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ABSTRACT OF THE DISERTATION

Mach Probes, Plasma Flows, and Impurity Transport in CSDX

by

Jordan James Gosselin

Doctor of Philosophy in Physics

University of California, San Diego, 2016

Professor George R. Tynan, Chair
Professor Cliff M. Surko, Co-Chair

Understanding wall material migration in tokamaks is fundamental to
understanding the problem of the lifetime of the plasma-facing components in the
tokamak. However, diagnostic access and plasma parameter control in tokamaks is
difficult. In order to address the migration of wall material in the scrape-off layer of
tokamaks, parallel transport of heavy impurities in a lighter flowing plasma is studied

in an Argon plasma. The device used is CSDX, a 3m long, 20 cm diameter helicon

XX



plasma device at UC San Diego. Bismuth is injected using a technique called laser blow
off (LBO). The resulting impurity transport is found to follow the expectations of
classical collisional theory. A careful study of the plasma flows with multiple
diagnostics, Laser Induced Fluorescence (LIF) and Mach probes, reveals a systematic
error in the interpretation of Mach probe data. It is shown that the probe creates a low
density wake on the downstream side. When the ion-neutral mean free path is
comparable to the length of the shadow downstream of the probe, the Mach probe
reports an artificially high Mach number when the shadow is not taken into account. A
theory describing the low density wake is presented, which results in successful
correction of the Mach probe results. It is demonstrated that ion-neutral collision effects
can be important and should be taken into account when constructing Mach probes for

velocity measurement in plasma devices.
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Chapter 1: Fusion: Power source of the future

Fusion is the process of combining lighter elements into heavier elements. It is
what powers the starts in the sky, including our sun, and fusion power is what provides
the light and energy that gives life to this dusty rock that we call home. The basic
principle relies on Einstein’s most famous relation for matter at rest, E = mc?. When the
nuclei of the constituent atoms fuse the resulting particles are lighter than their
constituents alone. The difference in mass between the constituent nuclei and the

resulting particles is released as free energy.

The idea behind a fusion reactor is to harness the free energy provided by the
fusion reaction and use it to run a turbine and generate electricity. The benefits to a
fusion energy plant would be vast; fusion has many advantages when compared to
current methods of energy production. The fuel source is huge and available globally.
No greenhouse gasses are produced by the process. Also, unlike its sister nuclear energy
process, fission, the radioactive products have relatively short half-lives and there is no

risk of meltdown.

The fuel source being considered for future reactors is a deuterium-tritium fusion
scheme. Both deuterium and tritium are heavy isotopes of hydrogen; deuterium has two
nucleons (one proton and one neutron) while tritium has three nucleons (one proton and
two neutrons). The deuterium and tritium react to produce a “He nucleus and one

neutron. This reaction produces about 17.6 MeV of energy with 14.1 MeV being



transferred to the neutron and 3.5 MeV being transferred to the *He nucleus (also called
an alpha particle). Again, the principle behind a fusion reactor would be to harness the
17 MeV of free energy produced by this reaction and use it to spin a turbine and produce

electrical power.

Deuterium can be harvested from sea water and is naturally available at levels
of 0.015% of Hydrogen atoms'. Even at this very low level the amount of free energy
available in a bucket of sea water is about 300 times the amount of energy available in
a bucket of gasoline. Since seventy percent of the earth’s surface is covered in oceans,

this represents a remarkably abundant fuel source for fusion reactors.

In order for the fusion reaction to begin, the plasmas inside the reactors have to
be heated to around 100 million Kelvin. This is ten times hotter than the core of the
sun. At these temperatures the electrons have long since left the nuclei and the
deuterium-tritium mix exists in a state called plasma. Plasma is defined as a collection

of charged particles that exhibits collective effects.

No materials on earth that can withstand temperatures of 100 million Kelvin,
and, therefore, the plasma is contained in a magnetic bottle. There are a few different

schemes for magnetic confinement. Currently the most popular scheme is the Tokamak.

1.1 The Tokamak

The Tokamak is the most developed reactor concept. It is essentially a stainless

steel, donut-shaped vacuum vessel with magnetic field coils that generate a toroidal



field. A diagram of the vacuum chamber and the surrounding components is given in

Figure 1.

There are a few important conventions in tokamaks that are important to
understand for the sake of this thesis. First, we should address the basic coordinate
system used to describe the Tokamak geometry, which is shown in Figure 2. As shown
in the figure, if you were to stand inside the vacuum vessel and walk along the interior
of the tokamak in the toroidal direction you would travel along the path S (in the
direction ¢) around the tokamak; this is the long circumference of the toroid. If you
were to then traverse in the poloidal direction, 8, you would navigate around the smaller
circumference. The major radius is defined as the radius of the toroid center as
measured from the center of the toroid (the hole), given as Ro in Figure 2. The minor
radius, p, is defined as the radius from the center of the plasma to the last closed flux

surface.

The vessel and magnetic geometry is shown in Figure 3. The combination of
toroidal and poloidal fields gives flux surfaces that are shown as the dotted lines in the
figure. A flux surface is defined as a region where the magnetic field lines never cross
the surface. There are two distinct regions of flux surfaces. The first is the closed flux
surface region; this region is also referred to as the core. This region is where the heat
and particles are confined during an experimental run. Outside of the last closed flux
surface (LCFS), also called the separatrix, is where the plasma is no longer contained;
this region is called the scrape off layer (SOL). These flux surfaces are open and

terminate in a region called the divertor. The separatrix has one special point, which is



called the x-point or the null. This is where the magnetic field is zero and is located

near the divertor.

Transport along the magnetic field lines is referred to as parallel transport, while
transport across the magnetic field lines is referred to as perpendicular transport.
Perpendicular transport is responsible for carrying particles across the separatrix into

and out of the core.

As plasma is transported across the separatrix it escapes confinement and may
encounter the walls of the device. The plasma will impact the plasma-facing
components and cause erosion and degradation of the walls of the fusion device. This
thesis work has been devoted to understanding some of the basic physics that governs

wall erosion, specifically the transport of impurities in the plasma.
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Figure 1 Diagram of the plan for the ITER tokamak, which at the time of publication of

this thesis, is anticipated to be built in France. Shown in yellow is the blanket, which is
referred to in the text as the “chamber wall”. In brown is the divertor, and the diagram
also shows the locations of the field coils that provide containment for the plasma. For
scale, an averaged size human is shown in the bottom right of the figure. Image sourced
from http://www.french-nuclear-safety.fr/ on 02/16/2016.
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Figure 2 Schematic showing basic toroidal geometry of a tokamak. The major radius
is given by R; the minor radius is given as p. Poloidal magnetic field is represented by
Bg; toroidal magnetic field is represented by By . This image is sourced from
Argomedo’s 2013 paper”.
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Figure 3 Image sourced from Pitcher’s 1999 paper?. This is a typical cross section of a
tokamak (ASDEX Upgrade in this case) showing both the chamber and field geometry.
The dotted lines are flux surfaces. The solid line is the last closed flux surface (LCFES),
which is also called the separatrix. Inside the separatrix is the core plasma, defined by
its location in the closed flux surface region. Outside of the separatrix is the scrape off
layer (SOL). In this region the plasma flows along the field lines to the divertor plates.
The divertor plates are designed to take the large heat and particle flux from the plasma.
The plasma recombines here and neutral gas can be pumped away through the baffle.



