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Abstract

In this study, both experimental and numerical techniques have been used to study particle behavior
in response to changes in the edge magnetic field (i.e. inserting and removing edge islands) at the
Helically Symmetric eXperiment (HSX) and Wendelstein-7X (W7-X) stellarators.

At HSX, the two magnetic configurations studied were the Edge-Islands and the No-Edge-
Islands configurations. Measurements of the effective hydrogen particle confinement time, 7 5,
and the effective helium particle confinement time, 7, ;. ;;, were a factor of 1.5 and 1.6 longer,
respectively, in the Edge-Islands configuration. A complete hydrogen particle balance yielded
particle confinement times 7, i a factor of 1.3 longer in the Edge-Islands configuration. EMC3-
EIRENE fueling efficiency calculations yielded values of 0.70 in the Edge-Islands configuration
and 0.87 in the No-Edge-Islands configuration, a factor of 1.2 difference.

At W7-X, the two magnetic configurations studied were the Increased Iota and the Standard
configurations. Measurements of 7, ;. and 7, ;. ;; were a factor of 1.5 and 1.2 longer, respect-
ively, in the Increased Iota configuration. A complete hydrogen particle balance yielded values of
Tp.m that were approximately the same in both configurations. Similarly, EMC3-EIRENE fueling
efficiency calculations yielded values approximately the same in both configurations.

These results indicate that the edge magnetic structure can have a significant impact on the
particle fueling and exhaust, but only if the change in edge structure is made in the ionization
source region. In HSX, when the 8/7 island chain was inserted in the peak ionization source region
in the Edge-Islands configuration, the 8/7 islands were able to decouple the plasma source from the
confinement region through locally peaked temperatures at the island X-point (creating a private
flux region in the same way that a divertor does). This led to reduced fueling efficiencies and
increased global particle confinement times. For this same reason, moving the islands in W7-X did
not result in major changes in particle fueling and exhaust, because the islands were not located in

the ionization source region.
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(Left) The 10ta profile in the Standard configuration (purple), the Increased lota config-

uration (yellow), and several intermediate configurations. (Right) The effective ripple

in the Standard configuration (purple), the Increased Iota configuration (yellow), and

several intermediate configurations. Data courtesy of J. Geiger,|. . . . . . .. ... ..
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Thomson scattering measurements in the W7-X Increased Iota configuration (green)

and 1n the Standard configuration (blue). The density profile 1s shown on the left

and the temperature profile 1s shown on the right. The solid lines are fit lines to the

measured data points. The shaded regions represent the 95 percent confidence error

94

A representative He-II emission time trace from W'/7-X showing the helium gas injec-

tion at 250 ms and the signal used to determine 7, ;. ;; which 1s highlighted in orange

(400-600 ms). An exponential curve was fit to this section of data and the resulting

decay constant yields the value ot 7, oy - - o o oo

Representative plot of the W7/-X interferometer n. time trace in the Standard config-

uration. The n, signal 1s shown by the blue line, the analysis region between 400-600

ms 1s shown by the red line, and the resulting exponential fit 1s shown by the green

line. Note that the rising density profile results in a value of 7, ;; that 1s negative,| . . .

96
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(Top) 7, 4. as a function of heating power measured from the decay of a perturbative

helium puff using the 468.6 nm line. The solid lines indicate a power function fit for

each configuration. (Middle) 7, . ;; as a function of heating power measured from the

decay of a perturbative helium puff using the 667.8 nm line. The solid lines indicate a

power function fit for each configuration. (Bottom) 7, ; as a function of heating power

measured from the decay of the interferometer line-averaged density. The values of

7, g are negative because the plasma density 1s rising rather than falling. The solid

lines indicate a power function fit for each configuration.| . . . . . . . . ... ... ..

98

Image captured with the visible fast camera diagnostic viewing part of module 5. The

1mage 1s unfiltered and likely comprised of a combination of hydrogen and impurity

emission. This 1mage 1s representative of general wall emission behavior and shows

that most emission appears to come from the inboard side of W7-X. Image courtesy

T.Szepest.| . . . . . . e

Important terms 1n the W/-X particle balance analysis for each individual plasma shot

as a function of nput power. Data from the Increased lota configuration are shown

with green stars and data from the Standard configuration are shown with blue squares.

(a) Values of Ny, (b) values of %, (c) values of ®,,,, (d) values of ®y;,,, (c) values of

Tp.i- A power series fit to 7, i for each configuration 1s shown with a corresponding

green and blue solid line. The shaded region indicates the mean standard deviation of

the data points from the fithne.| . . . . . .. ... ... .o o o 0oL
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Spectra from a W7/-X Standard configuration hydrogen discharge. The tall emission

line 1s the H,;;,,. at 656.38 nm which dominates any background emission contribu-

tions. Plot courtesy of V. Perseo.|. . . . . . .. ... ... o oo,
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(Left) Map of limiter 5 langmuir probe locations on tile 7. Pins 2 (circled on left) and

S (circled on right) were chosen at max/min locations of temperature and density in

the Standard configuration. Plot courtesy of B. Blackwell. (Right) EMC3-EIRENE

heat flux prediction for tile 7 with pins 2 and 5 circled. Plot courtesy of F. Effenberg.| .

Langmuir probe data from limiter 5, tile /, for a plasma discharge 1n the Standard

configuration. Data from pin 2 are shown in blue and data for pin 5 are shown 1n

orange. (Left) Time trace of n. measured by pins 2 and 5. (Right) Time trace of 7.

measured by pins 2 and 5. Data courtesy of B. Blackwell.| . . . . ... ... ... ..
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[5.12

Images obtained with the overview video diagnostic system. These images were H,,

filtered and are shown 1n units of intensity (arbitrary units). (R) Image showing the

rectangular mask used to infer the mean wall particle source rate. (L) Image showing

the rectangular mask used to infer the mean limiter particle source rate. Data courtesy

5.13

The global recycling coefficient R for W7-X plotted as a function of heating power.

This value 1s calculated using Equation 3. The shaded regions are the sum in quad-

rature of the uncertainty 1n all of the component terms 1n this analysis. Data from the

Standard configuration are shown with a solid blue line and data from the Increased

lota configuration are shown with a dotted greenlmne.|. . . . . . . ... .. ... ... 111

5. 14

EMC3-EIRENE calculation of 1onization source rate, S,. Despite the change 1n edge

structure, there were no substantial changes in the 1onization source distribution. A

flux surface averaged plot of these data are shown 1n Fig.|5.15(Plot courtesy F. Effenberg.|111

EMC3-EIRENE of 1onization source rate for helium in both the Standard configura- |

tion (blue solid line) and Increased Iota configuration (green dotted line). The helium |

source profile 1s very similar to the hydrogen source profile (not pictured). Plot cour- |

tesy F. Effenberg.| . . . . . . . .. 112

EMC3-EIRENE calculated numerical values of f.¢ for the Standard and Increased Iota

plasma particles. Unlike the fueling efficiency study for HSX, this density range was

|
configurations in W7/-X. The numerical f.¢ 1s shown as a function of total number of |
|
|

achieved during the mitial operational phase of W/7-X. EMC3-EIRENE calculations

courtesy of F. Effenberg.| . . . . . . . ... ... oo 114

(Left) Plot of molecular hydrogen particle mean free path as a function of particle

energy 1n eV. The energy at which particles have enough energy to penetrate 10 cm

distribution of molecular hydrogen particles in the W7-X edge. The energy at which

|
|
in the W7-X 1s noted on the plot. (Right) Plot of the Maxwell-Boltzmann energy |
|
|

particles have enough energy to penetrate 10 cm 1n the W7/-X 1s noted on the plot (the

high-energy tail of the distribution).| . . . . .. ... .. ... 115

Figure demonstrating the X-point geometry in a tokamak. Note that behind the X- |

point 1s the private flux region, where particles that 1onized are directed immediately |

back to the divertor target. Figure reproduced from [6] Figure 1.12.| . . . . . . . . .. 123
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6.2  EMC3-EIRENE calculations for the Edge-Islands configuration (left column) and the
No-Edge-Islands configuration (right column). (a) and (b) Plots of the magnetic con-
nection length and Poincarée plots. (c) and (d) Plots of the self-consistently calculated
plasma temperature, which highlights the island structure 1n (c). (e) and (f) Plots of
the 10n1zation source rate of hydrogen particles. In (e), the majority of the 1onizations
take place near the magnetic X-point. In (f), the 1onization front 1s more diffuse and
extends further into the confinement region. EMC3-EIRENE calculations courtesy

[6.3  Figure demonstrating that the effect of the magnetic topology on the 10nization source |
region exists at several toroidal angles in HSX. EMC3-EIRENE S, data 1n the Edge-

[ TIslands configuration are shown on the left and data in the No-Edge-Islands config- |

| uration are shown on the right. The data at toroidal angles of O degrees, 11 degrees, |

| 25 degrees, and 42 degrees are pictured in order from top to bottom. EMC3-EIRENE |

| calculations courtesy of A. Bader,| . . . . . .. ... o o 0oL 126

[6.4  2-D measured plasma temperature in the Edge-Islands configuration. Note the peak |
| temperatures 1n the confinement region and near the X-point of the 8/7 1slands. Plot |
| reproduced from A. Akerson thesis. [27] . . . . . . . .. .. ... ... ... .... 127

(6.5  Poincare plots for several W7-X magnetic configurations. The two top plots are the
| Standard configuration (left) and the Increased lota configuration (right) examined
| in this work. The two bottom plots are the same Standard configuration (left) and a
| Decreased lota configuration (right) which was never tested at W/-X. The Decreased
I
I
I

lota configuration might have resulted 1n reduced particle penetration and increased
particle confinement as a result of the closer 5/6 1sland proximity to the limiter. Plots
courtesy F. Effenberg.| . . . . . . . ..o oo 128

6.6 EMC3-EIRENE calculation of 1onization source rate, S,. Despite the change 1n edge
structure, there were no substantial changes in the 1onization source distribution. A
| flux surface averaged plot of these data are shown in Fig.|5.15[Plot courtesy F. Effenberg.|]129

6.7 EMC3-EIRENE calculation of the flux surface averaged 1onization source rate for |
| helium 1n both the Standard configuration (blue solid line) and Increased lota con- |
| figuration (green dotted line). (The helium 1onization profile 1s very similar to the |
| hydrogen ionization profile). Plot courtesy F. Effenberg.| . . . . . . .. ... ... .. 129
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6.8

A summary of the relationship between the 1sland position and the 1onization source

region for the four configurations that have been explored 1n this work. The magnetic

1sland position(s) relative to the 1onization domain have been noted for both the HSX

configurations (a and b) and the W7/-X configuration (candd).|. . . . . . .. .. ...

131

Measurements from JET (top), ALCATOR-A (middle), and TEXT (bottom) showing

a rollover 1n the relationship between particle confinement time and plasma density.

In all cases at lower density, the trend 1s positive. At some critical density (different

at each experiment), the trend reverses and becomes negative. Plots reproduced from

| [BOBILIB2L]. .« o o o e o 132

6.10

Measurements from the TEXT tokamak indicating the relationship betwween the ra-

tion of limiter to wall flux (top) and the trend in particle confinement as a function of

plasma density (bottom) [[82]].| . . . . .. ... oL

Plot of the product of the fueling efficiency f.¢ and the wall particle flux ®,,,;; for both

the Edge-Islands (red circles) and No-Edge-Islands (gray diamonds) configurations in

HSX as a function of plasma density. These data represent the total number of wall-

sourced particles that are 1onized within the confinement region 1n each configuration.|

135

He-1II signal from W'/-X 1n the Standard (red) and Increased Iota (blue) configurations.

ECRH turnoff 1s at 600 ms. After ECRH turnoff, the signal peaks from recombination

generated €MISSION. | . . . . . . . . . .. e e e e e e

The No-Edge-Islands family of configurations in HSX (also called the Well config-

uration). From the top left and moving horizontally, O percent Well (QHS aka Edge-

Islands), 2 percent Well, 4 percent Well, 5 percent Well, 6 percent well, and 8 percent

Well. Poincaré plots courtesy of HSX magnetic database generated by K. Likin.|. . . .

141



Chapter 1
Introduction

1.1 Motivation

As the population of earth continues to increase, so does our collective need for energy. Most
of our current energy production relies heavily on fossil fuels, which though they are relatively
plentiful and inexpensive, release large quantities of carbon dioxide into the atmosphere when they
are burned. As of this writing, we have already surpassed the critical level of 350 ppm of COs in
our atmosphere [[1]]. At 400 ppm and rising, we must work quickly to reduce our carbon emissions
or face unprecedented and possibly catastrophic changes in our climate.

Though many believe the solution lies completely in renewable, carbon-neutral energy tech-
nogolies like solar and wind, renewable energy unfortunately cannot provide all the energy we
require (11% today, projected to be 15% in 2040 in the United States) [2]. Therefore, we need
several energy technologies to combine their respective strengths to combat this dangerous rise in
carbon emissions.

Traditional nuclear power (fission) is currently a good energy option since it can safely pro-
duce hundreds of megawatts with zero carbon emissions. Reactor design has come a long way
and newer, safer, and more efficient reactor types are possible today [3]]. Fission power does how-
ever generate worries about nuclear proliferation, has resulted in serious accidents like Chernobyl

and Fukushima, and raises difficult issues in the long-term disposal of spent fuel. Despite these



potential risks, reducing atmospheric carbon is of the utmost importance at this time. Until other
carbon-free energy sources can substantially increase their generating capacity, fission is currently
the best option for large-scale energy generation.

Once developed, fusion energy will offer several advantages over traditional fission power.
With no prospects of “meltdown”, reduced issues of proliferation and long-term waste complica-
tions, fusion power can provide clean, safe, carbon-free energy. In addition to power generation,
fusion may also offer important capabilities for space travel and planetary defense [4]]. In the quest
for fusion, pushing the boundaries of current science, engineering, and material limits will most
certainly provide valuable innovations, much like those developed as a result of the space program
[S].

Before commercial fusion power can become a reality, however, several key issues must be
solved. One of these issues is how to maintain desirable core plasma parameters (n., T., and T;)
while also staying within acceptable heat and particle load limits to prevent melting and erosion,
respectively. In the infancy of fusion research, it was hoped the plasma edge would “take care of
itself” [6], which has unfortunately not been the case. Since that time, there has been a considerable
research effort into techniques that can both maintain desirable core plasma parameters, and also
permit heat and impurities to be safely removed from the plasma. This removal is necessary to
permit steady-state operation, an essential requirement for a fusion power plant.

Currently, the most promising implementation of a fusion reactor is through magnetic confine-
ment of the hot plasma, and one such type of configuration is a stellarator (described in more detail
in Sections 1.3 and 1.4). In this work, we seek to contribute to the understanding of how the edge
magnetic structure of stellarators can be used to influence particle fueling and exhaust physics.
The intention of this work is to provide insight into how magnetic islands can improve main ion

particle confinement and reduce edge recycling contributions. This work has implications for the



Wendelstein 7-X (W7-X) island divertor in particular, which is as of this writing, just beginning its

first divertor test phase (OP 1.2(a)).
1.2 Main physics questions in this work

The primary physics questions (and results) in this work pertain to stellarator magnetic islands
and their relationship with the main plasma ionization region (or ionization domain) in the edge.
Therefore some background and explanation of these concepts is required. This information will

be provided in the subsections that follow.

1.2.1 A brief overview of edge physics and terminology

We must first outline some important edge physics concepts, as well as define some termino-
logy. We will define the scrape off layer (SOL) as the region of open field lines that intersect the
wall or a target. The connection length is typically defined as the target-to-target distance along
a field line; where 2L. is the distance along the field line between two points of contact with a
surface, as described by Section 1.4.1 in [6].

We will define the edge as the region between the LCFS (last closed flux surface) and the wall.
The edge therefore contains the SOL and can have both open and closed field lines (i.e. islands).
For closed field lines, transport is diffusive (as described by Fick’s law J = —DV ¢, where J is the
diffusive flux, D is the diffusion coefficient, and V¢ is the gradient of the concentration of some
substance [7]]). For long field lines, transport is some combination of both parallel and diffusive
transport. For short field lines, transport is expected to be predominantly parallel.

In a diverted tokamak, the edge and the SOL are the same since all edge field lines connect to
the target. In a stellarator, however, the SOL falls within the edge, but does not necessarily com-
prise the whole edge. Stellarators naturally have islands, which are closed field line flux bundles,

which result from a rational number in the rotational transform. For the quasi-helical symmetry
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Figure 1.1 Figure showing the W7-AS island divertor, the predecessor experiment to W7-X. On
the left, visible emission in the plasma cross section is shown. On the right, the ideal edge
magnetic topology of the island divertor is shown. By comparision, it can be seen that the divertor
structure results increased line-emission outside the LCFS, indicating that the divertor may have
reduced the ability of particles to penetrate into the confinement region. Figure reproduced from
[8] presentation slide.

(QHS) configuration in the Helically Symmetric eXperiment (HSX), the natural 8/7 island chain
outside the LCFS results in a region of closed field lines, a region of open field lines, and a trans-

ition region of long to short connection lengths. These varied connection lengths result in regions

where both parallel and perpendicular transport must be considered.

1.2.2 The relationship between the ionization domain and the density profile

The ionization domain is the region in which the neutral particles sourced from the limiter,
the wall, the divertor, or the gas injection system, are ionized. For regions in which the diffusive
transport dominates (notably within the LCFS), it is useful to use the ionization length as a metric.

We define the ionization length, )., as:

Unp,
= 1.1
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Figure 1.2 A representation of the density profile and how it is directly affected by the plasma
source. Reproduced with some additions from [6].
where v, is the thermal velocity of the neutral, n. is the electron density, and (o v,) is the rate coef-
ficient for electron impact ionization, the dominant ionization process in the plasmas considered in
this work (Equation 4.55 in [6]).

In general, it is preferable that these (main ion) neutral particles are ionized outside, rather
than inside, the confinement region, and diffuse inward to fuel the plasma. Inside the confinement
region, neutrals can provide a momentum sink that can slow the plasma rotation [9]]. Additionally,
there is a direct relationship between the plasma density profile and the ionization domain. Fig.[T.2]
demonstrates that in the ionization region (the region bounded by dotted lines), the density profile
decreases as the ionization source rate increases. This phenomena will be explained in greater
detail below.

We will now use a 1-D example to illustrate the relationships shown in Fig. [[.2] We assume
that the plasma is quasineutral (i.e. the density of positive and negative particles is approximately
equal over the plasma volume [10]), that all quantities are in steady-state, and that Z = 1 (i.e. this
example applies only to hydrogenic species). At r < a — A;,, all particles have been ionized and
there is no significant source or sink in this region [6]. (The inner edge of the ionization region is
atr = a — \;,.) In the source region, a — \;, < r < a, where a is the radial location of the LCFS,
we find that:

Fz‘fn _ _Frieutral — —DLVne (12)



where T'%" is the radial ion flux in particles/m?/s, ["}**/r% is the radial neutral particle flux in the
same units, D is the particle diffusivity in m?/s, and Vn, is the radial density gradient (Equation
4.46 in [06]).

We define the radial density gradient in the ionization domain in terms of the core density, n(0),

and the ionization length:
n(0)

.= —2 1.3
Vn . (1.3)

If we substitute this expression for the density gradient into Equation 1.2, we find that the density
in the core is given by:

neutral
i )\ionFJ_

n(r <a—X\,)=n(0) = D,

(1.4)

The density in the core is constant as expected since there are no sources or sinks in this region. In

the plasma source region, the density profile depends on the ionization length:

n(0)a(l —r/a)

nla— XN, <r<a)= 5y

(1.5)

and decreases linearly from n(0) at 7 = a— \;, to 0 at r = a (the so-called hard boundary condition
[6]), as pictured in Fig. (Equation 4.50 in [6]). Thus, the plasma source and the edge density

profile are directly related as a consequence of n(a) = 0,n(a — A\;;, = n(0)).

1.2.3 Controlling the ionization domain through limiters and divertors

The ionization domain can have a direct effect on the plasma density profile and other global
confinement properties. Therefore a careful way to manage the neutral population is required. In
both stellarators and tokamaks, one of two structures is typically used to attempt to control neutral
and impurity influx to the plasma: the limiter and the divertor [|6].

Limiters, shown in Fig. are structures which are inserted into the edge of the plasma to
intercept field lines and reduce the plasma-wetted area to a controlled size and location. However,

since limiters define the LCFS, it is difficult to prevent recycling neutrals and sputtered impurities
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Figure 1.3 A depiction of a limiter (L) and a divertor (R) reproduced directly from [6]. Note that
the divertor configuration allows the recycling neutrals to be isolated from the confined plasma.
from directly entering the plasma [[6]. Limiter pumping can be used to reduce, but not eliminate,
this particle influx [11]]. Furthermore, in high performance plasmas, heat loads can exceed material

limits and may result in erosion, melting, or both.

Divertors, shown in Fig. [I.3] attempt to move the neutral and impurity source away from the
confinement region. In a diverted tokamak, a null in the magnetic field (an X-point) is created, with
additional coils, that separates the core plasma from the edge. Divertor plates intercept the field
lines between LCFS and the wall, thereby providing a controlled plasma sink [6]]. The magnetic
geometry can be such that the flux is expanded before hitting the divertor plates, helping to spread
the heat and particle loads to acceptable levels. Divertor operation has been key to achieving high-
performance plasmas in the major tokamak experiments, notably ASDEX, the first tokamak to
access the H-mode regime [12].

