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Abstract

Impurities will play a significant role in the plasma environments found
inside fusion reactors. For example, accumulation of light impurities such as
helium ash from fusion reactions can dilute the fuel mixture and reduce overall
fusion rates. In the case of highly ionized heavy impurities, inner shell electrons
undergo strong line transitions which radiate away the thermal plasma energy.
To avoid such scenarios, a detailed understanding of impurity transport in
fusion plasma is necessary. This dissertation describes novel work done on
the W7-X stellarator to both measure impurity radiation and model impurity
transport.

At W7-X, a new charge exchange recombination spectroscopy (CXRS) di-
agnostic is used to measure heavy impurities injected using the laser blow off
(LBO) method[I]. This system was designed with improved photon throughput
and speed compared to the existing CXRS system at W7-X and installed for the
most recent experimental campaign (OP 2.1). To analyze the CXRS measure-
ments, a novel approach has been developed for the determination of impurity
densities based on the observation of visible wavelength, high-n Rydberg-like
transitions of highly ionized heavy impurities. These emissions provide sev-
eral benefits including simple line identification and a lack of passive emission
components.

The diagnostic measurements are forward modeled using a python frame-
work consisting of the pySTRAHL impurity transport code[2] and the Monte
Carlo neutral simulation code known as pyFIDASIM[3]. By using Bayesian in-
ference to match the modeled signals to experimental measurements, impurity
diffusion and convection velocities can be determined. Additionally, an inte-
grated data analysis framework has been developed to self consistently model

multiple complementary impurity diagnostics. By evaluating the inference un-

v



certainty for the impurity transport when considering different combinations
of diagnostics, a better understanding of the importance of each measurement
is developed. Finally, the inferred impurity transport is found to be in quali-
tative agreement with theoretical calculations of turbulent impurity transport
indicating pinch contributions to the total flux. The presented techniques are

now readily available and can be applied to upcoming experimental campaigns.
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1 Introduction

1.1 Fusion Plasma

Nuclear fusion has been long desired due to its promise of providing an abundant
and clean energy source. At the atomic scale, fusion-energy is released when two
light nuclei overcome their electrostatic repulsion and combine into a new, heavier
element. The fusion process has fueled our sun for billions of years and provides
enough power to sustain life on our planet almost 100 million miles away. However,
harnessing fusion on earth for the purposes of controlled energy production is still
being actively researched by modern physicists.

The most common candidate for a fusion fuel is a mixture of the Hydrogen iso-

topes, Deuterium and Tritium which can undergo the following nuclear reaction:

ST 42D — 'n(14.1MeV) +* He (3.5 MeV) (1)

D-T fusion is typically considered due to the relatively large fusion cross section
compared to other fuel candidates. Figure[l|shows a summary of various fusion cross
sections.

In order to facilitate the fusion reaction, the fuel of choice must be contained
within a given volume at an extreme temperature. In such conditions, the thermal
energy is high enough that electrons are liberated from nuclei creating a plasma. The
exact distinction between a plasma and a partially ionized gas can vary, though one
of the more accepted definitions is that it (usually) exhibits quasi-neutrality over the
bulk of the plasma and experiences collective behavior. Quasi-neutrality is the idea
that if any one region of the plasma accumulates a net charge due to the build up of

either ions or electrons, fields will naturally develop to move electrons to neutralize
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Figure 1: Fusion cross sections as a function of collision energy for three potential
fueling approaches. Figure credit [4].
that charge. The effect is that on a macroscopic scale, any particular volume with a
size larger than the so-called Debye length, A\p = kpT/4mnz?, has zero net charge.
Here, kg is the Boltzman constant, 7" and n are the plasma temperature and density,
and z is the charge of the individual species. Note that exotic non-neutral plasmas
can be generated in laboratory experiments or in the boundary regions between the
main plasma and a solid surface known as the sheath. Collective behavior is the idea
that long range Coulomb interactions can couple the dynamics of plasma volumes
separated by large distances[5], leading to many complicated physical phenomena
such as self generating electric and magnetic fields or collisionless plasma waves.

To generate net power in a fusion reactor, the power lost to radiation and trans-

port must be outweighed by the power generated using external heating schemes and



fusion reactions. This power balance depends on the plasma density n and the tem-
perature T, which will determine the fusion rate. One also needs to consider the
energy confinement time 7, which accounts for power loss due to both transport and
radiative processes. These contributions to the power balance are described by the
"triple-product”, defined as nT'7g. It is expected that the minimum triple product

value for which net energy can be generated is ~ 3 x 10*! keV s/m?. [d].
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Figure 2: Burn curves for a deuterium-tritium plasma. Inside of the curves, a heating
exceeds power losses. The size and shape of the curves additionally depend on the
particle confinement time to energy confinement time ratio: p = 7,/75. When this
ratio is zero, we recover the triple product condition when neglecting helium ash.
Fusion cross section credit: [7].

The basic triple product treatment however, tends to neglect the effect of fuel
dilution due to the accumulation of helium ash, the thermalized alpha particles which
remain in the fusion plasma. If particle confinement is too high, helium accumulates
and reduces the efficiency of fusion reactions. Taking into account the effect of the
particle confinement time, 7,, one can perform a similar power balance approach

[8]. In this case, rather than setting a lower bound on the necessary nrgT, burn



contours are identified inside which a heating exceeds power losses. Increasing ratios
of particle to energy confinement times, p = 7,/7g, reduces the size of the parameter
space in which one expects positive net power. This can be seen in Fig. [2| where large
values of p exhibit fuel dilution and reduced fusion efficiency. One can also recover
the prediction of the simplified triple product by considering the case where p = 0
(shown by the open black curve).

In addition to the buildup of helium ash, heavier impurities can enter the fu-
sion plasma from erosion of first wall materials (Carbon, Iron, Tungsten, etc.). In
some cases, impurities are deliberately injected to mitigate heat fluxes onto exhaust
tiles [9, [10) [IT] or to interrupt the formation of catastrophic instabilities [12} [13], 14].
Therefore, attention must be given to prevent their buildup, particularly in reactor
concepts that utilized long-pulse or steady state plasmas. The main way by which
heavy impurities negatively impact reactor performance by radiating away thermal
energy. The two main radiative power loss mechanisms are radiation from line tran-
sitions and Bremsstrahlung. Line transitions occur when an impurity ion is excited
following ionization, recombination, electron impacts, or charge exchange. As the ion
relaxes to a lower energy level, a photon is emitted, carrying with it the energy that
used to be contained in the kinetic energy of the plasma. Heavy impurities tend to
radiate in the high energy X-ray range and act as a strong loss channel for plasma
energy. In addition, since impurities can ionize several times, they can significantly
increase the number of free electrons in the plasma. The increased electron density in
turn leads to an increase in the so-called Bremmstrahlung emission which occurs as
a charged particle undergoes acceleration (in this case the acceleration experienced
due to Coulomb collisions with neighboring ions/electrons). An example of a fusion
plasma which experiences impurity accumulation and subsequent radiative collapse

is given in figure [3]
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Figure 3: Measured impurity radiation in several W7-AS discharges. Electron densi-
ties increase from (e) to (a) indicating unfavorable impurity confinement for higher
density plasmas and illustrates the mechanism for the stellarator density limit. For
experiments (a), (b), and (c¢) the radiation becomes so intense that the discharge
terminates prematurely. Figure credit: [15]

The net radiated power can be characterized by the so-called cooling rate coef-
ficients, L, which describe the power loss per impurity density and electron density
[16]. Adding this factor to the Lawson criterion power balance, one can once again
generate burn contours. An example of such a calculation which considers various
Xenon concentrations is given in figure [dl In this case, the parameter space suitable

for positive net power is additionally reduced by an increase in the Xenon concentra-

tion.
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Figure 4: Burn curves for a deuterium-tritium plasma containing a varying concen-
tration of Xenon impurities. Here, p* refers to the effective confinement time ratio
taking into account recycling processes. Figures credit: [17]

1.2 Magnetic Confinement

As described in section [1.1], it is necessary to confine the plasma to a finite volume
long enough to facilitate fusion reactions. This confinement is typically achieved by
taking advantage of the response plasma species have to a carefully designed magnetic
field. Omne consequence of plasma ions and electrons having a net charge is that in
the presence of a magnetic field, they experience the Lorenz force as they move. This
causes the particles to gyrate perpendicular to the magnetic field lines effectively
confining them to motion along the field. To prevent losses along the field direction
one can utilize closed magnetic topologies such as a torus.

In magnetic confinement devices the force balance equation describes the relation

between the pressure gradient Vp, the current density j and the magnetic field:



Vp=jxB (2)

One can immediately see that in this equation, the balancing j x B force is in the
direction of the pressure gradient. Additionally considering that V - B = 0, this
implies surfaces of constant pressure parallel to the confining field. These nested
"flux surfaces” are defined as smooth surfaces such that: VB - = 0 everywhere on
the surface. Here, 7 is the surface normal.

A given surface is commonly labeled by its enclosed magnetic flux, either in the

toroidal or poloidal direction:
U = / B-idS, (3a)
s

P = / B -iidS. (3b)
St

In the case of toroidal flux, ®, the surface which the magnetic flux passes through is
simply a poloidal cross section. In the case of toroidal flux, ¥, it would be a ribbon
which extends around the torus (see Fig. [5)). In most cases, these fluxes change
monotonically as one moves further from the magnetic axis.

Additionally, since charged particles will tend to stream along the magnetic field
lines at thermal velocities, transport on a flux surface is generally much faster than
perpendicular transport. For this reason, many plasma characteristics such as tem-
perature and density equilibrate very quickly along these surfaces and are known as
“fux functions”.

Naively, one might expect charged particles to be perfectly confined to flux surfaces
as they mainly stream along the field lines. However, additional dynamics are brought

on when considering a toroidal geometry. Specifically, the curvature and the V B drifts
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Figure 5: Surfaces used to evaluate toroidal and poloidal fluxes for a given flux surface.
Toroidal flux is measured as passing through the cross section shown in blue (marked
S;). Poloidal flux is measured as passing through the ribbon shown in orange (marked
Sp). Figure adapted from [1§]

cause particles to deviate from a given flux surface with the following drift velocities:
K. BxVB

Gop — ——_ " 4
UvB q_B B2 ) ( )

R _2K|‘ECX§
Uk—q—B R2B (5)

Here, K, and K| are the kinetic energies perpendicular and parallel to the field, ¢
is the particle charge and R. is the radius of curvature of the magnetic field lines.
In a purely toroidal geometry, the combination of these two drifts can lead to a
vertical displacement of electrons and ions. To suppress the net effect of these drifts,
a rotational transform, + is introduced which causes streaming particles to move
helically around the torus and sample both inboard and outboard regions [19].
When considering how to induce a rotational transform in a toroidal fusion de-
vice, two strategies arise which characterize the two most common reactor designs:

tokamaks and stellarators. In tokamaks, the rotational transform is mainly generated



by an axial current which creates a poloidal field component via ampere’s law:

- 1
[L()JZ?:“ =V xB= ——(T’B¢)ZA’ - —

z (6)

This axial current is typically driven by ramping up current in a large solenoid located
in the center of the torus.

In the case of modern stellarators, 3D shaping is used to elongate the plasma
and rotate the flux surfaces poloidaly as one moves in the toroidal direction [20].
Additionally, there is the possibility to induce a rotational transform by allowing the
magnetic axis to be non-planar as is the case for many modern optimized stellarators.
More generally, the rotational transform can be described by the toroidal and poloidal

fluxes via:

L 1 d¥v
T q ")

Here, q is the safety factor commonly used in the tokamak context (denoted with
bold text to distinguish from the particle charge q).

One advantage of the stellarator compared to the tokamak is that since one does
not need to ramp a current in a central solenoid to achieve a rotational transform,
they can in principle operate in steady state. However historically, stellarators tend
to have heightened transport compared to tokamaks due to a phenomenon known as
neoclassical transport (described in more detail in section 2.2))[21]. Modern stellara-
tors have found a solution to this issue through the optimization of the magnetic field
shape which largely dictates the transport properties. Examples of optimized stel-
larators are HSX in Madison, Wisconsin, W7-X in Greifswald, Germany, and NCSX

in Princeton, New Jersey.



The previous section described the importance of impurities in fusion plasmas.
Since these impurities also respond to the confining fields, it is important to keep
in mind that well confined plasmas risk the possibility of impurity build up. This
concern is the main focus of this work which aims to characterize the transport of

heavy impurities in plasmas at the W7-X stellarator.

1.3 Overview of Dissertation Work

This dissertation describes the methods used to determine impurity diffusion and
convection profiles in W7-X plasmas for injected iron particles. Several experimental
efforts have been made to understand impurity transport in stellarators already [22),
23, 24] however, not much attention has been given to accurately determining the
impurity convection velocity or to the uncertainty in the inferences. The goal of this
work is to address these issues via an integrated data analysis approach based on
Bayesian inference techniques.

Chapter 2 will discuss the various mechanisms by which impurities may experience
net radial fluxes. Within this chapter, section 2.1 describes the classical transport
picture based on collisions that displace impurity ions by a distance comparable to
their gyroradii. Section 2.2 explains the various “neoclassical” transport mechanisms
that appear when one considers a 3D toroidal magnetic field. Finally Section 2.3
gives an overview of the relevant turbulent transport mechanisms due to instabilities
in W7-X.

Next, Chapter 3 provides an overview of the experimental setup at W7-X. Sec-
tions 3.1, 3.2, and 3.3 give an introduction to the stellarator design and describe the
characteristics of its magnetic geometry and scrape off layer (SOL) region. Section

3.4 discusses the various heating schemes used to generate plasma while section 3.5

10



introduces several diagnostics that are important for diagnosing the main plasma
species as well as the impurity ions.

Chapter 4 summarizes one of the main deliverables of this dissertation work, the
design and implementation of five dual channel spectrometers which were installed at
W7-X to make charge exchange recombination spectroscopy (CXRS) measurements
of impurity emissions. In sections 4.1 and 4.2, the line of sight setup and a detailed
description of the spectrometer design is given. Next, sections 4.3 and 4.4 discuss
various techniques necessary to calibrate the system and analyze data.

Chapter 5 discusses the collected CXRS data along with a description of the unique
“high-n” Rydberg transitions which were chosen for further analysis. The analysis of
such emissions for impurity transport studies has not been investigated significantly
in the past and therefore this work provides description of the novel technique.

Chapter 6 gives a full description of the computational tools developed to model
the impurity transport in python. First, section 6.1 gives a general introduction to
Bayesian inference which is the main tool used to infer the impurity transport by
comparing the synthetic signals to the measured data. Additionally, the aspects of
the Bayesian statistical model which are specific to the model considered here. Then,
section 6.2 describes the forward model that is used to simulate impurity charge
exchange emission.

Chapter 7 describes the various results from the Bayesian inferences. First, an
introduction to the experimental conditions is given along with a summary of the col-
lected diagnostic signals in section 7.1. Then, in section 7.2 the inference of impurity
transport profiles is presented along with a discussion of how the inclusion of multiple
diagnostics via self consistent synthetic diagnostics affects the final uncertainties in
the impurity transport.

Finally, chapter 8 gives a summary of the work highlighting the major conclusions,

11



open questions, and areas where future work can be conducted.

12



2 Impurity Transport in Stellarators

Cross field impurity transport in fusion devices can typically be characterized by three
categories, classical, neoclassical, and anomalous. Classical transport theory describes
the collisional transport of many gyrating particles in the presence of background
gradients while neoclassical theory considers dynamics that arise when considering
the effect of those particles as they traverse 3D shaped magnetic fields with curved
field lines. Finally, transport mechanisms not described by classical or neoclassical
contributions are considered to be anomalous and are typically attributed to plasma
turbulence. The theory behind each of these types of transport will be discussed in

the following pages.

2.1 Classical Transport

Particles with electric charge ¢, mass m, and a velocity perpendicular to the magnetic
field, v; will experience a Lorenz force. For this reason, they are confined to gyrate
around a given field line with strength B. As particles undergo collisions, they migrate
according to a random walk for which the step size would be the Larmor radius,

p =mv, /(|q|B). The corresponding diffusive particle flux can be expressed as I'g:
a=—DaVn. (8)

Here, n is the particle density and D, is the diffusion coefficient where Dy ~ p?v
and v is the collision frequency of the plasma species. The majority of collisional
transport is via collisions between electrons and ions with an estimated frequency v,;

of [5]:
ZnelnA L

Vei =2 x 107° =T s 9)

13



Here, all quantities are in cgs units except for temperature which is in electron volts.
T, and n. are the electron temperature and density, Z is the ion charge, and InA is
the Coulomb logarithm. Since typically the Larmor radius is small (~ few mm), D

is small compared to other transport channels.

2.2 Neoclassical Transport

In simplest terms, neoclassical transport refers to the added dynamics brought on by
considering a toroidal magnetic field geometry. Specifically, as particles traverse along
field lines, a certain fraction can be trapped in so-called “banana orbits”. Much like
in the case of a magnetic mirror, particles with sufficiently low parallel velocity have
the tendency to be reflected back along their field lines as they move into regions
of higher field strength. In the case of tokamaks, this occurs as particles traverse
from the outboard side to the inboard side of the torus. The path of these reflected
particles will have some radial excursion determined by the particle drifts described
in equations[fland f] In tokamaks, the total radial excursion averages out to zero over
the entire trajectory of the reflecting particle and when projected onto a poloidal cross
section, the path somewhat resembles a banana in shape (hence the name). In the
case of stellarators however, particles have the additional possibility of being trapped
inside helical magnetic wells and, in contrast to the tokamak case, the net radial drift
does not necessarily average to zero. This leads to particles that drift out of the
confined region after only several reflections and are characterized as “direct” losses.
The goal of many optimized stellarators then is to engineer the magnetic geometry
to retain the net zero radial drift condition known as omnigeneity[25].

Ultimately, radial neoclassical transport is dominated by collisions which kick

particles into and out of trapped velocity space. Collisions will cause particles to

14



experience a random walk in wvelocity space with a diffusion coefficient,
D, ~ (A®)? /t = (AO)’ v, (10)

where VO represents a random walk change in the trapped particle pitch angle.