Chapter 2: Previous Work

The processes governing the erosion of plasma-facing components (PFCs) in
ITER is still a major open topic of research within fusion science®. Before ITER, the
erosion of the PFCs was not a major concern because the erosion processes were too
slow to cause any practical damage. In a JET campaign from 1999-2001 the outer
divertor plate was eroded by only tens of microns>. However, current tokamaks run on
extraordinarily small duty cycles (107) while ITER is planned to run with an order of
magnitude higher duty cycle (0.1)%, and future devices will run on even higher duty
cycles eventually approaching steady state for an operational power plant. Longer net

operating times will result in increased erosion of the components.

The processes governing the lifetime of the PFCs break down into (Figure 4):
erosion from plasma impact, plasma transport of sputtered material, and impact of
sputtered material into the surface*. The original intent of this thesis was to address the
latter two processes listed above: plasma transport of sputtered material (referred to in
this document as material migration) and the impact of the sputtered material back on
the surface. To introduce the topic to the reader we will briefly address each of the

components governing PFC erosion and lifetime.
2.1 Material Erosion:

The main sources of material erosion are physical and chemical sputtering.
Physical sputtering involves the physical removal of a wall atom by exchange of energy

with a plasma particle via a series of collisions in the surface region*®. The momentum



exchange is most simply modeled as a binary collision between the plasma particle and
the wall particle. In this case the transfer of energy between an incoming particle with

energy Eo, Miand a wall particle with mass M, at rest is given as*:

MM, 1

T,=4————E, =yE
m (M1+M2)20 YEq

If the trajectory of the incoming particle is assumed to be approximately normal
to the wall, the incoming plasma particle must collide and ricochet off of at least one
wall atom before transferring energy to a surface atom as illustrated in Figure 5. This
results in a maximum energy of Emax = y(1- y)Eo being transferred to the surface atom,

and a threshold energy for physical sputtering of Ew’:

Ep 2
E,=—5 _
"Ty@d-y)

Here Eg is the binding energy of the wall atom to the wall surface, y is the
fraction of energy carried over from the impacting particle after each collision as given
by equation 1, and Eq is the minimum energy necessary for an incoming particle to eject

a particle of wall material.

In addition to a threshold energy required for sputtering, the other notable result
from equation 1 is that there is a peak in the energy transferred when M; = M. This
means that sputtering by impurities from the plasma and self-sputtering from eroded
wall material is going to be significantly more efficient at eroding the PFCs than
sputtering by plasma ions. This effect can be seen clearly by the simulations shown in

Figure 6, which has been borrowed from Phillips’ 2006 paper*.
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Another pathway for removal of wall material is chemical sputtering, which is
particularly effective for carbon materials especially at low plasma temperatures®.
Chemical sputtering is essentially a process in which hydrogen from the plasma
undergoes a chemical reaction with the wall material and removes carbon in volatile

molecules’.

In JET, emission from the C** impurities in the divertor and SOL was seen to
drop when the device was run with a pure He plasma, which is consistent with a picture
of chemical sputtering being responsible for a large portion of the carbon erosion'’.
Chemical sputtering is important for current devices; however, high neutron damage to
carbon components is anticipated in a fully functioning fusion reactor, which rules out

carbon components for power plants'!.

A detailed exposition on chemical sputtering is beyond the scope of this thesis.
For our purposes, it can be viewed as the plasma-enhanced removal of weakly bound or
volatile molecules found at the surface by chemical reactions between incoming plasma
ions and atoms or compounds at the surface. The interested reader is encouraged to
reference a survey of chemical erosion on carbon by Roth '?, the review of erosion by

Federici'?, and the references therein.

Sputtering of material is a necessary but not sufficient condition for the erosion
of PFCs. The erosion process also includes migration of the PFC materials. Once the
material is sputtered from the wall it is transported through the plasma by friction and

ion/electron temperature gradient forces. If the transport is short range, the net erosion
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is reduced because eroded material is replaced by incoming sputtered material from
nearby. It is the long-range transport that is responsible for the net erosion of the

PFCs*®.
2.2 Plasma Transport of Impurities:

In addition to affecting the rate of erosion of the plasma-facing components, the
transport of impurities from the wall and target plates of the fusion device will affect
the plasma performance’. The PFC erosion and material transport mechanisms are
themselves linked to the plasma performance through plasma temperature, density, and
flow velocity'#!>. Thus, the plasma material interactions can be complicated and careful

studies are important.

Impurity atoms that are sputtered from the surface can be transported
perpendicularly into the core plasma. This is undesirable for two principle reasons.
First, impurities dilute the fuel and reduce fusion power'®!”. Second, the materials used
for the wall and target plates (especially tungsten) may not be fully ionized in the core
of the plasma and degrade the energy confinement time through enhanced

bremsstrahlung radiation as well as line radiation from partially ionized impurities'®!”.

Parallel transport of the impurities along the field within the SOL is intricately
related to both the lifetime of the PFCs and the perpendicular transport of impurities in
the core. Simulations have shown that ion temperature gradient forces can pull sputtered
impurities out of the divertor region where they travel to the top (crown) of the plasma

device and are transported into the core of the plasma as shown in Figure 7'*. This is
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important because impurities are not only sputtered off of the target plates but are also
often injected in the divertor region in order to radiatively cool the plasma near the

target!”.

In addition to moving impurities from the divertor region to areas where the
impurities are more easily transported into the core, tritium inventory control will be an
issue for future fusion-relevant devices such as ITER. Tritium can be co-deposited with
eroded wall materials (especially with carbon) in regions shielded from the plasma
where subsequent recovery of the tritium may be difficult. This inherently links the
problems of parallel transport and tritium retention, and a better understanding of

parallel transport can help elucidate the problem of tritium retention in ITER!8,

Parallel impurity transport in the SOL and divertor is inherently coupled to the
lifetime of the PFCs, the long term migration of material, the tritium inventory in the
device, and even the contamination of the core plasma. The parallel transport is
determined by the friction force, electric fields, and ion/electron thermal gradients in the
plasma'”!'°. Thermal gradient forces along the magnetic field lines are typically found
near the divertor region of a tokamak because the plasma is recombining and cooling

through both radiation and collisions with neutral particles!!!%18,

The fundamental source of the thermal force is the inverse dependence of the

13

collision frequency of ion-ion collisions on the temperature v;; = 4ne4/1il-nl-mi T, 2.
Each collision imparts random momentum to the particle. The temperature dependence

3
is inversely proportional to the temperature, v;; < T; ?, and the momentum exchanged
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1
in each collision is on average proportional to the thermal velocity, p;; « T;?. This

means that on average the magnitude of the force exerted on a test particle in each
collision is proportional to the inverse of the temperature®, F;~ p;v; o« T; .
Therefore, hotter background particles transfer less momentum to any given test
particle, and that particle will move in the direction of the temperature gradient. This
effect is starkly different from the thermal force in a neutral gas, which pushes particles

preferentially against the gradient from the hot to cold regions.