In stellarators, the concept of a divertor is still a topic of active research. Stellarators can have a
topology change between the confined flux surfaces and open flux surfaces. The open surfaces can
include well-formed magnetic islands at low order resonances, or can contain multiple resonances

that combine to produce a stochastic region. Several approaches have been developed to exploit
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Figure 1.4 Cartoon demonstrating the similarities and differences between (left) a single-null
tokamak divertor, (center) a double-null tokamak divertor, and (right) a stellarator island divertor.
Figure reproduced from [14].
these properties, including the island divertor [[13] which makes use of the X-points created by the
careful placement of edge islands through tuning both the iota profile and the magnetic shear. In
Fig.[[.4] three types of divertors are pictured. On the left a single null tokamak divertor is shown.
In the middle, a double null tokamak divertor is shown. On the right, a stellarator island divertor
is shown. In this figure, the similarities between the tokamak divertor and the island divertor are
clear. Rather than using external coils to create nulls in the poloidal field, the rotational transform
profile is manipulated so that an edge island chain exists between the LCFS and divertor targets
designed to intercept the islands. The control of magnetic islands will be discussed in the next

section.

1.2.4 Controlling the ionization domain through edge magnetic topology

The edge magnetic structure affects particle fueling and exhaust and has an important impact on
the impurity handling in both tokamaks as well as stellarators[15} 16]. Stellarators (and tokamaks)

have magnetic islands when the iota profile, ¢(r), crosses rational values. At these rational values,



the plasma field lines form magnetic island structures because of a harmonic perturbation of the
field lines by resonant components in the confining magnetic field [17]. The radial position of
these islands can be adjusted by raising or lowering the iota profile, through variations in the
magnetic shear, or by introduction of resonant magnetic perturbations (RMPs). In the stellarator
edge, however, these islands can be embedded into a chaotic magnetic field structure consisting of
regions of long, short, and infinite connection length.

Magnetic islands have been shown to impact the plasma temperature, density, local plasma flow
and radial electric field at LHD [18,|19,20]. LHD measured a flattening of the temperature profile,
density peaking within the island, and sheared poloidal flows and radial electric fields at the island
boundary. Measurements at HSX have also indicated density and plasma potential peaking in the
8/7 edge island [21]. Additionally, the magnetic island position relative to the ionization region
(in which the neutral density profile decays) and the recycling region (in which the neutral profile
increases) has been shown to affect helium exhaust and confinement in TEXTOR and LHD [22,
23,24]. These experiments showed that magnetic islands in the plasma edge led to reduced helium
fueling efficiency and also a reduction in the effective helium confinement time in TEXTOR and
LHD. It is important to note, however, that these islands were located radially inside the boundary
of plasma source region (i.e. not in the S, () region), or in terms of Fig. inther < a— A\
region. In these experiments, the impact of the islands on the radial transport and parallel transport
balance for impurities, specifically the balance between the friction and thermal force, affects the

inward fueling and outward transport ratio [22} 23]].
1.3 The HSX Stellarator

Half of this work was performed at the Helically Symmetric eXperiment (HSX) [25], which is
the world’s first stellarator optimized to reduce neoclassical transport [26]]. HSX has 48 modular

coils that are used to magnetically confine plasma without an internal plasma current. These highly



10

Figure 1.5 (L) The mod-B contours on a flux surface of the QHS magnetic field configuration of
HSX and (R) a photo of one field period of the HSX experiment.

shaped coils can be clearly seen in Fig. [I.5] Typical HSX parameters are summarized in Table[I.1]

Measurements that provided these results were the HSX interferometer and Thomson scattering

systems, edge Langmuir probe measurements [27]], and ion doppler spectroscopy [28] [29].

HSX has substantial flexibility in magnetic configurations. In its optimized configuration
known as QHS (quasi-helical symmetry), there is a symmetry in the direction of mod-B and in
the particle frame of reference, the HSX field appears similar to a tokamak with an increased ef-
fective transform. The increased effective transform keeps the particles more closely confined to

field lines and therefore reduces drift orbit losses [26].

Table 1.1 HSX Parameters

Parameter Core Edge
n. 4E12cm™ | 1E11 cm ™3
T, 2.5 keV 70 eV
T; 60 eV 25eV
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1.4 The W7-X Stellarator

The other half of this work was performed at the Wendelstein 7-X (W7-X) stellarator in Greif-
swald, Germany [30]. It is the world’s largest optimized stellarator and will help explore whether
optimized stellarators are good candidates for a commercial reactor, as well as study the viability
of the island divertor concept. W7-X is a superconducting experiment designed for long-pulse,
high power, high density operation.

These experiments were performed during the first operation phase at W7-X called OP 1.1
(2015-2016). In this phase, one stellarator symmetric graphite limiter was mounted on the inboard
side of each of the five field periods. Using up to 4 MW of ECRH launched power, plasmas with up
to 10 keV core T, could be obtained with energy confinement times ~ 150 ms [31]]. At 1 MW of
launched power, steady plasmas of up to 6 s were obtained. The general experimental parameters

of this first operational phase are summarized in Table[I.2]

Table 1.2 W7-X Parameters

Parameter Core Edge
n. 4E13cm™ | 1E12 cm ™3
T, 10 keV 40 eV
T; 1 keV no data

1.5 Overview of this work

In this work, we assess the impact of the position of magnetic islands at the plasma boundary
on plasma fueling and exhaust. The experiments at HSX serve as a foundation for the link between

island position and size and the subsequent impact on the particle balance. This is because at
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Figure 1.6 (L) A CAD representation of the five-field period W7-X stellarator. (R) An image of
W7-X in Greifswald, Germany [32].
HSX, experiments were possible in which island position relative to the plasma source region was
changed.

To categorize the magnetic configurations explored at both HSX and W7-X, we use the location
of the magnetic island relative to the main plasma source location. Here, we consider the plasma
particle source profile S,(r) which typically peaks near the LCFS. Typical edge and core plasma
parameters for HSX and W7-X are summarized in Tables [I.T] and [I.2] respectively. Due to lower
plasma densities, HSX has a more gradual falloff of the neutral source towards the plasma center as
compared to W7-X (i.e. a larger value of \;,). Despite this, the dominant plasma particle source is
located near the LCFS. (This qualitative discussion about S,(r) is based on modeling results with
the fully 3-D plasma edge fluid transport and kinetic neutral gas transport code EMC3-EIRENE,
which will be discussed in Chapter [3]) Hence, the location of the island with respect to the peaked
region of S,,(r) is used as a means to categorize the magnetic configurations examined in this work.

It should be noted that the shape and location of S,,(r) in the stellarator edge is not static with
respect to the magnetic configuration. The experiments performed in this work were not simply

a matter of inserting islands into and removing islands from this source region. Rather, as will
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Figure 1.7 Cartoon illustrating four possible scenarios of the island position relative to the
ionization domain. Scenario (a) illustrates the HSX Edge-Islands configuration, scenario (b)
illustrates the HSX No-Edge-Islands configuration, scenario (c) illustrates the W7-X Increased
Iota configuration, and scenario (d) illustrates the W7-X Standard configuration.
be discussed in Chapters E| and @ the presence of the island can alter the S,(r) distribution in a

self-consistent manner, and therefore must be treated in a self-consistent manner.
Fig.[1.7]illustrates cartoons of four possible scenarios of the island position relative to the ioniz-
ation domain that were investigated in this work at either HSX or W7-X. In this figure, scenario (a)
illustrates the HSX Edge-Islands configuration, scenario (b) illustrates the HSX No-Edge-Islands
configuration, scenario (c) illustrates the W7-X Increased Iota configuration, and scenario (d) il-
lustrates the W7-X Standard configuration. The particular details of each configuration will be

described in more detail below, and additionally in Chapters ] and [5] It should again be stressed

that these are only cartoons and should not suggest that the ionization domain is static.
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Two different magnetic configurations were examined in each device: one in which the mag-
netic island was located in the increasing section of S,(r) (outside the LCFS), and one in which
the island was moved inward to be located in the decreasing section of .S, (r) (inside the LCFS).
At HSX, this manipulation of the island position inwards did change the S,(r) profile itself, but
the resulting changes were small enough that the 8/7 island chain was able to be shifted from one
side of the source profile to the other.

At W7-X, however, the change of () was only able to move the m/n = 5/5 island chain
from outside the vessel into the scrape-off layer, while at the same time moving the m/n = 5/6
island chain from 1-2 cm inside the LCFS to 10 cm inside the LCFS. This restriction was due
to commissioning and engineering constraints. Thus in neither configuration could the island be
placed in the peak S,(r) region, and therefore a less pronounced effect might be expected. It
should also be noted, that in each of these configuration pairs, an effort was made to preserve the
general and core transport properties by keeping the plasma volume, density, temperature (and
neoclassical transport, through the effective ripple, €., as close as possible). As a result we expect
that any changes we observe in the particle penetration and confinement properties should stem
primarily from the edge magnetic topology changes.

The rest of this thesis will be structured as follows. In Chapter [2] the experimental diagnostics
and methods used at both HSX and W7-X will be described. In Chapter[3] the numerical tools used
in this work, the EMC3-EIRENE coupled codes and the DEGAS code, will be described and their
applications to this work will be outlined. In Chapter @ the experimental and numerical results
for HSX will be discussed. In Chapter [5] the experimental and numerical results for W7-X will
be discussed in a similar structure to Chapter 4] Finally in Chapter [0 the results from both HSX
and W7-X will be discussed and the important physics results will be highlighted and summarized.

Ideas for future work are listed at the end of Chapter |[6]
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Chapter 2

Measurement and analysis approach on both devices
2.1 Introduction

In this chapter we provide a brief overview of the analysis methods of measurements used to
assess changes in particle fueling and confinement at HSX and W7-X as a result of changing the
edge magnetic structure. We will first describe the two main types of measurements used: the
effective particle confinement time 7, and the actual global particle confinement time 7,,, based on
a single reservoir particle balance. We will then provide a more detailed overview of the principal

diagnostics and measurements used in this work at both HSX and W7-X.
2.2 Effective particle confinement time

The effective particle confinement time 7, is the decay time of some particle-confinement re-
lated quantity, usually plasma density or spectroscopic emission. For the situation where the major-
ity of the plasma source comes from recycling (i.e. wall or limiter recycling), the effective particle
confinement time is connected to the global confinement time 7, of a reservoir by the recycling
coefficient R:

-

* p
Tp_l_R (21)

7, 1s usually determined by fitting the decay of the plasma density following a perturbative gas
injection. This gas injection provides a transient particle source to the plasma and after it ceases,

the decay of the density spike from this gas injection can be measured. For the case of perturbative
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Figure 2.1 Cartoon illustrating the process used to determine the effective particle confinement
time from measurement data. Usually following some type of perturbative gas injection, the
decaying plasma density or the line-integrated emission as a function of time are fit to an
exponential function. The coefficient of the fit is used to determine 7,;.
gas injection experiments with He, it is assumed that the emission of the He-II line at A=468.6
nm is representative, to first order, of the singly ionized helium density and He-I emission at
A1=667.8 nm or \,=587.4 nm are representative, again to first order, for the helium neutral density.

Measuring 7, by such perturbative gas injections is a commonly used technique 33, 34, 22] to

infer effective confinement properties of the measured species.
2.3 Global particle confinement time

In order to establish a balance between the total number of particles NV, and its time rate
of change, dNy, /dt, in the plasma reservoir due to particle fueling rates and particle exhaust
quantities, a single reservoir particle balance method is used. To construct this balance, the plasma
is treated as the reservoir, and all particles inside, entering, and exiting the reservoir must be

quantified. Such 0-D single reservoir models are commonly used [35, 36, [37]. Below is the
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Figure 2.2 Cartoon illustrating the single reservoir particle balance analysis method. To perform
this balance, all particles inside, entering, and exiting the reservoir must be accounted for. This
allows the system dwell time, or the particle confinement time, to be determined.

formulation of this 0-D balance employed in this study:

dN tot
dt

+ faasPeas + fowat Pwan + fiimPiim = (2.2)

N tot

p
Pext — Pexhaust
where Ny, is the total number of plasma particles, 7, is the particle confinement time, fqus, fwan, and
fiim are fueling efficiency coefficients, and ®g,, Pyan, Piim are particle fluxes from the gas valve,
recycling from the main wall, recycling from the limiter and @ is the total external fueling, and

D exhaust 15 the exhaust rate. This will yield 7, as a characteristic global dwell time as the solution to
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this 1st order differential equation in the time domain. This characteristic time scale is treated as
the global particle confinement time 7,, inside of the reservoir.

This balance includes information about fueling efficiencies (the f coefficients) for a given
particle source/sink condition and plasma regime. The fueling efficiency is defined as the fraction

of total ionizations that occur within the confinement region:

Sp conf
= —peont (2.3)
f " Sp,conf + Sp,SOL

where f. is the fueling efficiency coefficient, Sp, cons i the ionization source rate inside the con-
finement region, and Sp, conf 1s the ionization source rate outside the confinement region (i.e. in the
SOL). In particular, the fueling efficiency depends on the ionization scale length )\;, (see Equa-
tion |1.1]), which is a function of the background plasma temperature and density. These fueling
efficiencies are obtained from EMC3-EIRENE modeling and will be discussed in more detail in
Chapter 3]

Additionally, the particle balance relies on the accurate measurement of the recycling flux
terms from wall and limiter surfaces. However, due to the 3-D shape of the vessel wall and the
fact that the entire surface area of the wall could not be observed with suitable cameras or other
diagnostics, extrapolations of local measurements are required to obtain these major source terms
in the particle balance. This is an issue for the absolute accuracy of the extracted values of 7.
However, if the general wall and limiter flux structure does not change substantially between con-
figurations, this uncertainty can instead be treated as a systematic uncertainty which will in turn
cancel out when performing relative comparisons between two configurations. Thus the uncer-
tainty in relative changes A7, between configurations will have a lower value, defined only by the

individual uncertainty in the measurements, which will be discussed in more detail in Chapters {4

and



23

Clearly this analysis requires a great deal more information than the 7, measurement. A particle
balance will yield 7, which is the true confinement time and does not suffer from the recycling
coefficient-related ambiguity inherent in the 7, measurements. In this way the particle balance is
an extremely powerful method to study plasma particle confinement.

In the subsections that follow, an overview of how each of the terms in the particle balance
was determined at HSX and W7-X will be given. More detailed information pertaining to the
specific methods used at each experiment can be found in Chapters {] and [5] for HSX and W7-X,

respectively.
2.4 Plasma density measurements

Plasma density is typically measured by interferometry, Thomson scattering, and in the edge
when conditions permit, Langmuir probes. In this work we will use primarily interferometer meas-
urements due to their extremely good time resolution which, as we will discuss, is key to several
types of analyses in this work. However, Thomson scattering profiles were still valuable as they
provided density and temperature information which were used to assess general changes (or lack
of changes) in overall density and temperature profiles.

At HSX, the 9-channel microwave interferometer [38, |39] provides both chord-averaged meas-
urements and also a density profile using an inversion technique [39, 40]. The channels are located
in one of the HSX boxports with 1.5 cm spacing. It has a time resolution of 200 kHz which
provides substantially more information than the Thomson scattering system (2 time points per 50
ms discharge) [41]. For this reason the HSX interferometer was used as the main diagnostic for
plasma density analysis. In general reasonable agreement has been shown between the densities
measured by these two diagnostics.

At W7-X, a single channel interferometer was available in OP 1.1 [42, 43]]. The interfero-

meter shared a line of sight with the Thomson scattering and had a sample frequency of 50 kHz.
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As a result, no density profile could be provided by means of an inversion. However, Thomson
scattering produced density and temperature profiles at a rate of 10 Hz [44, 45]]. Since the W7-X
interferometer produced data at a much higher time resolution, it was therefore used as the main

diagnostic for density measurements.

2.4.1 Total number of plasma particles

Measurements of the line-averaged density were necessary to determine the following quant-
ities that will later be used: total number of plasma particles, Ny, which is a product of the

line-averaged density 7. and the confinement volume, Voyfinement> @and the time-derivative of the

change in total number of particles, %. Under steady-state conditions , % = 0. If conditions
are not steady-state, % can be included as necessary. This is the general form of each of the
terms we will use in the particle balance analysis (Equation [2.2)):
N, tot — ﬁe‘/conﬁnement (24)
and
ANy dn,
== _e‘/conﬁnement (25)
dt dt

It is important to note that the line-averaged density 7. is averaged over the 1-D interferometer
path length, and is not a true volume-averaged density. Therefore it may overestimate the total
number of particles since 7, will over-emphasize the contribution of the high-density but small
volume core. In general this overestimation will be systematic between magnetic configurations.
This same procedure is used at both HSX and W7-X since this is the only density measurement

available for every plasma discharge analyzed in this work.
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Figure 2.3 Interpolation of gas puff calibration data for hydrogen. The number of puffed particles
are both a function of plenum pressure and the integrated pulse train sent to the gas puff.

2.5 Gas puff flux

At HSX, given the integrated puff profile and the known pressure of the gas plenum, the total
number of puffed particles can be calculated after a plasma shot. This 2-D lookup table is illustrated
in Fig.[2.3]for hydrogen and a similar table was created for helium. Codes to calculate total number
of particles for both the HSX standard C puffer and SGI perturbative puffer are located at Y:
/Puff_calibration/c_puff_particles and Y:/Puff_calibration/sgi_puff_particles
and require the date, shot, and plenum pressure of the system.

At W7-X, the main gas fueling occurred before ECRH start and there was no additional fueling
required after this time as the density usually increased monotonically during these shots (most
likely due to poor wall/limiter conditioning, as will be discussed in Chapter [5]). For this reason it
was not necessary to know the throughput of the main gas fueling system since it was not active

during our analysis window, i.e. there is no ®,,, term in the W7-X particle balance.
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While also not required for the W7-X particle balance, the particle throughput of the perturb-
ative injection system was calibrated. This perturbative helium injection was used to calculate 7.
This system was calibrated by M. Krychowiak before the beginning of OP 1.1 [46]. Each pertubat-
ive helium gas injection was identical and consisted of a 20 ms pulse. Using the calibration data,
this pulse was known to provide 1x10'¥ particles per 20 ms injection, or a total particle flux of
5x10?° particles/s (roughly factor of 10 below the wall and limiter particle source rates, as will be

shown in Chapter [3).
2.6 Filter-based spectroscopy

Spectroscopic measurements are a non-perturbative means of measuring plasma line-integrated
emission intensity, and through that, plasma particle flux. A brief summary of this technique,
drawing heavily from [47] will now be presented.

The emission coefficient for a spectral line from a species that has been excited to a level above
the ground state is:

r

€= —NgNe < Opgple > (2.6)
4

where ¢ is the emission coefficient with units [s~! sr! m™3], T is the branching ratio between

excitation and de-excitation (radiation), n 4 is the species density, n. is the plasma density, and
< oV, > 1s the excitation rate coefficient (Equation 3 in [47]]).

The line-integrated intensity of this emission can be expressed as:

Lo = hu/ e(r)dr = FZ—V na(r)ne(r) < opgve > dr 2.7
T

1 1

where 1, is the line-integrated intensity with units [W sr—!

m~2], n4(r) is the species profile and
n.(r) is the electron density profile (Equation 4 in [47]).
If we assume the number of particles entering the plasma, ® 4, with velocity v 4 is equal to the

number of ionization events (i.e. every neutral particle is ionized and therefore becomes a plasma
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particle), we can write:

dq)dA?n(T) _ _d(ndArUA) _ nA(T)ne(T) < o, > (28)

where < v, > is the collisional ionization rate coefficient. This is Equation 5 in [47].
If we integrate Equation [2.8| over the whole attenuation length of the emission, we can write:
T2
by = / na(r)ne(r) < ope > dr (2.9)
T1
which is Equation 6 in [47]].
If we now take the ratios of Equations [2.9)and [2.7) and solve for ® 4, we can relate the particle

flux to the plasma density:
L :12 na(r)ne(r) < ojve > (r)dr

by =4
A= Thy [ na(rne(r) < opyve > (r)dr

(2.10)

which is Equation 7 in [47]. This therefore allows the particle flux to be calculated provided that
the intensity of the excited emission [;,; is known, along with the background plasma density and
rate coefficients for ionization and excitation.

However, since typically the ratio between < o;v, > / < og,v. > is only weakly depend-
ent on the background plasma temperature and density, Equation [2.10| can be simplified to the

following:

P 47 [tot < OV > [tot S

= — _— = mT— =
A I' hv < 0gggve > hv XB

(2.11)

where S is defined as < o7v. >, X is defined as < opz,v. >, and B is defined as I'. These
quantities are known as the collisional ionization rate coefficient, the excitation rate coefficient,
and the branching ratio, respectively. It is through this ratio, commonly referred to as the S/ X B
ratio, that the measured line-integrated intensity can be converted into a particle flux. An example
of this ratio for hydrogen is shown in Fig. Thus using the known S/ X B ratio for the species

of interest, the measured line-integrated intensity of that particular emission line can be used to
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Figure 2.4 The relationship between ionization events and H-alpha photons emitted, the so-called
S/ X B coefficient (ionization to excitation ratio). This is the ratio of the ionization rate to the
product of the branching ratio and the excitation rate. Figure reproduced from [48]].
determine the particle flux, ®4. In this work, this technique was specifically used to convert

measured H,, emission into the number of hydrogen particles entering the plasma at both HSX and

W7-X.

2.6.1 Thin film bandpass filters: powerful but delicate tools

Filters are means by which a particular emission line or lines can be allowed to pass and the
undesirable background can be attenuated. Typically these type of filters are called narrowband or
bandpass filters. This ability to selectively pass a narrow wavelength is usually a result of a thin
layer periodic stack that produces an interference filter (also known as an etalon) [49].