It is important to note that the collision frequency between electrons and ions
defined in equation [9] is actually defined as the average rate for a particle to scatter
90 degrees in velocity space (i.e. A® ~ 7/2). This is because the vast majority of
collisions are grazing at small angles and therefore only their cumulative effect after
many collisions is relevant. In the case of trapped particles however, for small angle
collisions to significantly contribute to transport, the cumulative effect only needs to
change in velocity space enough to become untrapped. This is a less strict condition
than the case of 90 degree scattering and only requires a deviation in velocity space
by AO ~ (2AB/B)"? ~ (2¢)"/? [26]. Here, AB/B is the magnetic well depth which,
in tokamaks is proportional to the inverse aspect ratio, €. Therefore, the effective
time to scatter out of trapped particle space is smaller than the 90 degree scatter-
ing. Considering equation for the case of 90 degree scattering and detrapping

scattering, one can solve for the effective collision frequency for detrapping[26]:

Veff ™~ Vie ((;—@) ~ Ve €. (11)

Typically, neoclassical transport is split into three separate collisionality regimes.
At low collisionality or the so-called “long mean free path” regime, trapped particles
are capable of undergoing many reflections before detrapping. In the case of tokamaks
and perfectly omnigenous stellarators, banana orbits are confined such that the radial

drift velocities average to zero over a full bounce period. In this scenario, the diffusive
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step size is determined by the banana width, &, ~ 3—%, which is much larger than

the Larmor radius that characterizes classical diffusion (since e << 1). Here, q is the
safety factor and p is the Larmor radius. The diffusive time step is then the effective
collision time 7.5 = 1/vesr. Additionally, one also needs to take into account the
fraction of particles which are trapped since they govern the radial transport. This
is characterized by an additional factor of (f;.) ~ /e which indicates that the sub-
population of particles which are trapped experience the diffusive flux. One can then

estimate the diffusion in the so-called “banana” regime:

Gy~ L2 (12)

O

N 2Terf

In stellarators, where the trapped particle fraction is decoupled from the aspect
ratio, the trapped particle fraction is instead characterized by the quantity €, which is
the helical ripple (i.e. the local well depth along a field line). However, the quantity,
€efr is used in general to describe the uniformity of the magnetic wells which trap
particles and therefore their confinement quality [27] and can be used analogously to
the inverse aspect ratio from the tokamak case. Since this work focuses on transport
measurements in stellarators, the remaining neoclassical transport equations will use
Ecff-

In most stellarators, some or all of the trapped particles do have net radial drifts
over their bounce periods. In these cases the diffusive step size is instead determined
by the radial distance these trapped particles drift before experiencing a de-trapping
collision (017, ~ vqTess). This scenario is referred to as the 1/v regime due to its

inverse dependence on the collision frequency. Considering the relevant diffusive step
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size we can again estimate the diffusion:

2 2 .3/2 3/27/2
Dy = v g,y o Uiett ot (13)
/v QTeff i v nB?R?

Where T' is the particle temperature, n is its density, B is the field strength, and R
is the major radius on axis. Because of the strong temperature scaling in the 1/v
regime, it is expected that neoclassical transport contributions will dominate at low
collisionality and high electron temperatures. This is indeed seen to be the case in
previous W7-AS plasma experiments [28].

Note that even though modern optimized stellarators are close to perfectly sym-
metric, deviations from symmetry can lead to net radial drifts[29,[30]. For this reason,
even a small fraction of particles with net radial drifts are sufficient to dominate the
transport. Therefore, all modern, currently constructed, stellarators exhibit 1/v scal-
ing in the long mean free path regime. Despite this, recent simulation work has found
that there is the potential for future optimized stellarator configurations which deviate
from perfect symmetry by field amplitudes comparable to the ambient geomagnetic
field [31].

In the very collisional case, which is typically relevant for impurities, neither
trapped nor passing particles can complete their full transits. Here, the radial ex-
cursion due to particle drifts is what determines the transport. We first consider
the radial drift velocity, vp, =~ mV”2 /eBR and the time it takes to complete a full
passing orbit, Tpess ~ Lpass/V| ~ Rq/2V|. Here, Vj is the parallel velocity of the
particle (typically taken to be the thermal velocity) and R is the major radius of the
torus. Combining these, we get an approximation for the maximum radial excursion:
dp.s. ~ mVjq/eB = pq. Additionally, we no longer care about the fraction of trapped

particles so we revert to the usual collision time as the diffusive time step. In this
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highly collisional case, known as the Pfirsch-Schliiter regime, the diffusion can then

be estimated as:
0P 2 2

Dps. = -, v (14)

Between the long mean free path and the high collisionality regimes, there exists a

regime where trapped particles cannot complete their orbits but passing particles can.

This so-called plateau scenario bridges the low collisionality (either 1/v or banana)

case and the fluid like Pfirsch-Schliter regime. The diffusion in the plateau regime

can be identified by considering the value of the diffusion at the boundary of the low

and high collisionality regimes. The upper end of the banana regime occurs when the

effective collision frequency is equal to the banana bounce frequency, wg:

l/eff . qu
wp Vet

*_

=1 (15)

Here, v* is referred to as the collisionality and is the metric which is typically used
to determine which collisional regime the plasma is in. Using this value for v (v.s)
in equation (12| we get D = p*Vjj¢/R. For Pfirsch-Schliiter diffusion, the lower bound

occurs when the collision time is equal to the passing particle orbit time:

~——=v'e"=1 (16)

Solving for v and plugging into equation [14] then gives D = p*V|q/R, the same
as for the banana regime case. This then implies that the diffusion is constant for

1 < v* < €32, The plateau regime diffusion is then approximately:

Dplateau ~ ,02‘/||q/R (]'7)
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In reality, the boundaries between the different collisionality regimes are not well
defined and contributions from each can contribute to total particle transport. For
this reason, codes which solve the linearized drift kinetic equation (DKE) are applied
to calculate the diffusion as a function of collisionality. The linearized DKE is[32]:

dr (1dn qE, 3\ 1dT ¢E-B)
5 (i~ 7+ (10-) 7 ) oD g = () =o€ )
(18)

Here, K is the normalized kinetic energy, mv?/2T, fy; is the Maxwellian particle
distribution function, f; is a small deviation from f);, V is the Vlasov operator, and
vL is the Lorentz pitch-angle scattering operator.

An example of such a calculation done for the W7-X stellarator is given in Fig. [
where the three collisionality regimes are designated via color. Here, one can see the
characteristic 1/v regime depicted by the dark blue line in the shaded blue region.
The plateau and Pfirsch-Schliiter regimes are then approximately in the orange and
yellow shaded regions.

For stellarators, an additional effect needs to be considered in the long mean
free path regime where fluxes are not necessarily ambi-polar. For example, at similar
temperatures, ions have a much lower collision frequency compared to electrons due to
their larger mass and equation [13| predicts that their diffusive flux will be much higher
in the 1/v regime. To conserve quasineutrality, these fluxes must balance. This is
accomplished by a radial electric field which develops and introduces a poloidal ExB
rotation. Ions are then advected into regions with lower mirror ratios and become
detrapped, therefore reducing the ion transport[27]. When solving the ambipolarity
condition I', = I';, up to three solutions can be found for the electric field; one where
E, < 0 known as “Electron root”, one where E, > 0 known as “ion root”, and a third

solution which is unstable. The net effect of increasingly large E, on the diffusion
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Figure 6: Calculated neoclassical diffusion coefficient for the W7-X stellarator. The
effect of an increasingly large electric field can be seen in the 1/v regime where the
dark blue data points correspond to E, = 0 and black corresponds to the largest F,.
Additionally shown in the dashed gray line is the diffusion for an equivalent tokamak
where the long mean free path regime follows the banana regime scaling. Figure
adapted from reference [32]

coefficient can be seen in the 1/v regime shown in Fig. @ where the ion transport is
reduced to balance the electron transport.

The discussion of neoclassical transport up until this point has considered only
diffusive contributions arising from “random walk” like collisions. However if one
were to fully solve the DKE (equation , an additional convective term is present.
Doing so allows one to solve for the so called neoclassical transport matrix and more

generally, write down the neoclassical particle and heat flux:
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Here, Dy, D15, Doy, and Doy are elements of the neoclassical transport matrix.
In the particle flux equation, one recovers the expected diffusive contribution which
is proportional to the density gradient, however, two more terms appear which are
proportional to the density. These are the so-called neoclassical convection terms
the first of which is proportional to the radial electric field and the second of which
depends on the temperature gradient (commonly referred to as thermo-diffusion).
The overall particle flux considering both a diffusive and a convective term can then
be rewritten as:

I'=—-DVn+own. (21)

Considering particle conservation in the absence of particle sources and sinks,

on
—_V.-T 22
ot ’ (22)

equilibration along flux surfaces that are characterized by the radial coordinate r, and
neglecting sources and sinks, one can turn equation [21| into an ordinary differential

equation over the radial coordinate r:
1
— =V - (DVn—uwvn) = -—r(D— —wn) . (23)

The transport equation of this form is general and relevant for scenarios (not nec-
essarily just neoclassical transport) where there are both localized convective and

diffusive contributions to the radial particle transport.

2.3 Turbulent Transport

In heat and particle transport contexts, any diffusive or convective flux that exceeds

neoclassical predictions is considered to be anomalous. The most widely accepted
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hypothesis is that the largest contribution to anomalous cross field particle transport
is turbulence. Turbulence occurs in magnetized plasmas when an instability transfers
energy into one or more spatial scales which is then nonlinearly transferred to many
other spatial scales [33]. The sources of these instabilities can be either kinetic or
magnetohydrodynamic (MHD) in nature. Notably, in toroidal magnetically confined
plasma devices, core turbulence is usually driven by kinetic drift wave instabilities,
in particular trapped electron modes (TEM), ion temperature gradient (ITG) modes,
and electron temperature gradient (ETG) modes [34]. These modes are characterized
by frequencies of 10s to 100s of kHz. While ITGs and TEMs generally occur on the
ion gyroradius scale (kyp; < 1), ETGs occur on electron gyroradius scales (kype S 1).
These instabilities are driven by radial pressure gradients.

The general picture of drift waves can be considered heuristically when one con-
siders a slab like plasma with a pressure perturbation (in this case a sinusoidal like
perturbation in the background density - see Fig. [7]). Due to their fast response, elec-
trons will then quickly equilibrate along field lines leading to a separation of charge
and therefore the development of a radial electric field. The charge independent
E x B drift that develops then advects particles to further propagate the pressure
perturbation in the poloidal direction. In the adiabatic electron limit, these parallel
moving electrons have no way to dissipate their momentum and the plasma poten-
tial instantaneously follows the density (7/n ~ e¢/kT,) leading to propagation of
the wave without any growth. However, if for instance, the parallel electron motion
can be slowed by interaction with the background plasma, a phase difference is in-
troduced between the density and potential perturbations (/n ~ (1 — id)e¢/kT,).
The displacement of this potential fluctuation and subsequently the direction of the
E x B drift which develops can then, in addition to propagating the drift wave, lead

to amplitude growth or damping (see Fig. [7)).
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Figure 7: Heuristic picture of a drift wave mode. Here the magnetic field is shown
out of the page. Shown in the left panel is a case with adiabatic electron response
which leads to propagation of the drift wave at constant amplitude. On the right, a
phase difference in the electron response is present due to interaction between parallel
moving electrons and the background plasma. In this case, the phase difference leads
to reinforcement of the original density perturbation.

For a particular mode, characterized by a fluctuation frequency w and wavenumber
k, an initial perturbation is characterized by a growth rate, v. If v is negative, the
mode reduces in magnitude over time and is said to be stable. In the case of a positive
v, the mode is unstable and the perturbation will grow in magnitude over time. In
reality, plasma fluctuations are characterized by an entire spectrum of modes with
different values of k, w, and « which can couple to one another exchanging energy.
Eventually, as unstable modes increase in magnitude, the dissipation of energy via
transfer into stable modes will outweigh the growth of the unstable modes. In this
case, the mode is said to be “saturated” and the final balance of mode amplitudes
is what sets the level of transport seen at the macroscopic scale. It should also be
noted that in addition to coupling to stable modes, instabilities can be stabilized by

large flows that can shear apart turbulent eddies [35], or by coupling to modes at very

small spatial scales which lead to viscous dissipation.
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The first of the relevant drift wave modes, TEMs [30], occur when the regions with
a large number of trapped electrons line up with regions of bad curvature (convex
with respect to the pressure gradient). In this situation, the bounce averaged drift
velocity of the trapped electrons aligns with the drift wave direction and can feed
energy into the instability. These modes will become unstable in the same regime one
expects 1/v neoclassical transport, that is when v} < 1 and trapped electrons can
complete more than one orbit [37]. Parameters which are closely tied with anomalous
transport due to TEMs are strong electron density or temperature gradients, low
collisionality, as well as €, which describes the trapped particle fraction.

In addition, ITG modes tend to dominate in situations where the density is flat
and the pressure gradient is due almost entirely to the ion temperature gradient. In
this case, energy transfer can occur between the drift wave and ion acoustic waves
[38]. One common metric which is tied to the instability of ITGs is the gradient
length ratio which, above a certain critical value (which is unique to the particular
experimental setup), is an indicator of unstable growth of ITGs. The gradient length

ratio is defined as [37]:

0=(22) =55 (147 ) ar s 24
Here, L, = —n/Vn and Ly, = —T;/VT; are the gradient lengths for the density and
ion temperature respectively.

Finally, ETG modes are characterized by electron scale fluctuations with radially
elongated streamers [39] and are, as the name suggests, driven unstable by sufficiently
large electron temperature gradients. While ETGs tend to cause relatively negligible
particle transport, they can contribute significantly to the overall heat transport via

the electron channel [40]. Since the aim of this thesis is to characterize impurity
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particle transport, little attention is given to ETG driven instabilities.

Due to the stabilization of TEM turbulence over a range of conditions [41], W7-
X is fairly unique in terms of stellarators in the fact that it exhibits a ”Valley of
stability” in temperature and density gradient space. In this region, both TEM and
ITG turbulence is reduced and transport becomes again dominated by neoclassical
processes [42]. This stability region becomes even more pronounced in certain W7-X
configurations such as high iota (see section and reduced turbulence scenarios
have recently been demonstrated experimentally [43]. A 2D mapping of growth rates
for the most unstable modes is shown in Fig. |8 for two configurations as a function

of the temperature and density gradient lengths.

a/Lr,

a/Ly

Figure 8: Growth rates of the most unstable modes as a function of the temperature
and density gradient lengths. Shown on the left is the stability map for the high iota
W7-X configuration and on the right is that for the standard W7-X configuration. The
upper left region corresponds to parameter space where I'TG turbulence is expected
to dominate while in the bottom right, TEM turbulence dominates. Figure credit:

A2

One of the most common ways in which turbulent transport is modeled in mag-
netized plasmas is through the use of gyrokinetic simulations. Commonly used for

stellarator experiments is the GENE code which computes Larmor radius scale turbu-
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lent fluctuations by solving a simplified version of the Fokker Planck equation which
can be derived by taking an average over the gyro-orbits [44]. The Fokker Planck

equation can be written as:

dFs an N Zse = U 5 an _
= at+v-VFs+ms (E+ZXB>'317_C[FSHSS (25)

Here, F, = F,(Z, ) is the particle distribution function for species s, Z and m
are the species charge and mass respectively, ¥/ is the particle velocity, l% and é are the
electric and magnetic fields with both the background and fluctuating quantity, C [f]
is the Landau collision operator, and .S, is an additional source term. The process of
gyro-motion averaging is not described here but is given in detail in reference[44].

Doing such an averaging changes the problem from considering charged particles
with six degrees of freedom, that is three spatial coordinates and three velocity values,
to that of considering rings of charge streaming along field lines. Therefore, the
distribution function now has five degrees of freedom: three spatial coordinates, a
parallel velocity, and a magnetic moment (i.e. F, = F (Z,v|,;)). In this case, the

governing equation for the distribution function of charged rings can be written as:

OF; - By o -
o + | v)bo + o (Ugxp + Uy, + Ue)
o (26)
F+ — (0B — n9 (B + By)) ) = (Cu()).
msv) aU”

Again, here F is the distribution function for the rings of charge for a given
species, s, bB is the unit vector aligned with the background magnetic field and BSH =

by - (6 X (ffo + 7’;zcy||50)) with A being the background magnetic vector potential.

Upx B, Uvp,, and v, are the £ x B, VB and curvature drifts respectively, E, and BIH
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are the perturbed electric field and parallel magnetic field where the bar notation
indicates a gyro-average, and (Cs(F')) is the gyro-averaged collision operator.

The strategy used to reduce computational expense is then to consider the splitting
of the distribution function F§ into a background component F, and a perturbation
fos- Fs = Fos + fos s then substituted into equation 26 A natural ordering arises
during this step where the background distribution function is of order one while the
perturbed distribution is of order € = p,cf/ Ly, or rather the ratio of the Larmor ra-
dius to the characteristic length scale. Terms can be collected based on their ordering
in € and after a suitable choice for the background distribution function Fy,, expan-
sion of vector products, and normalization of all parameters such that they become
dimensionless, the perturbed distribution function can finally be summarized as:

dg

o = Z+ Lg] + Ng] (27)

where, g represents the combined distribution function for a given species, Z is a
constant term that depends only on the background distribution, £ is the linear term
that scales with €, and A is a nonlinear term that scales with €2. The nonlinear term
arises from the definition of ¥z« which is the only one of the three considered drifts
that depends strongly on the perturbed fields (see [45]). The full forms of Z, L are
lengthy and not discussed here, one can find them in [45]. One can represent the

nonlinear term as such:

Nlgl = (K ky = kaki))X (K ) gs (k1 = F). (28)

Ky
Here, the nonlinearity has been transformed from 7 space to k space. k, and k, are

the radial and binormal wavenumbers and k|, = k& + kyy. x is the potential like
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function described for species s as y, = ¢ — %UHAH‘ + Q%MBH\- In this context, k and &’
represent two adjacent components of the wavenumber spectrum. Equation [28/implies
then that the nonlinearity introduces interaction between fluctuations with differing
wavenumbers, enabling the mechanism described above for nonlinear coupling of mode
energies.

In simulations, one can choose to solve the linear problem by neglecting the op-
erator, . This assumption greatly reduces computational demand and can be used
to calculate the linear growth rates of various spatial modes. This strategy can be
useful in determining likely candidates for turbulent modes which may be dominating
heat and particle transport. As mentioned previously, in real turbulent situations,
unstable modes will eventually cascade their energy into stable modes or to length
scales which experience viscous dissipation. This is an inherently nonlinear process
and if one wishes to retrieve an estimate for the magnitude of the resultant heat
and particle fluxes, the nonlinear problem must be solved. Additionally, it has been
shown that in some scenarios, the magnitudes of calculated linear growth rates may
not qualitatively describe the full nonlinear heat fluxes [46].