The dependence of the thermal gradient force on the temperature gradient can
be easily understood qualitatively as follows. Suppose a test particle in a system with a
layer of hot plasma above a layer of cold plasma as shown in Figure 8. A test particle
located between the two layers will experience an average force downwards from

collisions with the hot particles inversely proportional to the temperature, Fj,; X

1

. (—2). Likewise, the test particle will experience an average upward force from the
hot

. 1 A .
cold particles, F.p;q & T Z The net force will be the sum of the two:
cold

1 . 1 3
Fnetthot-I_FcoldocT_(_Z)‘l’T Z
hot cold
_ (Thot B Tcold)ZA _ AT 2 - E 2
B (Thot Tcold) a 2 AT 2 T?
r2=(%)
The gradient can be estimated as VT = i—z, where AL~y pp =%oc T?.

Therefore, the thermal gradient force will be proportional to the temperature gradient.
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AT | ) )

Fret = Frot + Feola Tz 2~ VTFZ « VT Z

The thermal gradient force can, of course, be calculated exactly assuming a
Maxwellian distribution of the background ions, yielding?’:

15vZ / m ? ~
Fyr = —(1 + —B) Ia exp(—v2) [VTg — 2(VTg - Ug) Tg]
8 mgy C[ﬁ

Here, the index [3 represents the background particles and the index o represents

the test particle. The velocity, U, is normalized by the thermal velocity, v, =

26 (v -V ) As mentioned above, the thermal force is especially important when
2Tp @ B

considering transport of the impurities out of the divertor region of tokamaks!!!*18,

Even more fundamental than the thermal gradient force is the friction force,

which arises from Coulomb collisions transferring momentum to a test particle from the

background plasma. This force can be calculated using 2*2!:

(14T 6
Fo - _4ﬂ/1a/3(qa%) (1 +ma) g (d(T;) — U9’ (17;))17
2kT, 72 “

Here ®(v) = \/%fov exp(—t?)dt and ®'(v) = %. This form assumes a

Maxwellian distribution of the background particles, and the ® and @' terms represent
the integrated contribution of collisions with the background distribution. The friction
force is important in all regions of the tokamak where the transport length scales

involved are longer than the plasma-background ion mean free path.
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A common technique for investigating the transport of impurities in the scrape
off layer (SOL) of tokamaks is to inject hydrocarbons with heavy carbon, '*C, which is
found in natural abundances of only 1.1%'®. This technique was originally pioneered
at TEXTOR??, where calibrated pulses of methane, >*CH4, were injected through a hole
in an aluminum target plate. The primary result from this study was that the carbon
films in TEXTOR were rapidly eroded and redeposited in the machine. This was
confirmed by the ratio of '*C to '>C on another aluminum target plate shadowed from
the injected methane. The isotope ratio here was constant across the radius of the SOL

as shown in Figure 9.

JET operated with the MKII-GB divertor for a period of three years from 1998-
2001 in order to mimic the conditions in the ITER divertor. The pattern of deposition
on the tiles in the divertor over these years was indicative of heavy net deposition on
the divertor tiles in the inner divertor region and erosion of the tiles in the outer divertor
3

region?®. Results from these experiments are shown in Figure 10. These results are

similar to results from ASDEX-U?*,

In addition to the net erosion measurements taken over years of operation, gas
puffing experiments were performed with '3*CH4 puffed from the top of the vessel®.
These results also showed a preferential deposition of '*C in the inner divertor and no
deposition outboard of the methane injection site. It has been hypothesized that the
asymmetry in the divertor deposition is due to the entrainment of impurities in flows in
the scrape off layer!!. This hypothesis is consistent with measurements of the scrape

off layer flow that have been measured in JET as well as other tokamaks'®.
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A similar puffing experiment was performed in the ASDEX-U. In this
experiment the methane plume was puffed in from the outer midplane, even further
away from the inner divertor along the field lines. In this case, the deposition of '*C
was found to be very highly correlated with the long term deposition of carbon in the
divertor®>. This was surprising because the long term deposition profile had been
assumed to be due to the distribution of strike points during the campaign. Since the
two profiles were so similar, the conclusion was that short range erosion and redepostion
is responsible for the profile of carbon deposition within each divertor leg. As with the
JET studies, the ASDEX-U studies reported net deposition of '3C in the inner divertor,

consistent with impurities being entrained in the SOL flow.

Experiments with *C tagged methane were also carried out in DIII-D in both
low density, L-mode plasmas and high density, H-mode plasmas'®. These experiments
were set apart from the above mentioned experiments in two ways. The first was that
the injection of methane was done in a toroidally symmetric fashion. The second was
that the CII and CIII light emission was monitored by cameras viewing the plasma. This
allowed for an estimate of the velocity of the carbon ions based on the plume shape.
These experiments also showed an accumulation of the carbon impurities on the inboard

(high field side) divertor.

From the imaging diagnostic data, it seemed that the impurities were fully
entrained in the SOL flow in the low density, L-mode case. The measurements in the
high density H-mode plasma were inconclusive due to the rapid ionization to high

ionization states in the denser H-mode plasma. However, later attempts to the
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experiment failed to simultaneously reproduce the carbon and the deuteron flows?%?’,

So, it was not possible to confirm what processes were controlling the impurity flows

from the experimental data.

Deuterated ethylene gas was injected at different depths in the SOL of Alcator
C-MOD?® near the outer divertor with the goal of more carefully examining the structure
of the plum entrained in the SOL flows. The C-II and C-III emission was imaged
through a fiber bundle in order to examine the two dimensional structure of the plume.
The plume structure was, of course, found to depend on the plasma parameters in the
SOL. However, the plume structure was also found to depend on interactions between
the reciprocating gas injecting probe and the background plasma, which made
interpretation of the results complicated, and not necessarily indicative of the transport

in an unperturbed plasma.

Additional plume injection experiments were carried out on the high field (inner)
midplane of Alcator C-MOD?. In these experiments the plume was seen to be
consistently elongated in the direction of the inner divertor as shown in Figure 11.
Unfortunately, these plumes were perturbative to the plasma, but there was a clear trend
of indicating impurity flow towards the inner divertor regardless of the position of the

null point, which is consistent with all the other SOL impurity experiments.

This is a significant amount of evidence for the entrainment of the carbon
impurities in the SOL flows '¥1°2325 However, the flows in the SOL are complicated?,

and diagnostic access in tokamaks is often limited. This in turn often makes
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understanding the complete physical picture of entrainment in the SOL difficult®*2%, In
order to better understand the basic mechanisms behind impurity transport in a flowing

plasma experiments were performed in the linear divertor simulator, PISCES-A*.