While filters can be powerful, they are not without their limitations. They often have a full-
width-half-max (FWHM) of 1-5 nm, which is often large enough to pass one or more emission lines
in addition to the emission line of interest. This means there can be some uncertainty in the final

measured quantity due to the contribution of undesirable impurity contributions. There will also
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be some contribution from the continuous background emission known as visible Bremsstrahlung
(VB).

Due to their fragile thin layer stack construction, filters also degrade over time. When this
occurs, typically the filter passband shifts to longer wavelengths (i.e. it is red-shifted). This is
especially problematic in narrower filters which have less tolerance for such a shift.

The W7-X filterscope and the HSX filtered photodiode array rely on the integrity of their
narrowband filters to pass the desired emission lines through to the photomultiplier tube or the
photodiode, respectively. However, it was discovered that several of the filters installed in the
filterscope diagnostic for OP 1.1 were old, damaged, or perhaps initially red-shifted. Since the
transmission curves of the filters were not measured before the experimental campaign, it is hard
to determine the cause of the problem.

Once the transmission spectra of the filters were measured, it was clear that several of the
channels collected unusable data. The filters were so substantially red-shifted that the desired
wavelength of light, either H, or Hg, were essentially not able to pass through the filter, rendering
the signals they collected useless. As an example, four filter traces are shown in Fig.[2.5]

As a result, the data collected using filters shown in Fig. 2.5(a) and (b) were not usable. Fil-
ters (c) and (d) in this figure, though they were also somewhat red-shifted, still provided usable
data because the H,, line passed through a portion of the filter in a reasonable transmission range
(between 20-30 percent). Filter (c) corresponded to a wall-viewing filterscope channel in module 5
from port L51. Filter (d) corresponded to the limiter-viewing channel on limiter 3 from port A30.
These two measurements were therefore used to infer the wall particle flux and limiter particle

flux, respectively.
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Figure 2.5 Transmission curves of the four H,, filters used in the filterscope diagnostic during OP
1.1. These curves indicate that all four filters were red-shifted to some degree, with some filters
more dramatically shifted than others. (a) Filter used for measurement in port K41. (b) Filter used
for measurement in port L41. (c) Filter used for measurement in port L51. (d) Filter used for
measurement in port A30 (viewing limiter 3). Data collected from the L.41 and K41 filtered
channels were unusable as a result of these substantial red-shifted curves. Measurements courtesy

of P. Kornejew.
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Figure 2.6 Location of camera system and filterscope views on W7-X during OP 1.1. Both
systems were used to make measurements of limiter 3 (bottom). The types of spectral data
obtained at each location are noted. The perturbative gas injection system was located in module
5 near the He-II/visible Bremsstrahlung (VB) measurement location.

2.6.2 W7-X Filterscope

The filterscope system, developed and provided by Oak Ridge National Laboratory, is a well-
established diagnostic system and has been previously described in detail, so it will not be repeated
here [50} [51} [52]]. Rather, the application of the filterscope as part of an edge diagnostic system at
W7-X will be discussed.

The ORNL W7-X filterscope system for OP 1.1 was comprised of 24 Hamamatsu photomul-
tiplier tubes with individually adjustable control voltages and a time resolution of up to 10 micro-
seconds. LabView software controlled the data acquisition and populates a local MDSplus tree
[53]]. An automated Python routine was used to copy the local MDSplus tree to the main W7-X

MDSplus tree after each plasma discharge. A more detailed description of the W7-X filterscope



32

Spectral line | Wavelength (nm) Information
H-a 656.3 HO flux
He-I 667.8 He? flux, 7%y |
He-11 468.6 He ™! flux, T Hell

Table 2.1 Summary of the important spectral lines used at W7-X and the information that they
provide. These were measured using a filterscope diagnostic. Note that other lines were measured
but are not analyzed as a part of this study.
system can be found in [54]. This system was calibrated and installed at W7-X as a part of this

work.

A narrowband interference filter was placed in front of each photomultiplier to provide meas-
urements of the desired emission line (typically 1-3 nm FWHM). A beamsplitter was used to divide
the light from a single fiber into four spectral channels. The locations of the filterscope fibers on
W7-X and the species they measured is shown in Fig. The emission lines and the information
they yield are detailed in Table [2.1]

This system was absolutely calibrated following OP 1.1 so that the measured voltages could to
converted into line-integrated emission intensity, and using an S/ X B coefficient, into hydrogen
particle flux. A Labsphere model UK?2 integrating sphere with known spectral radiance as a func-
tion of wavelength was used to calibrate all channels, end-to-end. The transmission of each filter
was measured using a Perkin Elmer Lambda 900 spectrophotometer. The range of PMT control
voltages and exposure times were scanned for the filterscopes to develop a matrix to convert the
measured voltages or counts to line-integrated photon emission. The line-integrated H,, emission
was used to determine limiter and wall particle flux, key components of the W7-X particle balance.

This will be discussed in Chapter [5]
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Spectral line | Wavelength (nm) Information
H-a 656.3 HO flux
He-I1 468.6 He™! flux, 7%y

Table 2.2 Summary of the important spectral lines used at HSX and the information that they
provide. These were measured using a filtered photodiode system. Note that other lines were
measured but are not analyzed as a part of this study.

2.6.3 HSX filtered photodiode system

The HSX filtered photodiode system was designed and installed by S. Gerhardt [55]] and used
heavily by J. Canik [56]]. The original system was comprised of 16 detectors with an H,, filter of
10 nm FWHM (a relatively wide filter). The red-enhanced photodiodes have a response of 1KHz
providing approximately 50 samples per HSX discharge.

Nine of these channels were positioned in field period C near the main gas fueling location
in the miniflange poloidal array illustrated in Fig. This meant that they collected primarily
H, light from the gas injection sourced particles. The other seven channels were positioned tor-
oidally around HSX in stellarator symmetric views (port 5 in each miniflange array). Each view
provided a stellarator symmetric but toroidally shifted line of sight through the magnetic axis and
subsequently little edge information. This system was absolutely calibrated using an integrating
sphere to provide the conversion matrix from measured voltage to measured line-integrated emis-
sion.

In 2015, the system was upgraded as a part of this work. First, an additional 20 detectors
were added, bringing the total number to 36 from 16. Second, all the previous H,, filters were
replaced with new, custom filters with a 2 nm FWHM to reduce background and possible impurity
contributions. Four additional H,, filters were added, resulting in 20 total H, detectors. Since he-

lium plasma studies were planned, eight 468.6 nm He-II filters were added with a 2.5 nm FWHM
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Figure 2.7 Illustration of the upgraded HSX filtered photodiode arrays. Note the toroidal H,,
array, the two poloidal H,, arrays, and the two poloidal helium detector arrays. Note also the two
limiter-viewing H,, detectors. The HSX main gas fueling is located in field period C and the
perturbative puff is located in field period B.
and seven 587.6 nm He-I filters were included with a 2 nm FWHM. The final channel was left
unfiltered to obtain general visible light information. This information documenting the capabil-
ities of the upgraded array is shown in Table [2.3] The spectral lines measured in this work are
shown in Table[2.2] More detailed information about this system and how to use it can be found in

Y:/FilteredPhotodiodeArray.
The additional number of detectors allowed them to be distributed more widely around HSX.

The original 9-channel poloidal array viewing the gas injection was reduced to 5 channels since

the previous measurement density was not necessary. (The smooth exponential falloff of the H,,


Y:/Filtered Photodiode Array
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emission as a function of channel number could be easily matched with 5 rather than 9 detectors.)
The position of the original 7-channel H,, toroidal array was not altered. An additional 7-channel
H,, poloidal array was added in field period A-prime. This array is especially valuable because it
can provide a profile of H, emission that is not influenced by the gas injection. Two H,, detectors
were added at the top and bottom of boxport C to monitor HSX limiter emission, if limiters are
inserted. (The limiters were not inserted for any of the experiments in this work.) Finally, two
poloidal arrays comprised of both He-1 and He-II detectors are located in D-prime and B. The
unfiltered detector is located in port 4 in D-prime. A diagram of the upgraded filtered photodiode

system is shown in Fig.

2.6.4 Spectroscopically determined wall particle flux

Before the method to determine the wall particle flux is described, a brief background on
how particles collide with the wall is necessary. Plasma particles exit the plasma confinement
region through either parallel transport (which occurs along field lines), or perpendicular transport.
Studies at HSX have confirmed that most edge plasma transport is parallel due to the standard
range of edge temperatures and densities [21]. In addition to this plasma transport towards the
wall, neutral particles may also exit the confinement region as a result of charge-exchange. In a
charge-exchange collision, a neutral particle (in this case, hydrogen) exchanges its electron with a
plasma particle, often resulting in a relatively low-energy plasma particle and a high-energy neut-
ral particle, Chapter 1 Section 1.8 in [[6]. These neutral particles are not influenced by magnetic
geometry, and are thus incident in a more uniform distribution on the wall. Once either a plasma or
neutral particle collides with the wall, it is usually re-emitted as neutral hydrogen molecule. This
is the process of wall recycling that results in a wall-sourced particle flux.

In general the manner in which ®,,,; is determined varies quite a bit between HSX and W7-X.

At HSX, where the wall itself functions as a pseudo-divertor (in the Edge-Islands configuration),
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the particle flux footprint is distributed in bands that wrap around the machine in a helical manner
[57]]. This is the result of primarily parallel transport along field lines, most of which intersect the
HSX wall in the regions of high curvature, resulting in this helical footprint. At this time, the best
way to assess the strength of this wall source is through a collection of local line-integrated H,,
measurements that are used to scale DEGAS [58]] calculations and extrapolate this scale factor to
the remainder of the wall area. This process will be described in more detail in Chapter [3| These
scaled DEGAS calculations then provide ®,,,; in each HSX configuration.

At W7-X, which had five inboard limiters, only a small fraction of field lines directly inter-
sected the wall. As a result, the wall particle source was substantially more uniform than that at
HSX. This is because particles from the wall were primarily sourced by plasma ions neutralized
through charge-exchange which then recycled at the wall. Based on images provided by visible
cameras, the wall particle source was estimated to be approximately uniform along the inboard half
of the wall. Therefore the filterscope measured H,, photon emission was translated to a particle
flux via an S/X B coefficient, and this particle flux was used to determine the total wall-source

contribution, ®,, in each configuration. This will be discussed in detail in Chapter@

2.6.5 Spectroscopically determined limiter particle flux

The limiter flux term was only necessary for the W7-X particle balance. (No limiters were
used at HSX for this work, although there are two retractable limiters currently installed.) Similar
to the manner in which the W7-X wall flux was estimated, the limiter flux measurements were
made using the H,, channel of the filterscope diagnostic. The photon emission measured from this
channel, which was facing limiter 3, was then multiplied by the appropriate S/ X B coefficient
to translate the photon emission into a particle flux. This particle flux was then assumed to be

representative of all five limiters and was subsequently multiplied by the total surface area of all
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the limiters, assuming that all limiters source particles uniformly. This procedure yielded the total

Pji. This will be discussed in detail in Chapter [5]
2.7 Summary and applications

This chapter has provided a summary of the types of experimental measurements and tech-
niques on which this study will rely. Together these measurements and analysis methods are used
to investigate the particle fueling and confinement physics at both W7-X and HSX and will used

and referred to extensively in the chapters that follow.



Channel number | Spectral line | Center wavelength | Filter FWHM Port number
1 H, 656.44 1.74 nm Cl1
2 H, 656.42 1.75 nm C2
3 H, 656.43 1.74 nm C4
4 H, 656.46 1.75 nm C5
5 H, 656.40 1.75 nm C6
6 H, 656.39 1.75 nm Boxport C bottom
7 H, 656.44 1.76 nm C9
8 H, 656.50 1.75 nm Boxport C top
9 H, 656.45 1.74 nm CP5
10 H, 656.47 1.75 nm DP5
11 H, 656.47 1.74 nm AP1
12 H, 656.50 1.74 nm AP2
13 H, 656.43 1.75 nm AP4
14 H, 656.41 1.74 nm AP5
15 H, 656.42 1.74 nm BP5
16 H, 656.46 1.75 nm D5
17 H, 656.33 1.76 nm B5
18 H, 656.51 1.75 nm AP6
19 H, 656.39 1.74 nm APS8
20 H, 656.49 1.74 nm AP9
21 He-1 587.73 1.85 nm B1
22 He-1 587.50 1.82 nm B2
23 He-1 587.57 1.83 nm B9
24 He-1 587.50 1.82 nm DP8
25 He-1 587.69 1.85 nm DP9
26 He-1 587.64 1.84 nm DP1
27 He-1 587.630 1.84 nm DP2
28 He-II 587.58 1.83 nm B3
29 He-II 468.98 2.39 nm B4
30 He-II 468.91 2.38 nm B6
31 He-II 468.95 2.38 nm B8
32 He-II 468.92 2.38 nm DP6
33 He-II 468.91 2.36 nm DP7
34 He-II 468.930 2.38 nm DP3
35 He-II 468.95 2.38 nm Dp4
36 no filter n/a n/a CP4

Table 2.3 Summary of the upgraded HSX filtered photodiode system.
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Chapter 3
DEGAS and EMC3-EIRENE numerical modeling

3.1 Introduction to modeling

Experimental measurements are important, but they need to be fit into some physics framework.
Given the complex 3-D geometry of both W7-X and HSX and the statistical nature of the atomic
physics processes that govern particle ionization, numerical tools are necessary to adequately rep-
resent the nature of particle behavior in these experiments.

This work relies heavily on information provided by two numerical models: the DEGAS code
(used for HSX) and the EMC3-EIRENE coupled codes (used for both HSX and W7-X). In general
each model is used to calculate neutral particle and plasma source behavior and will be described
in more detail below.

The most important quantity that DEGAS provides is the HSX wall particle source contribu-
tion, @y, (as discussed in Chapter [2)). The most important quantity that EMC3-EIRENE provides
is the fueling efficiency (fef, see Equation for particles in both HSX and W7-X. As will be
discussed in Chapters [] and [5] this quantity is a vital piece of the particle balance. How both of

these terms are calculated will be described in detail in what follows.
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3.2 The DEGAS code

DEGAS [58] is a Monte-Carlo, neutral particle code. It can simulate the fully three-dimensional
geometry of the HSX stellarator. Much about the application of the DEGAS code to the HSX stel-
larator has been discussed in [56]] and [57], so only a brief overview will be given here. The
DEGAS background plasma profiles are 1-D radial profiles that have been mapped onto a 3-D
geometry. The DEGAS grid was generated using magnetic field line following so that the shape of
the grid follows the HSX magnetic flux surfaces. This is the procedure used inside the LCFS. Out-
side the LCFS, surfaces are extrapolated between the LCFS and the wall. (This is because DEGAS
grid generation procedure is not well-suited to capturing the edge island geometry and would need
to be completely re-developed to insert edge island regions. This effort does not make sense when
EMC3-EIRENE already exists and both includes plasma transport and can also accurately simu-
late the HSX edge magnetic geometry, as will be discussed below.) Nevertheless, DEGAS does
offer several advantages in that it already incorporates the HSX filtered photodiode measurement
geometry, and is able to easily provide the predicted H,, emission measured by these detectors.

The DEGAS background plasma is static and based on Thomson scattering data for the elec-
tron density and temperature. lon temperature profiles are based on CHERS (Charge-exchange
recombination spectroscopy) measurements and assumed to be parabolic in the core and flat in the
edge [29].

The HSX vacuum vessel wall is represented as a mesh of triangles in DEGAS. Each of these
triangles can act as a neutral particle source, the magnitude of which is prescribed by the user.
Neutral particles are launched into the DEGAS background plasma from these triangles and un-
dergo Monte-Carlo interactions which include electron impact ionization, ion impact ionization,

charge-exchange, or molecular dissociation. One a particle is ionized, the ionization location is
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Process name Mechanism
Electron impact ionization, H * e+ H e+ Ht +e
Charge exchange, H * Ht+H > H+ Ht
Disassociative excitation, Hy * e+ Hy e+ H+H
Electron impact ionization, Hy * e+ Hy—e+Hf +e
Dissociative ionization, Hy * et Hy e+ HY+ H+e
Charge exchange, Ho H,+ Hf — Hf + H,
Charge exchange, H and H, Hy+ H* — H + Hj
Proton impact ionization, H H+ HY 5 2H  +e
Proton impact ionization, Ho Hy+H" — Hf + Ht +e¢
Recombination™ e+ Hf —2H
Disassociative excitation, Hy * e+ Hf - H+H'+e
Disassociation ionization, HJ * e+ H} —2e+2H"

Table 3.1 A list of the atomic physics reactions included in DEGAS. The reactions marked with
an asterisk are included by default in EMC3-EIRENE.

noted and the particle is no longer simulated. Table [3.1]includes a list of the atomic physics reac-

tions included in DEGAS.
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3.3 Updates to previous DEGAS results

The DEGAS results used in this work differ somewhat from those published by J. Canik [56,
S7]. The first major difference is the number of “test-flights” (DEGAS terminology for number
of Monte-Carlo particles) used for the calculation: 50k were used in previous work and 1M were
used in this study, which greatly reduces the Monte-Carlo noise in the results. The second major
difference is that the puffed and recycled particles have a Maxwellian energy distribution, rather
than mono-energetic distribution. This difference is chiefly responsible for the change in neutral
density profile shape, most noticeably in the edge. The third major difference is the manner in
which the edge recycling source is defined. This will be described in detail in Section[3.3.1] Finally,
a different scaling procedure, made possible by the installation of additional filtered photodiode
detectors, also accounts for the differences in absolute value of neutral density as compared to

previous results. This new scaling procedure will also be described in detail below in Section

B32

3.3.1 Improved wall recycling source definition

The DEGAS code is very flexible in terms of how fueling sources are defined. Gas puff sources
and wall recycling sources can be included at any wall triangle, and a separate source rate can be
specified for each triangle. The source rate is the number of particles sourced per second per
wall triangle. In DEGAS, all neutral hydrogen particles are sourced as H» (molecular hydrogen).
In previous work [56], the DEGAS strike-points were assigned based on the results of field line
following from points launched 2 mm outside the LCFS. The locations of where these field lines
intersected the vessel wall were recorded. If the field line hit inside one of the wall triangles, the
triangle was classified as a source. If no field lines hit, the triangle was not classified as a source.

In situations where several field lines were incident within the same triangle, the resultant source
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Figure 3.1 Figure reproduced from [59]. (L) Plot showing connection length (black dotted line),
EMC3-EIRENE simulated particle flux (blue line), and experimentally measured D,, (red line) at
the DIII-D divertor. (R) A similar plot, showing connection length (black dotted line),
EMC3-EIRENE simulated heat flux (blue line), and experimentally measured heat flux (red line)
at the DIII-D divertor.

rates were added to produce a total source rate. No distinction was made between long or short
connection lengths.

In this work a different method of defining the wall triangle source was used. It was meant
to be a more physically accurate representation of the source instead of the binary source model
employed in the past. Frerichs et al. have shown that the heat and particle flux measured on divertor
tiles is related to the connection length of the incident field lines [S9]. They demonstrate that the
longer connection length field lines are, in general, more deeply penetrating field lines, which
in turn carry more heat flux. A figure from this study is reproduced in Fig. [3.1] to demonstrate
this relationship. Since this study was conducted in the DIII-D tokamak with 3-D edge magnetic
geometry resulting from RMP coils, this gives some credence to the idea that the 3-D stellarator
edge may exhibit a similar correlation.

A source rate linearly proportional to the connection length of each field line incident within
the wall triangle was assigned based on the results from DIII-D [59]. In situations where several

field lines were incident within a single wall triangle, the respective source rates were added to
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Figure 3.2 (L) J. Canik’s strike point input to DEGAS as a plot of toroidal versus poloidal angle
[56]]. Wall triangles are designated as either sourcing (red) or non-sourcing (green). (R) New
strike point input to DEGAS as a function of toroidal versus poloidal angle. Each triangle’s
source rate is linearly proportional to the wall-to-wall connection length of the field lines borne
from the triangle, represented by the color of the point. Points are displayed on a log scale for
visual clarity. Connection length calculations used for (R) plot courtesy of A. Bader.
yield a total source rate. A comparison of the old method and the new method is shown in Fig.[3.2]

Connection lengths are plotted on a log scale to make the difference clearer to the human eye. In

this work, this will be referred to as the new strike-point definition.

3.3.2 Improved scaling of DEGAS calculations

The DEGAS calculation is inherently very flexible. It is currently run for HSX as a linear
combination of two calculations. The first calculation includes only particles sourced from a point
source, which is meant to simulate the gas fueling produced by the piezo valve. The second calcu-

lation includes only particles sourced from wall recycling at strike-point locations as described in
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the previous section (i.e. wall triangles which are intersected by edge field lines). These two cal-
culations are then individually scaled and added to produce the final DEGAS results. This scaling

is expressed as:

Ha,tot = ﬁHa,point + 'YHa,strike (31)

where [ is the factor that matches the point-source measured H,, to the DEGAS predicted H,, and
«v is the factor that matches the strike-point measured H,, to the DEGAS predicted H,,. Together,
these scale factors are used to determine the absolute wall-particle source strength, or the number
of particles released by the HSX wall per second. The synthetic H, emission is calculated at
each point in the computational grid and then, according to the viewing geometry of the filtered
photodiode detectors (see Fig.[3.4), integrated along their respective lines of sight. This integration
yields a quantity that can be compared to experimentally measured values.

The validity of this scaling procedure requires that the DEGAS predicted H,, emission is as ac-
curate and noise-free as possible. Obtaining good statistics for H, emission near the point source
is not an issue due to the locally high neutral density (both atomic and molecular hydrogen). How-
ever, in the strike-point fueling case, the local density of neutral particles is substantially lower and
the calculation needs to be run longer (i.e. more test-flights are necessary) to reduce Monte-Carlo
noise in the predicted H,,.