Gyrokinetic simulations can be used to estimate turbulent impurity fluxes at W7-
X. In fact, this has been done using the STELLA code for the standard magnetic
configuration [A7] at the /s = \/®/®Lcps = 0.49 flux surface. Results from this
study are shown in Fig. [9] where pure ITG and pure TEM conditions are consid-
ered. Here, /Ly, = 4 in the case of ITG and a/L,, = 4 in the case of TEM where
all other gradients are set to zero. To isolate the contributions from the diffusion,
thermo-diffusion, and convection coefficients, the non-linear simulations are run mul-
tiple times with either the impurity temperature or density gradients set to zero. This
allows one to define transport coefficients to use in the impurity heat and particle flux

equations analogous to those in equation [I9] It was found that for both ITGs and
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TEMSs a negative thermodiffusion coefficient (D;s in equation is present while the
Dy, diffusion coefficient is predicted to be stronger for the ITG case. Additionally,
there is a convective term that is not related to the temperature and density gradients
which is positive in the case of ITG and negative in the case of TEM. In the end, the
measured convection velocity then would be a combination of the thermodiffusion
and convection term (all terms not multiplied by the density gradient in equation
. Note that in order to experimentally resolve these differences, a precision of
~ 1 m/s and ~ 1 m?/s would be necessary. Moreover, under steady state conditions
(I' = 0), equation 21| can be rearranged to the form v/D = Vn/n. Therefore, the
density gradient (and therefore the degree of density peaking) will be directly tied to

the ratio v/D.
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Figure 9: Nonlinear gyrokinetic results from the STELLA code for three different
impurities in pure ITG (left) and TEM (right) conditions. Densities of n, = 10' m™
and temperatures of T; = T, = 1 keV. Normal diffusion is shown in blue with open
circles, thermodiffusion in red with open squares, and convection in the absence of
gradients is shown in black with open triangles. Figure credit: [47]

Finally, previous experiments have been conducted to study the turbulent trans-

port of impurity ions in real W7-X plasmas. Results indicate that neoclassical dif-
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fusion and convection are much too small to explain observed impurity decay times
[23]. Additionally, follow-up studies investigated the effect of the ion-electron tem-
perature ratio which affects the stability of ITG turbulence through equation It
was observed that for increased ion to electron temperature ratios, the decay times of
impurities increased, suggesting reduced transport due to partially suppressed ITG
turbulence [24]. These studies provided strong evidence for impurity transport domi-
nated by turbulence however, since the analysis utilized line-integrated measurements
of impurity radiation, uncertainties in the impurity density profile shapes made it dif-
ficult to determine the impurity convection velocities. In order to thoroughly compare
experimental results to gyrokinetic simulations and to characterize the impurity peak-
ing characteristics, the capability to measure the convection velocity is developed in

this thesis.
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3 Experimental Setup

3.1 Description of the W7X Stellarator

W7X is the largest stellarator experiment to date with a major radius of 5.5 m
and a minor radius of ~ 53 cm. Superconducting coils are utilized to generate a
~ 2.5 T on-axis magnetic field necessary for confinement. W7X is an example of
an quasi-omnigeneous configuration stellarator. The onmigeneity condition implies
that the mean guiding center magnetic drift has zero radial components such that in
the case of no collisions, ions and electrons are confined to flux surfaces. This was
accomplished by designing the magnetic geometry to be quasi-isodynamic, a subset
of the omigeneity condition where trapped particles precess poloidally [48]. Tt was
later discovered that this design choice not only led to reduced neoclassical transport
and bootstrap current, but also led to the alignment of particle trapping regions with
good curvature causing stabilization of TEM turbulence [41].

The design criteria for W7-X were chosen to meet the initial goals for the exper-
iment [49]: 1. Achieve steady state operation at reactor relevant temperatures and
densities. 2. Achieve stable plasma equilibria with (5) = 5%. 3. Sufficiently long
plasma confinement to allow for extrapolation to reactor parameters. 4. Having the
ability to sufficiently control the density and impurity content. 5. Operate a mag-
netic field in steady state using superconducting coils. As of now, W7-X has achieved
plasmas in steady-state operation with core temperatures of ~ 5 keV, densities of

~ 10%° m~? and normalized plasma betas around 1-2%.
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3.2 Magnetic configurat

W7-X is designed with a magnet system consisting of 50 non-planar and 20 planar

superconducting coils arranged with five fold symmetry around the torus (see Fig.

10).

The modular coil design of W7-X allows for adjustments in the individual coil

currents in order to affect the 3D geometry of the magnetic field in fusion experiments.

Doing so allows for exploration of regimes with different transport mechanisms and

degrees of optimization.

Control Coil

Figure 10: Coil orientations for one of the five W7-X Modules. Planar coils are shown

in blue while non-planar coils are shown in red. Figure credit: [50]

The magnetic field structure of W7-X can be described using a Fourier decompo-

sition:

(29)

€mn(1)cos(mb — anﬁ)] .

0

m,n=

Here, ¢ and # are toroidal and poloidal like coordinates defined for the so-called Boozer

B()(T')

B

Coordinate system [51], €, ,, is the relative strength of the various Fourier modes, and

N, is the total number of symmetric field periods in the toroidal direction. The m = 0,



n = 1 component is referred to as the mirror term and is commonly scaled up and
down in various W7-X experiments leading to the so-called “high mirror” and “low
mirror” configurations. Additionally, in this document, the ”high iota” configuration
is referenced. For this case, coil currents have been adjusted to increase the rotational
transform by ~ 25% at the edge relative to the standard W7-X configuration [50].

Profiles of the rotational transforms for these configurations are shown in figure [11}

W7-X reference magnetic configurations

121 —— standard EIM
—— High mirror KJM

—— Low iota DBM

m 10 1
o
0
0.9 ////
0.81
0.0 0.1 0.2 0.3 0.4 0.5

reff/m

Figure 11: Rotational transforms of various magnetic configurations at W7-X as a
function of effective minor radius (in meters) Figure credit: [52]

3.3 The Scrape Off Layer and the Island Divertor

Toroidally nested flux surfaces are not guaranteed in general. In stellarators and
tokamaks, outside a certain radial position, the magnetic field topology transitions
from closed surfaces to open field lines which eventually intersect the first wall. The
domain outside of the last closed flux surface (LCFS) is referred to as the scrape off

layer (SOL). Charged particles in the SOL will stream along the field lines and will
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hit plasma facing components.

In most stellarator and tokamak scenarios, the heat and particle fluxes in the
SOL are directed towards wall components known as divertors. These are put in
locations far away from the plasma and are typically made of materials which are
capable of withstanding extremely high heat loads, at least for the duration of the
plasma discharge. Inevitably, the bombardment of the divertor surface will lead
to physical sputtering of material which can migrate back into the confined region.
These surfaces therefore act as one of the main sources of impurities expected in

reactor relevant scenarios.

Figure 12: Depiction of the island divertor setup at W7-X. The 10 divertor modules
interface with the ¢ = 5/5 island chain. One can see the overlap between the island
divertor and the magnetic islands in the Poincare plot shown on the right figures
adapted from: [53]

Within the SOL, so-called magnetic islands can form when the rotational trans-
form, + = n/m locally reaches a rational value. In the W7-X “island” divertor, the
rotational transform has been curated such that the + = 5/5 rational surface is in
the edge region. The resulting island chain intersects divertor tiles positioned on 10

modules dispersed around the torus to allow for efficient heat and particle exhaust.
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A depiction of the + = 5/5 island chain along with its intersection with the divertor

tiles is given in figure

3.4 Auxiliary Heating
3.4.1 Electron Cyclotron Resonance Heating

Electron cyclotron resonance heating (ECRH) is a method for heating magnetized
plasmas in which injected microwave radiation resonates with the cyclotron frequency
of the electrons. The injection frequency is typically chosen to interface with a res-
onance layer of constant field strength that passes through the magnetic axis of the
device. Note that ECRH radiation is not able to penetrate through overly dense plas-
mas with densities larger than the cutoff densities. For the 2nd harmonic O-mode and
X-mode heating used at W7-X, these densities are approximately 1.2 x 10%** m™ and
0.8 x 10%° m™ respectively. Here O-mode and X-mode refer to two possible solutions
for the cold plasma dispersion relation and are waves which are polarized parallel
and perpendicular to the magnetic field respectively. The ECRH heating occurs at a
frequency of 140 GHz and is rated for 1 MW of heating power per gyrotron. However
in reality, typically only 700 kW of power is delivered to the plasma resulting in a
total maximum heating power of 7 MW (2nd harmonic resonance at 2.5 T) [54].
ECRH is the main heating method used at W7-X. Microwaves are generated by the
ten gyrotrons and directed via several mirrors to ECRH launchers. This beam path
is depicted for one module of W7-X in figure [I3] These launchers couple radiation
at the lab side of the beam path (at atmosphere) to the vacuum vessel and allow for
steering of the beams in the vertical and toroidal direction. Aiming the ECRH beam
away from the magnetic axis via the launchers allows for off axis heating experiments.

Additionally, toroidal current can be induced by launching microwaves in the toroidal
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Figure 13: Transmission line setup of the ECRH beams in W7-X. Figure Credit: [55]

direction. This allows for the local modification of the rotational transform profile.

3.4.2 Neutral Beam Injection

Neutral beam injection (NBI) at W7-X, in contrast to ECRH, can provide heating
of both plasma ions and electrons. Additionally it serves as a source of fast ions
enabling studies of their confinement properties [50, [57]. Such studies are necessary to
evaluate confinement characteristics of fusion born alphas in reactor scale operations.
Specifically, W7-X is equipped with two NBI boxes containing four sources each.
However, for the work presented in this thesis only two beam sources are considered
mainly for diagnostic purposes. These sources are numbered 7 and 8, of which source
8 is oriented more tangential to the magnetic axis [58]. A depiction of the NBI box
is given in Fig.

Both available sources are characterized by an extracted ion current of 90 A made
up of a mix of H;", H, and H; ions with relative particle fractions of ~ 31%, ~ 42%,
and ~ 27% respectively (as of OP 2.1). These ions are accelerated by a voltage of 55

kV and are subsequently neutralized via electron capture. Due to their masses, the
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Figure 14: Illustration of the main components of the neutral beam injection system.
Figure credit: [58]

ions experience different accelerations and are subsequently said to be the full, half,
and third energy components of the beam for Hy", Hy, and H; respectively. The
total estimated coupled power from NBI with both beams on is ~ 3.4 MW.

In addition to providing heating capabilities and a source of fast ions, the NBI
system also acts as a source of donor neutrals for charge exchange reactions. Due
to the high neutral density compared to the background plasma, radiation following
charge exchange events is localized to the vicinity of the beam. When a diagnostic line
of sight intersects the neutral beam, spatially localized measurements of, for instance,

impurity radiation can be obtained[59).

3.5 Diagnostic Capabilities

WT7X is equipped with over 100 diagnostics of which, the most relevant for this thesis

are described here. First, Thomson scattering is introduced which provides spatially



resolved temperature and density measurements. Next, the laser blow off (LBO) sys-
tem for controlled impurity injection is introduced. Finally, several diagnostics which
measure radiation originating from impurities are discussed. These include a soft
X-ray/VUYV sensitive spectrometer known as HEXOS, a metal foil bolometer system,

and a charge exchange spectroscopy diagnostic known as the ITER like spectrometer

(ILS).

3.5.1 Thomson Scattering

Thomson scattering is a process in which a photon is scattered off of a charged particle
in the plasma. This occurs when an ion or electron is accelerated by the electric field
of an incoming light wave, and emits electromagnetic dipole radiation. In Thomson
scattering applications, the source of these incident light waves is a high powered
laser which allows for localization of the measured scattered light. For a measured
Thomson scattering spectrum, the absolute intensity is used to determine the electron
density while the spectral shape gives information on the electron temperature.

At WT7-X, up to five Nd:YAG lasers (1064 nm) are utilized as the laser source
where each can operate at a repetition rate of 10 Hz. These lasers are designed to be
able to fire simultaneously for high intensity or staggered to increase the time resolu-
tion of the measurement [60]. Scattered light is observed using two separate sets of
collection optics, each with several lines o f sight to provide profile information. The
two optical ports provide profile information on either the inboard or outboard sides
of the plasma. The numerical aperture for the fibers on both optics is designed to
be 0.37 with focal lengths of 172 mm and an image de-magnification between 7 and
11 [60]. The light collected by the fiber bundles is then directed to a set of polychro-
mators which analyze the spectral characteristics. Additionally, the entire Thomson

scattering system is structurally isolated from the vacuum vessel and cryostat for
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Figure 15: Description of the Thomson scattering setup for W7-X. The laser light
path is shown in red and the collected scattered light is shown in green. Figure credit:
[60]

optical stability purposes. A depiction of the laser and optical setup is given in Fig.

3.5.2 Laser Blow Off for Impurity Injection

W7X is equipped with a laser blow off (LBO) impurity injection system for dedicated
impurity transport studies [61, 62]. The LBO system consists of a high powered
Nd:YAG laser, optical components for directing the beam, and a glass target mount
which is movable via a manipulator arm. A schematic of the LBO system installed
at W7-X is given in Fig. [16]

When an impurity injection is required, the Nd:YAG laser fires a 1 J, 6 ns long
pulse along the optical path towards the glass slide. By controlling the position
of a diverging lens, the beam can be resized between 0.1 and 4 mm in diameter
allowing for variation in the number of injected particles. A piezo motor can be

used to control a movable mirror which deflects the beam towards the coated slides.
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1700 mm

Figure 16: Schematic of the LBO system at W7-X. The laser path is depicted as a
red line which falls on a glass target holder capable of holding four different LBO
targets. The laser position on the targets can be adjusted via the moveable mirror.
Figure credit: [62]

This can be done quickly enough to allow for each pulse to hit a fresh, non-ablated,
region of the glass slide even when using a 20 Hz repetition rate. Finally, the beam
illuminates glass slides which are coated in a 2 to 5 wm thick coating of impurity
material. After the beam strikes the back side of the sample slides, the coating is
ablated and thermal expansion drives the cloud of impurities towards the plasma.
A cartoon depiction of this process is given in Fig. [I7 It is important to note
that when LBO is used to inject impurities into a stellarator, only neutral atoms
and unionized clusters can reach the confinement region since ionized impurities will
stream along field lines in the SOL into the divertor. For the work described in this
document, LBO of Iron impurities injected into W7-X plasmas is considered. The
kinetic energy of these injected impurities is approximately 20 eV inferred based on
fast camera time of flight measurements [3] and a total of ~ 2 x 10'® neutral particles
are injected into the edge. These ablated species then traverse one of the + = 5/5

islands before reaching the LCFS. The subsequent radiation from these impurities is
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Figure 17: Illustration of the laser ablation injection of an impurity.

then observed using various spectrometers including the HEXOS and CXRS system.
Note that the introduction of impurities carries with it the possibility of impacting
the overall power balance in the plasma and can temporarily change the background
temperatures and densities. In general, LBO studies are designed to inject only a
small amount of particles such that this change is small, however it is important to
monitor the plasma to observe any possible changes. Such changes in the temperature
can potentially have an effect on the underlying transport mechanisms by for example
altering the strength of the thermodiffusion term in equation [20| or the temperature
ratio in equation Additionally, significant impurity content can lead to radiative
collapse and is seen to occur in experiments when the total radiated power exceeds

~ 40% of the total injected power [15].

3.5.3 HEXOS

The High Efficiency Extreme Ultraviolet Overview Spectroscopy system (HEXOS)

is available for detecting vacuum ultraviolet (VUV) and soft x-ray (SXR) radiation
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coming from highly ionized impurities in the core region [63]. This system is designed
to provide a broadband measurement of emissions along a single line of sight. With a
wavelength range of 2.5 nm to 160 nm, it can operate at a frame rate of 1 kHz. The
large wavelength range is obtained using four separate SPRED style [64] spectrom-
eters with some wavelength overlap. The detectors used in this system consist of a
multichannel plate (MCP) detector that converts the VUV /x-ray light to the visible
spectrum where it is then amplified and collected by a photodiode array. Light inci-
dent from an entrance slit is directed onto holographic diffraction gratings on toroidal
substrates. The diffracted light is then measured in a flat field setup allowing for fo-
cused imaging of a wide spectral range. A depiction of the line of sight setup is given
in Fig. [I§ Since these measurements are line integrated, they are generally not
spatially localized. Additionally, during the OP 2.1 campaign, for which we perform
our analysis, a spectral radiance calibration was unavailable such that only the time

dynamics of the observed line emissions can be analyzed.

3.5.4 Metal Foil Bolometer System

A bolometry system is available which measures the total radiated power along a
variety of lines of sight [65]. The detectors for this system consist of a 5 pwm thick
gold absorbing layer which sits atop a ceramic substrate. To improve the absorption
of visible wavelength radiation (> 400 nm), a 50 nm thick carbon layer is sputtered
on top of the gold which reduces the visible light reflectivity by more than a factor
of 5 [65, [66]. The absorber and substrate sit atop a Pt sensor that is one leg of a
Wheatstone bridge. The measured resistance along the sensor can then be used to

determine its temperature and therefore, the total absorbed radiation. The radiated
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Bolometer

Figure 18: Depicted is of the line of sight geometry for the HEXOS system as well as
the location with respect to the LBO injection [23].

power incident on the detector can be determined using the following equation:

. 1 dud
P_fth{Tdt +fc><ud] (30)

Here, f; is the optical transmission factor of the microwave shielding, S'is the detector
sensitivity in amperes, 7 is the cooling time constant (~ 0.1 s). ug is the voltage signal
measured by the Wheatstone bridge, and f. is a correction factor due to resistance
in the 40 m long cables that read out the signal. The value of these paremeters can
be determined via a routine calibration using an in situ heating process [67].

The lines of sight are grouped such that they are measured by two detector arrays

named the horizontal bolometer camera (HBC) and the vertical bolometer camera
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Figure 19: Distribution of the lines of sight used in the tomographic inversion which
measures the 2D radiated power distribution. Figure credit: [65]

(VBC) with 32 and 48 total channels respectively. These arrays illuminate each de-
tector via a pinhole style camera aperture and define the line of sight distribution.
Using a tomographic inversion algorithm, the 2D radiation distribution can be deter-
mined by considering radiation along all of the HBC lines of sight and 33 of the VBC

lines of sight. These sight-lines are depicted in figure [T9

3.5.5 ITER-Like Spectrometer (ILS)

Charge exchange recombination spectroscopy (CXRS) is utilized to measure impurity
radiation from a specific location. In this case, the CX radiation of interest originates
from the charge exchange between an ion species of interest and the neutral beam.
The main CXRS spectrometer is referred to as the ITER like spectrometer (ILS) as
it was originally designed as a prototype system which will be used for the ITER

fusion project [68]. The system is designed to simultaneously measure helium, beam
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emission from the heating neutral beam (BES), and impurity radiation, each of which
lie in distinct wavelength ranges. To enable this feature, the incident light is split
into three different beam paths via achromatic mirrors (the so-called Red, Green,
and Blue signals). The red, green, and blue channels observe wavelength ranges of
648-666 nm, 518-534 nm, and 461 - 474 nm designed to view BES, impurity radiation,

and Helium IT light respectively. The ray tracing depiction of this setup is given in

Fig. [20]

He

Entrance
slit

Figure 20: Ray tracing depiction of the light splitting in the ILS spectrometer. The
helium, carbon, and hydrogen channels are shown as blue, green, and red lines re-
spectively. Figure credit: [68]

For use with the ILS, several lines of sight are available which view neutral beam
lines 7 and 8 via collection optics located at three different ports. The first two of
these collection optics, labeled as 7A” and "M” respectively view along the toroidal
direction and 45° off the toroidal direction for detection of poloidal flow [68]. Both the
A and M optical systems additionally feature two line of sight arrays perpendicular to
the main line of sight arrays. These allow for measurement of the neutral beam width
and divergence. The final observation port designated with a T, provides additional
measurements with reduced spatial resolution. Figure [21]shows the line of sight setup

with respect to the two NBI sources designated as “S7” and “S8” (also referred to as
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“Q7” and “Q8” in other locations in this document).

One of the main purposes of the ILS system is to provide spatially localized mea-
surements of the intrinsic carbon temperature. Since impurities are typically highly
collisional with the main ion species, it is then assumed that the carbon temperature
is representative of the main ion temperature. In order to determine the carbon ion
temperature, line radiation from the CVI emission line at 529 nm is measured follow-
ing charge exchange with the neutral beam. These lines are then Doppler broadened
by a factor that is proportional to /7. However, such measurements can be compli-
cated by the presence of passive radiation that originates from the edge region where
background neutrals exist. This edge emission will contribute to the total measured
signal and must be accounted for in order to determine reliable localized temperature
values. Correction for the passive signal can be accomplished by either allowing for
the additional fitting of a secondary passive emission line or by injecting short beam
“blips” where the emission before and after the injection can be subtracted from the
signal.