For these experiments, impurities were injected into PISCES-A using a
technique called laser blow off (LBO). Laser blow off uses a laser pulse to ablate
impurities from a thin film that has been deposited onto a glass slide. LBO has been
used previously in tokamaks to study perpendicular transport of impurities'®*!*. To
the authors knowledge LBO has only been used to study parallel transport in the

experiments done in the TJ-II stellarator**, the experiments in PISCES-A*’, and the

experiments described in this thesis.

One great advantage of the LBO system over the gas puffing system is the well-
defined nature of the source term. With the gas puffing technique the molecules of gas
must become disassociated, and then the individual atoms become ionized leading to
some uncertainty and spreading of the location of the source term'®. Additionally, the
gas puffing technique releases a plume of gas, which may have a duration on the order
of milliseconds®®, whereas LBO can provide impurity deposition times on the order of

tens of microseconds>**.

So, the modeling of the impurity transport is greatly
simplified because the LBO source term is significantly shorter in injection duration and

spatial extent compared to gas puffing.

The second advantage to LBO is that the choice of impurity is only limited by

what can be coated onto a slide. Laser blow off experiments have been performed with
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lithium>*~’, carbon’*°, nicke , silicon®, calcium?!, boron*>**, aluminum?, iron
tungsten®!, and bismuth (work in this thesis). The LBO technique allows access to a
wider variety of impurity to background ion mass ratios and a wider variety of charge

states than are available from just gas puffing.

For the impurity entrainment experiments in PISCES-A*® aluminum (27 amu)
and boron (11 amu) were used as the injected impurities. The background was a helium
plasma (4 amu) with a typical density of 5x10'? cm™ and electron temperature, Te, of 5
eV. The light emission from the impurities was monitored using a “filterscope”
consisting of a photomultiplier tube (PMT) and optical bandpass filter located at a
window at the injection site as well as windows 25 cm upstream and 22 cm downstream

of the injection site.

Impurities were modeled using an advection-diffusion equation with source and

sink terms. The perpendicular diffusion was modeled as a decay term.

on; 0°n; on; on; on; n:D | ; 7
—]=D||j—]+V||j—]+ -J _ ] _ Lé
ot 7 0z2 7 0z ot ot | . R

source sink

72)

Here, Rp, represents the radius of the plasma and jg ; is the first zero of the Jo

Bessel function. The impurity source comes from the injection, and the sink comes
from losses to higher ionization states, which was estimated from the ne and Te profiles.
The fit to the experimental data was determined by allowing Dy, ;, V), ;, and D | ; to vary
as free parameters. Examples of the raw data and fits from the modeling are shown in

Figure 12.
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The results from the boron and aluminum experiments are shown in Figure 13.
It can be seen that while the boron ions are fully entrained in the background helium
plasma, the aluminum ions are only at about 50% of the velocity of the He* ions as
measured by spectroscopy. This is a surprising result because the calculated ion-ion
collision time is an order of magnitude shorter than the experimental time scale. It was
speculated in the paper by Hollmann® that the low measured impurity velocity could
be aresult of the entrainment time being longer than time calculated by a classical binary
collision model. If the momentum exchange time is long compared to the transit time
between the injection site and the downstream port this would explain the discrepancy

between the measured velocity of the impurities and the plasma velocity.

Understanding the entrainment of heavy impurities in a background flowing
SOL plasma is important for the erosion of the PFCs. Heavy impurities traveling at the
same speed as the background plasma will collide with the PFCs at a higher energy (due
to their heavier mass). The increase in energy is due to the difference between the
kinetic energy of the entrained particles (moving at the same velocity as the background
plasma) and the energy due to the presheath drop (impurities have the same kinetic

Mimp _

energy as the background plasma. This increase is given by AE = ( y

1) (@), and for SOL ion and electron temperatures of 20 and 10 eV>8 would give

a significant energy increase of up to 1.4 keV for tungsten and 700 eV for molybdenum.

Also, if the impurity is the same element as the wall material itself the energy transfer
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between the incoming impurity and the wall elements will be maximized. Both of these

effects can lead to greatly enhanced sputtering and erosion of the PFCs.

Experiments have been done to measure the parallel flows in the SOL of plasmas
with Mach probes, which consistently show flow speeds approaching the sound speed
in the SOL'. A relatively thorough study was done in the SOL of Alcator C-MOD with
Mach probe measurements at multiple locations around the SOL?.  These
measurements were carried out at different densities and under both upper and lower
null geometries. The results from the Mach probe measurements are shown in
Figure 14. It can be seen clearly in the figure that the parallel Mach number in the SOL
approaches 1 at the inner SOL regardless of the null configuration or line averaged

plasma density.

An impurity ion that is accelerated up to Mach 1 will definitely impact the PFCs
with a higher energy than if it was just accelerated by the presheath potential as defined
below. This clearly should be accounted for when estimating erosion rates of the inner
wall of the tokamak based on the flow measurements in the SOL. However, even
without these high flows it may be possible for the impurity ions to become frictionally
coupled to the background plasma in the presheath, and the impurities will then impact

the wall at the sound speed of the background ions.

The incoming energy of the plasma ion causing the sputtering is a result of the
plasma parameters, specifically the ion temperature (T;) and the electron temperature

(Te). Because of their smaller mass (and typically higher temperature), the electrons in
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the plasma are more mobile and reach the wall first. Since the bulk plasma remains
quasineutral, this drops the potential of the wall relative to the plasma until the flux of
electrons leaving the plasma is the same as the flux of ions leaving the plasma (no net
current, j =0). This low potential boundary results in a small scale, non-neutral, positive
potential region near the boundary called the sheath. In order to break the quasineutral

condition, the plasma ions must be accelerated up to the plasma sound speed, ¢g =

V (%), at the sheath/plasma boundary®. This condition on the ion velocity is called

14

the Bohm criterion. The Bohm criterion results in an electric field that extends into the

plasma some length, Lps, commonly referred to as the “presheath”.

However, in the boundary of fusion devices the plasma contains both the fusion
fuel (D" and T") and impurity ions. The main source of impurities is sputtering from
the wall*’, but light impurities are sometimes injected into the divertor region of
tokamaks in order to radiate away the thermal energy of the plasma before it strikes the

divertor plates'’. So, a typical fusion plasma will have multiple ion species.

41-43

In a multispecies plasma the Bohm criterion is no longer unique and is given

as:

Z Njo < Neo 8
> S
; miVi, — Te

Here, njo, mjo, and Vjo represent the density, mass, and velocity of the jth ion

species. If the concentration of the impurities is low equation 8 reduces to the single
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species Bohm criterion, Vio > cs, where Vijo represents the bulk velocity of the main

plasma ions.