In this work, a factor of 20 more test flights were run for the strike-point fueling case in order
to produce better synthetic H, (50k vs. 1M). This improvement is shown in Fig. [3.3] However,
running this calculation even longer would be desirable to further reduce Monte-Carlo noise, but
the calculation becomes prohibitively expensive.

The procedure to obtain 5 and the scaled DEGAS calculation for the point source case is
effectively the same as that reported in previous work [57]]. The six channels in the C-poloidal

array (see Fig.[2.7)) are used to scale the point-source calculation. These channels are used because



50

x10%4 x1013

IN
T
©

Old New

o (unscaled)

w

o (unscaled)
[}

IN

DEGAS predicted H
-
>

DEGAS predicted H
N

0 2.0 4.0 6.0 8.0 100 0 2.0 4.0 6.0 8.0 100
Distance along viewing chord (arb) Distance along viewing chord (arb)

Figure 3.3 Figure demonstrating how increasing the number of particles in DEGAS improves
statistics. The different colored lines represent the H,, along each viewing chord corresponding to
a measurement location. (L) DEGAS predicted H,, emission along toroidal array line of sight for

50k test-flights. (R) DEGAS predicted H,, emission along toroidal array line of sight for IM
test-flights. The absolute differences in unscaled emission are irrelevant and will be removed
when the DEGAS calculation is scaled.

they are in very close proximity to the piezo gas valve in the experiment. In this case, [ is defined

as:

1 6

ﬁ _ 6 Zi:l Ha,C measured, s
1N

9 Zizl Ha,C DEGAS, i

where H,, ¢ measured 18 the line-integrated /1, measurement from the 6 measurement channels in C

(3.2)

and H, cpecas 1s the DEGAS-predicted integrated /, emission from the 9 lines of sight (6 of
which are identical to the measurement locations).

However, the procedure to obtain the scaled DEGAS calculation for the strike-points has
changed as a result of the new H,, detectors installed on HSX during this work. A new poloidal
array of seven H,, detectors was installed in field period A-prime (see Fig. 2.7). A CAD sketch
of this array is shown in Fig.[3.4] Unlike the poloidal H,, array in field period C, the emission
measured by the array in A-prime is not dominated by the gas-puff emission and can therefore
be used to provide a line-integrated profile of the strike-point H, emission. (Both DEGAS and

EMC3-EIRENE predict that a strike-point exists near channel 1 in Fig.[3.4]) The mean of the H,
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Figure 3.4 Cartoon illustrating the new H, detector A-prime array. The channel numbers on this
array correspond to the numbering on Fig.[3.5] The line-of-sight for each detector is shown with a
transparent red line.

line-integrated emission measured by each channel is determined, and the mean of the DEGAS-

predicted H,, emission of each line of sight is determined as expressed below. In this case, v is

defined as:

1 7
7 Zi:l H «a,A-prime measured, i

T % Z?:l H o, A-prime DEGAS i )
where H, A-prime measured 18 the line-integrated H, measurement from the 7 measurement channels in
A-prime and H, A-prime DEGAS 18 the DEGAS-predicted integrated f, emission from the 9 lines of
sight (7 of which are identical to the measurement locations). The value that matches the DEGAS
calculations to the experimental measurements is the scale factor, . It should be noted that this
method to determine the scale factor weighs the contribution from all channels equally (i.e. by
using the mean). This equal-weighting method was chosen because it was straightforward. How-

ever, weighting Channel 1 (the strike-point viewing channel) more heavily could be investigated

in future work, along with any other number of weighting schemes.
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The differences in the DEGAS-predicted H, profiles and the experimentally measured H,
profiles, particularly those measured by the A-prime array, should be discussed. DEGAS predicts
the highest H, line-integrated emission near the strike point in the highest curvature region of the
poloidal cut (channel 1 on Fig. [3.4). However, the experimentally measured H,, profiles show that
channel 5, which traverses the magnetic axis, measured the highest H, line-integrated emission.
This disagreement could stem from a difference in edge temperatures, which would impact the H,,
emission rate since it depends strongly on plasma temperature. This disagreement could also stem
from the inability of DEGAS to capture the true magnetic geometry of the HSX edge, and also
its inability to simulate plasma transport. To further investigate the source of this disagreement,
EMC3-EIRENE calculations could be post-processed to yield H,, emission in HSX, which could
be compared to experimental measurements as future work.

The ability to match the mean of each profile, rather than a single point, results in a more
reliable calculation of scale factor, as is demonstrated in Fig. Prior to the installation of the new
A-prime array (see Fig.[2.7), only the central channel (channel 5) of this array was present. The best
scaling method then was to match the toroidal array, which was comprised of stellarator-symmetric
views through the magnetic axis (channel 5 in each field period), to the DEGAS predicted H,,
emission. This was the procedure used by J. Canik. However, as shown in Fig. [3.5] matching
only the central channel to the DEGAS predicted H,, emission most likely results in an artificially
high scale factor, which in turn results in an artificially high neutral density (compare the y-axis in
Fig.[3.5). The additional detectors now installed in A-prime allow the DEGAS calculation to be
scaled with more information, resulting in a lower neutral density than that which was previously
published [56, 57].

All of the changes mentioned above (i.e. substantially more particles and reduced Monte-Carlo
noise, an improved scaling procedure using new detectors, and a more physically realistic wall

source) result in a more accurate calculation of the HSX neutral density. Compared to previous
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Figure 3.5 Figure demonstrating the old and new strike-point scaling procedures in DEGAS. (L)
Plot demonstrating the old scaling procedure. DEGAS calculation run with old strike-point
definition (red), scaled to toroidal array measurement (blue circle) Blue dotted line shows data
from the new A-prime array to demonstrate that this scaling most likely overestimated the final
neutral density. (R) Plot demonstrating the new scaling procedure. DEGAS calculation run with
new strike-point definition (red), scaled to mean of A-prime array (blue solid line).
work, using values at the LCFS, the new values of neutral density are approximately a factor of
2 lower for atomic hydrogen and a factor of 13 lower for molecular hydrogen. Note that the long
penetration length of atomic hydrogen particles due to both charge-exchange and also to molecular
dissociation is consistent between the two calculations. The previous values in J. Canik’s thesis are
shown for comparison next to the updated values in Fig. It should be noted that these updated

values of HSX neutral density are in reasonable agreement (within 20 percent) with that predicted

by EMC3-EIRENE [60].
3.4 The EMC3-EIRENE coupled codes

EMC3-EIRENE [61] is a more powerful calculation containing more physics than DEGAS.
Specifically, it includes full information about the magnetic topology, and self-consistently cal-
culates the edge temperature and density. It is actually a suite of coupled codes: EMC3 solves

a simplified version of the Braginskii plasma fluid equations to iteratively advance the plasma to
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Figure 3.6 (L) Plot reproduced from [56]. (R) New values of neutral density calculated in this
study using improved methods detailed above.
reach a converged, steady-state solution. EIRENE is a neutral Monte-Carlo code (similar to DE-
GAS) which is used to calculate the reaction rates of various atomic processes at each iteration.
Atomic processes included in EIRENE are shown in Table 3.1l EMC3-EIRENE is considered the
current state of the art in 3D edge physics and is applied to stellarators, RMP tokamaks, and other
devices in which 3-D physics is important.

EMC3-EIRENE is a suite of two coupled codes. EMC3 and EIRENE operate on two different
grids; EIRENE has additional cells in the vacuum and core plasma regions, as well as a finer
resolution in the toroidal direction. Fig. is a reproduction from [62] that demonstrates one
example of how these grids are related. The EIRENE grid is typically larger and can extend
radially further in than the EMC3 grid. The EMC3 grid is typically smaller and extends in the
region in which the plasma fluid approximations (described below) are valid. The inner simulation
boundary is shown with a dark blue line. After each iteration, the information is collected and
passed to the other code, which allows the plasma transport to be self-consistently calculated.

The Braginskii equations solved by EMC3 are shown below, where Equation (3.4|is the con-
servation of mass, Equation is the conservation of momentum along the field line (in the b

direction), Equation [3.6is the conservation of of energy for the electrons, and Equation [3.7]is the
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Figure 3.7 Figure demonstrating the differing computational domains for EMC3 and EIRENE in
a diverted tokamak (L) and a limited tokamak (right). The EIRENE domain is typially larger and
extends radially further in (shown in light blue) than the EMC3 domain. Figure reproduced from

[62].
conservation of energy for the ions.
V- (nyb — Diby b, - V) = S, (3.4)
V- (miniVng— T]”gg' VVL'” — ,ung' meiVi”) = —6' Vp+ S, 3.5

5 I 5. oo -
V- (GneLVb— b VT.) = ST.DbLbL - Ve —xencbibi - VT.) = —k(T. = T)) + S.c (3.6)

v (gniz}\@||5— Kibb - VT, — gTiDibibl - Vn; — xinibiby - VT}) = +k(T. — T;) + Se; (3.7)

where b, is the direction perpendicular to the field line, n. and n; are the electron and ion density

(and n. = n;), respectively, V; is the parallel ion velocity, D; is the cross-field ion diffusivity, x.
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and y; are the cross-field thermal diffusivities for the electrons and ions, respectively, T, and T; are
the electron and ion temperatures, respectively, S, is the plasma ionization source from neutrals,
S, 1s the plasma momentum sink from neutrals, S.. is the electron energy from neutrals and any
loss from impurity radiation, S.; is the ion energy from neutrals, 1 is the perpendicular viscosity
(1 = mnD,), n) is the parallel Braginskii viscosity, k& = 3n.v.m. /m;, and k. and k; are taken
from classical transport theory by Braginskii [63,|61}64]]. It is through the iterative solution of this
simplified Braginskii model that plasma transport physics can be self-consistently simulated.

EMC3-EIRENE is fully three-dimensional with a computational grid that is based upon the
magnetic field structure. User defined values of particle diffusivity, D, and thermal diffusivity,
X1, are used as a closure for the fluid equations. One assumption in EMC3-EIRENE is that the
plasma is well-described by a fluid model. However, it is an open question as to whether these
assumptions are satisfied in a low-density edge (like that of HSX) that may not be sufficiently
collisional to warrant the fluid approximation. It is important to keep in mind the relative strengths
and weaknesses of all the numerical calculations we present.

Despite this, EMC3-EIRENE has several major advantages over DEGAS. Most importantly,
DEGAS is only a neutral particle code and does not include fluid plasma physics or the ability to
simulate plasma transport. EMC3 however does have these capabilities, which when coupled to
EIRENE, can simulate both plasma and neutral physics. Secondly, although grid geometry lim-
itations prevent DEGAS from simulating the complex HSX edge magnetic geometry (i.e. the 8/7
island chain), EMC3-EIRENE has no difficultly representing the edge magnetic structure, a key
part of this entire body of work. Third, in DEGAS, the wall recycling location must be specified,
which has been determined from both field line tracing and target-to-target connection length. In
EMC3-EIRENE, no a priori assumptions are necessary about the location of strike-points; this is
determined naturally from the geometry of the magnetic field and plasma transport physics. Fi-

nally, whereas in DEGAS the recycling source strengths are specified manually, in EMC3-EIRENE
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the inner simulation boundary (see Fig. plasma density is specified and the recycling flux is
scaled accordingly to achieve this value at the inner boundary. For these reason, EMC3-EIRENE
will be used more heavily than DEGAS in this work, including for the calculation of several im-
portant numerical quantities which will be described in the following sections. (It should be noted
that for HSX, DEGAS values of neutral density are in reasonable agreement (within 20 percent)

with those predicted by EMC3-EIRENE [60]).

3.5 EMC3-EIRENE fueling efficiency

As discussed in Chapter [2, a key quantity in the particle balance analysis is the fueling ef-
ficiency, fef, described in Equation However, making this measurement is experimentally
challenging. There is no direct measurement of the neutral particle profile available at either HSX
nor W7-X, and hence the neutral/ion ratio across the radius has to be reconstructed using proxy
quantities like the Balmer-a emission combined with plasma density and temperature profiles,
which may or may not be known.

Another way to obtain the quantity f.s is to use experimental measurements to inform an ap-
propriate model which can then calculate neutral particle physics. Because it can self-consistently
calculate these edge quantities in a complex 3-D geometry, EMC3-EIRENE is an appropriate tool
for this calculation. It was applied for both HSX and W7-X configurations to obtain a plasma
solution matching the available Thomson profile data as closely as possible. These solutions were
then used to determine feg.

For HSX simulations, only wall-sourced neutral particles were included in the EMC3-EIRENE
simulation (i.e. no gas injection was simulated) and for the W7-X simulations, only limiter-sourced
particles were included in the EMC3-EIRENE simulation (i.e. no wall-sourced particles were sim-
ulated), because these were expected to be the dominant particle source in each respective device.

The fueling efficiency was then determined by separating the grid into regions of open and closed
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field lines [65] based on a user-supplied value of threshold L.. In general only the value of f.¢ for
the plasma confinement region was considered because this quantity was being used for a single-
reservoir particle balance, as described in Chapter 2|

The uncertainty in the threshold connection length choice was calculated by examining a range
of physically reasonable L. thresholds for both HSX and W7-X to divide the grid into regions of
open and closed field lines. The resulting value of f.; was calculated for a constant, experiment-
ally relevant simulation value where all parameters except the choice of threshold L. were kept
constant. The results are shown in Figs. and In HSX, the change in f.; between the range
of 100-1000 m was ~ 4.5 percent in the Edge-Islands configuration and 6.6 percent in the No-
Edge-Islands configuration. In W7-X, the change in f. between the range of 100-1000 m in the
Standard configuration was ~ 2 percent and between the range of 100-10000 m in the Increased
Iota configuration was ~ 3 percent. These values of uncertainty are carried through in the final
determination of the error in 7, . These error bars will be displayed on the fueling efficiency
calculations displayed in Chapters [ and [5

These values of f. extracted from EMC3-EIRENE modeling results were used to close the
particle balance and obtain 7, values, the final piece necessary to compute the particle balance.

Details of these procedures for both HSX and W7-X will be described in Chapters [4] and [5]
3.6 Summary

In this chapter we have discussed two important numerical models which will play a key role
in this work, DEGAS and EMC3-EIRENE. DEGAS will be used to help develop an HSX particle
balance and EMC3-EIRENE will be used to calculate fueling efficiency for both HSX and W7-X.
It is hard to overstate the importance of these tools: without them the analysis presented in the

following chapters would not be possible.
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Chapter 4
Particle penetration and confinement in HSX
4.1 Introduction

In this chapter, we will describe in detail the experimental measurements and techniques used
to study particle behavior in HSX. In general we will follow the same format in Chapter[5] We will
first describe our measurements of 7, followed by our measurements necessary for a full particle
balance in HSX to determine 7, ;, followed by our calculation of the global recycling coefficient
R. Finally we will discuss the EMC3-EIRENE modeling that has been completed for both the
Edge-Islands and No-Edge-Islands configurations.

A brief summary of the results in this chapter are as follows: in the Edge-Islands configuration,
longer values of 7 ;; and 7, ;. ; were measured by a factor of 1.5 and 1.6, respectively, compared
to the No-Edge-Islands configuration. These results indicate that to some degree, helium transport
was impacted by the change in edge configuration, although a full helium particle balance would
be required to say definitively how much. After performing a full hydrogen particle balance, the
value of 7, g was found to be a factor of 1.3 longer in Edge-Islands configuration. Furthermore, it
was discovered that different scalings of 7, ; with plasma density were present in the Edge-Islands
(positive scaling) and No-Edge-Islands (negative scaling) configurations. Using our measurements
of 7,y and 7, iy, we obtained a global hydrogen recycling coefficient value of approximately 0.8 in
both configurations. The EMC3-EIRENE calculated fueling efficiency in the Edge-Islands config-

uration was 0.70 and in the No-Edge-Islands configuration was 0.87, a factor of 1.2 increase. We
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Figure 4.1 Figure representing the two magnetic configurations studied at HSX in this work.
Colored regions denote the edge magnetic L. of each configuration (scale shown on the colorbar
of both plots). Black dots show the Poincaré plot of the surfaces inside the LCFS of each
configuration. (L) The QHS configuration, referred to as the Edge-Islands configuration in this
work. (R) The 5.5% Well configuration, referred to as the No-Edge-Islands configuration in this
work. One can see that by raising the iota profile in the No-Edge-Islands configuration, the 8/7
island chain has been pushed several cm inside the LCFS. Results for these plots courtesy of A.
Bader.

hypothesize that because these magnetic topology changes were made in the ionization source re-
gion, they were able to impact both particle penetration and particle confinement. The implications

of these results will be discussed in more detail in Chapter [6]
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Figure 4.2 (L) lota profile in both the Edge-Islands configuration (crimson line) and the
No-Edge-Islands configuration (gray line), generated from calculations courtesy J. Schmitt. The
8/7 resonance is shown (black dotted line) to illustrate how raising the iota profile shifted the
island chain radially inward. (R) Effective ripple, €., in both the Edge-Islands configuration
(crimson line) and the No-Edge-Islands (gray line) configuration, generated from calculations
courtesy R. Wilcox.

4.2 Magnetic configurations examined at HSX

The two configurations studied at HSX are shown in Fig. .1} The Edge-Islands configuration
is shown on the left and the No-Edge-Islands configuration is shown on the right. In both plots,
the Poincaré plot for each configuration is shown with black dots, and the colored regions show
the edge connection length structure computed by EMC3-EIRENE with the longest connection
lengths shown in red. Note that at HSX no limiters were present. To create the No-Edge-Islands
configuration, the iota profile was raised to move the 8/7 chain inside the LCFS. The No-Edge-
Islands configuration has an effective ripple, €., approximately a factor of two greater than that in
the Edge-Islands configuration. The iota profiles and €. profiles for both configurations are shown
in Fig. [4.2] This very modest change in effective ripple was intended to minimize any changes in
core transport.

Fig.[d.3|shows Thomson scattering data from both magnetic configurations in HSX. Data from

the Edge-Islands configuration are shown in red and data from the No-Edge-Islands configuration
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Figure 4.3 HSX Thomson scattering profiles from both the Edge-Islands (red circles) and the
No-Edge-Islands (gray diamonds) configurations. (Left) Thomson n. profiles and (Right)
Thomson T, profiles. These profiles were generated from data at two time points (t=0.83 and
t=0.84 ms) and the error bars represent the sum in quadrature of the error from each individual
measurement. Where appropriate, the error bars were constrained to lie within physically realistic
values. The shift of the magnetic axis in the No-Edge-Islands configuration results in decreased
core resolution.

are shown in gray. These Thomson data are determined from the mean of two time-points and the
error bars represent the combined error of both individual time-points. The most marked difference
between the two configurations appears inside of r/a=0. 2.

In addition to the Thomson measurements, we also examined the HSX inteferometer 38|, 39]]
density inversion. This asymmetric Abel-inversion process uses the method outlined in [40]]. Un-
fortunately due to a recent diagnostic issue, the interferometer inversion data collected for this work
in the No-Edge-Islands configuration could not be used. However, older data for this configura-
tion were available for a general comparison. These data are shown in Fig. #.4] The Edge-Islands
configuration data are shown in red. The No-Edge-Islands configuration data, collected in 2013,
are shown in gray. These interferometer inversion data indicate that the density profiles are very
similar between these two configurations. At this time the reason for the disagreement between the

interferometer inversion and the Thomson scattering data is not known.
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Figure 4.4 Density profile as a function of normalized minor radius determined from the HSX
interferometer measurements using an Abel-inversion technique. Data in plotted in red are from
the Edge-Islands configuration shots analyzed in this work. Data plotted in gray are from
No-Edge-Islands configuration data taken in 2013 (more recent data were unavailable). Data
courtesy C. Deng.

The overall message from both the Thomson scattering data and the interferometer inversion

data is that the density profiles appear largely similar in the region outside the core which consti-

tutes the large majority of the HSX plasma volume.
4.3 Effective confinement time in HSX

Measurements of 7'; y and also of 7';7 e discussed below, were obtained by perturbative gas
injection experiments. A short injection of the test gas species (H and He) was launched into an
equilibrated hydrogen plasma. The reaction of the previously mentioned plasma parameters to
these short injections were monitored. In particular, the exponential decay of the line-averaged

density and the He-II emission after the termination of the gas injection was measured, fit to an
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Figure 4.5 A representative He-II emission trace from HSX showing the helium gas injection into
a hydrogen plasma at 0.81 s and the portion of the signal that was used to determine the
exponential decay (highlighted in orange). Note that this trace was produced by subtracting a
reference trace from a shot with no helium injection to remove the contribution of the residual
HSX helium source.

exponential function, and the characteristic decay time was used to determine the effective con-
finement time 7.