Additionally, the ILS system has been used to determine carbon impurity density
profiles by analyzing the intensity of the CVI emission [59]. This method has proven
to be useful for measurement of steady state impurity density profiles; however, its
temporal resolution of ~ 60 Hz prevents it from being used to measure transient
impurity behavior following LBO. Specifically, for turbulent transport measurements
on W7-X, a time resolution of ~ 1 kHz is necessary to resolve the rise and fall times

of the impurity emissions [23], [69].
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Figure 21: Graphical depiction of the available lines of sight for the ILS spectrometer
at W7-X. Two NBI sources are available for viewing and are labeled as ”S7” and ”S8”
here. Collection optics are located at the three ports labeled as A, T, and M. Figure

credit: [6§]
4 Development of a High Speed Charge Exchange

Spectroscopy Diagnostic at W7-X

4.1 Line of Sight Setup

For the OP2.1 experimental campaign at W7-X, a new charge exchange diagnostic
has been installed that views both neutral beam source 7 and 8 using the optics at
the M port, which is shared with the ILS system (see figure . 18 new 600 pwm
diameter optical fibers have been installed at the existing optical head and allow for
measurement along neutral beams 7 and 8. A photo of the optical head arrangement

prior to the inclusion of the new lines of sight is given in figure [22| and the placement
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of the new fibers is shown in figure

Figure 22: A photo depicting the optical head used at the M-port which collects
radiation from NBI sources 7 and 8.

Additionally, for the analysis presented here, one preexisting 400 wm fiber is in-
cluded which views near the mid-radius on the inboard side (labeled LOS #10 in
figure . The approximate locations where the lines of sight intersect NBI 7 are
shown projected on a poloidal cross-section of the W7-X magnetic field in figure 24h.
Here the beam density is simulated using the Monte-Carlo code pyFIDASIM [3] which
will be described in section [6.2.2] In this simulation, the total hydrogen beam density
is a sum of the contributions from the full, half, and third beam components, as well
as thermal ions that have been neutralized via charge exchange with the beam or
other thermal neutrals (known as the “halo” component). Considered in the pyFI-
DASIM calculation is the ground state, n=1, up to the n=6 excited state. Kinetic
profiles used in the calculation are given in a later section in figure 49 The beam
attenuation along the direction of the major radius for each energy component and
the first two energy levels is given in figure 24p. To determine the spatial resolution
of the diagnostic, beam neutrals predicted by pyFIDASIM along a given line of sight
are binned according to their location on a predefined 1D radial grid. The curves are

then normalized such that their maximum is 1 for easy comparison. These so-called
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Figure 23: Illustration of the M-port optical head showing the pre-existing 400 pm
fibers and the new 600 um fibers.

localization functions, I'(r/a), are shown in figure [25] and indicate good spatial reso-
lution (~ 1.5—4.5 cm) for the outer lines of sight while there is a notable degradation
in the radial localization for the most inboard three lines of sight (resolution > 8.5

cm).

4.2 Spectrometer Design

The five new spectrometers have been designed to allow for high speed measurements
of charge exchange radiation originating from injected iron impurities [I]. A top down
view of one of the spectrometers is given in Fig. The cost has been minimized
through the use of off-the-shelf components and custom 3D printed optical component
holders. In traditional spectrometer setups, a knife-edge entrance slit is used to cut
off the light at the entrance to the system and guarantee good line-shape however,

this approach only allows a fraction of the total collected light into the spectrometer.
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Figure 24: a) Approximate locations of intersection between ten of the new CXRS
diagnostic lines of sight and the 50 keV neutral beam. Shown in color-scale is the
beam density integrated over the toroidal direction. b) Attenuation of the various
beam components for energy levels n = 1 and n = 2. Plotted densities are integrated
over both the toroidal and Z directions.

In the new system, round to linear fiber bundles (600 pm fiber bundle diameter at the
round end) are utilized in place of a conventional slit in order to retain any light that
would typically be lost at the entrance. This fiber bundle consists of 30 individual
100 pm fibers, each with a cladding thickness of 12.5 um and a numerical aperture of
0.22. At the round end, the cladding is removed and the individual fibers are fused
together to minimize packing losses. At the linear end of the bundle, this translates

to a slit height of 3.75 mm which is coupled directly to a Nikkor lens (180 mm focal
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Figure 25: Top: Radial position as a function of distance along the selected lines
of sight. Additionally, the local beam density (which is directly proportional to the
CX intensity) is depicted as a function of distance along the LOS. Bottom: Radial
localization of charge exchange signals coming from the selected lines of sight.

length, £/2.8). This connection is made via a custom 3D printed fiber holder that
fastens to a Nikkor F-mount to C-mount adapter. The input light is then collimated
and projected onto two co-planar 50 mm (2400 lines/mm) gratings. Here, the two
50 mm off the shelf gratings are chosen to reduce costs associated with a custom
grating size. The two gratings are secured to a Standa high precision rotational stage
(~ 0.23 arcsecond per step) via adjustable grating holders and another custom 3D
printed height block. The grating holders provide 3-axis adjustment of the grating
orientation via micrometer screws such that the two gratings can be made coplanar

and perpendicular to the optical plane. The diffracted light is then directed to an

output Nikkor lens (135 mm focal length, f/2) arranged at an opening angle of 27
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Figure 26: Top down view of Assembled Czerny-Turner spectrometer.

degrees. The chosen opening angle is enforced by two form fitting 3D printed lens
holders. Finally, the light fed into the output lens falls onto an ultra-low readout
noise EM-CCD camera. Specifically here, we utilize the Andor iXon Life 897 CCD
camera which is characterized by an array of 512x512 16um pixels. Given the chosen
lenses, the image that arrives at the detector is de-magnified by a factor of (135 mm
/180 mm) = 0.75 such that the image height at the detector is ~ 2.81 mm.

The geometry of the spectrometers has been designed such that two fiber bundles
can stack vertically allowing for dual channel readout of ten lines of sight. By using
two channels per spectrometer, the Gaussian instrument function width (i.e. the
minimum observable line width) for individual channels can be slightly broadened due

to the imaged fiber bundles appearing tilted on the CCD chip. This is an imaging
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effect due to the vertical angle of the light incident on the spectrometer gratings
(also known as the parabola effect) and can be partially corrected by rotating the
fiber bundles by a few degrees leading to a slight horizontal offset between the two
channels. Despite this feature, the Gaussian instrumental function widths on each
channel are between 0.06 nm and 0.13 nm (see figure which is sufficient to resolve
all peaks of interest in this work. The Andor EMCCD camera operates in a frame-
transfer mode where three regions of interest (ROI) are defined and their collected
light vertically binned. Two of these ROIs are used for imaging the two stacked fiber
bundles while the third (middle) ROI is used for CCD smearing effect detection and
correction (see Fig. . The smearing effect is described in more detail in section
4.4

Finally, an absolute spectral radiance calibration has been performed for the new
CXRS system via the use of an in-vessel calibration sphere. This allows for the
comparison of spectral radiance, and therefore localized impurity densities between
CXRS channels. Later on in the analysis, this calibration allows for the detailed

comparison of relative intensities seen by the different lines of sight.

4.3 Grating alignment and wavelength calibration

To ensure that observed signals remain centered on the detector as the gratings are
turned to observe different wavelength ranges, 3-axis adjustable grating holders are
used to orient the gratings perpendicular with the optical plane. Since the vertical
position of a given image depends on both the rotation of the grating about its normal

vector as well as its “tilt” forwards and backwards (see Fig. , these two positions
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Channel 2

Figure 27: Region of interest allocation on one of the CCD detector areas. The two
channels collect light from two different lines of sight with the central channel used
to detect and correct smearing related features.

must be adjusted accordingly. This effect is described by the following equation:

2
Z=2y+ o141 — (é) + ¢2é (31)
c c

where,

¢ = 2cos (g) d. (32)

Here, Z is the total vertical displacement of the image on the detector (in pixels),
Zy is the vertical displacement when the grating is perfectly aligned, ¢, and ¢ are
the grating tilt and rotation (see figure , A is the wavelength of the observed line

emission, 6 is the spectrometer opening angle, and d is the groove spacing.
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To utilize this method, the spectrometer is illuminated with a calibration lamp
and the vertical pixel positions of several calibration lines at various wavelengths are
recorded for different grating positions set by the rotational stage. The forward model
is then utilized in an optimization loop to infer the current grating orientation relative
to the optical plane. With the unaligned orientation of the grating holder known, ad-
justments can be made via the micrometer screws to ensure alignment. Finally, once
both gratings are aligned perpendicular to the optical plane, their horizontal angle

can be adjusted such that the diffracted lines from each grating perfectly overlap.

Figure 28: Degrees of freedom when aligning grating orientation. Both the “tilt” and
“rotation” affect the vertical displacement of diffracted lines on the detector surface.

For wavelength calibration of the designed spectrometer a neon calibration lamp
is utilized. A representative, vertically binned spectrum can be seen in Fig. [29
A synthetic spectrum is forward modeled based on the grating equation giving the
expected wavelength along the chip at each pixel position. This is done by considering
the grating equation:

d(sing — sinf) = mA (33)
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Here, the light is incident at an angle of # with respect to the grating surface normal
and are diffracted at an angle of ¢. The grating order is m and A is the observed
wavelength. Since differing wavelengths of light are diffracted at different angles, the
final lens then images them to a different horizontal position on the detector.

With this model, one can perform the wavelength calibration by comparing col-
lected spectra to those expected when considering the NIST database 70} [71]. Here,
we consider intense neon lines in the range of 530 nm - 545 nm of which there are
four. In this calibration, the relevant geometric parameters for the spectrometer are
inferred by using a least squares algorithm. These inferred parameters include the
spectrometer opening angle and the grating angle (the two of which can be used to
determine ¢ and # in equation as well as the final lens focal length. This deter-
mines the wavelength as a function of horizontal position along the detector. The

individual lines are then fit to a super Gaussian function of the form:

Fla) = A exp (— (%) ) (34

Here, the free parameters are A, o, and P which represent the line intensity, width,
and super-Gaussian order respectively. Therefore, there is a total of six free parame-
ters in the wavelength calibration routine.

As can be seen in Fig. the spectral fit indicates excellent line shapes and well

characterized relative intensities and wavelengths.

4.4 Smearing Effect and Correction Procedure

The employed EMCCD camera operates in the frame-transfer mode during which the
whole image acquired is shifted to a covered region which is of similar size. In this

region, the image is read out line by line by the register. Since the vertical shifting
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Figure 29: a) Recorded (black) and fitted (red) spectra from a neon calibration lamp
for one representative spectrometer channel. b) The width of the fitted Gaussian
instrument function for each spectrometer channel.

speed takes ~ us per row, photons are continuously collected during this process.
For slower frame-rates, the time it takes to read out a signal is negligible compared
to the exposure time. However, when the frame rate starts to become comparable
to the readout time, the extra photo-electrons collected during the readout period
can cause an effect known as smearing. For the dual channel spectrometers described
here, this causes a certain fraction of the radiation from either fiber bundle to appear
on the opposite channel. By comparing features that appear both on the central
smear detection channel and one of the signal channels, the smear contribution per
vertical pixel can be determined and subtracted. An example of the application of

this procedure for one spectrum collected following LBO of iron is given in figure
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which is collected at a frame rate of 1 kHz with a vertical shift speed of 1.7us. Here,
we can approximate the smear contribution channel A has present in channel B by
subtracting a scaled down version of channel A from channel B. The scaling factor
can be determined by comparing the channel A with the central “smear channel”.
The most intense peak is identified on channel A and is normalized by the number of
vertically binned pixels in that ROIL. Then the effect that peak has on the remainder
of the CCD is determined by comparing with its observed intensity on the smear

channel divided by the number of vertically binned pixels in the smear channel.
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Figure 30: Top: Example spectrum of two channels on a single spectrometer in which
smearing effects are observed when operating at 1 kHz. Bottom: Smear corrected
spectra plotted vs. wavelength. The data shown is taken from a snapshot of an iron
LBO injection.

For example, if one were to evaluate the smear correction on channel 1 (labeled

I1) due to channel 2 (labeled I5) and considering the smear channel (labeled I,,), the
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smear correction would be:

Ism (xmax) Npz,2
I corrected — I — T i 1. 35
b ted ! np 5 ( np:z:,sm ) I2 (:Emax) 2 ( )

Here, I (Tmaz) and Iy (Z4,) indicate the measured intensity of the smear channel
and channel 2 at the pixel location where I is at its maximum. A more succinct
description is that the per pizel effect of the signal from channel 2 is evaluated and
multiplied by the number of pixels channel 1 contains. This contribution is then
subtracted from the recorded spectrum seen by channel 1. An example of the smear
correction performed on a raw spectrum following LBO injection of iron is given in
figure [30} As can be seen, the smear effect is up to 10% of the total signal and can

be corrected.
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5 Measurement of High-n Rydberg Emissions

One of the main results of this thesis work is the exploration and successful use of
high-n Rydberg emissions for impurity studies. In the following sections, this method
is explored. First, a theoretical description is given of the high-n Rydberg emissions
along with the benefits of the diagnostic concept. Next, the collected data is presented

and briefly discussed.

5.1 Theoretical Description

Line emissions originate from electronic transitions of bound electrons. Due to their
quantum nature, the angular momentum of these electrons must be an integer multi-
ple of the reduced Planck constant, h. This gives rise to discrete energy levels which
can be occupied by a finite number of electrons according to the valence shell model.
To fully define an energy level for a specific atomic system, one must specify the
electrons so-called quantum numbers. These include the principle quantum number
n, the orbital angular momentum quantum number ¢, the magnetic quantum number
my, and the spin quantum number m,. In the absence of electric or magnetic fields,
the energy of a bound electron is only determined by n leading to the potential for
degeneracy between several electrons in the same energy level. With the introduction
of electric or magnetic fields however, these electrons can either increase or decrease
their energy breaking, this degeneracy. This phenomena is known as the Stark effect
and the Zeeman effect for the breaking of energy level degeneracy in electric and
magnetic fields respectively.

Before an impurity-ion bound electron can transition to a lower energy level and
emit line radiation, it first must be excited into that state. This can occur due

to a variety of processes such as impact excitation, 3-body recombination, dielectric
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recombination, radiative recombination, or charge exchange recombination. Typically
however, the dominant excitation process is from impacts between the impurity ion
and electrons. This process readily populates the first few excited states and can
be modeled using collisional-radiative codes such as ADAS [16] or ColRadPy [72].
These models work by considering all of the populating and depopulating processes
for each of the excited states of a particular ion species in a background plasma. This
couples the various ionization stages and excited states to one another via the relevant
collisional and radiative processes allowing one to determine the relative populations
of each energy level. An example of the steady state energy level balance for an
Fe?3* ion population has been calculated using ColRadPy when considering only
impact excitation and spontaneous emission. Here the excited state populations are
calculated as a function of electron temperature and at an electron density of 1 x 103
cm 2 and are depicted in figure . The expected emission intensity from an excited
state can then be determined by multiplying its calculated number density by the so-
called “Einstein-A” coefficient which can be determined by solving the Schrodinger
equation.

When the electron relaxes down to a lower level, energy must be conserved by the
emission of a photon. The wavelength of this photon is then inversely proportional
to the energy of the transition:

h
El—E2:AE:76. (36)

In the case of hydrogen-like atoms (that is atoms with a single electron) in the
absence of electric or magnetic fields, the wavelength of these transitions can be

predicted with the so-called Rydberg equation:
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ny o Ny

Here R is the Rydberg constant for the element, Z is the charge of the nucleus,
and ny; and ny represent the lower and upper energy levels. While this formula
provides accurate predictions of transition wavelengths for hydrogen-like elements,
it is generally a poor predictor of wavelengths for elements with multiple electrons.
This is because the charge seen by an excited electron due to the nucleus is screened
by inner shell electrons. This screening is imperfect and difficult to describe with a
simple model. In these cases, the so-called “quantum defect” can be calculated and

included as a correction factor in equation [37
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Figure 31: ColRadPy calculated fractional abundances of the first 3 energy levels of
an Fe?** jon population in a background plasma with an electron density of 1 x 10'3
cm 3.

Due to the complications that arise from the quantum defect, the Rydberg equa-

tion is typically applied and accurate for hydrogen or ions with only a single electron.
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However, when one considers sufficiently excited states such that the bound electrons
are far from the nucleus, the effective nuclear charge is seen as almost “point-like”.
Therefore, the Rydberg equation is once again a good approximation [73]. As energy
levels of these so-called Rydberg states increase, they become closer and closer to-
gether and converge towards the ionization energy. For highly ionized, heavy elements
(e.g. iron, tungsten, etc.), the ionization energies can be in the range of several keV
which can start to be comparable to the rest mass of the electron, ~ 511keV. To
more accurately describe the transition wavelengths of these systems, a relativistic

correction to the Rydberg formula was recently derived [74) [75]:

L me ( 1 - 1 ) (38)
Nair Aair ho \/1—(qg+1)2a2/n2 +/1-(q+1)2a2/n?
Here ng;, is the index of refraction in air, A\, is the wavelength observed in air, m,
is the mass of the electron, ¢ is the speed of light, h is the Planck constant, ¢ is the
net charge of the ion, and « is the fine structure constant.

The analysis of high-n transitions provides several benefits when compared to
other spectroscopy methods. First, since the energy levels populated by the charge
exchange process are so high [76] ( n > ¢%*), they are excessively unlikely to be
reached by electron impact excitation processes, the usual source of passive radiation
inside the confined region. This is illustrated by figure where one can see that only
the first few energy levels are substantially populated by electron impact excitation.
For this reason, as long as the background neutral density is sufficiently low, observed
high-n Rydberg emissions are free of passive contributions, greatly simplifying their
analysis. The second advantage of the high-n Rydberg method is that equation 1
only depends on the energy levels and the ion effective charge. Hence, the diagnostic

method is agnostic to the particular impurity species and a single survey spectrometer
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Table 1: Line transitions with calculated wavelengths in the range of 492 nm - 508

nm. Wavelengths are calculated with equation
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can perform impurity injection studies for a variety of elements. The final benefit of
this analysis method is that of the relative engineering simplicity of utilizing CXRS.
Since observed emissions are in the visible range, standard lens and optical fiber
setups can be utilized, something that is not possible when observing VUV or soft x-
ray emissions. Therefore, high-n Rydberg spectroscopy is particularly powerful when

performing impurity transport studies based on dedicated impurity injections.
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Figure 32: Histogram of the relative abundance of various charge states in a coronal
equilibrium for a plasma with n, = 5 x 10* m-3 and T, = 2 keV. ADAS files used for
this calculation: “acd89_fe.dat”, “scd89_fe.dat”, “acd01_w.dat”, and “scd01_w.dat”
While the experiments presented in this manuscript focus on high-n Rydberg
emissions in the spectral range of 490 - 510 nm, equation 1 can be used to predict
high-n transitions throughout the visible spectrum. In fact, iterating through possible
values of ¢, ny, and ns, indicates the possibility of several hundred line transitions
between 350 nm and 750 nm. Table [1| shows the expected wavelengths following all
possible An = 1 transitions and charge states between Z=20 and Z=50. Whether
these charge states are observable depends on the ionization balance of the impurity

species being analyzed. For example, impurities such as iron have a limited number
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of electrons so only charge states up to Z=26 exist. For very heavy impurities such
as tungsten many charge states could potentially exist throughout the plasma vol-
ume and the charge balance strongly depends on the temperature range. Figure
shows a histogram describing the coronal charge state equilibrium of both iron and
tungsten at a temperature of 2 keV and a density of 5 x 10! m™3. As can be seen, Fe
would primarily cause Z=23+ and Z=24+ radiation, while W would have a broader
distribution centered around Z=40.