If the momentum exchange time between the impurity ions and the background
plasma is shorter than the transit time of the impurities through the SOL plasma and
presheath, then the impurities will impact the PFCs at the sound speed of the background
plasma regardless of the plasma flow speed in the SOL. This will result in the impurities
impacting the PFCs at a much higher energy than the background ions. As mentioned
above, this increase could be up to 1.4 keV for ITER. However, if the momentum
exchange time is significantly longer than the transit time of the impurities through the
presheath, then the impurities will strike the wall at the same energy as the background
plasma ions because their energy gain is due to the presheath potential drop only. So,

the entrainment time is limited to the impact energy of impurities with the PFCs.

Clearly, understanding the basic physics of impurity entrainment is important
for understanding and predicting the lifetime of the PFCs. Due to the complexity of the
flows in the SOL it is difficult to do detailed studies in tokamaks. In linear devices,
there is some evidence that heavy impurities may not be entrained in plasmas as quickly

as predicted by the classical theories™°.

These considerations then motivated the original goal of this thesis project-to
measure the entrainment time between heavy impurities and the lighter background ions
in the CSDX plasma. A rigorous test of the basic binary frictional coupling theory in a

laboratory plasma has not been performed. Initial results implied that the plasma
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velocity could be manipulated in CSDX, which would allow for a systematic adjustment
of the entrainment time. However, this turned out to be a systematic error in the Mach
probe interpretation. The discrepancy between the Mach probe and the actual velocity
and a theory describing the source of the discrepancy is described in the next two

chapters.
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Figure 4 Schematic showing breakdown of the basic processes affecting the lifetime of
plasma-facing components. Taken from Phillips’ 2006 paper*.
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Figure 5 Diagram showing sputtering of a wall atom (green) by a plasma ion (brown).
The plasma ion enters with an energy Eo exchanging a portion of its energy (YE) with
each collision, which gives a maximum imparted energy of (1-y) YEo to the surface atom.
The final energy, (1-y) YEo must exceed the binding energy of the atom to the surface.
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Figure 6 Figure borrowed from Phillips’ 2006 paper* showing simulation results of
enhanced sputtering of tungsten due to a small amount of carbon impurity being
introduced into a deuterium plasma. The open circles represent experimental data for
sputtering of tungsten and graphite with a pure deuterium plasma for comparison.
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Figure 7 Figure showing simulation of tungsten impurity density in the SOL near the
separatrix, adapted from reference 14.
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Figure 8 Since the ion-ion collision frequency is inversely proportional to the
temperature the ions are gently pushed up along the temperature gradient as they
experience more momentum exchange from the colder ions on the bottom, cool side,
and less momentum exchange with the warm ions on the top. This is shown
schematically with the green “test particles” in the figure. The red arrows represent the
smaller force due to the hot ions, and the green arrows represent the larger force due to
the cold ions. The result is a net force upwards towards the hotter plasma.
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Figure 9 Results from TEXTOR methane injection showing the ratio of carbon-13 to
carbon-12 in the deposited carbon layers. Square and diamond signals represent the
carbon isotope ratio. The perpendicular target is shadowed from the methane injection
by the declined target. The flat profile on the perpendicular target was taken to indicate
that the carbon-13 is being deposited and reeroded from locations all over the interior
of TEXTOR and redeposited onto the perpendicular target. The high carbon-13 ratio at
47.3 mm is due to the proximity to the methane injection hole. Figure originally

appeared in Wienhold’s 2001 paper**.
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Figure 10 Figure showing net deposition of carbon in the inner divertor region of the
MKII-GB divertor in JET, adapted from Matthews 2005 paper!!. Grey bars indicate
compression of the deposits after multiple measurements with calipers. The asymmetry
in divertor deposition is assumed to be due to flows in the SOL.
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Figure 11 Contours of the emission from C-II in Alcator C-MOD during plume
injection. Figure adapted from LaBombard’s 2004 paper®®. The injection location is at
the origin, and the plume emission can clearly be seen to be elongated in the direction
of the flow. In both the upper and lower null discharges the plume is elongated in the
direction leading to the inner divertor.
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Figure 12 Raw data from filterscopes in blue, and fit from equation 8 in red. Figure
taken from Hollmann’s 2011 paper™.
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Figure 13 Results from Hollmann’s 2011 paper®® showing the transport parameters
determined from the fitted model. It can be seen that the boron velocity is the same as
the helium velocity, indicating that the boron is fully entrained in the helium flow.
However, the velocity of the aluminum ions appears to only be approximately 50% of
the background helium velocity implying the heavier aluminum ions are not fully
entrained.
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Figure 14 Measurements of the Mach number adapted from from LaBombard’s 2004
paper®. It can be seen from the plots that the flows in the inner SOL approach Mach 1

in both upper and lower null configurations regardless of the line averaged plasma
density.



Chapter 3: Experimental Methods

As noted in the last chapter, understanding the transport of impurities in the SOL
of the tokamak is essential for understanding the lifetime of the PFCs and perpendicular
transport of impurities into the core plasma. However, there is some evidence from the
PISCES linear device that the entrainment of the heavy impurities in the parallel flow
could be much longer than classically calculated. The goal of this thesis was to test the
frictional coupling of heavy impurities to a lighter flowing background plasma. The
results would be directly applicable to the parallel transport of impurities in the SOL of

tokamaks and therefore relevant to fusion devices.

The essential plan for the project was to develop a scheme to control the parallel
plasma velocity, which would be an experimental knob to adjust the momentum
exchange (or entrainment) time for the impurities. It was expected that the plasma
velocity could be well characterized through Mach and Langmuir probe measurements.
Impurities would be injected through the laser blow off technique, and their position
would be tracked by isolating the electronic transitions in the ions. A comparison of the
measured velocity from a transport model could then be compared to the background
plasma velocity in order to constrain the entrainment time. In this chapter we will

describe the experimental hardware chosen to complete the project.

3.1 CSDX

The Controlled Shear De-Correlation eXperiment (CSDX) is a linear plasma

device that utilizes an m = 1 helical RF antenna to create a plasma. A schematic of the

36
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device and the associated hardware is given in Figure 15. CSDX consists of a 2.8 m
long, 0.2 m diameter vacuum chamber surrounded by a series of 28 water cooled, copper

coils that produce a solenoidal magnetic field.

The 28 coils are separated into 7 groups, each powered by its own constant-
current power supply. This allows for tailoring of the magnetic field geometry.
However, for these experiments all coils were operated at the same amperage. The
current in each coil can be brought up to 800 Amps providing a range of magnetic fields

from 0-2400 gauss.

Base pressures in the device are typically about one microTorr or less. Argon is
used as the working gas and is injected at a constant rate of 25 sccm through a port
located next to the helical antenna. Neutral gas fill pressures are typically 4.2 mTorr at
the source end and 3.1 mTorr at the pump end when the helicon antenna is off. Steady
state pressure is accomplished by pumping the argon gas back out of the chamber
through a 1000 I/sec turbopump. The vacuum conductance to the pump is adjusted

through the use of a butterfly valve located directly above the pump port.