At HSX, a fast valve was used to make a single 6 ms helium or hydrogen injection of ~ 1x10*®
particles into a hydrogen plasma. A filtered photodiode array was used to measure decay in He-II
emission (468.6 nm), and the HSX interferometer [39]] was used to measure the decay in the line-
averaged density for hydrogen injection. The H,, line emission was not used as the decay time was
too fast for the photodiodes to resolve any meaningful differences. For both H and He injections,
the signal from an immediately preceding or following reference discharge was subtracted from the
signal obtained during the gas injection discharge. This allowed the contribution from the plasma
or He-II background to be removed when determining the decay time. This subtraction was not

possible with W7-X data, as will be discussed in Chapter [5] because no intermediate reference
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Figure 4.6 Figure demonstrating the process by which the effective confinement time for
hydrogen (left) and helium (right) in HSX. The data shown for both hydrogen and helium are
representative. Shown in blue, a perturbative gas puff of hydrogen or helium was injected into the
HSX hydrogen background plasma. A steady-state reference shot, shown in red, was then
subtracted from the perturbative puff shot. This subtraction process produced the yellow curves,
which were ultimately used to fit an exponential function to determine the effective particle
confinement time.

discharges were obtained. The subtraction procedure for a representative hydrogen and helium
shot are shown in Fig. @ Thus, for every measurement of 7,7, two plasma shots were required.
Measurements of 7,y and 7, . ; are shown in Fig. @ The decay time is longer in the Edge-
Islands configuration for both hydrogen and helium injections. In general, 7, .y is a factor of
approximately 2 longer than 7y, most likely due the fact that some fraction of hydrogen is ab-
sorbed by the wall for the short duration of HSX discharges while helium is fully recycling and
hence re-fuels the plasma at a higher rate [9]. It should be noted that the error bars shown in
Fig. are the uncertainties in the 95 percent confidence exponential fit for each individual data
point. The shaded region indicates the mean standard deviation of all the data points from the

fit line. A single term power series fitting of the form y = ax®

was used the generate a fit line,
also plotted. This functional form was chosen so that it would be clear how the values of 7, and

ultimately 7, depend on the mean line-averaged density.
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Figure 4.7 Figure showing 7; measured in HSX in both the Edge-Island (red circles) and
No-Edge-Island (gray diamonds) configurations. (Left) T,pasa function of n. (Right) T;HC_H as a
function of n.. Data are plotted as function of mean n, determined from the central chord of the
HSX interferometer. A single term power series fitting was used the generate a fit line, also
plotted. The shaded region indicates the mean standard deviation of the measured data points
from the fit line.

These measurements indicate that 7, is longest in the Edge-Islands configuration for both hy-
drogen and helium injection. For clarity, we will discuss the results at a value of n,=3.5x10'8 m~3.
At this density, the value of 7,y j; is approximately a factor of 1.6 longer in the Edge-Islands con-
figuration. Similarly, the value of 7, ; is approximately a factor of 1.5 longer in the Edge-Islands

configuration.
4.4 Particle balance in HSX

Now we turn our attention to the particle confinement time, 7,. To determine this quantity,
we will rely on many of the tools and measurements we have described thus far. All of these
pieces will be used together to generate a particle accounting, also known as a particle balance.
This single-reservoir balance is essentially a particles-in, particles-out model, which in turn allows

us to calculate the particle system dwell time, 7,. Despite the relative simplicity of the single
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reservoir model, it has been shown to be a reasonable representation of particle behavior in sev-
eral experiments including DIII-D [37]], NSTX [36]], JET [66], TEXTOR [35], and RFX [67]. A
more detailed multi-reservoir model [68] could resolve differences in core and edge fueling and
confinement properties, but this was beyond the scope of this work.

As discussed in Section [2.3] we will use experimental data to infer the particle balance in order

to determine the global particle confinement time 7,. Equation shows a generic version of this

balance.
dNtot o
dt
NtOt —
- - + fgasq)gas + fwall(I)wall + flimq)lim — (41)
p

(Pext - q)exhaust

where N, is the total number of plasma particles, 7, is the particle confinement time, fgus, fwan, and
fiim are fueling efficiency coefficients, and ®g,5, Pyan, Piim are particle fluxes from the gas valve,
recycling from the main wall, recycling from the limiter and ®.y, is the total external fueling, and
D oxnaust 18 the exhaust rate.

For the case of HSX, several terms can be neglected. First, because no limiters are inser-
ted for the experiments under consideration, the recycling term at the limiters is not included
(i.e. ®;m = 0). Second, it is important to note that measurements of the pumping capabilities of
HSX indicate that the pumping speed is small relative to the plasma duration. As a consequence,
the particle balance becomes a closed system without an external loss term. The only particle re-
moval mechanism on the time scale of HSX discharges is if the recycling coefficient R is smaller
than one, as then particles will be removed from the particle balance and are not available anymore
to replenish the particles contained in the plasma reservoir. The recycling coefficient can be ob-
tained using the effective particle confinement time and the true particle confinement time, which

will be discussed at the end of this section. Based on these assumptions, the following formulation
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for the HSX particle balance is used for the analysis presented:

Ntot
dN;
- dtmt + fgasq)gas + fwallq)wall

4.2)

Tp =

4.4.1 Total number of particles, N;,;

The total number of particles in the HSX confinement region is the most straightforward term
of the particle balance to calculate. Using the chord of the HSX interferometer that intersects the
magnetic axis of each configuration, the mean value line-averaged density is multiplied by the
volume of the confinement region in each case. The analysis window during which the mean is
determined is from 0.81 to 0.84 seconds. For more information about how this term is calculated,
please see the discussion in[2.4.1]

We use the line-averaged density for several reasons. The first is that the Thomson scattering
data are only available for an ensemble of shots and therefore cannot be used to analyze each
individual shot as we will do. As mentioned previously, the interferometer inversion data were not
available for all of the No-Edge-Islands shots analyzed in this work, so density inversion profiles
were also not an option. This leaves the line-averaged density, which because it samples the entire
cross-section of the plasma, provides information about the global number of plasma particles.
(We will use the same method at W7-X).

The configuration volumes V., s were taken from S. Gerhardt’s thesis [28] and are 0.378 m?
in the Edge-Islands configuration and 0.356 m? in the No-Edge-Islands configuration. The errors
given for these calculations are very small (~ 1 percent), so we assume that the largest source of
error in this term is the standard deviation of the interferometer signal during the analysis window

(~ 2-5 percent). Therefore we have:

Ntot = ﬁe‘/conf (43)
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and

A]\ftot = Aﬁe chonf (44)

4.4.2 Gas puff particle flux, @,

The HSX gas puff flux was determined through a calibration matrix (see Chapter [2). Given the
voltage signal sent to the piezo electric gas valve and the backing pressure of the gas plenum, the
total throughput in a 60 ms pulse could be calculated. (Fueling in HSX typically starts approx-
imately 10 ms before ECRH initiation and continues through the 50 ms discharge.) Additionally,
changes in the line-averaged density signal typically lag several ms behind changes in the gas puff
input.

The principal source of error in this calibration is thought to come from the uncertainty of
the HSX vacuum vessel volume, including boxports, pump ducts, and other internal components.
To determine this total volume, as well as to quantify the error in this volume estimation, we
employed the following procedure. Two volumes were considered: a gas plenum of known volume
(V1), and the HSX vacuum vessel of unknown volume (Vygx). By first measuring the pressure
in the plenum (P;) and then quickly releasing the gas into the HSX vacuum vessel system and
measuring the pressure of the two combined volumes (F), the volume of the unknown region

could be determined using the ideal gas law [69], which was used to determine Equation [4.5]

PV
P

Visx = -V 4.5)

The total HSX vacuum vessel volume calculated with this method is 1.56 m~3. The total
estimated error from this method (which was performed several times) is approximately 4 per-
cent. Therefore ®,,, is calculated directly using the calibration table, and A®,,, is 4 percent
error. The program and data that were used to develop this calibration can be found in Y: /Puff _

calibration/find_hsx_volume.mat.
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4.4.3 Wall particle flux, ®,,,;

The HSX wall particle flux, ®y,y;, was by far the most complex term to obtain for the HSX
particle balance. It was determined through a combination of experimental spectroscopic meas-
urements and neutral particle modeling using the DEGAS code [58]. The process was as follows:
an array of absolutely calibrated H,, detectors [55] was used to view the HSX plasma at a location
toroidally far away from the gas puff to measure the intensity signal /. This signal was obtained
as a voltage signal V;_ from the photodiode and converted into an intensity signal [y with units

! ¢m~2] using an absolute calibration factor cg . Please see Chapter for more detailed

[photons s~
information about how ®,,,; is determined.

The DEGAS code, a 3-D Monte-Carlo neutral particle code, was used to simulate the wall-
sourced neutral particles in HSX. Only the wall-sourced particles were simulated in an effort to
isolate the contribution of the ®,,; term to the particle balance. (For reference the gas puff flux
P, is of the same order as ®y,;.) The locations of the plasma sources were determined through
field line following; the location at which the field line intersected the vessel wall was treated like
a source. In addition, a linear relationship between the source rate and the field line connection
length was assumed based on previous work [59]. The total source rate from the wall surface area
1S Dyan-

Given a static plasma background determined from the Thomson profiles shown in Fig. §.3]
the DEGAS code calculates the neutral particle density and the estimated H,, emission rate [ in
each volumetric grid cell. This calculated emission can then be directly compared to the measured
H, emission in a manner similar to that described in [26]]. The scale factor, discussed in[3.3.2]
required to match the DEGAS emission to the measured emission is then used to scale the wall

particle source rate, which provides the final value of ®,; required for Equation The advant-

age to using DEGAS for this portion of the study is that it includes a package which automatically
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Figure 4.8 Plots showing the DEGAS wall source, on a log scale, as determined by assuming the
source strength is linearly proportional to the connection length. (L) DEGAS wall-source for the
Edge-Islands configuration. (R) DEGAS wall-source for the No-Edge-Islands configuration.
Connection length calculations courtesy of A. Bader.
calculates the expected H, emission given the neutral density and background plasma parameters,
therefore facilitating comparisons with the absolutely calibrated H, measurements obtained exper-

imentally. With these quantities, the wall particle flux (and its associated standard deviation) was

calculated as follows:

Dyt = cu,pEcasim, (4.6)

Ao = v/ (Acu,)? + (Aappaas)? + (Al )2 4.7)

The uncertainty in ®,,,; consists of the uncertainty of the measured intensity signal Al and
the uncertainty of the calibration quantities Acy, and Aappgas. Aly, is obtained as the standard
deviation o (I, ) of the Iy, during the analysis window (a real measurement uncertainty), the
calibration error of the H,, photon flux measurement (a systematic uncertainty), and the estimated
uncertainty in the DEGAS calculation and scaling procedure Aapggas, Which is a systematic

uncertainty assuming the variation in n, and 7. is moderate during the analysis time window and
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Figure 4.9 Figure showing both experimental H, measurements in the Edge-Islands (L) and
No-Edge-Islands (R) configurations (in crimson and gray, respectively), along with their scaled
DEGAS H,, counterparts (black dotted lines). The H, photon flux is plotted as a function of
channel number.

in the discharges compared. This is expressed in Equation The total error in the wall source
term, determined from linear error propagation, is ~ 20-25 percent, but of this total, only about
5% stems from real measurement uncertainties which do not cancel in relative comparisons.

The uncertainty Aappaas in the DEGAS scaling procedure is determined by running the
DEGAS calculations three times for each magnetic configuration: the first was run using the back-
ground temperature and density shown in Fig. 4.3] the second was run using the values of temper-
ature and density at the lower error bar, and the third was run using the temperature and density
at the upper error bar for each configuration. These calculations can be seen in Fig. [#.10] The
deviation in the final scale factor between these upper and lower limits of the background plasma
is used to determine the uncertainty in the DEGAS calculation and the subsequent scale factor.
This uncertainty is on the order of 16 percent. This uncertainty, however, again is a systematic
uncertainty borne from the neutral model, and hence it will cancel out for relative comparisons.

Because the density and temperature profiles are similar in both shape and magnitude in the
Edge-Islands configuration and the No-Edge-Islands configuration (see Fig.[4.3)), the DEGAS sim-

ulation profiles, which were based on these measured Thomson profiles, are also similar. As a
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Figure 4.10 Suite of DEGAS calculations of predicted H,, emission to determine the estimated
error in the DEGAS wall term. These data are plotted as function of channel number. All
background temperature and density profiles in the DEGAS calculations were based on the
Thomson profiles shown in Fig.[4.3] These DEGAS calculations were used to determine the H,
emission profiles for the upper error bar and lower error bar cases. Three cases were run for each
configuration: the high density, high temperature case (shown in red), the low density, low
temperature case (shown in blue), and the case based on the measured Thomson data points
(shown in green). The relative difference between the high and low cases as a fraction of the
measured case was the calculated error in the DEGAS simulation and scaling process (~ 16
percent).

result, the wall-source term ®,,,;; does not strongly depend on the magnetic configuration, as can

be seen in Fig. @.11]

4.4.4 Particle confinement time, 7, ;

The final particle balance is analyzed with the aforementioned terms (i.e. Ny, %, Dy,
and®,,;) on a shot-by-shot basis. The terms that vary in Equation §.2] (i.e. everything except
the fueling efficiency coefficients) are all shown in Fig. as a function of mean line-averaged
density (calculated from the central channel during the analysis window). Data from the Edge-
Islands configuration are shown with red circles and data from the No-Edge-Islands configuration

are shown with gray diamonds. A single term power scaling was fit to the data and is shown with a

solid line for each configuration. The mean standard deviation of the data from the fit line is shown
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as a shaded region above and below the power law fit line. This overview of the particle balance
shows that all terms are comparable, but the time rate change of the density evolution (Fig. {.11|(b))

as well as the gas fueling flux (Fig. c)) are somewhat different for the no-edge islands case.

dNtot

Howeyver, the o

term is roughly one order of magnitude smaller than the ®,,, and ®,,,;; terms,
and therefore makes only a small contribution to the overall particle balance.

One important element of the analysis is only implicitly visible in Fig. the fueling effi-
ciency fiqu for the recycling and gas flux terms f,,s. They are inferred using comparative EMC3-
EIRENE modeling as will be discussed in Section 4.6. This analysis of f.; aided by EMC3-
EIRENE shows a difference in the fueling efficiency of 20%. This difference in the fueling even-
tually leads to the significant difference in 7, between both configurations shown in Fig. . 11{e).
The global particle confinement time 7, is reduced by up to 25 — 30% when the m/n = 8/7 island
chain is moved into the plasma. The meaning of this reduction as well as the physics reason for the
reduced fueling efficiency which defines this reduction is discussed in Section {.6|in conjunction
with the numerical analysis of the experiments with EMC3-EIRENE.

The uncertainty of all the component terms in Equation [4.2] are then added using linear error
propagation to determine the total error for all individual measurements of 7,,. This uncertainty is
~ 14-20 percent in the Edge-Islands configuration and ~ 15-18 percent in the No-Edge-Islands
configuration. These quantities can be seen in Fig. [#.11|(e) calculated for each individual measure-
ment. A single term power scale fitting was determined as a function of the plasma density. This
fit and its parameters can be seen in Fig. @.11](e).

The uncertainty in the particle confinement time is calculated according to Equation 4.§]

ot

( ot
8]\/vtot

DN, dt
or,
afwall

)?(ANot)? + (

0T,
* ( 8(I)gas

V2 (AdNyoy /dt)? + (=2
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Figure 4.11 Terms in the particle balance analysis plotted as a function of mean line-averaged
density measured by the HSX interferometer. Data from the Edge-Islands configuration are
shown with red circles and data from the No-Edge-Islands configuration are shown with gray
diamonds and gray squares. (a) Values of N, (b) values of %, (c) values of @, (d) values of
®yan, () values of 7, ;. The lines in (e) are single term power function fit lines. The error bars
represent the total individual error for each data point, and the shaded regions represent the mean

standard deviation between the data points and the fit line.
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There are several important pieces of information contained in Fig. e). First, the values
of 7, i in the Edge-Islands configuration are generally larger than those in the No-Edge-Islands

configuration. At a value of n,=3.6x10*® m~3

, Tp,u 18 a factor of 1.32 larger in the Edge-Islands
configuration. Additionally, as we observed in the T; measurements, we find a similar trend in
the behavior of 7, i as a function of the mean n.: an increasing value of 7, i in the Edge-Islands
configuration and a decreasing value of 7, ; in the No-Edge-Islands configuration.

As mentioned above in the discussion of the 7, results, these differing trends as a function of
plasma density may imply different confinement physics in the Edge-Islands configuration and No-
Edge-Islands configuration. We hypothesize that these differing trends are related to the relative

ability of undesirable wall-sourced particles to penetrate into the confinement region, as we will

discuss in greater detail in Chapter|[6]
4.5 Global recycling coefficient in HSX

Now that we have determined both 7, and 7, for HSX, we can use the following relationship
to determine R, the global recycling coefficient as prescribed in Equation §.9]6]:

R=1- :—p 4.9)
p

and the error in R through linear error propagation as prescribed in Equation

AR = \/( 8R)2(AT;)2 + (8—R)2(A7’p)2 (4.10)

oy 0T,

If we take the density scaling fits for 7, y and 7, 5 as a function of n., we can compute R
over this same density range. These values, and their respective confidence regions (shown as
shaded regions), are plotted in Fig. d.12] The confidence regions shown are calculated according
to Equation 4.10] and the partial derivative weighting factors contribute strongly to the small total
standard deviation. The calculated values of R for the Edge-Islands configuration range from

approximately 0.83-0.87, and the calculated values of R for the No-Edge-Islands configuration
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Figure 4.12 The global recycling coefficient R for HSX plotted as a function of plasma density.
This value is calculated using Equation 2.1} The shaded regions show the confidence region
determined through linear error propagation. Data from the Edge-Islands configuration are shown
with a solid red line and data from the No-Edge-Islands configuration are shown with a dotted
gray line.
range from approximately 0.82-0.78. However, these values lie close to the overlapping range of
the error bars, and it can be argued that R is very similar between the two configurations. The
value of R is below 1, which means that there is an effective removal of ~ 15% of the recycling
flux by the wall during each confinement time 7, 7, which represents the particle removal term
discussed previously. However, as it is unchanged between both configurations, we do not have to
consider it when comparing the relative confinement time scales. Our assumption that there is no

impact of the island position on particle removal from the system (i.e. through the global recycling

coefficient) considered in the particle balance was confirmed.
4.6 EMC3-EIRENE fueling efficiency coefficients in HSX

As we have discussed, a key quantity in the particle balance analysis is the fueling efficiency,

fetr, which is defined as the fraction of edge-sourced neutral particles that are ultimately ionized
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within the confinement region. It is experimentally very difficult to make this measurement because
it requires pinpointing both the starting location and the ionization location of all particles in the
device. However, simulation lends itself extremely well to keeping track of the ionization location
of all particles in the simulation domain and for this reason we will use EMC3-EIRENE [61]], the
current state-of-the-art physics tool, to determine f.; for HSX.

EMC3-EIRENE was used to simulate both the Edge-Islands configuration and the No-Edge-
Islands configuration in this work [63]]. The simulation parameters between the two pairs of con-
figurations were kept as similar as possible to facilitate comparison between the cases. These
simulation parameters were based on information provided by Thomson profile measurements of
plasma density and temperature like those shown in Fig. It should be noted for the HSX
simulations, only wall-sourced particles were included in the simulation. Using combined wall
sourcing and a gas puff is left for future work. Below, we will discuss how the values of fueling
efficiency calculated for these wall-sourced particles will be adapted to more physically represent
the penetration of puff-sourced particles in what follows.

Calculations of the fueling efficiency in HSX are shown in Fig. #.13]as a function of number
of plasma particles. (The value of N;,; may appear small since the EMC3-EIRENE grid does not
include the whole HSX volume. See Chapter [3| for more information about the EMC3-EIRENE
computational grid.) The currently-attainable density is circled on this plot; the rest of the points
are projections to higher densities that cannot be experimentally tested at HSX. At this realistic
density value, the fueling efficiency in the Edge-Islands configuration is 0.70 and the fueling effi-
ciency in the No-Edge-Islands configuration is 0.87, a factor of 1.24 increase. This increase is well
outside of the estimated errors in the f calculations (5-7 percent), as discussed in Chapter 3]

The particle source distribution showing the penetration of the ionized particle source in the
HSX Edge-Islands and No-Edge-Islands configurations is shown in Fig. 4.14] In this figure, the

two top plots show the plasma temperature profiles modeled by EMC3-EIRENE and they highlight
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the edge island geometry (or lack thereof) in both configurations. In the two bottom plots, the
ionization source rate .S, (in A, or particles/s) in each configuration is shown.

In Fig. the effect of the edge magnetic structure becomes clear: in the Edge-Islands
configuration, the ionization region is substantially more localized in the upper part of the bean
shaped cross-section and the particle penetration length is shorter as compared to the No-Edge-
Islands configuration. The scale of the S, plots is adjusted (i.e. auto-scaled) to show this difference
more clearly between both configurations. The region in which more of the neutral source rate is
produced is the X-point region in between the island tips at the upper part of this bean shaped cross-
section. Because of this reduced neutral penetration length into the plasma, the overall fueling
efficiency is reduced in the Edge-Islands configuration. This reduction can be seen in Fig. for
both realistic HSX plasma parameters and also in the characteristic projected for higher plasma
densities by EMC3-EIRENE modeling.

We postulate that the 8/7 island structure, because it is located within the ionization source
region, is able to decouple the source location from the confinement region. This decoupling is
primarily due to the locally increased temperatures at the 8/7 island X-point which result in a larger
ionization percentage outside the LCFS. Note that in the Edge-Islands configuration, the ionization
region is smaller and peaks near the 8/7 island X-point. This is in contrast to the plasma source
rate in the No-Edge-Islands case which is more diffuse and penetrates deeper into the confinement
region. In Chapter [0} we will discuss this idea in much greater detail.