In addition, the strength of the various line emissions depends on whether the
upper energy level for a particular transition will be likely to be populated following
charge exchange. Typically, cross-sections for CX into particular energy levels peak
2-5 energy levels above the estimate of nyppe, ~ ¢*/* [74]. The higher the beam
energy, the more slowly these cross-sections fall off as one goes towards higher n
therefore allowing for appreciable population of even higher energy levels [76]. For a
fairly standard NBI injection energy of 50 - 100 keV, energy levels for which visible

wavelength transitions occur are readily populated.

5.2 CXRS Experimental Data

Figure [33] shows representative data recorded by channel 4 on the new CXRS sys-
tem for discharge #20230314.26. In this figure, the top panel shows the observed
wavelength on the x-axis, the time on the y-axis, and the measured signal intensity
in the color scale. The time at which the LBO injection occurs is depicted by the
horizontal red dashed line. Here one can identify three lines originating from the
high-n transitions originating from Fe XV, Fe XXII, and Fe XXIV. Several additional
active and passive lines can be seen which are present due to the intrinsic carbon and

boron content.
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Figure 33: CXRS data originating from the WISC spectrometers (channel 4) for dis-
charge 20230314.26 where iron is injected into a plasma with continuous NBI heating.
The top plot shows the intensity in the color scale versus time and wavelength. The
time at which the impurity injection is indicated by a dashed red line. The bottom
plot shows the averaged spectra over the time windows depicted by the boxes in the
top plot.

To illustrate that the line identification via equation |38|is agnostic to the particular
impurity species considered, data from experiment #20230315.30 is given in figure [34]
In this discharge, the tracer-encapsulated solid pellet (TESPEL) injection system is
utilized which allows for deposition of impurity species directly into the core of W7-X
[77]. Although tungsten injections were performed during this experiment, only short
NBI “blips” were used to measure the main ion temperature. Here, the W XXIV is

seen in the same location as the Fe XXIV lines with the addition of several new lines

coming from charge states that do not exist for iron.
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Figure 34: Figure analogous to those shown in figure [33| shown here from channel 8
during a TESPEL injection in experiment #20230315.30.

It is important to note that several W-emission lines are present even in the
absence of the neutral beam. This can be explained via the coronal equilibrium model
which provides the steady state impurity charge state distributions in the absence of
transport and considering the limit where recombination processes are dominated
by electron capture reactions. The necessary ionization and recombination rates are
tabulated and available through the Open ADAS database. [16], [7§]

As can be seen in figure 35| similar charge states (e.g. Fe?** and W?*) dominate
at very different temperature ranges. While Fe?** may only be present in the core,
W2 would likely be present closer to the plasma edge where background neutrals
are present that can lead to charge exchange and therefore passive radiation.

In contrast, passive radiation is not seen for emission from higher charge states

such as Fe?'*. This feature can be seen in figure 36l In this experiment, LBO is
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Figure 35: Corona equilibrium charge state distributions for Fe (top) and W (bottom)
as a function of temperature and at a density of 5 x 10 m™. For interpretability,
not all charge states are shown.

injected into a plasma which has NBI blips fired at 10 Hz. The LBO is synchronized
such that injection occurs during one of the “on” phases of the NBI. One can observe
the rise in intensity of the various charge states during the first NBI period followed
by an abrupt drop to zero during the period without NBI in the Fe XXII and XXIV
signals. Once the beam is turned back on, one can clearly see the Fe XXII and
Fe XXIV signals return during which they are in their decay phase. This indicates

that measurement of Fe XXII and Fe XXIV radiation will provide excellent spatial
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Figure 36: Recorded line intensities for Fe XXII and Fe XXIV following LBO injection
into a plasma with NBI switched on and off at a rate of 10 Hz (shot # 20221201.38).
resolution for use in impurity transport studies since all emission will be localized
along the neutral beam.

Since NBI heating is a method widely utilized on tokamak and stellarator experi-
ments where plasma temperatures are several keV, the observation of Rydberg states
provides an easily implemented strategy for the measurement of impurity emissions.
Additionally, by demonstrating that the transition wavelengths are agnostic to the
injected impurity species, we have shown that this method can provide a flexible tool

that can be used for many different injection experiments.



6 Computational Tools for Impurity Inference

The following section describes the computational models and methods used in this
work which are necessary to determine the impurity transport coefficients by com-
paring synthetic diagnostics signals to experimental ones. First, an introduction to
Bayesian inference methods is given along with a detailed description of the specific
Bayesian statistical model used to infer impurity transport profiles. Following this,
we discuss the various codes and techniques used to model the observed impurity

emissions.

6.1 Bayesian Inference for Plasma Diagnostics

Bayesian inference is a technique that has become increasingly common in physics
applications in recent years and is often used in place of or in addition to least
squares optimizer approaches. Often, Bayesian inference is used in contexts where
datasets are incomplete or a given system is under constrained and provides the user
with reasonable error-bars that take into account the information that is or is not
available. Bayesian inference is a technique well suited to impurity transport analysis
since the 1D modeling has many potential sources of error and it is non-trivial to tie
the expected transport of impurity ions to the observed spectroscopy signals. In the
following subsection, we will first discuss the underlying concept of Bayesian inference,
Bayes theorem. Next the Bayesian inference scheme known as Markov Chain Monte
Carlo (MCMC) will be introduced. Finally, a description is given of how the model
input uncertainties are propagated to the inferred impurity transport profiles using

the Bayesian approach.
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6.1.1 Bayes’ Theorem

Bayesian probability theory is characterized by the determination of the probability
of a hypothesis being true when considering both observed data as well as any rele-
vant background knowledge. This is different from the more common “frequentist”
approach which considers the probability of observing data given a certain hypothesis.
Bayesian approaches have numerous benefits such as greater flexibility to integrate
non-identical ensembles of data (i.e. differing metrics and methods) and greater ease
in interpretation of model conclusions. The main pillar of any Bayesian framework is

Bayes’ theorem:

p(H|D, I) = p(H|)p(D|H, I)/p(D|I) (39)

Where, in this notation H is considered the “hypothesis” such as a given guess for the
question of interest or a specific forward model, D is the information contained within
the measured data, and [ is the culmination of any previous knowledge (e.g. boundary
conditions). Here, the notation p(A|B) indicates the probability of A being true given
the assumption that B is true. In Bayes’ theorem, p(H|D, I) is known as the posterior,
which is the probability of a chosen hypothesis being true given the observed data
and prior information. p(H|I) is then what is called the prior, the probability that
the hypothesis is true subject only to some already known background information.
p(D|H, I), referred to as the likelihood, is the probability of observing the data set of
interest under the assumption that the hypothesis and the background information
are true. Finally, p(D|I) is called the marginal probability or the evidence. The
evidence is a normalization factor such that when the posterior is integrated over all
H is equal to 1 (ie. p(D|I) = [p(H|I)p(D|H,I)dH). Typically evaluation of the
evidence is computationally expensive, so in problems such as parameter inference

where only the shape of the posterior space is of interest, the evidence is set to 1.
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For Bayesian parameter inference, the strategy is typically to first define a prior
distribution for the parameters. In practice, the prior distributions can function sim-
ilarly to bounds one might set in a least squares approximation method. However,
by defining a custom probability distribution, one is able to employ a wide variety
of constraints that may be difficult to encapsulate via simple bounds on inference
parameters. For example, one may set an increasingly severe penalty for moving
outside of a given parameter bound rather than setting a hard constraint that the
parameter should never exceed the bound. When defining the priors, it is common in
Bayesian analysis to solely consider physics based priors such as the knowledge that
a given parameter should be of a certain order of magnitude or should not exceed
some known physical quantity. After defining the prior probability, a suitable for-
ward model is employed that provides synthetic measurements which can be directly
compared with experimental data via the calculation of the likelihood function. The
synthetic diagnostics described in section act as our forward model in this case.
Since the marginal likelihood can be ignored in inference contexts, the posterior is
fully defined by specifying the prior and likelihood probabilities. In the case of pa-
rameter inference, the next step is to generate a large number of parameter samples
that span the posterior distribution space with sufficient resolution. Note that the
evidence becomes important when one desires to compare two competing models.
These models could be described by completely different sets of parameters which
typically makes it difficult to determine which model is better suited for the given
problem. For example, competing models could be different ways to parameterize
the impurity diffusion profile or alternative ways to handle the model behavior in the
SOL region. The evidence provides a measure for how well the model captures the
observed data while providing a penalty for “over-fitting” with unnecessarily complex

models. Comparing evidences allows one to select the most appropriate model and
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can be done by calculating Bayes’ factor:

B.F. = pi(D|I)/p2(D|I) (40)

Here p; and p, represent evidences calculated for two competing models labeled 1
and 2 respectively. If this factor is larger than 1 it indicates model 1 better explains

the measured data.

6.1.2 Markov Chain Monte Carlo

As described in the previous section, Bayesian inference is based on the generation
of a posterior distribution which can infer the set of parameters by maximizing the
posterior probability. Additionally, this method can quantify the uncertainty in the
inference. However, so far we have not described how the parameter space itself
is sampled to build up the underlying posterior distribution. If a simple Monte
Carlo approach is utilized, the time it takes to sample all of the parameter space
tends to increase exponentially with the number of parameters being inferred. A
more sophisticated method to sample parameter space is known as Markov Chain
Monte Carlo (MCMC) which is characterized by taking into account the previously
chosen sample. This key feature allows for the sample distribution to be biased
towards regions of higher probability while not necessarily disqualifying regions of
low probability from being sampled. Several sampling algorithms exist which fall
under the category of Markov Chain Monte Carlo [79, [80, 81]. Here we specifically
utilize a modified version of the common “Metropolis - Hastings” (MH) algorithm
known as the “stretch move”. This, along with many additional tools for analysis of
MCMC results are easily available in the python module “emcee” [82].

In the MH algorithm, samples are selected using a proposal distribution method
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Figure 37: A typical MCMC walk for a Markov Chain sampler. An example bivariate
transition distribution is shown in blue surrounding the initial guess. Accepted moves
are plotted in black while proposed moves that get rejected are plotted in green. The
target posterior distribution is shown as a multivariate normal distribution shown in
orange. Figure adapted from: [79)

where the next sample, Y;l is proposed by considering a transition distribution cen-
tered around the current sample, )ZZ With Y;__;l in hand, it is determined whether to

accept the sample by generating a random number between 0 and 1 and comparing

it to the quantity:

—

- (17 pm}nD,nQ(ﬁm})) ()
p(Xi| D, DQ(Yii1; Xi)

Here, () represents a transition distribution which bounds the region of possible new

samples and is typically selected to be easy to sample. A common choice for such a

transition distribution is a multivariate Gaussian centered around Xi, the previous

sample. As sampling progresses, the covariance matrix for this multivariate Gaussian

is tuned to optimize performance [82]. If the selected random number is less than

75



the evaluation of eq. , the sample is "accepted” and added to the chain (i.e.
X:H = Y;1) otherwise a new sample is proposed and the process is repeated. In this
scheme, new samples with posterior probabilities greater than the previous sample
are always accepted, and those with lower probabilities are potentially accepted with
some non-zero probability. An example of the path taken by a MCMC sampler is given
in Fig. 37 Here, a proposal distribution shown in blue is drawn around an initial
guess (marked “IG”). A second sample is then drawn from this proposal distribution
and the resulting posterior probability is compared between the two and it is accepted
by evaluating equation and comparing to a random number draw. This process
repeats with accepted sample steps shown in black and rejected ones shown in green.
As the sampling scheme continues, one can see that it begins to reflect the structure
of the target posterior distribution.

The actual sampling algorithm used in emcee, known as the “stretch move” fol-
lows a similar scheme to the basic MH algorithm. The motivation for this is the desire
to have a so-called “affine invariant” sampler where the performance is independent
of the target posterior distribution aspect ratio (e.g. the highly elongated distribu-
tion shown in figure [83]. In this method, the proposal of new samples for a
given Markov chain is based instead on the current positions of several other Markov
chains which are simultaneously generated. These coupled chains are referred to as
“walkers” in the emcee documentation. The specifics of this stretch move scheme are
not described here but can be found in the original publication of the algorithm [83].

The metric which is typically used to determine convergence in MCMC schemes
is referred to as the auto correlation time. This value is calculated by the algorithm
at each step and is an estimate of the number of steps required such that the walkers
are drawing independent samples from the target distribution. The method used to

calculate this quantity in emcee is described in the following reference: [82].

76



6.1.3 Parametrization of Diffusion & Peaking Ratio Profile

The impurity diffusion and convection profiles are the main quantities of interest
for this Bayesian inference problem. These profiles are defined as functions or r/a
and are input to pySTRAHL (via equation for the purpose of calculating the
impurity densities and emissions. Here, we choose to apply a single set of diffusion
and convection profiles which govern each of the impurity charge states equally. This
choice greatly simplifies the inference problem and is motivated by the expectation
of turbulent like transport that does not depend on impurity charge. Additionally,
since the quantity that governs the equilibrium impurity profile shape is the peaking
ratio rV/D (here r is the minor radius), it is fitted rather than the convection velocity
specifically. The choice of fitting the peaking ratio also implicitly ties the diffusion
and convection to one another since plasma instabilities at a particular location will
inevitably affect both the D and V' values. To parametrize D and rV/D we choose
to utilize so-called piece-wise cubic-Hermite interpolating polynomial (PCHIP) spline
functions which avoid overshooting between knot points [84]. The D and rV/D splines
are then defined by three knot points which can vary in magnitude. The location of the
middle knot point is additionally allowed to vary independently for both D and rV/D
with the two outer knot points fixed. Additionally, an ad-hoc D and rV/D in the SOL
of 0.5 m?/s and 0 respectively are chosen to reduce model complexity. This choice
is deemed acceptable since the transport in the SOL is described by several closely
tied parameters (diffusion, convection, SOL loss rate, number of injected impurities)
which in the end determine the total number of impurities which reach the LCFS. By
fitting the loss-rate, the model has sufficient variability to explain the experimental
data. Additionally, the rV/D ratio is set to zero at r/a = 0 to avoid non-physical

singularities which could appear in equation . An example of such a D and rV/D
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Figure 38: An example diffusion and peaking ratio profile which are parametrized
using the PCHIP spline function with three knot points that vary in magnitude and
one that additionally varies in position.

profile is given in figure [38] In total, the transport profiles are defined by eight free
parameters: three which set the magnitudes for D, three which set the magnitudes
for rV/D, and two which define the central knot point locations. Additionally fitted

is the loss rate in the edge as well as the “nuisance parameters” described in section

which characterize the model uncertainty.

6.1.4 Choice of Priors

One of the most important aspects of Bayesian inference is the way in which the user
defines the prior probability distributions. If one chooses a particularly restrictive
prior, the posterior distribution and therefore the resulting inference can be signifi-

cantly biased towards a given result. In some cases, this can be an advantage as one
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should expect the result to follow known physical laws. In other cases, care needs
to be taken as biased results could rule out plausible inferences. In this work, we
choose to keep the priors fairly non-restrictive only introducing physics motivated
bounds. This allows the MCMC scheme to explore many possible explanations for
the observed impurity signals.

The first prior choice is known as Jefferys prior and is assigned for any fitting
parameter that can vary over many orders of magnitude. This is the case for the
diffusion magnitude and the loss rate in the edge. In this case, the inference parameter
is the log of the parameter of interest such that all orders of magnitude are equally
likely. Next, a so-called “uniform” prior is defined for each inference parameter,
including those that are additionally bounded by Jefferys prior. The uniform prior
functionally has the form of a step function. In this sense, the user-defined prior
function returns a probability of 1 if the parameter finds itself inside a set of bounds
and 0 if it is outside. For the diffusion, these bounds are set as 0.01 m?/s and
100 m?/s which correspond to the approximate magnitudes for classical and Bohm
diffusion, two extreme scenarios for low transport and high transport respectively.
The classical diffusion level can be calculated as D, = p?v where p is the Larmor
radius and v is the electron ion collision frequency. Bohm diffusion can then be
calculated as Dpopm = kp1'/16eB. The peaking ratio in turn, can vary between the
nonrestrictive bounds of —100 to 100 which would correspond to unphysical extremely
peaked or hollow impurity density profiles. Next, the two central knot points which
partly define the D and rV/D profile shapes are bounded between r/a = 0.2 and
r/a = 0.75 preventing them from getting too close to the static core and edge knot
points. The parallel loss rates in the edge are then allowed to scale up and down by
a factor in the range of 107!° — 10°. Finally, the remaining uniform prior bounds

are chosen to allow the uncertainties in the atomic and rate data to vary according
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to the description given in section [6.1.5]

6.1.5 Handling of Uncertainties in Model Inputs

Bayesian frameworks allow for robust accounting of experimental and inference un-
certainties. In practice, this can be accomplished by allowing the relevant inputs to
the forward model to vary according to their levels of uncertainty and including them
as so-called “nuisance” parameters in the inference [79]. For the analysis presented
here, the largest sources of model uncertainty will be the kinetic profiles and the
atomic data used when modeling the ionization balance and emission intensities.

First, the background electron temperature has a strong effect on the impurity
ionization/recombination rates which will determine the forward modeled charge state
balance. Therefore the uncertainty in the 7T, profile must be accounted for by allow-
ing it to vary within the experimental uncertainty depicted in figure 49, Moreover,
MCMC inferences may require upwards of one million evaluations of the forward
model to converge. For this reason, interpolating the tabulated rates onto the ran-
domly sampled temperature profile at each step would greatly increase the computa-
tion time. To address this, 1000 temperature profiles spanning the uncertainty bounds
are selected prior to the inference for which the rates are calculated and stored in an
array. At each step of the inference, a “nuisance” fit parameter selects which of these
rate entries to use for the calculation.

Additionally, the beam attenuation, and therefore the density of neutrals along
the sight-lines depends strongly on the electron density profile. To include the effect
of the uncertainty in n., the beam attenuation is evaluated using pyFIDASIM for
the case of an n, profile scaled either up or down based on the error bars shown
in figure This gives two bounds for the possible beam attenuation. Another

nuisance parameter then chooses a sample beam attenuation profile which is linearly

30



interpolated between these two bounds.

Finally, once a set of kinetic profiles is sampled and the ADAS rate coefficients
for ionization, recombination, and radiated power are determined, an additional un-
certainty of 15% in the rates themselves is considered based on previously reported
estimates of their expected error [85]. The uncertainty in the rate coefficients is as-
sumed to be independent for each process (i.e. ACD, SCD, CCD, PLT, PRB, and
PRC coefficients). Finally, the inference parameters are sampled using the markov

chain monte carlo method to determine the structure of the posterior distribution[82].

