFPS, and the black
line represents the electron-ion heat flux ratio (Q./Q;) at
mid radius (4.8 in this dominantly electron heated pulse).
The blue box highlights the crossing of the two flux

p=0.5

T, = 4.4x10%

2 4 6 8 10 12 14
RILn

Figure 11. Contours of electron particle flux from QuaLiKiz at
t = 6.4 s and p = 0.5. The white line corresponds to the particle flux

contour at 4.4 x 10" m™2s™! and the black line corresponds to the

electron-ion heat flux ratio contour at 4.8.

contours. In the following section, several quantities are
varied from the nominal inputs to evaluate the changes in
the intersections and thus the predicted changes in R/Lr,
and R/L,.
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Figure 12. Contours of electron particle flux and electron/ion heat
flux ratio from QuaLiKiz at p = 0.5 fort = 6.4 sand t = 7.2 s. The
solid lines correspond to simulations at t = 6.4 s (before the B drop)
and the dashed lines correspond to simulations at t = 7.2 s (during
the B drop). The colored contours in the background only
correspond to the simulation at r = 6.4 s.

4. Exploring the impact of key parameters on
turbulent heat and particle transport with QuaLiKiz

4.1. Effect of boron powder on gradient contours

With the modeling framework established, QuaLiKiz simula-
tions were then run on a range of time points from shot 56 920.
Figure 11 showed a QuaLiKiz simulation for just a single time
point (t = 6.4 s) before the B drop. Using the HFPS simulations
as inputs, similar contour plots were generated for several time
points during the B drop as well. A comparison of QuaLiKiz
contours from before (r = 6.4 s, solid lines) and after (r = 7.2 s,
dashed lines) the B drop is shown in figure 12. This time point
was chosen since it was at the peak of the density rise. The
change in the contour crossing (blue and green boxes) illus-
trates the impact of the B powder on the predicted R/L7, and
R/L, satisfying both conditions on the particle flux and heat
flux ratio. Powder injection pushes both the electron particle
flux contour to higher R/L, and pushes electron/ion heat flux
ratio to higher R/Ly, resulting in the movement of the contour
intersection. Marginal contour crossings of the dashed lines
are additionally observed at R/L, ~ 4 and 6, however these
are ignored in this analysis due to their disagreement with the
predicted crossing from figure 9(b). These marginal crossings
are likely the result of the grid resolution which was chosen to
balance accuracy and speed of the calculation.

Now that the effect of powder injection on the particle flux
and heat flux contours has been demonstrated, the next step
was to evaluate which parameters were most responsible for
the higher R/L, and higher R/Ly, contour crossing during
the B drop. Six parameters known to impact plasma stability
were evaluated: the effective ion charge Z.g, the normalized
electron collisionality v}, the electron/ion temperature ratio

Table 2. Values of Ze, v, Te/T;, o, q, s from the HFPS
simulations before (t = 6.4 s) and during (r = 7.2 s) the B drop and
at p = 0.5 and p = 0.65. xZ. was held constant in the HFPS
simulation, but manually set to 3.0 at = 7.2 s in the QuaLiKiz
simulations to approximate the B powder drop.

p=05 p=0.65

Time t=064s t="72s t=064s t=72s
Zeit (Ohmic) 1.73 3.0" 1.73 3.0"
v, 0.65 1.33 1.13 2.15
T./T; 1.88 1.48 1.54 1.33
« 0.15 0.21 0.19 0.26
q 1.71 1.73 2.17 2.18
s 0.91 0.95 1.31 1.32

T,/T;, the normalized pressure gradient «, the safety factor
¢, and the magnetic shear s. Nominal values of these para-
meters from before (+ = 6.4 s) and during (+ = 7.2 s) the B
drop are shown in table 2. These values (aside from Z. at
t = 7.2 s) were taken from the predictive HFPS simulations
described earlier and were therefore evolved self-consistently.
Because Z could not be measured during the LHCD phase,
it was manually adjusted from 1.73 to 3.0 in the gyrokinetic
modeling to approximate the B drop. This value assumed that
all the B had been ionized and provided an upper bound on the
impact of Z.