The values of f.i determined through this analysis represent the ability of wall-sourced particles
to penetrate in HSX. However, for the fueling efficiency for ®,,,, because these quantities were
not directly simulated, the values of f.; were adjusted by a constant factor to bring these penetra-
tion fractions closer to expected values. A scaling of the EMC3-EIRENE f¢ prediction was used,
rather than a slab calculation, for example, because EMC3-EIRENE could still account for penet-

ration differences stemming from magnetic topology in a way that no simple calculation could.
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Figure 4.13 Figure showing EMC3-EIRENE calculated numerical fueling efficiency, fuum for
both the Edge-Islands (red circles) and No-Edge-Islands (gray diamonds) configurations for a
density scan. Values of f,;, determined for realistic HSX parameters are noted on the plot (and
may seem small due to the fact that the EMC3-EIRENE grid does not encompass the entire HSX
volume, see Fig. . faum 18 plotted as a function of Ny, the total number of particles in the
simulation. The error bars on this plot are determined from the method outlined in Chapter
EMC3-EIRENE calculations courtesy of A. Bader.

For the HSX value of f,,s, the EMC3-EIRENE prediction of f. was reduced by a factor of two
in each configuration to yield values of 0.35 and 0.44 for the Edge-Islands and No-Edge-Islands
configuration, respectively. This factor of 2 was used to reduce the values of f.¢ calculated for
puff-fueling to values closer to that found by a previous study at HSX with the DEGAS code [70]
where the gas puff geometry was modeled and f,,; was shown to be ~ 43 percent (keeping in
mind the caveats to DEGAS modeling, see discussion in Chapter [3). This reduction makes sense
in terms of edge geometry and the position of the gas puff relative to the confinement region. Since

gas-sourced particles must, on average, travel a longer distance to the confinement region than

those borne at the strike points, it is reasonable that f, is smaller than fya.
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Therefore the final formulation of the HSX particle balance shown in Equation 4.2 can be

expressed as:
Ntot

d Ny 1
— 52+ 5 feat Pgas + fwan Pwan

4.11)

Tp =

4.7 Summary

In summary, we have used a variety of techniques, both experimental and numerical, to study
particle behavior in HSX. We examined particle penetration and confinement in the Edge-Islands
configuration (also called QHS) and the No-Edge-Islands configuration (also called 5 percent
Well). Measurements of the decay of the interferometer line-averaged density in response to a
perturbative hydrogen puff yielded values of 7, ;; a factor of 1.5 longer in the Edge-Islands config-
uration. Measurements of the decay of a the He-II signal in response to a perturbative helium puff
yielded values of 7, ;. a factor of 1.6 longer in the Edge-Islands configuration.

A complete hydrogen particle balance yielded particle confinement times a factor of 1.32 longer
in the Edge-Islands configuration, a value outside the error bars of both measurements. Further-
more, a positive trend of 7, i with density was observed in the Edge-Islands configuration, and
a negative trend of 7, y with density was observed in the No-Edge-Islands configuration. These
results, along with measurements of 7, ;;, yield a global hydrogen recycling coefficient R of ap-
proximately 0.8 in both configurations.

Finally, EMC3-EIRENE calculations of particle penetration indicated that the fueling effi-
ciency coefficient was 0.70 in the Edge-Islands configuration and 0.87 in the No-Edge-Islands
configuration, a difference of a factor of 1.24, a value outside the error bars of both calculations.

Together, these results indicate that the change in edge configuration in HSX was able to impact
the global particle behavior. We postulate that this difference in both penetration and particle

confinement times stem from the fact that the edge topology changes were made in the plasma
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source region (i.e. the 8/7 island chain was inserted in the peak ionization region). In Chapter [6]

we will provide a much more in-depth analysis of these results.
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Chapter 5
Particle penetration and confinement in W7-X
5.1 Introduction

In this chapter, results from a similar assessment of the particle fueling and exhaust balance of
both the Increased Iota and Standard configurations at W7-X are shown. This study was performed
during the initial operational phase of W7-X, in which the plasma boundary was defined by five
poloidal limiters [71]. The device performance exceeded expectations for this initial startup cam-
paign [[72]], but diagnostic access and availability was still limited [46]. The main measurements
used in this study are the line integrated density 7. (t) from the single-channel interferometer[43]],
Thomson scattering profiles for electron density n.(r) and electron temperature 7. (r) and an ab-
solutely calibrated filterscope system [54], which allowed flexible acquisition of line integrated
atomic line emission signals for hydrogen, helium and carbon. The analysis approach was the
same as explained before. Effective particle confinement times for helium were measured by per-
turbative gas injection experiments and the global particle confinement time 7, was inferred using
the same single reservoir particle balance as used for HSX.

A brief summary of the results in this chapter are as follows: in the Increased Iota configuration
(the inward-shifted 5/6, and edge 5/5 island configuration), longer values of 7,y ; and 7 .y were
measured by a factor of 1.5 and 1.2, respectively. These results indicate that to some degree, helium
transport was impacted by the change in edge configuration, although a full helium particle balance

would be required to say definitively how much. (This information would also be required to
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Figure 5.1 Overlay of EMC3-EIRENE connection length calculations (colored regions) with
Poincaré plots (red dots) for the W7-X configurations investigated in this study: the Increased Iota
configuration (left) and the Standard configuration (right). The 5/5 island is located outside the
LCEFS in the Increased Iota configuration and in the Standard configuration, both the 5/5 and the
5/6 islands have been shifted radially outward, moving the 5/5 outside the edge region. Plots
courtesy of F. Effenberg.
understand why He-I and He-II had different decay times.) Almost no differences were found in the
particle confinement time (~ 150-200 ms) between configurations. Likewise, almost no differences
were found in the EMC3-EIRENE calculated limiter fueling efficiency between configurations (~
0.85). We hypothesize this lack of difference could be the result of changing the topology in the
far SOL where it is generally too cold to affect the ionization source rate. This will be discussed

in more detail in Chapter@ Finally, using measurements of 7, ;; and 7, ; we obtain a hydrogen

recycling coefficient of approximately 1.1 in both configurations.
5.2 Magnetic configurations examined at W7-X

The two configurations studied at W7-X are shown in Fig. [5.1] The Increased Iota configur-
ation is shown on the left and the Standard configuration is shown on the right. In both plots,
the Poincaré plot for each configuration is shown with red dots, and the colored regions show the

edge connection length structure computed by EMC3-EIRENE with the longest connection lengths
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Figure 5.2 (Left) The iota profile in the Standard configuration (purple), the Increased lota
configuration (yellow), and several intermediate configurations. (Right) The effective ripple in the
Standard configuration (purple), the Increased Iota configuration (yellow), and several
intermediate configurations. Data courtesy of J. Geiger.
shown in white. Note that at W7-X, 5 stellarator-symmetric inboard limiters were present, indic-
ated by the rectangular structure outlined in black. In the Standard configuration, a 5/6 island was
present just inside the LCFS, relatively close to the limiters. To create the Increased lota configur-
ation, the iota profile was raised to move the 5/6 chain further inside the LCFS, and to introduce
the 5/5 island chain into the edge. The Increased Iota configuration has an effective ripple, €.,
approximately a factor of two greater than that in the Standard configuration. The iota profiles and
e profiles for both configurations are shown in Fig. [5.2] This very modest change in effective

ripple was intended to minimize any changes in core transport.

Thomson profile data from the two W7-X magnetic configurations are shown in Fig.[5.3] Data
in the Increased Iota configuration are shown in green and data in the Standard configuration are
shown in blue. These profiles are fits generated from the measurement points. The shaded regions
above and below the fit lines indicate the 95 percent confidence region. Unlike at HSX, these
measurements suggest that the density and temperature profiles appear to be very similar between

the two configurations despite the increase in €. of approximately a factor of two. Perhaps as
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Figure 5.3 Thomson scattering measurements in the W7-X Increased Iota configuration (green)
and in the Standard configuration (blue). The density profile is shown on the left and the
temperature profile is shown on the right. The solid lines are fit lines to the measured data points.
The shaded regions represent the 95 percent confidence error bars for each fit.

a “spoiler alert”, this lack of difference in temperature and density profiles is in agreement with
the very modest changes in the overall particle balance and confinement times between the two

configurations, as will be discussed in detail in what follows.

We will perform a similar analysis for the W7-X data as was performed for the HSX data.
For safety reasons, only a perturbative helium puff was allowed at W7-X. (Hydrogen, along with
hydrocarbons, were considered unsafe due to a small leak in the fast gas injection system.) In
addition, we will perform a full particle balance analysis to determine the particle confinement
time. We have only enough information to perform this balance for hydrogen, not for helium.
Therefore the helium measurements will provide only measurements of impurity 7,,. For this same
reason, we can only measure the recycling coefficient of hydrogen particles since this calculation
requires both 7, and 7,; to be known. Note that at W7-X, a power scan was performed instead of a
density scan. However, due to lack of active density control, the density did not remain constant in

the shots analyzed in this work, which results in some spread in the data in the figures that follow.
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Figure 5.4 A representative He-II emission time trace from W7-X showing the helium gas

injection at 250 ms and the signal used to determine 7, ;. ;; Which is highlighted in orange

(400-600 ms). An exponential curve was fit to this section of data and the resulting decay
constant yields the value of 7, ;.

5.3 Effective particle confinement time in W7-X

A fast piezo valve was used to make a single 20 ms helium injection of 1x10'° particles into a
hydrogen plasma. The number of injected helium particles was kept constant in each discharge. A
filter-scope diagnostic [[50, 51} 52] was used to measure the emission decay of both He-I at A=667.8
nm and He-II at A=468.6 nm in two separate poloidal positions at the toroidal location of the gas
injection in module 5. An additional He-I channel observing the limiter in module three was used
to determine He-I decay at this position as well. The details of the particular experimental setup
are described in [54].

In Fig.[5.4] an example of He-II line emission time trace is shown, which was used to determine
Tyneq- Here the He-II line emission is shown and the time of the helium injection is indicated.

p

Shortly after the gas injection, a fast peaking of the helium emission is seen with a rapid immediate
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Figure 5.5 Representative plot of the W7-X interferometer n, time trace in the Standard
configuration. The n. signal is shown by the blue line, the analysis region between 400-600 ms is
shown by the red line, and the resulting exponential fit is shown by the green line. Note that the
rising density profile results in a value of 7,7 ;; that is negative.
decay from direct ionization (~ several ms). Measuring this rapid decay would therefore provide
information regarding helium ionization, but would not provide information regarding the system
confinement and recycling properties. For this reason the longer timescale is used (between 400
and 600 ms), marked as orange in Fig. @ to determine 7, y.. Note that in both cases, the signal
used for the decay measurement appears linear on this log scale plot and is therefore suitable for

exponential fitting.

The decay of helium impurity emission was measured to determine 7, .y and 7, . ;- These
helium impurity injections were performed in both magnetic configurations and also at two levels
of heating power: low power (2 MW) and high power (2.7 MW). The characteristic decay time
determined from both He-I (viewing limiter 3) and He-II (at the same toroidal angle as the gas
injection) measurements are shown in Fig. @ The value of 7, . ; and 7 .y is always longest in

the Increased Iota configuration.
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Given that a measurement of 7, ;; is necessary to compute the global recycling coefficient R,
we perform an additional exponential fit on the monotonically rising interferometer density signal.
Because the helium injection is relatively small compared to the wall and limiter hydrogen source
rates (roughly a factor of 10 smaller, as will be shown in what follows), the interferometer density
can be assumed to represent predominately hydrogen. This analysis yields 7 ;; which is shown in
Fig.[5.6] Because the density profile is monotonically rising, the fit coefficient of the exponential is
negative, which in turn gives a negative value of 7, H, showing that in this single reservoir balance
the fuleing term overcomes the outflow —/N/7,. This over-fueled situation will be discussed again
in Section 5.5, where the recycling coefficient is extracted.

It should be noted that the error bars in all plots shown in Fig. [5.6) are the uncertainties in the
95 percent confidence exponential fit for each individual data point. The shaded regions above and
below the fit line indicate the mean standard deviation from the fit line for data in each configura-

tion.
5.4 Particle balance in W7-X

To infer the particle confinement time, 7, the same particle balance as discussed in Chapter 2]
The particle balance described in Equation [2.2) was adapted for W7-X as follows. Because there
is no external gas fueling (i.e. no main gas fueling nor perturbative fueling) during our analysis
window, this term can be neglected. Similar to HSX, the pumping rates will also be neglected due
to their slow throughput relative to the shot duration. When these terms are removed, we are left

with the following formulation for W7-X:

Nio
» = Tan, - (5.1)
— et + fim@Prim + fwat Puwait
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Figure 5.6 (Top) 7,y as a function of heating power measured from the decay of a perturbative
helium puff using the 468.6 nm line. The solid lines indicate a power function fit for each
configuration. (Middle) 7, ;. ; as a function of heating power measured from the decay of a
perturbative helium puff using the 667.8 nm line. The solid lines indicate a power function fit for
each configuration. (Bottom) 7, ; as a function of heating power measured from the decay of the
interferometer line-averaged density. The values of 7, ;; are negative because the plasma density
1s rising rather than falling. The solid lines indicate a power function fit for each configuration.
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In the sections that follow we will describe how we determined each term necessary to complete
the balance outlined in Equation (5.1). Because the fueling efficiency coefficients were determined

using EMC-EIRENE modeling, the details of these quantities will be discussed in Section 5.6.

5.4.1 Total number of particles, N

Similar to HSX, the Ny, term was determined by multiplying the line averaged density from
the W7-X interferometer by the confinement volume for each configuration computed with EMC3-
EIRENE [73]]. This process has been described in detail in Section[2.4.1] The calculated volume of
the W7-X Standard configuration is 27.14 m?® and the volume of the Increased Iota configuration
is 26.06 m3. To find %, the change in N, during the analysis window from 400-600 ms was
determined. The values of the N, and % terms for each shot used in the analysis are shown in
Fig.[5.8(a) and (b), respectively. Data in the Increased Iota configuration are shown as green stars

and data in the Standard configuration are shown as blue squares.

The uncertainty in the value of Ny, was determined by first removing the constant rise (since

ANiot

this rise is already accounted for in the

term) by fitting a line to the data and subsequently
subtracting this quantity. Then we find the standard deviation in the interferometer signal during
our analysis window. This uncertainty is applied to both the N;,; and the % terms and is approx-

imately 1-3 percent. These uncertainties, Ay,,, and Aay,,, are displayed as error bars for each

data point in Fig.[5.8((a) and (b). Therefore we have:
Ntot = ﬁe‘/conf (52)

and

AA]\ftot = Aﬂjevvconf (53)



100

5.4.2 Limiter particle flux, O},

The @y, and Py, terms for W7-X were both determined through absolutely calibrated filter-
scope measurements [54]]. The filter-scope channel spot size covered approximately the width of
limiter 3 (approximately 15 cm in diameter) and covered approximately 20 percent of the total
surface area, so it is therefore assumed that this spot is large enough to be representative of the
general limiter particle flux. This assumption is not ideal, but necessary to complete this analysis.
Additionally, it is assumed that all five limiters had identical particle fluxes. This assumption
was necessary to complete the particle balance analysis, because the limiter observation in this
module was the only limiter with calibrated H,, photon flux measurements. The H,, photon flux in
from this limiter spot was then multiplied by the total limiter area of 0.86 m? for all five limiters,
determined from design drawings for the limiters. This total photon flux was multiplied by the
S/ X B coefficient 13.36 based on limiter Langmuir probe temperature and density data, and this
value was multiplied by 2 to include the contribution from molecular particles [74]. This yields
the total value of ®y;,.

The uncertainty in the limiter particle flux, A®y;, is determined through linear error propaga-
tion of several terms: 1) the estimated error in the H,, signals due to calibration error ACy_ (~ 11
percent), 2) the standard deviation of the H,, signals during the analysis window Al (~ 15-30
percent), 3) the estimated error in the limiter surface area estimation (~ 5 percent), and 4) the
estimated error in the S/XB coefficient between 30-60 eV (~ 13 percent). This error is plotted for

each data point in Fig. [5.8|d). The total value of Ady, is ~ 20-40 percent.

Dtiv, = e, Lu, AtimBsx B (5.4)

Ay, = \/(ACHa)2 + (Alp,)? + (AAm)? + (ABsxp)? (5.5)
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5.4.3 Wall particle flux, ®,,;

The wall sourced particle flux was also determined using measured values of H, photon flux,
this time from a line of sight intersecting the W7-X wall. Like the ®;;,,, measurement, the ®,,.;
measurement is based purely on experimental measurements. The surface area of the W7-X wall
was estimated by assuming a cylindrical geometry. Using a major radius of 5.5 m and a minor
radius of 0.53 m, this yielded a wall area of 110 m?. Based on camera images captured by the
visible fast camera diagnostic [[75]], in general only the inboard half of the W7-X wall appeared to
radiate. Based on these images, we therefore divide the total wall area in half to yield an effective
wall source area of 55 m? with an estimated 20 percent uncertainty to account for both geometrical
and plasma source estimation uncertainties. We multiply the filterscope measured H,, photon flux
by the effective wall source area, and then multiply this product by the S/XB coefficient 11.38
based on edge measurements of temperature and density [76]. Finally we multiply this quantity
by 2 to include the contribution from molecular particles in the same manner as the limiter flux
measurements. This yields the total value of ®,;.

The uncertainty in the wall particle flux A®,,,; is determined in a similar manner to the limiter
particle flux. It is determined through linear error propagation of the following terms: 1) the estim-
ated error in the H,, signals due to calibration error AC'y,, (~ 11 percent), 2) the standard deviation
of the H,, signals during the analysis window Aly_ (~ 10-15 percent), 3) the estimated error in
the wall surface area estimation (~ 20 percent), and the estimated error in the S/XB coefficient
between 30-40 eV (~ 7 percent). This error is plotted for each data point in Fig. [5.8(c). The total

value of Ad,,; is ~ 20-30 percent.

Do = cu, I, AvarBsxn (5.6)
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Figure 5.7 Image captured with the visible fast camera diagnostic viewing part of module 5. The
image is unfiltered and likely comprised of a combination of hydrogen and impurity emission.
This image is representative of general wall emission behavior and shows that most emission
appears to come from the inboard side of W7-X. Image courtesy T. Szepesi.

A®yan =/ (Ach,)? + (Aln,)? + (AAuan)® + (ABsxp)? (5.7
5.4.4 Particle confinement time, 7, i

Now that we have determined all values necessary for the particle balance (with the excep-
tion of the fueling efficiency coefficients, which will be discussed in the following section), the
final value of 7, ; can be determined. This value is plotted as function of input heating power in
Fig. @e). Over the range of heating power, the values of 7,  are approximately between 150
ms and 200 ms, with 7,, decreasing with increasing heating power. Similar to HSX, a single-term
power series fitting was used to fit the data. This choice was made in order to express changes in

7, and 7, as a function of heating power. This fit is shown as a solid line in green and blue for the
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Increased Iota and Standard configurations, respectively. At a heating power of 2.35 MW, the value
of 7, i from the fit lines is approximately a factor of 1.05 larger in the Increased Iota configuration
relative to the Standard configuration.

The uncertainty of all the component terms in Equation 5.1{are then determined through linear
error propagation to determine the total error for all individual measurements of 7,,. This formula-
tion is shown in Equation This uncertainty is ~ 21 percent in the Increased Iota configuration
and ~ 22 percent in the Standard configuration. These quantities can be seen in Fig. [5.§|e) calcu-
lated for each individual measurement. Similar to HSX, a power scaling fitting was determined,
now as a function of heating power rather than density. This fit can be seen in Fig. [5.§|e). The
shaded region indicates the mean standard deviation of the data points from the fit line. This is

meant to give a confidence region for the power scale fit.
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5.4.5 Bremsstrahlung contributions

To address any concerns about the contributions of Bremsstrahlung emission contaminating the
H,, filters and artificially inflating our photon flux measurements, we can examine spectra from a
W7-X spectrometer. Unfortunately this spectrometer was usually not operating in the wavelength
range that included the H,, line, so we will have to assume that this measurement is representative.
It is shown in Fig.

It is clear from these data that the H, line is very strong relative to the continuous emission
background, despite the fact that the H, line was generally transmitted by the filters at 20-30

percent (see Fig. of its peak. Any corrections or subtractions to the H, photon flux would be
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Figure 5.8 Important terms in the W7-X particle balance analysis for each individual plasma shot

as a function of input power. Data from the Increased Iota configuration are shown with green

stars and data from the Standard configuration are shown with blue squares. (a) Values of Ny, (b)

values o

f dNiot

2 (©) values of @y, (d) values of @y, (¢) values of 7, ;7. A power series fit to 7, i

for each configuration is shown with a corresponding green and blue solid line. The shaded region
indicates the mean standard deviation of the data points from the fit line.
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Figure 5.9 Spectra from a W7-X Standard configuration hydrogen discharge. The tall emission
line is the H,;;,. at 656.38 nm which dominates any background emission contributions. Plot
courtesy of V. Perseo.
arbitrary because these data were not available for the vast majority of shots analyzed in this work.
Furthermore, this would be a very small correction (on the order of a few percent) which is dwarfed

by the uncertainty that stems from other factors. For this reason we ignore the Bremsstrahlung

contributions in this work.

5.4.6 Comparing filterscope particle flux to limiter Langmuir probe particle
flux

It is perhaps natural to ask how the spectroscopically determined limiter particle fluxes compare
to those measured by other diagnostics. The limiter Langmuir probes embedded in limiter 5 are
the most obvious measurements for such a comparison. We will briefly describe how we use the
measured temperatures and densities to determine a limiter particle flux.

The limiter Langmuir pins were mounted in stellarator symmetric positions above and below
the midplane in tiles 2 and 7 on limiter 5. There were approximately 34 total pins, most of which

were able to provide n. and T, data. Fig. [5.10| shows the placement and pin numbering of the
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Figure 5.10 (Left) Map of limiter 5 langmuir probe locations on tile 7. Pins 2 (circled on left) and
5 (circled on right) were chosen at max/min locations of temperature and density in the Standard
configuration. Plot courtesy of B. Blackwell. (Right) EMC3-EIRENE heat flux prediction for tile
7 with pins 2 and 5 circled. Plot courtesy of F. Effenberg.