6.1.6 Calculation of Uncertainty in Fitted D and rV /D

One of the more important outputs of a MCMC inference scheme is the fitting un-
certainty on both the fitted parameters as well as the forward modeled signals. Fol-
lowing an inference, the user is given a large array of parameter samples which, in
n-dimensional space (here n being the number of fit parameters), will have the highest
density near the location where the posterior probability is maximized. Characteriz-
ing the uncertainty is then a matter of evaluating how spread out the population is
from that maximum point. If one wishes only to know the uncertainty of a particular
fit parameter, they can take each sample for that parameter, sort them, and then
calculate the percentiles. Assuming the parameter samples are distributed according
to a normal distribution, the —20, —10, 410, and +20 standard deviations corre-
spond approximately to percentiles of 2.1%, 13.6%, 84.4%, and 97.9%. While not all
of our samples will be normally distributed around a central value, we will still use
the standard deviation nomenclature to describe the uncertainty. An example of a
distribution of potential diffusion values from section is given in figure [39] Here,
the percentile borders are given by vertical lines which can then be used to assign

error bars.
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Figure 39: Histogram of an inference parameter sample population following a MCMC
inference. The +10 and +20 confidence intervals are indicated by vertical lines.
Typically, if one wishes to propagate the uncertainty in the individual parameters
to quantities of interest, they may use standard uncertainty propagation formulas.
However, these are only of use when the operations to go from the fitted parameter
to the quantity of interest are relatively simple (e.g. are captured by analytic formu-
las). Since we would like to evaluate the uncertainties of the D and rV/D profiles
(and the fitted signals themselves) which are not simply described by basic mathe-
matical operations, we choose to propagate our uncertainties using a Monte Carlo-like
approach. Starting from our inference output of ~ 50, 000—100, 000 samples, a subset
of 500 samples is selected at random which will have the same underlying distribution
as the full population. Next, the corresponding D, rV/D, and synthetic signals can
be calculated for each of these samples. We now have a new sample population of D
and rV/D profiles as well as synthetic signals. Finally, the percentiles corresponding

to £10 and £20 can be evaluated at each radial or temporal point for the transport
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profiles and synthetic signals respectively. Throughout the text, when fitted trans-
port profiles are shown, these uncertainty bands are shown along with the median
profile samples. Note, we choose to show the median sample rather than the best fit
sample since a single excellent sample should not outweigh the possibility of many
very good samples. In most cases however, the median and best samples are similar
to one another. When showing fits to the measured data however, we instead choose
to depict the best fit sample (the one with the highest posterior probability) since

this is a useful metric for how well the model can explain the data.

6.2 Forward Modeling of Experimental Signals
6.2.1 pySTRAHL

The STRAHL code, originally written in 1980, has been a useful tool for the simu-
lation of impurity transport in toroidal plasma devices [86]. More recently, we have
translated the main routine into python, allowing for increased functionality and
compatibility with other simulations [2].

When modeling impurity transport, the particle conservation equation from Eq.
needs to be modified to account for the ionization and recombination of impurity

ions which will act as source or sink terms:

on

Here )7,z describes all of the source and sink terms due to the ionization and recom-

bination:
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X
QI,Z = _<neSI,z + NeQl + nHOéLZ )nl,z + neSI,zflnI,zfl

+ (neau 241 + nHang)nl,ZH. (43)

Here, n., ny, and ny . correspond to the densities for the electrons, neutral hy-
drogen, and the impurity ions of charge state z. S;. and aj . correspond to rate
coefficients for the ionization and recombination (due to capture of an electron) of
impurity ions of charge state z. Ozgf represents the rate coefficient for recombination
due to charge exchange with hydrogen neutrals. Due to these source and sink terms,
the dynamics of a given impurity charge state population is not only governed by the
radial transport but is also coupled to the adjacent charge states via interaction with
the background plasma and neutrals.

Most often, the transport of impurities is assumed to be 1D in nature with particle
fluxes primarily considered in the direction perpendicular to the flux surfaces. This
is motivated by the same argument that is used to justify the main ion parameters
as so-called “flux functions”. Since the parallel streaming velocity is so large com-
pared to perpendicular transport processes, the densities of the impurities have time
to equilibrate along the magnetic surfaces. One phenomena which can potentially
complicate this assumption is the finite ionization time of the impurities which can
potentially be shorter than the toroidal transit time. In the case of localized sources
such as purposeful injection, impurities may undergo several ionization events before
they have time to equilibrate across the flux surface such that the 1D approximation
might be violated. It is therefore important to evaluate the ratio of the ionization
time to the parallel streaming time: S;;/RV|. Here S; 7 is the ionization rate for

an impurity species, I in ionization state, Z. R is the major radius of the device
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and V) is the parallel ion velocity (again, usually taken to be the thermal speed), the
product of which gives an order of magnitude estimate for the time it takes to spread
out across a flux surface. If this ratio is greater than 1, which is typically the case for
highly ionized impurities, the one dimensional model is appropriate.

To model impurity transport in pySTRAHL, equation 42| is converted to a vector
equation such that each component of the vector corresponds to a different charge

state (for now neglecting neutral sourcing and edge losses):

O L oAl oAl
aTT[D(T)E —o(r)i] — S — Ri (44)

Here, D and © are diagonal matrices with the convective and diffusive transport
coefficients for each charge state. S and R are the rate coefficients for ionization
and recombination respectively with R accounting for both electron recombination
as well as charge exchange recombination. As an input, the code takes radial profiles
for the electron temperature, electron density, neutral hydrogen density, 15, and 0.
The kinetic profiles are then used to determine ionization, recombination, and charge

exchange rates via tabulated rate coefficients from the ADAS database [16].

6.2.1.1 Neutral Sourcing

One should note that equation [#4]is lacking a source term for the first ionization state
directly from the neutral impurity atoms. This requires a different treatment since the
neutral impurities will not follow field lines and therefore should not be described by
the 1D simplification in the transport equation. The way this is modeled in pystrahl
is by considering the neutral impurity ionization rate along the LBO injection path.

In addition to its dependence on the edge kinetic profiles, the source function
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depends on the exact orientation of the injection path relative to the 3D field. Hence,
neutral impurities will penetrate a certain distance into the confined region depending
on the 3D geometry. In order to estimate the neutral impurity deposition profile,
the flux coordinate s is calculated along the LBO line of sight with the aid of a
3D grid generated by an extended VMEC equilibrium[87]. The in-fluxing neutral
population is then attenuated at each grid point subject to exponential decay set by
the competing local ionization and recombination rates. An exponential attenuation
factor for the neutral species is defined at each radial grid point (index designated by

i):

N1edgeledge —,
Mg = Lt edoe o, (45)

T
Here, 7e4qe/r; represents the ratio of the effective radius of the LCFS to that of the
radial grid point (and therefore the ratio of their circumferences) and accounts for
the spreading out of the flux surfaces. The attenuation factor, \;, which relates the

ionization rate to the impurity velocity is defined at each grid point:
1
)\7; = /\i+1 + g(dri+1si+1 -+ dT’zSz) (46)
0

Here, d, is the spacing between flux surfaces in real space coordinates, vy is the in-
fluxing speed of the injected impurities, and S is the ionization rate of the neutral
impurities which can be determined from the local temperature and density values.
The impurity injection velocity is calculated by considering an injection energy of 20
eV (based on previous measurements via a fast camera [23]). For impurity injections,
the source term also has a time varying component, ~y(¢), which represents the du-

ration of the injection impulse. In the simulations performed here, (¢) is set to a 2

'The extended VMEC equilibrium can be generated by redefining the total magnetic flux at the
LCFS when running VMEC

36



ms wide Gaussian. Therefore, the full impurity source term is d(r,t) = ngepi(r)y(t)
The impurity sourcing can then be included in the impurity transport equation as an
additional term, d which is zero for all charge states except the first ionization stage

which has the value of d.

6.2.1.2 Edge Loss Rate

When treating the edge region outside of r/a = 1, one must additionally consider the
parallel loss of impurities as they stream to the divertor. Those ions still experience
transport due to diffusion and convection in this region but are depleted according
to a characteristic loss time. Mathematically, this is represented by the addition of a
term, —ii/7 on the right hand side of equation . Here, the parallel loss time, 7 is
calculated as the ratio of the divertor connection length to the parallel flow velocity
(which is assumed to be the impurity ion thermal velocity). Inside the LCFS, the
connection length is infinite and therefore the loss rate is zero. The main effect of
the loss rate is that it balances with the transport in the edge to set the number of
impurities that penetrate into the confined region. As mentioned previously, since
in our simulations we choose an ansatz for the edge transport, the edge loss rate
is allowed to vary in the inference by a multiplicative factor which therefore sets
the number of impurities which reach the confined region from the SOL. Finally,
considering both the impurity sourcing term and the parallel loss, the full 1D impurity
transport equation solved by pySTRAHL can be written as:

on A . e

T

19 4 A . _
— = ;ET’[D(’I“)E —o(r)n] — S — Rl — — +d (47)
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Evolving this equation in an iterative manner allows the user to calculate the impurity

charge state densities as a function of time and position.

6.2.1.3 3D Effects

The 1D calculation described previously assumes a circular plasma cross section. In
order to improve the applicability of pySTRAHL to stellarator geometries, the 3D
shape of the field is considered. Each flux surface can be assigned an effective radius

defined relative to its enclosed volume:

V
et =\l 5ap (48)

Here, V is the volume contained within a given flux surface and R is the major radius.
These volumes can be calculated using 3D VMEC equilibria [87]. This transformation
allows for radial profiles to be mapped onto their relevant flux surfaces.

Since equation [47]is a 1D model, care must be taken to account for the 3D effects
that enter into the terms which are defined in the edge region. In the SOL, the
temperatures and densities can vary along field lines, making it difficult to assign
meaningful ionization and recombination rates for r/a > 1. To handle this problem,
we assume a level of uncertainty with which the rates can vary when inferring the
impurity diffusion and convection (see section . Of particular importance when
considering the SOL, is the location of the injection with respect to the island divertor.
For OP 2.1, the LBO system is incident on the 5/5 island chain in the scrape off
layer. To characterize the edge plasma, a multi-purpose manipulator (MPM) system
is available which allows for measurement of plasma temperature and density in the

edge by plunging a probe system into the SOL[88]. While this MPM system is
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Figure 40: a) Connection lengths along the MPM axis for a variety of magnetic config-
urations. Forward direction (aligned with B ) is given by the solid lines with reverse
direction (anti-aligned with B ) given by dashed lines. b) Standard configuration
connection lengths (forward direction) to the island divertor tiles with the MPM axis
given by the white dashed line. A Poincare plot of the field structure is overlaid.
Figure credit: [8§].
toroidaly separated from the LBO location by ~ 22° it measures the same island
structure such that its measurements can be considered representative of the LBO
injection path. Figure [0 shows the connection lengths along the path of the MPM
axis as well as the poloidal plane where the MPM path intersects the island. In
figure , forward direction (in the direction of the field) connection lengths for the
standard configuration are given by the green lines which are in the range of 200-300
m in the SOL and drop to near zero around R = 6.075 m. This is because in this
region, the field lines are directly in the shadow of the island divertor meaning that
any particle streaming along the field will meet a tile in less than one full toroidal
transit. At R = 6.035 m, the connection length blows up to infinity, indicating the
LCFS boundary.

The effect of the divertor shadow can be seen experimentally by probes attached

to the MPM[RS]. Figure {41 shows the measured electron temperatures and densities

for a variety of plasma conditions. Here, it can be seen that in the divertor shadow
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Figure 41: Measured electron temperature and density along the MPM path during a
variety of experiments in the standard magnetic configuration. The solid and dashed
lines depict data collected using two different probe heads. Figure adapted from: [8§].
region, the densities and temperatures decay quickly as the probe moves further into
the shadow. Consideration of these local edge temperatures have an important effect
on the local ionization rate for Fe’+ and therefore the impurity source rate.

To represent the trend seen in figure 1], the 7. and n. profiles in the edge are
chosen to be flat with a value equal to the Thomson measurement at the LCFS and
then decay exponentially in the divertor shadow region with a decay length of 2 cm.
Based on figure the divertor shadow region is set to be 4 cm outside of the LCF'S.
Example kinetic profiles in the SOL region are shown in figure 42| for the conditions
considered in discharge #20230314.26.

The extremely short connection lengths present in the shadow of the divertor will

also have an effect on the loss rate in the edge, calculated as V¢ /L., the flow velocity
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Figure 42: Edge profiles used in pySTRAHL to simulate the background plasma in
discharge #20230314.26. 1o uncertainty bands are shown in shaded red.

(which is assumed to be the thermal velocity) divided by the connection length. The
main effect of the loss rate is that it balances with the transport in the edge to set the
number of impurities that penetrate into the confined region. To simplify the model,
a constant connection length of 250 m is considered up to the divertor shadow where

it drops to near zero.
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6.2.1.4 Numerical Algorithm

g L
(9 —”)ﬁ—Sﬁ—Rﬁ—ﬁm (49)
r dr TH

The expanded form of equation 47]is:

on
-t _pZr Z L2
ot or? + r dr v

- 0% (D dD ) oii
In pySTRAHL, the equation is discretized using the Crank-Nicolson scheme [86, [89].
In this approach, the density is evolved over a time step of At = t;,; —t; by calculating

the average value of the densities and spatial derivatives of the [ and [+ 1 time indices:

2
With this definition, we can rewrite equation 49 in the Crank-Nicolson form:
Al —qat oMt (D dD o1/
S ) i T2 ) -
At or? * r * dr " or
. N 2l+1/2
(9 + @) ALY? _ S+ _ Rt/ A +d (51)
o dr uf

The radial grid is then discretized into N equidistant radial grid points spaced by a

distance of Ar. The partial spatial derivatives in equation [51| are then written out

for a particular radial grid point k:

of . Jra1 — fr—1 Ar? é73f
{E] f B 2Ar * 6 [87’3} +0 (AT4) (52)
 Jerr = 2fe+ foer A [0
3 {WL +0 (Ar?) (53)

o0 f
[ Ar?
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with an error due to the discretization of order Ar*. With the temporal and spatial
discretization included, the calculation now has a linear system of N x Z equations.
This system of equations is then solved using a two step iterative method which
which first solves the equations for ascending Z followed by a second set of solutions

for descending Z. This scheme has been described previously in [90].

6.2.2 pyFIDASIM

pyFIDASIM is a python based implementation of the FIDASIM code and is a Monte
Carlo algorithm for simulating neutral species in a background plasma [91] [3, [92].
For the presented work, pyFIDASIM is used for the simulation of both beam injected
neutrals as well as those present in the background plasma.

For the injection of beam neutrals, a sourcing position and direction is defined
which determines their trajectory in a 3D simulation grid. The impinging neutrals
are then modeled by “markers” where each marker represents a flux of neutrals, I’
that penetrates into the plasma. For this population of neutrals, tabulated effective
rates are used to determine the excitation and ionization due to collisions with the
background plasma at each spatial grid point. More specifically, each marker is
characterized by a flux of neutrals with principal quantum numbers between n = 1

and n = 6 for which collisions are modeled by a coupled set of differential equations

31
dFl/dt ai;pr Q12 ... Qg Fl
ng/dt _ 91 Q922 ... Q9 FQ (54)
dFG/dt g1 Qg2 ... Qg F@

Here, the 6x6 matrix represents the rates at which the neutrals at a given energy
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level are sourced or lost. The off diagonal elements represent transitions from one
energy level to another while the diagonal elements represent loss mechanisms such
as charge exchange, impact ionization, and excitation into energy levels with n > 6.
These rates are then assigned as a function of the neutral’s energy per atomic mass
and the background ion temperature. An example of a neutral beam simulation for
a W7-X plasma was given in Fig. [24]

In addition to simulating beam neutrals, pyFIDASIM calculates the 3D distribu-
tion of background neutrals. For this calculation, a neutral sourcing term is defined
based on EMC3-EIRENE simulations. This gives vital sourcing information related
to the geometry of the vacuum vessel and other plasma facing components (e.g. the
divertor, limiter, etc.). Neutrals are then injected using the Monte Carlo scheme and
a charge exchange random walk is considered. This provides a spatial distribution of
the background neutrals. Finally, it should be noted that the distribution of back-
ground neutrals calculated by pyFIDASIM are only resolved qualitatively. That is,
the actual magnitude of the neutral density is not solved and the user must scale
the distribution by either inferring the neutral magnitude as an additional fitting
parameter in optimization problems, or by comparing with measurements. However,
previous sensitivity studies on W7-X LBO experiments have indicated that the result-
ing impurity transport profiles have very little dependence on the order of magnitude

of the background neutral density[69].

6.2.3 Synthetic Diagnostic For CXRS Measurements

To model the CX emission, the impurity densities calculated with pySTRAHL are
combined with the neutral beam densities calculated with pyFIDASIM. The equation

for the charge exchange emission seen along a given sight-line is:
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ELOS:/nZ (7,1) ZanE Fenn(T(E), no(7) di (55)

Here n, is the impurity density for charge state z and the sum over k and E represents
the sum over the neutral excited states and beam energy components respectively.
ng, g is the neutral density of excited state & and energy component £ which comprises
of the full, half, and third components as well as the NBI halo. The impurity densities
and neutral densities are calculated using the pySTRAHL and pyFIDASIM codes
respectively. Finally, €, g represents the effective emission coefficient for a given
energy component and neutral excited state and describes the number of photons
emitted for a particular transition per impurity density per neutral density.

Effective emission coefficients for many low to medium Z impurities are tabulated
in atomic data repositories, however, for heavier impurities, few datasets are available.
In this work, we are studying emission from injected iron which also does not have
emission data. Additionally, the CX cross sectional data (and therefore the emission
coefficient data) is typically the same or very similar for like charge states (i.e. the
same for Fe 164 and Ar 16+). Therefore, to simplify equation , one can make notes
of trends from the heaviest dataset available, argon [03]. For a set of representative
argon datasets (these differ by the method used to calculate the CX cross sections),
the effective emission coefficients are given as a function of beam energy in Figure
[3h. Considering the two datasets shown (labeled UAM and ORNL), the relative
contributions to the observed CX signal for Ar XVI n = 15-14 is shown in Figure
43b.

In particular, one can note that for a 50 keV/amu beam, the third energy com-
ponent (£ = 3) and beam halo with & = 1 contribute at most a few percent to the

total signal. The emission coefficient for the k = 2 excited state can potentially be
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Figure 43: a) Effective charge exchange emission coefficients for Ar XVI n = 15-14
as a function of beam energy for several datasets and principle quantum numbers. b)
Percent contribution to the total emission strength for two datasets at different beam
energies.

comparable or even slightly larger than the emission coefficient of the n=1 first energy
component however, in the simulations performed in this work, the neutral densities
of the k = 2 excited states were found to be nearly four orders of magnitude smaller

than the corresponding k£ = 1 populations. This is shown in figure [24] which depicts

the relative densities of the various beam energy components and excitation states
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integrated over the toroidal and poloidal directions. Neglecting the halo component
and third energy component as well as the excited states where n > 1, equation

simplifies to the following form:

€Los ~ /nz(f, ) (M=t putt(Z) ezt putt (15 (Z), e (X)) + Mom1 hat fEE=1,hatf (13 (Z), ne(Z))) dl
(56)
The process used to calculate the effective emission coefficients typically involves
an integration over the relative collision velocities between beam neutrals and the
impurities. Here, we note that the beam velocity is much larger than the thermal
velocity of the ions such that we can treat the distribution as a delta function centered
at the beam velocity. This allows one to pull the emission coefficients outside of the

integral since it approximately does not depend on the local plasma parameters:

€LOS %€k:1,fuzz/nz(f, t)nkzl,fuu(f)dl+€k:1,half/nz(f, ng=1 phap(X)dl  (57)

Simplifying the model in this way allows one to go from considering a total of 6
emission coefficients at each point along the line of sight down to just 2 emission

coefficients which can be assumed constant along the line of sight.