To isolate the parameter(s) responsible for the change in the
contour crossing, QuaLiKiz simulations of the pre-drop phase
(t = 6.4 s) were run with modified inputs. We note that this
disrupts the self-consistency from the HPFS simulations, how-
ever this method provides useful insight into de-correlating the
impact of each individual stability parameter. The goal of this
analysis was to reproduce the enhanced R/L, and R/Ly, of
the contour crossing in figure 9 and thus the predicted R/Ly,
and R/L, observed in the QuaLiKiz simulation at t = 7.2 s.
For example, to isolate the impact of collisionality on the con-
tour crossing at p = 0.5, QuaLiKiz would be set up to run the
t = 6.4 s case, however instead of using the original value of
vy = 0.65, the drop phase (t = 7.2 s) value of v; = 1.33 would
be used instead. This was done for all six parameters of interest
using the ranges shown in table 2. The following sections will
describe the impact of various parameters on the ', and Q,/Q;
contour crossing at p = 0.5 and p = 0.65.

4.2. Impact of vg, Zeyr, and Te/T;jat p=0.5

At mid radius, the three parameters that had the largest impact
in these simulations were v, Z, and T,/T;. This is some-
what expected as these parameters had the largest differences
between their pre-drop phase and drop phase values. While
the increase in Z. was by design, the increase in collision-
ality can be attributed to the strong rise in density (v} x n,)
due to the ionization of the B powder. Increased ion temper-
atures from the improved confinement led to a decrease in the
T, /T, ratio which may have led to further reductions in turbu-
lence. Modification of «, ¢, and s had little impact on the con-
tour crossing for the ranges from table 2 and were unable to
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from modified t = 6.4 s simulations.

individually reproduce the impact of powder injection. These
contours plots are therefore not shown for brevity.

The impact of collisionality on the I, and Q,/Q; contours
is shown in figure 13(a). Here, the blue box represents the con-
tour crossing of the original t = 6.4 s simulation, the red box
represents the contour crossing of the modified ¢ = 6.4 s sim-
ulation, and the green box shows the original r = 7.2 s sim-
ulation for reference. Collisionality has long been known to
be a mechanism for turbulence suppression, particularly trans-
port driven by TEMs. Increasing collisionality can result in
the collisional de-trapping of electrons in banana orbits which
leads to smaller contributions from TEM-driven turbulence.
In regimes of very high collisionality, the TEM-driven turbu-
lence can be completely suppressed [38]. Similar to figure 12,
the contour crossing (red box) was moved towards higher R/L,,
and higher R/ L. in quantitative agreement with the HFPS res-
ults. This suggests that the increase in collisionality is a key
parameter explaining the increase in density peaking and in
confinement.

Increased Z is additionally known to suppress turbulence
through the dilution of the main ions which reduces the drive

1

for ITG modes [38]. In contrast to the collisionality, the impact
of Z.¢r on the contour crossing (figure 13(b)), has a much more
overstated effect. Here, the contour crossing is moved to signi-
ficantly higher R/Ly, than predicted in the t = 7.2 s simulation
(green box). This disagreement likely stems from the uncer-
tainty in the chosen Z and the predicted 7;. It is possible that
not all the B powder was ionized or that the Z. profile was
not flat and reduced values are obtained at the mid-plane in
comparison to the edge. This would result in a more modest
increase in Z.g at mid-radius and possibly a reduced increase
in the R/Lr, at the contour crossing. When the simulation was
repeated with Z.; = 2.5 instead of 3, the results showed a
more reasonable estimation of R/Ly. ~ 11. Therefore, Zg still
remains a possible candidate behind the improved confinement
at p=20.5.