W7-X Langmuir probes in tile 7 of limiter 3. Pins 2 and 5 were chosen because they lie in approx-
imately maximum and minimum areas of heat flux and particle flux in the Standard configuration
as predicted by EMC3-EIRENE simulations which are also shown in Fig.

We compare the particle flux measured by the filterscopes and the limiter langmuir probes for a

single dischange, number 160308032. We keep the same analysis window, from between 400-600

ms. We will use the following formulation from Stangeby (Equation 2.56) [6]:
1
1_\se = NgeUse = NgeCs = EHO[k(Te + ﬂ)/mz]1/2 (59)

where I, is the particle flux through the sheath entrance, n,. is the plasma density in the sheath
entrance, v, is the particle velocity through the sheath entrance, c; is the plasma sound speed, ng
is the plasma density at the target, 7, and 7; are the electron and ion temperatures, respectively,
and m; is the mass of the ion (a proton in this case). A major weakness of using this formulation is
that the ion temperature must be known. Unfortunately in OP 1.1, there were no measurements of
this quantity. For this reason, we will assume that 7,=7; in our calculation based on the reasonably

high collisionality in the W7-X edge.
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Figure 5.11 Langmuir probe data from limiter 35, tile 7, for a plasma discharge in the Standard

configuration. Data from pin 2 are shown in blue and data for pin 5 are shown in orange. (Left)

Time trace of n, measured by pins 2 and 5. (Right) Time trace of 7, measured by pins 2 and 5.
Data courtesy of B. Blackwell.

Analyzing data from between 400 and 600 ms in shot 160308032, pin 2 measures approxim-
ately 7.,=25 eV and n.=4x10'® m~3 and pin 5 measured approximately 7,=50 eV and n,=2x10'®
m~3. We will treat these as our upper and lower limits of particle flux to limiter 5. Using equation
5.2, pin 2 yields a particle flux estimate of 1.38x10'7 particles/cm?/s and pin 5 yields a particle flux
estimate of 9.79x101¢ particles/cm?/s.

These data can be compared to the calculated filterscope particle flux for this same discharge.
The measured photon flux is approximately 1.2x10'® photons/cm?/s. Using an S/XB coefficient
value of 26.72 as previously described in section 5.4.2, we determine the particle flux to be
3.2x10'7 particles/cm?/s. This particle flux is approximately a factor of 2 larger than the high
particle flux estimate from pin 2, and approximately a factor of 3 larger than the low particle flux
estimate from pin 5.

If in fact the spectroscopic methods we have employed to measure the wall-sourced and limiter-
sourced particle flux in W7-X are overestimating the particle flux, this would serve to underes-

timate the final particle confinement time. However we should again mention that we have no
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measurements of the ion temperature, and the final value of the particle flux calculation depends
on the square root of the ion temperature. These measurements confirm, at the very least, that the
filterscope measurements and spectroscopic techniques employed are within the ballpark of other

measured values of limiter particle flux, which provides some confidence in these measurements.

5.4.7 Comparing filterscope photon flux to overview video diagnostic photon
flux

Another check for our calculated wall particle flux to limiter particle ratio can be made using
the overview video diagnostic data. These wide-view images capture both a limiter and surround-
ing wall tiles within approximately 1 m. Even though these images are currently not absolutely
calibrated to provide photon fluxes (and eventual particle fluxes through an S/XB coefficient), hav-
ing both the limiter emission and the wall emission in a single image allows their intensities to be
directly compared.

The overview video diagnostic captured images of all five limiters, but in this analysis we focus
on limiter 3 since this is where the filterscope photon flux measurements were made. We chose
two analysis regions: one in the center of limiter 3, and one on a dark part of the wall toroidally
separated from the limiter. We use a rectangle mask to select only the pixels in our analysis regions
and perform a mean over these regions. A sample limiter image from this diagnostic for Standard
configuration shot 160308032 between 400-600 ms is shown in Fig. This composite image
is the mean of all frames captured within the analysis window and with the initial dark image (i.e.
before the beginning of the plasma) subtracted from the mean image.

For all shots analyzed in this work, in both the Standard and Increased Iota configurations, we
can compare the mean values in the limiter mask to the mean values in the wall mask. Then, we
can find the overall mean ratio between the limiter mask and the wall mask. This overall mean

ratio 1s 99, i.e. the limiter H, photon flux is a factor of 99 greater than the wall photon flux.
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Figure 5.12 Images obtained with the overview video diagnostic system. These images were H,
filtered and are shown in units of intensity (arbitrary units). (R) Image showing the rectangular
mask used to infer the mean wall particle source rate. (L) Image showing the rectangular mask

used to infer the mean limiter particle source rate. Data courtesy C. Biedermann.

We can compare this to the mean ratio of the limiter 3 filterscope measurements and the wall
measurements. We analyze all shots used in this work in both the Standard and Increased Iota
configurations. The overall mean ratio of the limiter and wall photon flux is approximately a factor
of 71, i.e. the limiter H, photon flux is a factor of 71 greater than the wall photon flux. For
reference, the difference between the total limiter surface area in W7-X (~ 0.86 m?) and the total
wall area (~ 110 m?) is of approximately this same order (a factor of 128).

Despite the very different measurement techniques used, these ratios are different by a factor of
less than 2 (approximately 1.4). The reasonable agreement of these numbers again provide some
confidence in the relative difference in our limiter and wall particle flux calculations. It is possible
we systematically under or over predict these fluxes which would ultimately raise or lower the final

value of particle confinement time, but would not affect the differences in the values between the

Standard and Increased Iota configuration.
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5.5 Global recycling coefficient in W7-X

With both 7, and 7, extracted from measurements at W7-X, Equation is used to determine
the global recycling coefficient R. Since the measurements of both 7, and 7, were obtained as a
function of heating power, R is computed over this same range using the power scaling fit lines
which were previously determined. The values we obtain are shown in Fig. The shaded con-
fidence regions shown are calculated according to Equation[5.11]and the partial derivative weight-
ing factors contribute strongly to the small total standard deviation. This calculation yields a value
of R approximately equal to 1.1 for both levels of heating power. It should be noted that the value

of R computed in each configuration is slightly different but agree within error bars.

R=1-— :—p (5.10)
p
OR OR
AR = \/(875)2(AT;)2 + (a—Tp)Z(ATp)2 (5.11)

This value of R~1.1 represents particle release from the wall, i.e. a situation of over-fueling
the plasma by wall particle release. As a consequence, the line-averaged density as measured by
the interferometer was seen to rise monotonically in all plasmas in this study despite no addi-
tional external gas input. This density rise is a result of particle release by the limiter and/or the
main wall during the analysis window. This over-fueling situation is consistent with minimal wall
conditioning performed before the startup campaign experiments were conducted (e.g. baking at
150 degrees C only, which is below the threshold to remove impurities from carbon [77]]). This
result provides some additional confidence in our measurements of 7, and 7, since the R they
yield is consistent with plasma observations and the anticipated wall conditions during the startup

campaign at W7-X.
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Figure 5.13 The global recycling coefficient R for W7-X plotted as a function of heating power.
This value is calculated using Equation 3. The shaded regions are the sum in quadrature of the
uncertainty in all of the component terms in this analysis. Data from the Standard configuration
are shown with a solid blue line and data from the Increased Iota configuration are shown with a
dotted green line.
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Figure 5.14 EMC3-EIRENE calculation of ionization source rate, S,. Despite the change in edge
structure, there were no substantial changes in the ionization source distribution. A flux surface
averaged plot of these data are shown in Fig. [5.15|Plot courtesy F. Effenberg.

5.6 EMC3-EIRENE fueling efficiency coefficients in W7-X

EMC3-EIRENE was used to simulate both the Increased lota configuration and the Standard
configuration in this work [73]]. Note that the values of 7. and n. are self-consistently calculated
based on the prescribed input power and core density of each case. The simulation parameters

between the two pairs of configurations were kept as similar as possible to facilitate comparison
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Figure 5.15 EMC3-EIRENE of ionization source rate for helium in both the Standard
configuration (blue solid line) and Increased Iota configuration (green dotted line). The helium
source profile is very similar to the hydrogen source profile (not pictured). Plot courtesy F.
Effenberg.
between the cases. These choices were informed by Thomson profile measurements of plasma
density and temperature like those shown in Fig. It should be noted for the W7-X simulations,
only limiter-sourced particles were included in the simulation (i.e. no wall-sourced particles were
simulated because the limiter was expected to be the main source of recycling particles). Below, we
will discuss how the values of fueling efficiency calculated for these limiter-sourced particles will
be adapted to more physically represent the penetration of wall-sourced particles in what follows.

Figs. [5.14 and [5.15| show a plot of the ionization source rate S, calculated in W7-X, the first
is in real space coordinates and the latter is in flux surface averaged coordinates. The ionization
source rate is key to determining the fueling efficiency, as described in detail in Section as the
quantity fe is defined as the total number of ionizations that occur inside the confinement region
divided by the total number of ionizations. Data in the Increased Iota configuration are shown with
a green dotted line and data in the Standard configuration are shown with a blue solid line. The x-
axis of both plots have been shifted so that the location of the LCFS in each configuration overlaps

at r=0. This plot shows very little difference in the limiter particle source rate profile between the
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Increased Iota and the Standard configurations. This lack of difference in source rate profile results
in, unsurprisingly, very little difference in the calculated fueling efficiency coefficients.

Fig. shows the fueling efficiencies for the Increased Iota configuration and the Standard
configuration in W7-X plotted as a function of total plasma particles. Data in the Increased lota
configuration are shown with green stars and data in the Standard configuration are shown with
blue squares. Data in this plot are shown over the range of achievable densities for W7-X during
the limiter operational phase (OP 1.1). This plot shows that in the Increased Iota configuration,
the value of fe¢ is approximately 0.81 and in the Standard configuration, the value of f. is ap-
proximately 0.87. At W7-X this ~ 7 percent difference in particle penetration between the two
configurations is less substantial than that observed at HSX between the two configurations (~ 24
percent). This could be for several reasons, the most likely of which is the close proximity of the
limiter to the LCFS. The second is that the higher W7-X plasma densities result in shorter particle
ionization lengths, which in turn may cause the ionization region to depend less heavily on the edge
topology. Future work will be required to better understand these differences. The uncertainty in
the fueling efficiency in the Increased Iota configuration is ~ 3 percent and the uncertainty in the
Standard configuration is ~ 2 percent, which have been included in the total error in the particle
confinement time in Equation[5.8]

As was done at HSX, the W7-X calculations of fueling efficiencies for the wall need to be
adjusted to better account for the difference in edge geometry between the limiter and the wall.
Because the fueling efficiency coefficient calculated by EMC3-EIRENE for W7-X was for limiter-
sourced particles, the fueling efficiency for these particles is substantially higher than for particles
borne at the wall because it is located radially farther away. It is clear that the limiter fueling
efficiencies need to be reduced to more accurately represent the wall particle penetration fraction,
so we rely on a simple 1-D slab calculation to inform our decision to scale down these values. The

original EMC3-EIRENE values of f.; will be scaled based on this calculation as they can capture
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Figure 5.16 EMC3-EIRENE calculated numerical values of f.g for the Standard and Increased
Iota configurations in W7-X. The numerical f.¢ is shown as a function of total number of plasma
particles. Unlike the fueling efficiency study for HSX, this density range was achieved during the

initial operational phase of W7-X. EMC3-EIRENE calculations courtesy of F. Effenberg.
differences in the particle penetration related to the magnetic geometry in a way that no simple
calculation (like the one to follow) can.

This reduction factor was determined from the results of a 1-D slab calculation in which a
Maxwell-Boltzmann distribution of 0.026 eV neutral molecular hydrogen was examined penetrat-
ing into a background plasma of 40 eV and background density of 1.3x10'® m3 [76]. We assume
the wall is a distance of 10 cm away from the confinement region. Particles must penetrate at least
this distance to be ionized in the confinement region.

Using atomic data reaction rate coefficients, at a temperature of 40 eV, molecular hydrogen
is 8.3 times more likely to ionize than to dissociate into two atomic hydrogen particles [78]. If
we assume that all particles will either ionize or dissociate (a reasonable assumption in the W7-
X edge), this means that 86 percent of particles will ionize and 14 percent will dissociate. We
assume that all dissociated particles will ionize within the confinement region due to their increased
Franck-Condon energy and correspondingly long mean free paths (~ 1 m). This makes the fueling

efficiency at least 14 percent.
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Figure 5.17 (Left) Plot of molecular hydrogen particle mean free path as a function of particle
energy in eV. The energy at which particles have enough energy to penetrate 10 cm in the W7-X
is noted on the plot. (Right) Plot of the Maxwell-Boltzmann energy distribution of molecular
hydrogen particles in the W7-X edge. The energy at which particles have enough energy to
penetrate 10 cm in the W7-X is noted on the plot (the high-energy tail of the distribution).

To determine the portion of particles that penetrate as a result of being part of the high-energy
tail of the Maxwell-Boltzmann distribution, we perform a 1-D slab calculation [6] Equation 4.55.

We use the following formulation:

Ap = —— (5.12)

Ne < TionVe >
where v, is the velocity of the neutral, n, is the plasma density, and < ¢;,,v. > is the rate coeffi-
cient for the dominant ionization process (electron impact ionization).

At our given background plasma parameters in W7-X, we find that particles must have an
energy greater than 0.282 eV to penetrate 10 cm into the confinement region. Given a Maxwell-
Boltzmann distribution of molecular hydrogen particles with a most probable energy of 0.026 eV,
approximately 3 percent of particles have an energy of 0.282 eV or larger. The results of both of
these calculations can be seen in Fig.

We therefore add the contributions of these two methods of penetration to obtain a fueling
efficiency of approximately 17 percent for wall-sourced particles in the W7-X edge. This value is

approximately a factor of five less than the values of fj;,, calculated by EMC3-EIRENE, shown in
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Equation[5.1] We therefore scale the values of fi,, down by a factor of five to determine fyy. This
yields values of 0.15 and 0.17 for the Increased Iota configuration and the Standard configuration,
respectively. These values of f,.; are also in improved agreement with previous values of wall-
particle penetration in the literature [35, 37, [79]. Therefore the final form of the W7-X particle

balance expressed in Equation [5.1] can also be written as:

Ntot
dN, 1
- d;m + flimq)lim + gflimq)wall

(5.13)

Tp =

This reduction makes sense in terms of edge geometry and the position of the wall relative to the
confinement region. Since wall-sourced particles must, on average, travel a longer distance to the
confinement region than those borne at the limiters, it is reasonable that f.; is smaller than fj.
These adjustments do not substantially change the final 7, that is calculated. If fy.; = fiim, rather
than scaled down, the 7, results would still lie within the other’s error bars, but the absolute values

of 7, would decrease by a small factor.
5.7 Summary

In summary, we have followed a similar experimental procedure to that performed at HSX
to study particle behavior at W7-X. Using both experimental measurements and EMC3-EIRENE
numerical modeling, we have examined the particle confinement properties of both the Increased
Iota (inward shifted 5/6 islands and 5/5 edge islands) and the Standard configurations (5/6 islands
present near the LCFS, no 5/5 edge islands). Measurements of the decay of a peturbative helium
puff yielded values of 7, . ; and 77 . ; @ factor of 1.5 and 1.2 longer, respectively, in the Increased
Iota configuration as compared to the Standard configuration. This indicates that edge helium
particle transport has been changed by this difference in magnetic configuration, although it cannot
quantify which portion of the changes are due to true particle confinement changes and which

portion of the changes are due to possible helium recycling coefficient changes.
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A complete hydrogen particle balance yielded particle confinement times a factor of 1.05 longer
in the Increased Iota configuration relative to the Standard configuration, which lies within the error
bars of both configurations. (These factors are for a heating power of 2.35 MW.) As a result, we
conclude there is no meaningful difference in hydrogen particle confinement times between the two
configurations. These results, along with measurements of 7 ;;, yield a global hydrogen recycling
coefficient R of approximately 1.1 in both configurations.

Finally, EMC3-EIRENE calculations of particle penetration indicated a value of fueling effi-
ciency 7 percent reduced in the Increased Iota configuration relative to the Standard configuration,
which is only just slightly out of the region of uncertainty in these calculations. Similar to the
particle confinement time, we also conclude there is no meaningful difference in the fueling effi-
ciency between the two configurations.

A more in-depth discussion of these results will be discussed in Chapter [} In particular, the
important physics results here will be compared to what was observed at HSX. Finally, we will
attempt to put these results into context with other similar measurements in the literature and
present our ideas for future work that could build on these studies and possibly yield more concrete

findings in the W7-X divertor operational phases.
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Chapter 6

Discussion and future work

This chapter is the final chapter of this thesis. It summarizes the important results contained
within this work (primarily described in Chapters [4] and [3), discusses the physical mechanisms
that govern these findings and puts this work in context, and outlines possible future work that has

become apparent through this study.
6.1 Major results

1. The ability for a change in edge magnetic geometry to affect the ionization source distri-
bution was the defining factor in whether global particle confinement changes were seen (at

HSX) or not seen (at W7-X).

(a) AtHSX, where the 8/7 islands were able to create a private flux region which helped
direct ionized particles immediately back to the wall, the fueling efficiency was
decreased by a factor of 1.24 and particle confinement time was increased by a factor

of 1.32 as compared to the No-Edge-Islands configuration.

(b) At W7-X, where the inward shift of the 5/6 island and the introduction of the 5/5 island
into the edge did not impact the ionization source distribution, the fueling efficien-

cies and particle confinement times were relatively constant in the two configurations.
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2. Atboth HSX and W7-X, the Edge-Islands configuration and the Increased Iota configuration
exhibited longer decay times of 7, ;. by a factor of 1.6 in HSX and a factor of 1.5 and 1.2 in

W7-X, which could stem from several factors which will be discussed below.
Each of these major conclusions is described in more detail in the three sections that follow.

6.2 Conclusion 1 - Edge topology and the ionization source distribution in
HSX and W7-X

One of the key results from this work is that in HSX, the 8/7 magnetic island geometry reduces
the penetration fraction of neutral particles into the confinement region (see Fig. 4.14). The key
physics mechanism behind this result is the following. Particle flux exits the LCFS predominately
through regions of high curvature. The majority of plasma is then carried through parallel transport
to specific localized areas of the wall [21]. When some fraction of these particles recycle, they re-
emerge as neutrals in what is effectively the private flux region of the X-point geometry created by
the 8/7 island and its intersection with the HSX vacuum vessel (see Fig. . As a result, if these
particles are ionized within this private flux region, they will be immediately directed back to the
wall by outward parallel transport, and the cycle will continue. The 8/7 island geometry therefore
helps prevent the recycling particles from ionizing within the confinement region and results in a
decreased fueling efficiency as shown by EMC3-EIRENE calculations.

These findings are the result of EMC3-EIRENE simulations in both the Edge-Islands and the
No-Edge-Islands configurations. By examining the magnetic topology (i.e. both the connection
length and the Poincaré plots) of both configurations, the background plasma temperature, and the
ionization source rate S,, (all of which are shown in Fig.[6.2), it is clear that the magnetic topology
plays a role in reducing the number of ionizations that take place inside the confinement region in
the Edge-Islands configuration. The locally increased temperatures near the 8/7 X-point result in

an increased rate of ionizations, and the X-point geometry serves to direct the flow of ions along
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Figure 6.1 Figure demonstrating the X-point geometry in a tokamak. Note that behind the
X-point is the private flux region, where particles that ionized are directed immediately back to
the divertor target. Figure reproduced from [6] Figure 1.12.
the field lines back to the target. Together these phenomena reduce the penetration fraction of

wall-sourced particles in the Edge-Islands configuration.

The magnetic topology, the background plasma temperature, and the ionization source rate
S, are shown in Fig. for both HSX configurations. This figure is the same as Fig. In
Fig.[6.2(e) where islands are present, the source rate distribution can be shown peaking around the
X-point of the 8/7 magnetic island. Conversely in Fig. [6.2(f), the source rate is much more diffuse
and extends radially further into the confinement region. Divertors are designed to prevent this
direct penetration of neutral particles [|6], so perhaps it is not surprising that the more “divertor-
like” Edge-Islands configuration exhibits positive neutral screening attributes and consequently im-
proved hydrogen (and possibly helium) particle confinement times relative to its No-Edge-Islands

counterpart.
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Figure 6.2 EMC3-EIRENE calculations for the Edge-Islands configuration (left column) and the
No-Edge-Islands configuration (right column). (a) and (b) Plots of the magnetic connection
length and Poincaré plots. (c) and (d) Plots of the self-consistently calculated plasma temperature,
which highlights the island structure in (c). (e) and (f) Plots of the ionization source rate of
hydrogen particles. In (e), the majority of the ionizations take place near the magnetic X-point. In
(f), the ionization front is more diffuse and extends further into the confinement region.
EMC3-EIRENE calculations courtesy A. Bader.
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The effect of islands preventing inward flux of neutrals appears predominantly at the bean cross
section and extends through some finite toroidal extent (and is most visible between a toroidal
angle of 0 and 11 degrees). The EMC3-EIRENE 5, calculuations are shown in Fig. for four
toroidal cuts: 0, 11, 25, and 42 degrees. In this figure, the EMC3-EIRENE ionization source rate
distribution is plotted for the Edge-Islands configuration on the left, and for the No-Edge-Islands
configuration on the right. The data at different toroidal angles are plotted in order of ascending
toroidal angle. The .S, data have been autoscaled and therefore differences in the peak ionization
rate can be more easily observed.