6.2.3.1 Calculation of Effective Emission Coeflicients for Fe Ions

To accurately model the radiation intensities in equation [57], the effective emission
coefficients must be known for the iron species studied in this work. The number of
photons emitted per unit volume per second (which is proportional to the effective
emission coefficient) for a given energy level transition ¢ — j is V;A;_,;. Here NN, is the

number density of the sub-population of impurity ions in excited state i and A;_,; is



the Einstein “A” coefficient for the transition. To determine the emission coefficients
for the transitions relevant to our measurements of iron, a strategy similar to that
described in reference [94] is utilized. Assuming that the energy level balance for a
particular impurity ion is in local equilibrium, the balance between its populating

and depopulating mechanisms can be written as:

AN i,
dt

=0~ _Nz,k Z Ak—>i + Z Nz,zAz—ﬂc + NZ+1 <Uz+1,gr—>kvrel>N0 (58>

i<k i>k

Here, k denotes an energy level of interest, A represents the Einstein coefficients
for transition between one energy level and another, and N, , represents the number
density of an ion with charge 2z in energy level x. 0.1 ¢y is the cross-section for
charge exchange electron capture between an ion with charge z + 1 and a neutral
which leaves the recombined ion in energy level k. v, is the relative velocity of the
impurity ion and the neutral and the angle brackets represent an integration over the
velocity distribution. Finally, Ny is the number density of the ground state neutral
density for the main plasma species. The terms on the right-hand side of equation
correspond to (from left to right) depopulation via spontaneous decay to lower energy
levels, population via spontaneous decay from higher energy levels, and population
via charge exchange between a ground state impurity ion and a fuel neutral. Note that
we neglect several terms in this energy level balance including collisional excitation
and de-excitation as well as three body recombination which are very small for pop-
ulating high-n states (see section and figure . We also drop terms that would
include contributions from radiative and dielectric recombination which are small for
the electron temperatures considered here. Additionally, collisional ionization is not
considered as it takes place on time scales much longer than those considered here

for highly ionized impurities.
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To solve equation |58, first one must determine the n-resolved cross sections for
charge exchange into the various energy levels considered in equation [58 These can
be determined from a universal cross-section scaling similar to what is performed in
reference [94]. The universal scaling law assumes that the total cross sections are
only a function of beam energy (the density and temperature dependence in these
datasets is seen to be very weak), and can be scaled by a factor that depends on the
impurity charge.

U;:Ot = O¢ot X 2% (59)
E*=FEx2’ (60)

Here, we collect a database of previously calculated CX cross sectional datasets which
are plotted in figure Previous studies have found that values of a = 1.05 and
B = 0.3 group the ADAS cross sections in a way that is well described by the following

functional form [94]:

. Alogio (£)
tot =14+ CE*+ DE* + FE* + GE**

(61)

Where A, B, C, D, F and G are tunable parameters. The re-scaled cross sections
as a function of the re-scaled energy are shown in figure |44| with the fitted functional
form shown with a solid black line. The fitted values for the various parameters are
A=343x10"1 B =6.46x102, C =107 D =4.14x107°, F = 1.10 x 1075, and
G=10"%,

With the total cross section universal scaling validated, a beam energy of interest
can be considered for the desired impurity. For example, to calculate the cross sections
for an impurity ion with z = 22 and a beam energy of E = 50keV/amu, we would

determine E* = 50 x 22793 = 126.39 keV /amu. Figure [44] only depicts the total
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Figure 44: Re-scaled total charge exchange cross sections as a function of re-scaled
beam energies.

cross section into all possible excited states. To determine the partial cross sections
into the exact n level of interest, a similar universal scaling approach is applied. The
database of n-resolved CX cross-sectional datasets from ADAS are evaluated for a
rescaled energy of interest. The cross sections and final n-states are then scaled by a
factor that depends on z:

of =0, x 2 (62)
n*=nxz" (63)

To parametrize the universal scaling curve here, a piecewise cubic Hermite polynomial
spline function is utilized where the knot locations and values are allowed to vary in
the optimization procedure. For this step, the Markov Chain Monte Carlo approach

is utilized which allows for determination of fitting uncertainties in the final cross
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Figure 45: Re-scaled n-resolved charge exchange cross sections as a function of re-
scaled n-level. The rescaled energy in this case is 126.39 keV /amu

sections. Here, the fitted values for  and v are -1.23 and 0.81 respectively. The
universal scaling results are then given in figure Finally, to determine the partial
cross sections necessary for equation |58, one can interpolate the necessary n values
onto the fitted function.

In addition to the partial cross sections, the Einstein A coefficients must be deter-
mined to allow for one to solve the matrix equation resulting from equation |58 For
this, n and [ resolved Einstein A coefficients can be calculated using the Autostructure
code [95] which solves the wave-function using a Slater approach. This Fortran code
is free to install online and performs its calculation in only a few seconds[96]. The
user needs only to provide the valence electronic structure of the ground state ion,

the net charge, and the number of energy levels it should calculate. Since the partial
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Figure 46: Calculated charge exchange effective emission coefficients for a) Nel®™, b)
Ar'™ c) Ar'8* plotted as a function of beam energy with error bars indicating fitting
uncertainty. Each set of calculated data must be multiplied by a scaling factor (anno-
tated next to each set data) to match the coefficients from the corresponding ADAS
ADF12 datasets (shown in hollow squares). Plotted ADAS adf12 data is taken from
the following files: qef93#h_nel0.dat, qefO07#h_arf#arl17.dat, qef07#h_arf#ar18.dat.
charge exchange cross sections are not resolved for the angular momentum quantum
number [, we assume that the nl states are collisionally redistributed such that they
are populated in accordance with the states’ statistical weight (which is a measure

of that nl states level of degeneracy). In this scenario, we can rewrite equation |58 in

the following form:
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dN,

— = 0~ —N,, Z Z Z Animsnr W

n'<nl'<n’ I<n

+ Z Nz,n’ Z Z An’l’—)nan’l’ + Nz+1,g7‘<0-z+1,gr—>nv7‘el>N0 (64)

n’<n I'<n’ I<n

Here, we define the relative weight as the statistical weight of a particular nl level

divided by the sum of all statistical weights with principle quantum number 7n:

Wnl = wnl/ anl’ (65)
l/

Since each of the n level populations are coupled via equation [64] one can write
out a matrix equation that describes the steady state balance of each n level. The
effective emission coefficients that appear in equation for the transition between

states n; — ny are then:

Eni—ne — ]\/:]V# Z Z AmllHanQWnﬂl <66)

2+1,9rNo Loz Loy
which can be evaluated by inverting the matrix generated by equation [64 Since
the only populating terms we consider are the CX cross section and the cascade
from higher energy levels, the matrix is upper triangular allowing for it to be solved
trivially using the python numpy library. Final uncertainties in the effective emission
coefficients are propagated from the fitting uncertainty in the CX cross sections using
an approach similar to that described in section|6.1.6] The most time consuming step
in the calculation of these effective emission coefficients is the universal cross section
scaling extrapolation which, in order to converge to a best fit with well resolved

uncertainties, takes ~ 1 hour.
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Bench-marking results showing the comparison of effective emission coefficients
calculated using this method and those available on OPEN ADAS are given in figure
[46] for a range of beam energies representative of the energy ranges used in most ex-
periments. The values found on the ADAS database are given by the hollow squares
while those calculated using our presented method are shown by the lines with over-
laid error bars. Note that the energy dependence for each transition matches the
ADAS datasets very well while a scaling factor must be introduced to match the
magnitude. This scaling factor along with labels indicating the transition energy lev-
els are annotated next to the corresponding plotted data. This level of uncertainty in
the effective emission coefficient magnitude is not unexpected. For example, figure
shows emission coefficients that are offset by 2 orders of magnitude depending on the
utilized cross sectional dataset. To perform a more robust benchmarking, one would
need to run the ADAS 308 code using the same input datasets as utilized here. For
this work however, since we consider the relative magnitudes between given lines of
sight, only the energy dependence is necessary to characterize the ratio between the
emission coefficients for the first and second beam energy component.

The calculated effective emission coefficients used in the modeling of the Fe XXII
and Fe XXIV signals are then given in figure [47] as a function of the beam energy.
Additionally, a single ADAS calculation was acquired for the Fe XXIV transition (file:
qef07#h_arf#fe24.dat) which is additionally plotted next to the newly calculated
emission coefficients. Again, the calculated datasets are scaled up to easily compare

the energy dependence to the existing data.

104



105

[
m
|
o

0 10 20 30 40 50 60 70 80
Beam Energy [keV]

Effective Emission [photons cm?3 s1]

Figure 47: Effective emission coefficients calculated for Fe??* and Fe*** for the tran-
sitions observed in W7-X experiments. The data shown in hollow squares has been
calculated previously using the ADAS code suite for Fe?**.

7 Experimental Results

7.1 Description of Discharge #20230314.26

The most recent operational phase (OP 2.1) at W7-X occurred from December 2022 -
April 2023. Data of varied quality was collected during the entire campaign however,
the first several months required time for commissioning of the system. This con-
straint, along with the availability of kinetic profiles and supplementary diagnostics,
led to a small number of high-quality datasets. One representative experiment (shot
20230314.26) will be discussed in detail in the remainder of this section.

An overview plot of the experimental program #20230314.26 is given in figure [48|
In the top panel, the applied ECRH power is given (blue) along with an estimate
of the total radiated power (red). The second panel shows the core electron density
(green) as well as the line integrated density (blue). Panel three summarizes the core

electron temperature as calculated by Thomson scattering (blue) and ECE (green).



Shortly before the iron LBO injection at t = 22.5 s, continuous NBI is introduced

allowing for CXRS measurements.
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Figure 48: Overview of experiment 20230314.26. ECRH power and radiated power
are shown in the top panel, electron densities are shown in the middle panel, and
electron temperatures are shown in the botom panel. The iron injection takes place
at 22.5 s.

Thomson scattering data is available which measures the electron temperature
and density during the LBO injection at a discrete set of radial points. With this
dataset, outboard measurements are used to fit an analytical function to the electron
temperature and density data using an Markov Chain Monte Carlo (MCMC) method
(see section for description). Using this method, the median profile and one
sigma confidence intervals can be determined. Additionally, the main ion temper-
ature profiles are determined via CXRS measurements. Again, individual localized

measurements are used to fit an analytical function to the data with uncertainties
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determined by the MCMC method. These fitted kinetic profiles are given in figure
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Figure 49: Electron density, electron temperature, and ion temperature along with
neutral density profiles calculated using pyfidasim. Experimental profile data is col-
lected at the time of the LBO injection (¢ = 22.5 s). Uncertainties are given by
shaded regions around the fitted profiles.

Several diagnostics measure the radiation from the impurity species after they have
been injected into the plasma via the LBO method. The first system we consider is
the HEXOS diagnostic; however, for the OP 2.1 campaign, standard use of the system
was not available due to damage on two of the four MCP detectors. Despite this,
several previously unreported lines can be observed in the wavelength range of 2.5 -
10.7 nm. A selection of these lines are highlighted in figure |50| and likely candidates

for the observed line transitions are given in table 2| with wavelengths and Einstein
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Figure 50: Top: Raw HEXOS signal from shot 20230314.26 depicting presence of
X-Ray emission following LBO injection. Bottom: Time averaged spectra before and

during the LBO event.

T T
6 7 8

Wavelength [nm]

6000

5000

4000

- 3000

Intensity [Arb. Units]

-2000

- 1000

H Ton ‘ A [nm] ‘ Upper Level ‘ Lower Level ‘ Api H
Fe XV | 7.0054 | 3s3f(CF,) | 3s3d(°D3) | 8.80e+1L
Fe XVI | 6.6356 | 2p94f(2F%5) | 2p°3d(*Ds5) | 1.00e+12

Fe XVIIT | 9.3926 | 252p°(28, ) | 2572p°(Py)s) | 9.13e+10
Fe XX | 9.8075 | 2p°(CPrjn) | 2s2pi(2 Dg/z) 1.626+10
Fe XX | 9.8358 | 252p1(2P5) | 2522p°(PPyja) | 9.6e+10

Table 2: Wavelengths, Einstein Coefficients, and energy level terms consistent with
the line transitions observed in the HEXOS spectrum following LBO. The two lines
from the FelT charge state are close enough together that line blending is expected.
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coefficients tabulated by the NIST database [70]. As an additional check, the temporal
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Figure 51: Time traces of emission from the four charge states identified in figure
for the impurity injection considered during experiment #20230314.26. Line emission
decay times tend to increase as charge state increases.

evolution of each of these lines is plotted in figure One can see an increased decay
time for emission from higher charge states, consistent with the picture that lower
charge states more quickly depopulate due to ionization. For forward modeling of
HEXOS lines, a database of emission rates for all relevant lines in the wavelength
range of interest is available for every charge state of Iron. While the lines shown
in figure can be mostly tied to specific line transitions, the synthetic signal is
determined by summing contributions from all charge states and all line transitions
within a wavelength range of 0.1 nm centered around the observed wavelength. For
the inference framework described in this work, the Fe XVI and Fe XVIII lines were

chosen due to their superior signal to noise ratio.
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Finally, bolometer measurements are collected following the impurity injection
which, using the tomographic inversion technique, provide time traces of the volume
integrated radiated power inside of the LCFS with a frame rate of 600 Hz. Addition-
ally, measurements of the radiated power fractions inside r/a = 0.85 and r/a = 0.5
are available with 15 Hz time resolution. To isolate the impurity signal specifically,
the average radiated power prior to the injection is subtracted from the time traces.
Uncertainties are assumed to be ~ 15% prior to background subtraction. A time
trace of the total volume integrated radiated power along with the radiation fractions
measured during the impurity injection is given in figure [52| Here, t = 0 is defined

to be at the time of injection.

20230314.26
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Figure 52: Total radiated power inside of r/a = 1.0 shown with orange x’s and
uncertainty depicted with shaded orange. Radiation fraction measurements are shown
during the impurity injection with the error-bars for radiation inside of r/a = 1.0,
0.85, and 0.5.
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7.2 Inference of Impurity Transport
7.2.1 Normalized and Relatively Calibrated CXRS Signals

Bayesian inference allows one to directly evaluate the improvement in inference un-
certainty by self consistently including multiple diagnostic measurements in the user-
defined statistical model. This is accomplished by using the “emcee” Markov Chain
Monte Carlo sampler with 48 “walkers”. Each inference is run until the number of
steps taken is more than 25 times the calculated autocorrelation time. This typically
takes 50,000 - 100,000 iterations and requires ~ 10 — 20 hours per inference when run
on a desktop computer. All but the last 1000 steps are then discarded as so-called
“burn in” samples such that the final sample population has 48,000 independent
samples of the posterior distribution.

We start by considering the inference results from matching the CXRS signals
on their own. Here we consider two inference cases. The first is where signals from
each line of sight are normalized to one, which reflects the lack of knowledge of the
emission coefficients and therefore the local impurity densities. Next, the effective
emission coefficients determined in section are utilized allowing one to take
advantage of the relative intensity calibration between the lines of sight.The fitted
CXRS signals are given in figure [53] and [54] for the case of the normalized CXRS
and relatively calibrated CXRS signals respectively. Here, the Fe XXII and Fe XXIV

charge exchange lines are considered in the inference.
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Figure 53: Synthetic signals matched to CXRS data that has been normalized to 1.
Experimental uncertainty is given by shaded red with fitting uncertainty shown in
shaded grey. The dashed black lines indicate the forward model from the posterior
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Figure 54: Synthetic signals matched to CXRS data that has been normalized to
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Upon initial inspection one can see the sharp increase in emission followed by
an exponential decay as the impurities leave the plasma. Additionally, the emission
strengths are strongest nearer the core with the Fe XXIV emission strengths exhibit-
ing a noticeable shift towards the core compared to the Fe XXII emission. This is
consistent with the expected ionization balance for iron since the hotter core will more
readily ionize the impurities. For most channels, we achieve excellent agreement for
not only the decay, but also the impurity rise times and the relative intensities. For
line of sight 3, the temporal behavior is not reproduced perfectly for the Fe XXII
emission. One potential explanation is that this effect is not captured by the model
due to the assumption of time-independent kinetic profiles. Core and mid-radius
electron cyclotron emission (ECE) measurements indicate that there is a brief period
of ~ 40% reduction in the electron temperature before the profile recovers ~ 10ms
later. During this period, temperatures at the locations of the active emissions seen
by the inner lines of sight may still be sufficiently high that ionization up to the Fe**
charge state is fast. Line of sight 3 however, views local emission from a location in
the plasma where the electron temperature is ~ 800 eV. This temperature range is
close to the left edge seen in figure |35 associated with a sharp drop-off in the ioniza-
tion rate. Additionally, there is some disagreement in the fitted intensity for line of
sight 9 which can be attributed to known overestimation of the beam attenuation by
pyFIDASIM at the inboard side of W7-X[59].

A comparison of the inferred impurity diffusion and peaking ratio profiles is given
in figure [55] Note the significant improvement in fitting uncertainty, particularly for
the peaking ratio, when considering the relative calibration of the CXRS signals. In
the case where the CXRS signals are each normalized to one, the lack of information
on the impurity peaking is reflected in the very large uncertainties in the inferred

peaking ratio. In contrast, introducing the relative calibration between lines of sight
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Figure 55: Inferred impurity diffusion and peaking ratio profiles for the case of fitting
CXRS signals normalized to 1 (blue) and normalized to the brightest signal (red).
+20 uncertainties are shown with the shaded regions with the median profiles shown
with the dashed lines.

to the inference scheme adds a constraint on the impurity density shapes and there-
fore the impurity peaking ratio. The significant improvement in the peaking ratio
fitting uncertainty indicates that the method of analyzing calibrated high-n Rydberg
emissions is well suited to the problem of simultaneously inferring the impurity D and

V profiles.
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7.2.2 HEXOS Measurements

In addition to the CXRS signals, multiple other diagnostics can be included in the
inference framework to improve fitting uncertainty. First, we consider the inclusion
of the HEXOS signals. For the forward model, the local emission is determined at
each point along the HEXOS line of sight and is line integrated. The path of this line
integral can be used to determine the r/a values along its length which can be used
to translate to the pySTRAHL radial grid. The forward modeled HEXOS signal can

then be described by the integration over the full path of the HEXOS line of sight:

g (t) ~ /nz(f, tne (), ) (To(Z), ne(Z)) dl . (67)

Here, n,, n., and T, represent the local impurity density of charge state z (as
calculated by pySTRAHL), the electron density, and the electron temperature at a
point in space along the line of sight, . As is the case for the main pySTRAHL
calculation, the background kinetic profiles are assumed to be constant. « jumbda 1S
the local photo-emission coefficient (PEC) for charge state z which undergoes a line
transition with wavelength A and is a function of the local electron temperature and
density. These PECs are tabulated and available for many impurity species on the
OPEN ADAS database (adf 15 format). Note here that since intensity calibrations are
not available for the HEXOS emissions, measured and modeled signals are normalized
to a maximum value of 1

Figure shows comparison between the fitted synthetic and measured Fe line
emissions seen by the HEXOS system when fitting both the relatively calibrated
CXRS and HEXOS signals. Additionally, figure |57| shows a comparison between the
fitted impurity D & rV/D profiles for the case of just fitting the HEXOS signals, just

fitting the CXRS signals, and fitting both simultaneously. While the improvement in
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Figure 56: Fitted Fe XVI and Fe XVIII signals when fitted alongside relatively cal-
ibrated CXRS signals. The dashed black lines indicate the forward model from the
posterior sample with the highest probability. Experimental uncertainty is given by
the shaded region with fitting uncertainty given by the shaded gray.

fitting uncertainty for the diffusion profile is minimal, it is interesting to note that the

most significant improvement in the peaking ratio profile occurs in the outer region

of the plasma where the Fe!>* and Fe!™ charge states are expected to dominate the

charge state balance (see fig. . This can be explained since the outermost line of

sight for which the CXRS signals can be observed (LOS 3) views at r/a ~ 0.5 By

including the HEXOS signals, valuable constraints on the region outside r/a = 0.5

are introduced.
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Figure 57: Inferred impurity diffusion and peaking ratio profiles for the case of fitting
relatively calibrated CXRS signals (red), HEXOS signals (green), and both simulta-
neously (black hatched).