An important takeaway, however, is the potential impact of
Zegr for future powder injection experiments. If Z.¢ does result
in this large increase in R/Lr,, it may be attractive to increase
Zgr to higher values to possibly obtain even larger improve-
ments in confinement. This is somewhat reminiscent of the
RI-mode critical Zg threshold mentioned previously, where
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Figure 14. Contours of electron particle flux and electron/ion heat flux from QuaLiKiz at t = 6.4 s and t = 7.2 s and p = 0.65. The solid
lines correspond to simulations before the B drop (t = 6.4 s) and dashed lines correspond to simulations after the B drop (r = 7.2 s). The

colored contours in the background only correspond to t = 6.4 s.

density profile bifurcation could not be reproduced in some
devices at low values of Zgg.

Notably, both v* and Zg had large impacts on the particle
flux contours (solid white lines and dashed white lines). In both
cases, the particle flux contour was pushed to larger values of
R/L, and R/Lr,, creating a valley towards higher ion temper-
atures and increased density peaking. Taking advantage of this
operating space may additionally lead to larger improvements
in confinement in the future.

Lastly, the impact of 7, /T; on the resultant particle and heat
fluxes is shown in figure 13(c). In this case, there were mul-
tiple contour crossings making the interpretation not straight-
forward. Lower T,/T; is expected to stabilize further ITG-
driven turbulence at low density gradient lengths [38]. This
can be seen in the heat flux ratio contours (solid and dashed
black lines) in figure 13(c), where a valley towards larger R/Lr,
opens as T,/T; is reduced. Figure 10 shows that the injection
of B powder is predicted to increase R/L,, thanks to higher
v and Zeg. The reduction of T, /T; only leads to an increased
R/Ly,. Therefore, T, /T; is not believed to have been a domin-
ant mechanism in the triggering of improvements in confine-
ment at mid-radius, but likely it helps to lock in the improved
R/Ly, value over time.

4.3. Impact of v§, Zey, and Te /T; at p = 0.65

Gyrokinetic analysis was additionally performed at p = 0.65
to assess the impact of powder injection on particle and heat
fluxes closer to the injection location. Similar to p = 0.5, v},
Zefr, and T,/T; had the largest changes from the pre-drop to
the drop-phase (see table 2) and are therefore the only para-
meters shown here. The change in the contour crossing from
t=064stor="7.2sat p=0.651is shown in figure 14. The
B drop moved the contour crossing to higher R/Ly, and R/L,,
mimicking the change in crossing from p = 0.5 albeit at higher
values.

The same gyrokinetic analysis performed at p=0.5
was extended to p =0.65. The change in contour crossing
based upon the modified v}, Zeg, and T,/T; are shown in
figures 15(a)—(c), respectively. Unlike in figure 13(a), modi-
fying the pre-drop collisionality to the drop phase (f = 7.2 s)
value did not result in good reproduction of the drop phase
contour crossing. Instead, increasing the collisionality only
led to a substantial increase in the density gradient length. In
the case where the pre-drop phase Z i was modified, the con-
tour crossing showed relatively good agreement with the drop
phase contours. While this result suggests that Z.; may play
the dominant role at p = 0.65, the predicted contour crossing
at t = 7.2 s (green box) was calculated without modifications
to Zgr. Therefore, HFPS modeling suggests that other mechan-
isms should be able to reproduce this contour crossing. While
increased collisionality alone could not reproduce the r = 7.2 s
crossing, it is possible that the combination of increased colli-
sionality and decreased T, /T; may lead to a comparable cross-
ing. As seen in figure 15(c), modification of T, /T; produced a
slight shift to higher R/Ly.. The combination of this increase in
R/Ly, from T,/T; with the increase in R/L, from v produces
a contour crossing close to the HFPS simulation at t = 7.2 s.

It is not immediately clear why the mechanism behind the
increased gradient lengths differs based on radial location. At
mid-radius, collisionality may dominate due to the increased
density peaking and large change in v). Additionally, the tur-
bulence composition at each radial location may play a sig-
nificant role. The trapped particle fraction is expected to be
larger closer to the plasma edge, therefore collisionality may
need to be increased further to sufficiently suppress TEM-
drive turbulence. Lastly, the Z.g radial distribution should be
considered if Z.g is determined to be a significant factor. At
higher normalized radius, a large estimate of Z.; may be more
consistent with the experimental data, while closer to the core,
Z.r may be expected to be lower. Future work will invest-
igate these radial dependencies further with more extensive
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Figure 15. T, and Q./Q; contours for simulations with modified (a) v, (b) Zesr, and (c) T./T; at p = 0.65. Solid lines correspond to
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diagnostic suites that should provide better constraints for
simulations.