This increased plasma temperature at the 8/7 island X-point is not only an EMC3-EIRENE
prediction, but has also been experimentally measured by A. Akerson [27] using a 2-D movable
Langmuir probe in the HSX edge. A 2-D temperature profile from the Edge-Islands configuration
is shown in Fig.[6.4] Temperatures at the X-point are measured to be approximately 60 eV which
is well above the minimum ionization potential for neutral hydrogen (~ 13 eV). Such profiles have
not yet been measured for the No-Edge-Islands configuration and could constitute future work as
will be discussed in the sections that follow.

This same argument can also offer an explanation for why we did not see substantial changes
in the fueling efficiency or hydrogen particle confinement time at W7-X when the edge magnetic
topology was changed (see Fig.[6.7)). In the Standard configuration, the 5/6 island chain was located
several cm inside the LCFS. At this location, EMC3-EIRENE modeling indicated that it would not
play a major role in affecting the source distribution because a large part of the ionization took
place radially outside the island location (see Fig.[6.6). In the Increased Iota configuration, the 5/6
island was moved further inward (still well away from the peak source region) and the 5/5 island
was introduced to the W7-X edge in the far SOL (behind the limiter). Poincaré plots showing the

magnetic topology in the two configurations are shown in Fig. [6.5] In this figure, the Standard
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Figure 6.3 Figure demonstrating that the effect of the magnetic topology on the ionization source
region exists at several toroidal angles in HSX. EMC3-EIRENE S, data in the Edge-Islands
configuration are shown on the left and data in the No-Edge-Islands configuration are shown on
the right. The data at toroidal angles of O degrees, 11 degrees, 25 degrees, and 42 degrees are
pictured in order from top to bottom. EMC3-EIRENE calculations courtesy of A. Bader.
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Figure 6.4 2-D measured plasma temperature in the Edge-Islands configuration. Note the peak
temperatures in the confinement region and near the X-point of the 8/7 islands. Plot reproduced
from A. Akerson thesis. [27]]
configuration is shown on the top left and the Increased Iota configuration is shown on the top

right.

This 5/5 island location in the relatively cold, far SOL is believed to be the reason why the
changes in particle confinement and penetration were minor (if they were present at all). EMC3-
EIRENE simulations indicate that in the Increased Iota configuration, the ionization rate peaks in
close proximity to the LCFS, far away from both the 5/5 and the 5/6 island chains. This peaking
can be seen in Fig. [6.7] We hypothesize that if the iota profile had been further increased to
move the 5/5 islands to the near SOL and place them within a 1-2 cm of the LCFS, or if the iota
profile had been decreased to move the 5/6 islands closer to the limiter, the changes in particle
penetration and ionization might have been far more pronounced and more comparable to HSX.
Such a “Decreased Iota” configuration is shown at the bottom right of Fig. [6.5]and was proposed

for OP1.1 by O. Schmitz and F. Effenberg but was not ultimately deemed safe for W7-X in the first

operational phase.
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Figure 6.5 Poincaré plots for several W7-X magnetic configurations. The two top plots are the
Standard configuration (left) and the Increased Iota configuration (right) examined in this work.
The two bottom plots are the same Standard configuration (left) and a Decreased Iota
configuration (right) which was never tested at W7-X. The Decreased Iota configuration might
have resulted in reduced particle penetration and increased particle confinement as a result of the
closer 5/6 island proximity to the limiter. Plots courtesy F. Effenberg.
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Figure 6.6 EMC3-EIRENE calculation of ionization source rate, S,,. Despite the change in edge
structure, there were no substantial changes in the ionization source distribution. A flux surface
averaged plot of these data are shown in Fig. [5.15|Plot courtesy F. Effenberg.
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Figure 6.7 EMC3-EIRENE calculation of the flux surface averaged ionization source rate for
helium in both the Standard configuration (blue solid line) and Increased Iota configuration (green
dotted line). (The helium ionization profile is very similar to the hydrogen ionization profile). Plot

courtesy F. Effenberg.
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A summary of the four magnetic configurations explored in this work is shown in Fig.
in a general sense. This figure visualizes the relative relationship between the magnetic island
chain(s) and the ionization domain in each configuration. The Edge-Islands and No-Edge-Islands
configurations at HSX are pictured in (a) and (b), respectively. The Increased Iota configuration
and the Standard configuration are pictured in (c) and (d), respectively. The relatively large differ-
ences in the location of the magnetic islands at HSX with respect to the ionized source distribution
and the relatively minor differences observed at W7-X are consistent with the discussions of the
experimental and numerical data above.

It should be noted that the cartoon in Fig. is meant to provide only a gross overview of the
type of experiments that were performed at HSX and W7-X. One should not take away from this
figure that the ionization source rate profile was static, particularly at HSX. Rather, the location of
the island itself directly influences the shape of the ionization source rate profile. These physical
phenomena are all connected in a self-consistent manner.

At HSX, inserting and removing the 8/7 island chain into the main ionization region was ac-
complished, while at W7-X, the 5/6 island chain was not located close enough to the limiter in
the Standard configuration (as seen in Fig. and the 5/5 island chain was too far in the SOL
to affect the ionization source distribution. However, the island divertor configuration at W7-X
will be testing the concept explored at HSX and hence, the results from this initial study can be

expanded upon in the upcoming island divertor campaign.

6.2.1 Different scalings of 7, with 7, in the Edge-Islands and No-Edge-Islands
configurations

Another result of this work was that at HSX, the hydrogen particle confinement time exhib-

ited different scalings with density in the Edge-Islands configuration and in the No-Edge-Islands
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Figure 6.8 A summary of the relationship between the island position and the ionization source
region for the four configurations that have been explored in this work. The magnetic island
position(s) relative to the ionization domain have been noted for both the HSX configurations (a
and b) and the W7-X configuration (c and d).
configuration. The trend in 7,  as a function of plasma density was positive in the Edge-Islands

configuration, and the trend was negative in the No-Edge-Islands configuration.

Based on several studies in the literature, it appears as though there is a critical density at which
the density trend turns over. This density is different for all three experiments which observed this
phenomena (1x10' m™3 at JET, 1.5x10%° m~2 at Alcator-A, and 4x10'® m—3 at TEXT) (80, |81,
82]]. Data from all three of these experiments is shown in Fig.[6.9]

At TEXT, simultaneous measurements of the ratio of the limiter particle flux to the wall particle
flux provide additional insight into the nature of this rollover. These measurements are shown in
Fig. [6.10] They illustrate that when the ratio of the limiter to wall flux reaches a critical value,

in this case ~ 1.5, the positive trend of particle confinement time with density transitions to a

negative trend. They note that the trend of the limiter flux only (not shown in [82]) scales linearly
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Figure 6.9 Measurements from JET (top), ALCATOR-A (middle), and TEXT (bottom) showing
a rollover in the relationship between particle confinement time and plasma density. In all cases at
lower density, the trend is positive. At some critical density (different at each experiment), the

trend reverses and becomes negative. Plots reproduced from [80, 81, 82].
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with density. It was concluded that when the undesirable wall contribution of particles becomes
sizable, this favorable scaling disappears [82]]. In general a positive scaling of confinement with
plasma density is considered good because it means that at reactor-relevant densities (which will
be high), it would be very advantageous if particle confinement increased with density, rather than
decreased. This will result in a larger value of the fusion triple product, szTE [83]], where n and
T are the peak densities and temperatures, respectively, which is necessary to achieve burning
plasmas.

At HSX in the course of this work, no limiters were used, so we cannot compare the fraction
of wall-sourced and limiter-sourced particles as was done at TEXT. (Limiters, though available,
were not used because the limiter particle source rate could not be measured at the time these ex-
periments were performed.) However, we can compare the product of the fueling efficiency and
the wall-sourced particle flux for both the Edge-Islands configuration and the No-Edge-Islands
configuration. The product of these two terms is plotted in Fig. This plot can be compared
to Fig. B.11(d). Because the wall-sourced particle flux values are similar between the two con-
figurations (as seen in Fig. #.11](d)), the difference evident in Fig. is largely the result of the
difference in fueling efficiency. As a result, more wall-sourced particles ionize within the plasma
in the No-Edge-Islands configuration. The bifurcation in the No-Edge-Islands data in Fig. [6.11]
may be due to the fact that these data were obtained on two different days, but with otherwise
comparable bulk plasma parameters and wall conditions. The reason for this apparent difference
is not known at this time.

This reduction supports the argument that the reduced wall particle contribution in the Edge-
Islands configuration contributes to the positive scaling in the value of 7, y with density, and like-
wise the increased wall particle contributed in the No-Edge-Islands configuration contributes to the

negative scaling in the value of 7, ;7 with density. Without a divertor or some additional magnetic
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ration of limiter to wall flux (top) and the trend in particle confinement as a function of plasma
density (bottom) [|82].
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Figure 6.11 Plot of the product of the fueling efficiency f. and the wall particle flux ®,,,;; for
both the Edge-Islands (red circles) and No-Edge-Islands (gray diamonds) configurations in HSX
as a function of plasma density. These data represent the total number of wall-sourced particles
that are ionized within the confinement region in each configuration.
structure to prevent the wall-sourced neutrals from entering the plasma, the increased rates of un-
controllable particle recycling tend to drive down the particle confinement time. Therefore in the
Edge-Islands configuration, the edge “divertor-like” structure prevents the wall-recycled particles
from entering the confinement region. However in the No-Edge-Islands configuration, no such

magnetic structure is in place to prevent the wall-sourced particles from entering, and thus the

particle confinement time degrades with increasing density.
6.3 Conclusion 2 - Increase in helium decay times at HSX and W7-X

Measurements of the decay of a perturbative helium puff at both HSX and W7-X yielded longer
values of 7, ;. for the configuration with a magnetic island outside of the last closed flux surface
for HSX and for W7-X in the far SOL. At HSX, the value of 7, ; was increased by a factor of

1.6 in the Edge-Islands configuration relative to the No-Edge-Islands configuration. At W7-X, the
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value of 7. ;; was increased by a factor of 1.2 in the Increased Iota configuration relative to the
Standard configuration. Additionally at W7-X, the value of 7. ; was increased by a factor of 1.5
in the Increased Iota configuration. These measurements indicate that the edge topology changes
at both HSX and W7-X clearly resulted in a reduction of the effective helium confinement time
7, 1. When the magnetic islands were not present in the scrape-off layer region. This trend of 7 ;.
agrees with the trend for 7, i at HSX. At W7-X, there was no change was measured in 7, y despite
a significant increase in 7, ;. seen with the 5/5 island in the far SOL.

These seemingly contradictory results for W7-X can be understood by considering that helium
has several properties which make the helium particle balance significantly different than the hy-
drogen balance. First, helium is not significantly absorbed by metal walls and is not co-deposited in
hydro-carbon layers, unlike hydrogen. As a result, the recycling coefficient of He is close to 1 [[77]]
and hence no He wall-pumping is possible (as at HSX, where R< 1 for hydrogen) and likewise no
significant He wall-sourcing is expected (as at W7-X, where R>1 for hydrogen). It is also import-
ant to consider that the helium gas inlet at W7-X was located such that the He is injected directly
into the 5/5 island channel for the Increased lota configuration. The plasma parameters predicted
by EMC3-EIRENE for inside of this island are T, ~ 4-6 eV and n, ~ 1.0x10'® m~3 which res-
ult in radial ionization scale length ~ 5-10 cm for thermal He. This suggests that some amount
of the helium injected could be trapped inside of the island. Some experimental evidence which
supports this hypothesis are measurements of He-I and He-II emission (shown in Fig. during
and after ECRH turnoff, which suggest that a larger number of helium particles are confined in the
Increased Iota configuration. (Helium recombination plays a dominant role below 10 eV where
the helium ionization rate coefficient falls off steeply [78].) These findings suggest that the 5/5
island chain may contribute to this additional helium confinement. Future work with dedicated

2-D spectroscopy will be required to resolve island contributions to impurity ion confinement.
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Figure 6.12 He-II signal from W7-X in the Standard (red) and Increased Iota (blue)
configurations. ECRH turnoff is at 600 ms. After ECRH turnoff, the signal peaks from
recombination generated emission.

Finally, in a simple impurity force balance, helium is treated as a trace impurity in terms of the
friction and thermal force effects. This results in inward and outward transport coefficients which
are coupled to different leading order transport mechanisms for the trace impurity as compared to
the main species. The magnetic island in the plasma edge can alter parallel plasma profiles and
hence change the ratio of the friction and thermal force, which might change the main ion and
impurity ion transport. These profiles, however, were experimentally not accessible and modeling
with EMC3-EIRENE for these helium cases is left for future work.

These helium confinement measurements can be compared to recent recent measurements at
both TEXTOR and LHD [22} 23]]. At these experiments, it was found that by using RMP fields, an
island inserted into the edge region decreased the helium decay time (i.e. shorter values of 77 /).
It was shown that at both of these experiments, these edge manipulations enhanced the outward
transport of helium particles. The driving mechanism was found to be due to an increase of the
outward directed friction force relative to the inward directed thermal force due to collisionality

gradients. However, it has to be noted that for these experiments the islands did not influence the



138

plasma wall interaction; rather, the islands were located inside of the confinement region in the
helium ionized particle domain. In contrast, at W7-X and HSX in the configurations with larger
7, . (the Increased Iota and Edge-Islands configurations), the edge islands heavily influenced the
plasma wall interaction and were present in the ionization source region (at HSX).

It should also be noted that depending on the magnitude of the RMP perturbation applied, TEX-
TOR also saw operational regimes in which particle confinement could be increased as a result of
“moderate” RMP fields [84]. This study concluded that the greatest confinement increases were
present when the X-points of the islands were connected to the wall via magnetic flux bundles.
The HSX Edge-Islands configuration also exhibits this same feature, so perhaps the particle con-
finement increases observed at both experiments is in fact related.

To summarize this section, islands have been shown to improve or degrade hydrogen and he-
lium particle confinement depending on their placement and how their magnetic topology changes
align with pumping geometry. Future work, including a large number of planned experiments dur-
ing the W7-X divertor operational phases OP1.2 and OP2, will be necessary to better understand

these relationships.
6.4 Possible contributions of core transport changes

As a final note, it is important to consider if the changes to the plasma core (i.e. through neo-
classical transport) and that those changes, rather than edge structure induced changes, contributed
to these measured differences 7, and 7, at both HSX and W7-X. In particular an increase of the
effective ripple to adjust the edge structure (e, on both W7-X and HSX was increased by a factor
of 2) may have had deleterious effects on the core transport in the Increased lota configuration
and the No-Edge-Islands configuration. However, future work would be needed to resolve to what

extent any possible changes in core transport affected the results in this study.
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However, the HSX ions are in the Plateau regime [28]] and the W7-X ions are in the Plateau/Pfirsch-

Schiileter regimes. In these regimes, there is no explicit transport dependence on the effective
ripple. This means that the 7, helium decay measurements (produced from ion emission) are un-
likely to reflect any differences in core transport. With regard to the electrons, it was found that
there were no major differences in core electron transport between the Standard configuration and
Increased Iota configurations at W7-X due to the mitigating presence of a positive radial electric
field [85,|86]. At HSX the role of the radial electric field [87, 88| in mitigating transport is still an
open question.

Finally, EMC3-EIRENE simulations contain no information about potential core neoclassical
transport changes that may have occurred as a result of the change in magnetic configuration
(i.e. through the increased effective ripple). Despite this, EMC3-EIRENE results clearly show
a difference in particle penetration as a result of changes in edge topology exclusively. These res-
ults demonstrate that the changes in the measured values of 7, and 7, stem primarily from changes

in edge, rather than core, transport.

6.5 Future work motivated by this study

6.5.1 Possible future work at HSX

Our recommendations for future work at HSX are primarily focused on continuing to investig-
ate the No-Edge-Islands configuration (i.e. 5 percent Well). To better understand this configuration,
additional 2-D edge measurements like those peformed by A. Akerson [27]] would provide more in-
formation about edge quantities in this configuration including temperature, density, electric field,
and plasma flow. Plasma temperature is of particular interest because it governs the ionization
physics which have been shown to impact overall particle confinement in the Edge-Islands config-

uration. These measurements would provide another opportunity for EMC3-EIRENE predictions
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for the HSX edge to be validated, and for the edge of this configuration to be more thoroughly
understood.

In addition to more carefully investigating the edge quantities in the No-Edge-Islands configur-
ation, investigation of the neoclassical physics would also provide important information. Running
DKES calculations for this configuration would be useful, as would making measurements of the
radial electric field, to determine any possible increases in neoclassical transport as a result of in-
creasing the effective ripple that may have contributed to differences in the values of 7, and 7, that
were measured in this work. Additionally, turbulence measurements (like density and temperature
fluctuations) and simulations (like GENE) could also add important information about any differ-
ences in turbulence-driven particle transport in these configurations. These studies could provide
more information about the relative importance of edge physics, neoclassical physics, and turbu-
lence physics that contribute to the global changes we observed in particle confinement between
the Edge-Islands configuration and the No-Edge-Islands configuration.

The family of the Well-type configurations could also provide a fertile research area at HSX.
A systematic study of configurations in the No-Edge-Islands configuration family, i.e. O percent,
2 percent, 6 percent, and 8 percent current in the auxiliary coils would be especially insightful as
it allows the 8/7 island chain to be moved incrementally from outside the LCFS to just inside the
LCFS to approximately the half-radius. This proposed series is pictured in Fig.[6.13] Such a study
might yield more information about how specific island size and position affects global particle
confinement properties in HSX and which edge magnetic geometry provides optimal edge and
plasma performance. The effects may very well be nonlinear with island position. This series of
experiments would be very relevant to island divertor operation in W7-X as they themselves seek

to answer this same set of questions.
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Figure 6.13 The No-Edge-Islands family of configurations in HSX (also called the Well
configuration). From the top left and moving horizontally, O percent Well (QHS aka
Edge-Islands), 2 percent Well, 4 percent Well, 5 percent Well, 6 percent well, and 8 percent Well.
Poincaré plots courtesy of HSX magnetic database generated by K. Likin.
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6.5.2 Possible future work at W7-X

Our recommendations for future work at W7-X during divertor operation are essentially to
repeat the measurements made during the limiter phase (i.e. those in this work), perform additional
measurements to provide more information about impurity species, notably helium, and perform
hydrogen perturbative puff experiments in addition to helium perturbative puff experiments to
provide more information about edge hydrogen transport.

To perform a full helium balance, several additional measurements will be required than were
possible in the scope of this work. Using C-X or another diagnostic (possibly HEXOS or XICS),
the fraction of helium ions in the core plasma could be determined. If these measurements are
not available, performing a full collisional radiative model calculation to estimate the core helium
fraction could also be an option. One of these techniques will be required to determine Ny,; and
perhaps d%’% for helium. Additionally, EMC3-EIRENE helium penetration simulations will be
necessary to determine the fueling efficiency (which may likely be different than hydrogen).

If a helium particle confinement time is obtained in addition to a measurement of 7, . 1, then
the measurements of 7, ;. ;; can be disambiguated to separate the effects of the recycling coefficient
and the true particle confinement information. This is a step beyond was what possible in this work.
If both 7, ;. and 7;, . were measured, the helium recycling coefficient R could also be calculated.

Furthermore, if a hydrogen and helium particle confinement time are both obtained, it will
provide valuable information about how impurity transport is related to main ion transport in sev-
eral different island topology configurations at W7-X. This would also extend well beyond what
was possible in this work and would help to investigate if helium (and perhaps other impurities

like carbon) can be preferentially exhausted from the plasma by a prudent choice of edge magnetic

topology.
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In addition to the perturbative helium puffs, we also strongly recommend perturbative hydrogen
puff experiments at W7-X. This would provide a more robust way of measuring 7, ;; than fitting
the interferometer density time trace. Measurements of 7, ; made using H, decay would provide
much more information about the decay of neutral hydrogen specifically in the W7-X edge and
could be compared to edge helium measurements to determine if the transport behavior is similar
or different between these species.

Finally, we recommend that if density control at W7-X permits, a fine-scale density scan rather
than a power scan will likely provide more meaningful results of the particle confinement behavior
and its dependence on the plasma density. This would allow similar trends like those discovered at

HSX to be investigated at W7-X.
6.6 Final summary

The edge magnetic structure in the HSX and W7-X stellarators is shown to have a significant
impact on the particle fueling and exhaust of the plasma main species (hydrogen) as well as helium.
In HSX, the 8/7 island chain located just outside the LCFS is shown to reduce particle penetration
and increase global effective and true particle confinement times for both hydrogen and helium.
In W7-X, the movement of the 5/6 island inwards and the introduction of the 5/6 into the edge
does not result in any significant changes in hydrogen particle confinement times, likely because
neither island chain was located in the ionization source region. However, an increase in the
effective helium particle confinement time was observed when the 5/5 island was present in the
edge, suggesting that the change in edge topology increased helium confinement to some degree.
These findings suggest that for a helically optimized system like HSX, the plasma fueling from
the recycling source as well as from active gas injection can be controlled by the magnetic island

chain in the plasma edge - which is a basic requirement for a divertor system.



144

Hopefully this information will be informative to future studies at both HSX and W7-X. In
particular, we hope that this information may help inform the types of experiments performed and
the techniques chosen to evaluate the W7-X island divertor performance. Since the W7-X island
divertor depends on the properties of the edge islands to not only guide the heat and particle flux
safely to the divertor targets, but also to prevent these recycling particles from re-entering the
confinement region, careful choice of island size and location will likely have a large impact on

overall plasma performance.
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