The plasma is produced through an m = 1, helical RF antenna that is mounted
over a Bell jar at the end of the vacuum chamber. The antenna is typically powered at
1.8 kWatts. When the antenna is on and operating the measured neutral pressure in the
chamber typically drops to around 1.2 mTorr. Presumably this is due to electrons in the

plasma ionizing the neutrals and acting as a sink for the neutral gas.
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One of the goals of these experiments was to systematically vary the momentum
exchange time by adjusting the plasma velocity. For this purpose, it is important to have
the other plasma parameters remain relatively constant. In CSDX, typical plasma
densities and electron temperature are 10'* cm™ and 4 eV, respectively, across the range
of magnetic fields available as shown in Thakur’s 2014 paper”. Both the electron
temperature and density remain relatively constant (within 20%) on axis as the magnetic

field is changed.

3.2 Mach probe, plasma velocity measurements, and impurity entrainment
times

In order to measure the plasma velocity a Mach probe was initially used. A
Mach probe is an ion current collecting probe. It is designed with multiple tips that are
shielded from the plasma on one side. The design of our probe is shown in Figure 17.
It is a 14-tip probe made of 14 tungsten electrodes embedded in an insulating alumina
shaft with a diameter of approximately 1 cm. Having 14 tips on the Mach probe allows
for redundant measurements of the Mach number. This helps shorten the experimental
time and also allows for backup measurements if any of the electrodes should fail. The
electrodes are biased negatively with respect to the plasma potential in order to collect

only ion current.

For operation the Mach probe is rotated through 2xn radians with each tip giving
an independent measure of the ion Mach number. The Mach number is determined
from the ratio of the ion current densities up and down stream, denoted as jg,, and jg,

by using the analysis technique from Shikama*®.
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j9+n
Je

sina
= exp (kT(M' jcosO + MLsinO))

Here, a is the acceptance angle of the probe electrode as described in Figure 17,
0 is the angle of the tip normal with respect to the magnetic field, k is a calibration

constant, and M| represents the parallel and perpendicular Mach number.

The swept Langmuir probe measurements of electron temperature, which are
given in Thakur’s 2014 paper*®’, were used to convert the Mach number to the velocity,

vi= M) Cs, where C;s is the speed of sound. The speed of sound in a plasma is given by

Cs = \/%, where M is the mass of the ions in the plasma.

In preparation for this work measurements of the plasma velocity were made,
which were published with the electron density and temperature measurements*. These
results are shown in Figure 18. These results indicate an ion flow speed that increases
monotonically on axis as the magnetic field increases. The combination of
approximately constant electron temperature and density with the steadily increasing
plasma velocity appears to be an ideal platform for testing the frictional coupling of

impurities to the background plasma.

CSDX has ports available 70 cm and 140 cm downstream of the impurity
injection port. These ports will be referred to as port 2 and 3 to indicate the location of
PMT 2 and 3 as shown in Figure 15. According to the Mach probe measurements of

the velocity, the transit time to ports 2 and 3 will be 2.3 msec and 4.7 msec at 400 gauss
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(300 m/s). As the magnetic field is increased the plasma velocity increases
monotonically yielding a transit time of approximately 230 microsec to port 2 and 470
microsec to port 3 at the highest magnetic fields (3000 m/s). Over this range of
velocities, the entrainment time scales from vanishingly small (2 microsec at a plasma
flow speed of 300 m/s) to approximately 6% of the transit time (14 microseconds at a

plasma flow speed of 3000 m/s).

The experimental transport timescale for the entrainment experiments done by
Hollmann®® show impurities arriving downstream approximately 100 microseconds
after injection. However, the classically calculated entrainment times for these
experiments give a timescale on the order of 1 microsecond. Therefore, the momentum
exchange time would be two orders of magnitude longer than what is calculated from a
binary collision model. Our experimental apparatus should certainly be able to measure
a discrepancy of that magnitude. A two order of magnitude discrepancy in this
experiment would make the entrainment time 1.4 msec at the highest ion flow velocities,

which would be significantly longer than the transit time of the background plasma.

3.3 LBO and Impurity Injection

Based on these results and calculations of the entrainment time we prepared for
impurity injection in CSDX. In order to introduce impurities into the plasma the laser
blow off (LBO) technique was used. A schematic of the laser blow off apparatus is
shown in Figure 21. To perform LBO a glass microscope slide is coated with a thin

layer of the desired impurity. A laser pulse travels through the microscope slide and
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strikes the underside of the coating, ablating the material as a mix of ions, neutrals, and
dust particles. The neutral atoms travel into the plasma column where they are ionized
by the electrons in the plasma, confined radially by the magnetic fields, and transported

along the length of the plasma device.

The microscope slide is housed in a cross-shaped addition to the main vacuum
chamber. The slide is mounted on a linear positioner, which allows it to be withdrawn
from the cross into an interlock chamber for easy replacement of the slide. For laser
ablation of the coating the slide is moved to the center of the cross. Directly beneath

the slide is a specially coated window for transmission of laser light.

A Continuum Surelite-I laser with a 10 nsec pulse width was used to ablate the
impurities. The laser pulse energy is variable up to ~500 mJoules. For these
experiments low pulse powers, of about 20-40 mJoules, was all that was necessary to
ablate the coating. The laser pulse was focused onto the coating through a convex-
planar lens onto a spot approximately 1 mm in diameter. Some damage to the glass
slide is visible after each shot, but the glass slide remained structurally stable even after

multiple shots.

The slides were coated with a thin, ~3 micron coating of bismuth with a
magnetron sputter coater. The thickness of the film was determined by using a needle
profilometer, which gives a high precision measure of thickness variations. By masking

a portion of the glass slide before coating it is possible to measure the absolute thickness
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of the coating. The variation of the thickness was approximately 30% over the area of

the slide.

The transport of the impurities was detected through a series of “filterscopes”
similar to those used by Hollmann®®. Each filterscope was comprised of a
photomultiplier tube with a 10 nm bandpass filter centered at 520 nm in front of the
detector. Initially a convex lens was placed in front of each detector to maximize the
amount of light collected. However, the light emission from the impurities turned out
to be significantly higher than anticipated. A neutral density filter was placed in front

of the detectors as necessary to reduce the intensity of the collected light.