7.2.3 Bolometer Measurements

The bolometer measurements utilized in this work are the result of a tomographic
inversion such that a measure of the total radiation contained inside of the LCFS
is available. This method also allows for the determination of the total radiated
power inside of r/a = 0.85 and r/a = 0.5. Additionally, the diagnostic is designed
to be particularly sensitive to wavelengths in the X-ray to VUV range such that the
measured signals are representative of the total impurity radiation[65]. To simulate

the total radiated power from the impurity species, ADAS cooling rate coefficients[10]



are utilized alongside the pySTRAHL calculated impurity densities:

P(t) = /V > nz (repsst) (nelreps) (PLT (Tu(regs), me(ress)) +

PRB (Te(resp),ne(ress)) + (no)(ress) PRC (Te(resy), ne(ress)) dV (68)

Here PLT, PRB, and PRC indicate the effective radiated power coefficients for
impact excitation, recombination, and charge exchange contributions respectively and
are functions of the local electron temperature and density. (ng) represents the flux
surface averaged neutral density. ny represents the impurity density for charge state
Z which is calculated via the pySTRAHL code. For increased computational speed,
the volume integral is performed considering a simple torus with circular cross section
described by the effective radius, r.¢y. All values in equation |68 are assumed to have
no dependence on poloidal or toroidal angle. This calculation has been compared to a
more computationally intensive calculation of the radiated power which considers flux
surface volumes based on a VMEC equilibrium. Differences in the calculated radiated
power were found to be ~ 1 —2%. Note that since the modeled signals only consider
radiation from the injected impurities, the background plasma radiation levels are
subtracted from the experimental signals to isolate the response from the injection.

Figure [58 shows a comparison between the measured and modeled radiated power
along with the radiation fractions inside r/a = 0.85 and r/a = 0.5. Figure |59| de-
picts the fitted D & rV /D profiles when considering only the CXRS signals, only the
bolometer measurements, and a combination of the two. It is clearly seen that the in-
clusion of the bolometer signals in the inference framework have a strong effect on the

uncertainty in the impurity transport. Specifically, the peaking ratio is constrained
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Figure 58: Fitted bolometer signal when fitted alongside relatively calibrated CXRS
signals. The dashed black line and the circular markers indicate the forward model

from the posterior sample with the highest probability.

to be well below +10. Such a strong effect on the peaking ratio can be understood by
the introduced constraint on the total impurity density profile. While the relatively
calibrated CXRS measurements will provide insight to the profile shape for the Fe?'"
and Fe®* states individually, the bolometer signal is sensitive to emission from all

charge states. Hence, the inclusion of the bolometer radiation fraction measurements

provide a more robust metric for the overall impurity density profile.

7.2.4 Inclusion of All Diagnostics

Considering the benefits of adding the HEXOS and Bolometer data, figure |60 shows
the resulting D, rV/D, and V profiles when including all three diagnostics in the

inference framework simultaneously. Also shown are the ion root neoclassical diffusion
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Figure 59: Inferred impurity diffusion and peaking ratio profiles for the case of fitting
relatively calibrated CXRS signals (red), bolometer signals (cyan), and both simul-
taneously (black hatched).

and convection for the Fe?>* charge state as calculated by the DKES code[97]. Note
also, the experimentally measured radial electric field which has been acquired via
analysis of the doppler shifted carbon emission seen by the ILS spectrometer. These
results indicate that the impurity transport is significantly larger than the neoclassical
expectation for highly ionized iron. Additionally, the turbulence seems to have a
strong effect on the convection velocity near the edge region where an inward pinch

is observed. Note that this observation is consistent with the expectation for ITG
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Figure 60: Inferred impurity diffusion and peaking ratio profiles for the case of fitting
of CXRS, HEXOS, and bolometer signals simultaneously.

turbulence as predicted in figure [9] [98, 24].

One final measurement which is relevant to the impurity transport is the steady

state intrinsic carbon density. The C®" profile can be determined via analysis of

data from the ILS spectrometer [59]. The carbon density profile can be forward

modeled in pySTRAHL by assuming the same model used for the iron injection

simulations with continuous sourcing rather than a short injection. The simulation
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Figure 61: Measured C6+ density profile (blue error bars) plotted alongside 1o un-
certainty bands for forward modeled steady state carbon densities. Carbon density
profiles are calculated for the distribution of possible transport profiles given in figure
[60] The bands shown in red correspond to the full population of possible transport
profiles while the shaded violet bands are down-sampled to isolate only samples which
agree with measurement

is run for enough time steps to reach a steady state solution and the normalized C°*
densities can be compared to measurement. The resulting 1o bounds on the forward
modeled, normalized carbon density is shown shaded red in figure [61} It can be seen
that a large number of model samples do not agree well with the carbon density
measurements. We can, however, down-sample the model samples to only consider
the sub-population that agrees well with the carbon density measurements (shown
in shaded violet). The corresponding down-sampled transport profiles are shown in
figure Note that this sub-population of inference results differs mainly in the
impurity convection in the core. While the full population of parameter samples does

not rule out the possibility of an inward pinch in the core, only the samples with

approximately zero core convection can explain the carbon data. This agrees with
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expectation since an inward pinch in the core would cause peaking of the C®* density.
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Figure 62: The median and 1o error bands when considering full population of pos-
sible transport profiles (red, identical to those shown in figure and when down-
sampling to isolate those that agree with measured carbon densities (violet). An
exploded view of the convection velocity zoomed into 43 m/s is shown to depict the
effect down-sampling has on the sample population in the core.

Finally, since the bolometer measurements give a strong constraint on the total
number of impurities in the confined region and an absolute intensity calibration is
available for the CXRS measurements, the magnitude of the effective emission coeffi-
cients calculated in section [6.2.3.1] can be determined. This can be accomplished by
considering two additional free parameters in the Bayesian inference. These scale the
Fe XXII and Fe XXIV emission coefficients respectively. The final inferred emission
coefficients are shown in figure 63| alongside datasets available from adf12 files. These
inferred effective emission coefficients are indicated by hollow diamonds with fitting
uncertainty given by the error bars. Note that the single adf12 dataset available for

Fe XXIV emission is in agreement with the inferred value. Other than this single
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Figure 63: Tabulated and inferred effective emission coefficients for a variety of charge
states and transitions. Data available via adf12 files is given with filled circles while
the inferred values are given with hollow diamonds. Additionally shown is the lo
uncertainty in the inferred magnitudes.

data point, only a qualitative comparison can be made indicating that the emission
coefficients are of reasonable order of magnitude. It could be of great interest to per-

form future validation studies which apply this technique to impurities which have

emission data readily available.
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8 Conclusions

8.1 Summary of Results

The focus of the work presented here has been to investigate the transport of heavy
impurities in the W7-X stellarator.

Five Czerny-Turner style spectrometers were installed at W7-X for use during the
OP2.1 campaign. This system provided ten spatial channels which were designed to
view active impurity emission along the neutral heating beam. Each spectrometer was
built in order to provide excellent photon throughput and enable observation of line
radiation from impurities at 1kHz. Several high quality datasets were collected during
the campaign providing measurements of both injected iron and tungsten. Observed
in the collected spectra, were high-n Rydberg emissions from charge exchange between
the neutral beam and the injected impurities. Analysis of these emissions provides
a novel way to directly measure the local impurity densities in experiments at W7-
X enabling advanced impurity transport studies. These emissions were found to
be agnostic to the particular injected impurity making their observation a flexible
technique that can be applied to a wide range of impurity species. Additionally,
experiments indicated that for highly ionized impurity ions, the only mechanism for
populating the high-n Rydberg states is CX with the neutral beam. This means that
their emissions lack a passive component.

To simulate the 1D transport of impurities, the pySTRAHL code has been de-
veloped. The python implementation has enabled its use in tandem with a variety
of python libraries and other simulation codes. Moreover, the acceleration of this
code via the numba package has allowed for pySTRAHL calculations to be performed
quickly enough to be embedded into a Markov-Chain Monte Carlo inference frame-

work. This code base has been adapted for use in W7-X as well as several other

125



devices including HSX, DIII-D, and Pegasus. With many current users, pySTRAHL
will continue to be useful for future research studies.

Since effective emission coefficients were unavailable for the measured impurity
line transitions, a simplified collisional radiative model was developed to determine
them based on a universal charge exchange cross section fit and FEinstein A coeffi-
cients determined via the Autostructure code. A benchmarking exercise indicates
that the new method accurately predicts the functional form of the effective emission
coefficients. With this rate data in hand, the relative intensities of each CXRS line
of sight can be accurately modeled with the pySTRAHL and pyFIDASIM codes.

By comparing synthetic signals simulated with the pySTRAHL code to the col-
lected impurity emission data, the impurity diffusion and convection velocities could
be inferred. The Bayesian framework utilized in this study allowed for a robust ac-
counting of model uncertainties and their propagation to the uncertainties in the in-
ferred impurity transport. It was seen that the consideration of the relative intensities
of the CXRS lines of sight (enabled by the calculated effective emission coefficients)
provided much stronger constraints on the impurity transport than when matching
only the normalized signal intensities. In addition to the CXRS measurements, soft
X-ray and bolometry measurements provided constraints on the impurity transport.
When including these diagnostics in the inference framework along with the CXRS
signals, it can be seen that uncertainties in the impurity diffusion and convection
velocities are smaller than when considering any of the diagnostics on their own. Ad-
ditional measurements of C®" density profiles are also found to be consistent with
inferred transport profiles.

These results indicate a measured impurity diffusion profile which is relatively
small in the core (~ 0.3 m?/s) which becomes elevated near the edge region (~ 3

m?/s). The inferred diffusion profile is quantitatively consistent with previous exper-
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imental results [23], though one should note the difference in experimental conditions
(the previous study was performed in plasmas with 7, ..pe = 5keV and necore ~
2 x 10 m™2). Additionally, results indicate an impurity pinch velocity in the edge
region characterized by a peaking ratio of ~ —5. Previous gyrokinetic studies indi-
cate that impurities affected by ITG turbulence would experience an inward pinch
velocity[98], however, in order to validate these results, turbulence simulations would
need to be performed for the experimental conditions considered in this work.
Finally, since the bolometer measurements strongly constrain the total impurity
content, one can additionally infer the absolute magnitude of the calculated emission
coefficients. Comparison to the ADAS database indicates good qualitative agreement

with similar datasets.

8.2 Avenues for Future Work

The new diagnostic system has opened up a fresh set of capabilities for impurity
studies at W7-X though additional improvements could be made to the spectroscopy
system. Currently, in order to perform wavelength calibrations, the round to linear
fiber bundles must be removed from their patch panel and illuminated with a cal-
ibration lamp. Since removing and replacing these fibers invalidates any intensity
calibrations, a method to perform in-situ wavelength calibration is desired. Future
designs for the dual fiber holders could allow for this by including a small ~ 1mm gap
either directly above or below the two fiber bundles which would allow one to slip
in a bare, 100um, fiber in and out of the optics without removing the fiber bundles.
Additionally, the mechanical stability of the optics can be improved by replacing 3D
printed parts with machined, metal components. In particular, the grating height

block that fixes the grating holders to the rotational stage should be replaced since

127



the grating holders can potentially rotate if disturbed, ruining alignment. With a
threaded metal height block, these grating holders would fasten tighter to the stage
preventing this issue.

During the following experimental campaigns at W7-X, one interesting experiment
would be to perform injection experiments at a variety of collisionalities. This could
be accomplished by attempting to match the electron and ion temperature profiles
between shots while scanning across different electron density values. Holding the
temperatures constant would maintain a given T; /T, and therefore the ITG turbulence
characteristics. If TEM contributions become non-negligible, their degree of stability
would be altered by the changing collisionality. TEM and ITG driven turbulence
are predicted to exhibit different levels of transport, particularly the direction of the
convective velocity [47]. Therefore, a detailed understanding of their contributions to
the overall transport would be of interest when considering the screening of impurities
from the core.

Additionally, previous experiments at W7-X have uncovered a regime of signif-
icantly reduced turbulence levels [99]. These conditions are achieved by primarily
using NBI heating and systematically reducing the ECRH power input. In these
conditions, it is found that anomalous contributions to the impurity transport are
reduced below the neoclassical levels. These studies however impose several con-
straints on the impurity transport profiles. As such, it could be of great interest to
validate these studies by simultaneously inferring the impurity D & V profiles using
the Bayesian integrated data analysis framework presented in this thesis.

The suitability of this diagnostic framework has been demonstrated for experi-
ments which inject Iron impurities. However, in principle, equation [38] is agnostic to
the particular impurity species. This can be seen in the limited tungsten dataset pre-

sented in figure which shows impurity lines that appear at the same wavelength
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as the corresponding Fe charge states. Since many fusion experiments and power
plant designs are planning to utilize tungsten first wall materials, the analysis of
high-n Rydberg transitions could provide a flexible way to analyze the accumulation
or screening of sputtered material.

Finally, section discusses a method for experimental validation of effective
charge exchange emission coefficients. The unique integrated data analysis approach
allows one to constrain the overall impurity density, and therefore the emission
strengths by comparing CX signals with total radiated power measurements. This ap-
proach can be applied to either the rates calculated using the method in this thesis or
those determined via the ADAS codes. Experiments could be performed which vary
the neutral beam acceleration energy to evaluate the effect of the neutral-impurity

collision velocity on the CX cross sections.
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A Validation of Inferred Impurity Transport Re-
sults via a Second Experiment

In order to validate the impurity transport inference result, a second discharge (20230314.22)
was analyzed with very similar experimental conditions to discharge 20230314.26. An
overview summary of discharge 20230314.22 is given in figure [64] for which the impu-
rity injection occurs at 3.6 seconds. The kinetic profiles during the LBO injection are
given in The most notable difference in the plasma conditions in this case is the

electron density profile which is larger by ~ 30%.
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Figure 64: Overview of experiment 20230314.22. ECRH power and radiated power
are shown in the top panel, electron densities are shown in the middle panel, and
electron temperatures are shown in the bottom panel. The iron injection takes place
at 3.6 s.

CXRS, HEXOS, and Bolometer data has also been collected for discharge 22 and
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Figure 65: Electron density, electron temperature, and ion temperature along with
neutral density profiles calculated using pyfidasim. Uncertainties are given by shaded

regions around the fitted profiles.

is shown in figures [66] [67] and [6§] respectively.

The inferred impurity diffusion and convection velocities for the two compared
shots (22 and 26) are given in figure . Notably, the two datasets are explained
by very similar transport profiles. Qualitatively, it seems that shot 26 has a more
pronounced inward pinch velocity near the edge of the plasma compared to shot 22
however this difference can be well explained by the fitting uncertainties. Besides
this, the two results show good agreement in the inferred transport profiles.

Since the two discharges share nearly matched experimental conditions and their

analysis leads to the same inferred D and rV/D profiles, their comparison indicates
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Figure 66: CXRS data originating from the WISC spectrometers (channel 4) for
discharge 20230314.22. The top plot shows the intensity in the color scale versus
time and wavelength. The time at which the impurity injection is indicated by a
dashed red line. The bottom plot shows the averaged spectra over the time windows
depicted by the boxes in the top plot.

that the presented method for inferring the impurity transport is well validated.
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Figure 67: Top: Raw HEXOS signal from shot 20230314.22 depicting presence of

X-Ray emission following LBO injection. Bottom: Time averaged spectra before and
during the LBO event.
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B Summary of Measured and Inferred Impurity
Signals

Section a total of 7 inferences in order to compare and contrast the fitting un-
certainties when considering different combinations of diagnostics. Each of these
inferences produced 1-3 figures describing the fitted diagnostic signals. In total, 11
of these figures were generated though their inclusion in the main text body is not
necessary for the interpretation of the study results. Rather, these figures are curated

below for reference.

B.1 Normalized and Relatively Calibrated CXRS Measure-

ments

Fitted CXRS signals for the case of normalized signals and relatively calibrated signals

are shown in in figures [53| and [54] respectively.
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Figure 70: Fitted Fe XVI and Fe XVIII signals when only the HEXOS signals are in-
cluded in the inference framework. The dashed black lines indicate the forward model
from the posterior sample with the highest probability. Experimental uncertainty is
given by the shaded region with fitting uncertainty given by the shaded gray.



B.3 HEXOS and CXRS
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Figure 71: Synthetic signals matched to CXRS data when simultaneously matching
HEXOS signals. The data has been normalized to the brightest signal. Experimental
uncertainty is given by shaded red with fitting uncertainty shown in shaded grey.
The dashed black lines indicate the forward model from the posterior sample with
the highest probability. Data from discharge 20230314.26

The fitted HEXOS signals when simultaneously considering CXRS signals is given
in figure
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B.4 Bolometer Only
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Figure 72: Fitted bolometer signal when fitted by itself. The dashed black line and
the circular markers indicate the forward model from the posterior sample with the

highest probability.



B.5 Bolometer and CXRS
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Figure 73: Synthetic signals matched to CXRS data when simultaneously matching
Bolometer signals. The data has been normalized to the brightest signal. Experi-
mental uncertainty is given by shaded red with fitting uncertainty shown in shaded
grey. The dashed black lines indicate the forward model from the posterior sample
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B.6 Bolometer, HEXOS, and CXRS
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Figure 74: Synthetic signals matched to CXRS data when simultaneously matching
Bolometer and HEXOS signals. The data has been normalized to the brightest signal.
Experimental uncertainty is given by shaded red with fitting uncertainty shown in
shaded grey. The dashed black lines indicate the forward model from the posterior
sample with the highest probability. Data from discharge 20230314.26
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Figure 75: Fitted Fe XVI and Fe XVIII signals when simultaneously fitting CXRS,
HEXOS, and Bolometer signals. The dashed black lines indicate the forward model
from the posterior sample with the highest probability. Experimental uncertainty is
given by the shaded region with fitting uncertainty given by the shaded gray.
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Figure 76: Fitted bolometer signal when fitted alongside CXRS and HEXOS mea-
surements. The dashed black line and the circular markers indicate the forward model

from the posterior sample with the highest probability.
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