5. Conclusion

B powder injection experiments on WEST have observed
noticeable improvements in confinement without triggering
an L-H transition. These results were reminiscent of RI-
modes and may be attractive for future fusion devices due to
the concurrent wall conditioning and edge radiation offered
by powder injection. In order to exploit these results in
future experiments, an interpretative modeling framework was
developed to investigate the mechanisms behind the improve-
ments in confinement.

The input to the HFPS was based on a combination of fits
of measured quantities (7, n,) and inferred quantities from
integrating modeling such as Wypp from the NICE recon-
struction code and T;,Z.g from METIS. Using the HFPS, in
combination with predictive turbulent heat and particle fluxes
from QuaLiKiz, the T, and T; profiles were predicted dynam-
ically from t =4 — 7.4 s and from p = 0 — 0.8. The predicted
profiles showed good consistency with the experimental meas-
urements from interferometry and ECE across the entire time
window. The total energy content predicted was within 30%

of the MHD equilibrium value and the increment of energy
content as a result of the B drop was captured (+70 kJ in the
MHD equilibrium reconstruction and +60 kJ in the predict-
ive modeling). The flux-driven integrated modeling showed
higher R/Lr, and R/L,, at both p = 0.5 and p = 0.65 as aresult
of the B drop. The main differences between the pre-drop and
drop phase plasma parameters were an enhanced collisional-
ity, areduced T,/T;, and an increased Zeg.

To understand which of these parameters was the most
responsible for the increase in ion temperature and particle
confinement during the B drop, a stability analysis using
gyrokinetic modeling was performed. The code QuaLiKiz was
used in stand-alone fashion for this exercise at both radii. The
identified parameters were modified individually to attempt to
decorrelate their respective impacts.

In these simulations, collisionality was found to most
accurately reproduce the predicted change in normalized
gradient lengths at p = 0.5. There may be possible contribu-
tions from increased Z.g (i.e. increased fuel dilution), how-
ever a more reasonable estimate than Z.; =3 needs to be
made (future experiments will determine if this is justified). At
p = 0.65, modification of Z led to good reproduction of the
predicted increased in R/Ly, and R/L,, however the assump-
tion of constant Z.y in the HFPS modeling suggested other
mechanisms could additionally produce the predicted result.
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While collisionality alone was unable to match the predicted
enhancement, the combination of effects from collisionality
and T, /T; were consistent with enhanced R/Ly, and R/L,. We
note, however, that the T,/T; contour crossings were more
marginal than those at p = 0.5 and could be impacted by slight
variations in the contour values.

In summary, higher collisionality, lower 7, /T;, and higher
Zst were determined to be the most likely candidates for the
improved confinement during B powder injection in WEST
L-mode discharges. The change in these parameters resulted
in core density peaking observed in both the interferometry
measurements and through the increasing density gradient
length in the gyrokinetic analysis. Enhancing Z.g to improve
core performance can lead to fuel dilution in a burning plasma
which might be counter productive if the improvement of the
ion energy is not counter balancing the fuel dilution.

Future experiments should seek to find the optimal values
of v}, T,/T;, and Zg by modifying the powder drop rate and
amount of powder injected. This is planned for the WEST C8
campaign which will drop boron and boron-nitride at higher
drop rates into higher-power plasmas in the hopes of obtain-
ing even larger improvements in confinement. The combina-
tion of the modeling framework developed in this paper and
an enhanced diagnostic set (expected in the upcoming cam-
paign), should enable further clarification of the mechanisms
behind the increased confinement and at more radial locations,
preferably at the core and closer to the injection site. The res-
ults of these simulations and experiments will provide a basis
from which to exploit powder injection as a tool for not only
wall conditioning, but improved confinement as well.
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