. . . . . . ac ac d%c
The I-Dimensional advection-diffusion equation, ——=V,—= — Djj——, was

used to model the impurity transport. Here, c refers to the concentration of impurities,
V, and Dy and the velocity and diffusion parallel to the field lines. The modeling of the

impurity transport is discussed thoroughly in the following chapter.
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Figure 15 Diagram of CSDX showing the vacuum chamber, surrounded by the 28
magnetic coils. On the left side of the diagram is the matching box, which adjusts the
impedance of the source to match the impedance of the plasma, and the m = 1 helical
antenna. On the far right side of the diagram is the vacuum T, which leads to a turbo
pump (not pictured) that maintains constant pressure in the device. Diagnostic access
to the machine is done through a series of ports located along the length of the vacuum
chamber. The working gas (in this case argon) is injected at the first port downstream
of the source. The impurities were injected using laser blow off at the port in front of
PMT 1 (in red) located at a window to monitor the light emission. The transport of the
impurities downstream was monitored with two more PMTs, labeled PMT 2 and PMT
3, located 70 and 140 cm downstream of the injection site, respectively. Mach probe
measurements were made at the same port as PMT 2.
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Figure 16 Figure adapted from Thakur’s 2014 paper®. As can be seen in (a) most of
the plasma column is within a five centimeter radius (r = 5). Densities on axis are
typically about 10'* cm™. Electron temperatures are around 4 eV on axis as can be seen
in (b). The Langmuir probe shows some evidence of high electron temperatures in the
far edge of the plasma where the density is very low. These hot electrons are not
important for the experiments in this thesis. They are discussed further in the 2014

paper by Thakur®>,
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SIDE END

Figure 17 Schematic showing side and end views of the Mach probe. The tungsten
electrodes are shown in red. This 14-tip design has 14 tungsten electrodes inserted in
an insulating alumina probe shaft. A window is cut around the circumference of the
probe shaft in order to expose the tips to the plasma. The electrodes collect ion current
from the plasma through an acceptance angle, a, shown on the end diagram in blue.
Shown below is a photograph of the probe and electrodes.
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Figure 18 Plasma velocity as determined from Mach probe data interpreted using
equation 10. Figure is adapted from reference *>. These results indicate a plasma
velocity that is increasing about an order of magnitude on axis from a Mach number of

0.1 t0 0.9.
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Figure 19 Plot of ratio of ion saturation currents for tips separated 180 degrees (shown
in black). Fit from equation 10 (shown in red) is determined by adjusting My and M |
until best fit is achieved. It can be seen that the fitting function fits well at both low and
high fields even though the derived Mach number is incorrect.
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Figure 20 Calculation of the momentum exchange time for different background plasma
flow velocities?!.
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Figure 21 Diagram showing the cross section of the laser blow off apparatus. A coated
microscope slide is placed on a linear positioner. The linear positioner can be fully
retracted into an interlock portion of the vacuum chamber to enable a quick change of
the slide. The laser beam travels along the axis of one set of ports on the vacuum cross
and through the back of the microscope slide to ablate a small dot of the coating. The
ablated coating travels up into the vacuum chamber as neutrals and dust particles. The
neutral particles are ionized by collisions with electrons in the plasma, confined by the
magnetic fields, and transported by collisions along the length of the device.



Chapter 4: Initial comparison between Mach probe and Laser-
impurity blow-off results

4.1 Model and Apparatus:

In an initial set of experiments, we used the Mach probe described in Chapter 3
to infer parallel flow along the r=0 axis of CSDX for a variety of magnetic field
conditions. As can be seen from Figure 18, the measurements made with the Mach
probe indicate a monotonic increase in the inferred plasma flow speed as the magnetic
field increases. These initial results, taken at face value, suggested that the CSDX Ar
plasma flow velocity could be controlled via the strength of the axial magnetic field,
while maintaining other conditions constant, making these target plasmas an excellent
platform to perform experiments measuring the entrainment, or momentum exchange,

time between heavy impurities and the background plasma.

In order to quickly introduce very small amount of impurities into the CSDX
plasma we utilized the laser blow off (LBO) system, shown schematically in Figure 15
and Figure 21 in Chapter 3. By tracking the motion of the impurities along the length
of the plasma device via an array of PMT detectors, and by comparing the actual arrival
time to the calculated transit time we can determine an upper limit on the momentum
exchange time. The LBO technique uses a pulsed laser to ablate material from a thin

coating on a blank glass slide.

Bismuth was ideal for these experiments because it has the largest mass of any

non-radioactive element, 209 amu, and provides a large impurity ion: main plasma ion

50
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mass ratio (which maximizes the entrainment time). Note that here CSDX was operated
with argon as the working gas and the mass ratio of bismuth to argon is 5.2, which is
close to the mass ratio of carbon to deuterium, found in many current tokamak
experiments. In addition, Bismuth is non-toxic, non-flammable, and weakly reactive
with atmospheric gasses. Most importantly for our experiments, bismuth has spectral
lines available that are spectrally isolated from both Ar-I (neutral argon) and Ar-1I
(ionized argon) lines in the plasma. Additionally, bismuth has a very low vapor
pressure, which is 0.1% or less of the background neutral gas pressure at temperatures
of up to 680 kelvin. This ensures that the bismuth that is visible in the plasma comes

from the initial LBO injection only and not from the walls outgassing impurities.

a [24
The entrainment time can be calculated as®! vA ¢ = (1 + %) Y (xﬁ )vo.
B
2 a 2
— 2 (% 41/2 -t _ 4 eaephapnp 7 — mpla .
Here yY(x ) = \/ﬁfO tt/2e"tdt, vo =4 2z X = ey Aqp is the coulomb

logarithm, and @ and B denote the test particle and background particles, respectively.
The velocity of the particles can be multiplying the Mach number by the sounds speed,

Cs = nTl—e, which gives velocities on axis of about 300 m/s at 400 gauss to 2.8 km/sec
B

at 1600 gauss. At these velocities the time scale for momentum exchange of the
impurities with the background plasma, a.k.a. the entrainment time, is between 2 puSec
and 17 pSec; the transit times, defined as the time for the impurity cloud to be
transported from the injection location to the first port downstream, is estimated to be

between 2.3 mSec and 230 puSec. Again, given the velocities interpreted from the Mach
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probe this looks like an excellent platform to study impurity entrainment with the ratio
of entrainment time to transit time being vanishingly small at 400 gauss (entrainment to
transit time ratio of 9:10,000) to nearly ten percent (ratio of 7:100). With this system
we should be able to successfully measure the momentum exchange time and limit it to

within an order of magnitude of the classically calculated (binary collision model) value.

After injection the impurity cloud is monitored using a series of three
photomultiplier tubes (PMTs). Each PMT is equipped with a bandpass filter centered
at 520 nm with a 10 nm full width half max (FWHM). One PMT is located at the
injection site. Two more PMTs are placed downstream at ports 70 cm and 140 cm
downstream of the injection site as shown in Figure 15. The bismuth ions emit light at

~521 nm through the 6p7p (1/2,3/2)> -> 6p7s (1/2,1/2); transition.

The impurities are collisionally excited by electrons in the plasma, which yields
a radial light emission profile that is a convolution of both the bismuth ion and the
electron density. This results in the center of the plasma (r = 0) being the primary source
of light emission as shown in Figure 22. As a consequence of this, even though the
PMTs line integrate across the radius of the plasma, the light emission may be
considered to be indicative of the location of the bismuth ions within the first centimeter

of the plasma radius.

As can be seen from Figure 18, the velocity profile is relatively flat within the

first centimeter of plasma radius. For this reason, we use a one dimensional advection-

e . . . ac ] a2 .
diffusion equation to model the impurity transport, 5= V, a—z — Dy #. Assuming a
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delta function in space as the initial condition, the solution to the 1-D advection

(x=Vzt)
o .. c Y .
diffusion equation is well known: C(x,t) = \/ﬁ e *PII* | In both these equations
I

c represents the density of impurity atoms, V; is the velocity of the background plasma

along the magnetic field lines, and Dy is the diffusion parallel to the field lines.

The solution to the 1-D advection diffusion equation is linear in the initial
concentration, Co. This is convenient for our experiments because it means that no
photon counting is necessary, and the PMT voltage output can be rescaled arbitrarily
without affecting the physical result. The fluid transport coefficients, V, and Dy, can be
modeled by fitting the PMT output to the solution of the 1-D advection diffusion
equation. The raw data and the fits are shown in Figure 23 for the 400 gauss case; the
fits indicate a parallel velocity of 300 m/s £ 56 m/s and a parallel diffusion coefficient

of 1.1 m%s + 0.6 m?/s. It can be seen from the figure that the fit models the data well.

Clearly we are neglecting some of the physics in order to use this simplified
model. Most importantly, the initial condition is not a delta function. When attempting
to get a measurement of the velocity of the impurity cloud this is not a major issue. The
geometry of the laser blow off apparatus is designed so that the injection is symmetric
around the axis of the injection port on the machine. Since the solution is a shifted
Gaussian function, the velocity measurement is essentially a time of flight measurement
and is unaffected by the initial width of the impurity cloud. Interpretation of the
diffusion coefficient, on the other hand, will depend strongly on the initial condition.

This will be addressed later in the chapter on parallel diffusion.
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Clearly transport is always inherently three dimensional. We are neglecting
azimuthal transport by assuming cylindrical symmetry, g—; = 0. This assumption is
confirmed by the 2-D camera data shown in Figure 22. We are neglecting radial velocity
shear, % = 0. The largest radial shear in the parallel velocity is between 1 and 5

centimeters where the light emission is decreasing in magnitude. If the radial shear
were to be important for the data interpretation the effect would be a downshift in the

velocity and an enhanced diffusive term.

Finally, we are neglecting the parallel gradient in the parallel velocity (assuming

av,

>, = 0). The solution presented above assumes that the parallel velocity is constant

along the path traveled by the impurities. The resulting velocity inferred from fitting
the blow off data will be a path averaged velocity of the impurity cloud as it is

transported from the initial injection site.

4.2 Results and discussion:

For comparison with the impurity transport, the relevant quantity is the velocity
of the plasma on axis. This velocity, as interpreted from the Mach probe, is shown in
Figure 24. Also shown in Figure 24 is the best fit for Vy from the LBO impurity
transport experiments. The velocity of the impurity cloud, inferred by fitting the
solution to the 1-D advection diffusion equation above, remains nearly constant at about
300 m/s in contrast to the Mach probe data. This is a stark discrepancy; the difference

in velocities is nowhere near what would be expected based on the experimental errors.



55

Both the Mach probe measurements and the LBO measurements are highly repeatable

and present small random errors.

There are a number of possible obvious candidates to explain the discrepancy
between the LBO flow speed and the inferred main ion flow speed. First, the classically
calculated momentum exchange time (frictional coupling or entrainment time) could be
shorter than the actual entrainment time. Second, the velocity shear could be more
important than anticipated. Third, the bismuth ions could be being burned out to a
higher ionization state in the center of the plasma. Finally, the Mach probe
interpretation may be erroneous. We will find that the only reasonable conclusion is
that there is an error in the Mach probe interpretation. However, for thoroughness, let

us first examine and eliminate the first three possibilities.

The first, and simplest, potential cause to address is the frictional coupling time,

a a
vE,=[(1+ Ta Y| x# )vy. Under an assumption of constant momentum exchange
mg

N 04
AVrel B :
< Vrer, can be easily

rate, the equation for the acceleration of the impurities, 5 =V

solved (here Vo =V, —Vp). Under the constant momentum exchange time

approximation the velocity of the impurity cloud can be written as: V,(t) =

Vp(1 — exp(—vst)).

Through a simple calculation it is easily seen that the momentum exchange time
would have to be orders of magnitude larger than the classical time in order for the

experimental plasma velocity and impurity transport data to be consistent. A
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rearrangement of the above equation yields an expression for the “measured”

Va

. % . .
momentum exchange time, Vg meqs = — In (1 — i), where Ly, is the distance

port
of the port downstream from the impurity injection location where the velocity
measurement is made. At 800 gauss the momentum exchange time would have to be
nearly 600 times slower than the classically calculated value, and at 1600 gauss the
momentum exchange time would have to be over 1200 times greater than the classically
calculated value. This is an enormous discrepancy. Additionally, this would imply that
the momentum exchange time has either: a linear dependence on the magnetic field,
which has no basis in theory, or the momentum exchange rate would have to be
multiplied by a factor proportional to V,,}, which also has no theoretical basis.
Therefore, we are conclude that a long momentum exchange time is probably

unphysical.

The next option is that the velocity shear is more important than anticipated.
While the primary source of light emission is on the axis of the plasma column there is
some small amount of emission from the impurities detectable all the way out to 5 cm
as can be seen in Figure 22. As mentioned above, the effect of the velocity shear would
appear as an enhanced diffusion and a downshift in the velocity. However, as can be
seen in Figure 18 the velocity of the background plasma inferred from the Mach probes
is greater than 300 m/s from r = 0 to 5 cm with the exception of the 400 gauss case. In
fact, for all cases other than the 400 gauss case, the Mach probe reports velocities at or
above 1000 m/s until a plasma radius of ~5 cm. Even if we were collecting light from

the outer regions of the plasma, there would not be an appreciable effect on the observed
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arrival time of the Bi* light emission. Thus, it seems unlikely that the radial shear in the
parallel velocity %, is responsible for the reduced parallel velocity of the impurity

cloud.

Finally, we address the possible burnout of the Bi* ions. The measurements
show that Bi* light emission from the impurity ions is highest in the center of the plasma.
The center is also where the electron density and temperature is the highest, which may
contribute to burnout of the Bi-II state. The electrons in the CSDX plasma have a typical
temperature of about 4 eV. The ionization energy of neutral bismuth (Bi-I) is 7.3 eV,
while the ionization energy of the first ionized state of bismuth (Bi-II) is 17
eV[Lide:2005]. By a crude estimate this means the cross section for the production of
the Bi%* state will be approximately 8% of that to the first ionized state. the hollowing
of the Bi* profile needed to explain the discrepancy between Mach probe and impurity
entrainment would not be subtle. Since the plasma velocity inferred from the Mach
probe is at 1000 m/s or above for plasma radii less than 5 cm (again, this is excepting
the 400 gauss case) the bismuth ion profile would have to be hollow all the way out to
5 cm in order to resolve the discrepancy between the two parallel flow speeds. This
would be obvious from the camera data, and there is absolutely no evidence of this (see
Figure 4). Therefore, we are forced to conclude that Bi* burnout is not the cause of the
discrepancy between the inferred impurity velocity and the inferred plasma velocity

from the Mach probe.

4.3 Conclusions:
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It is clear that the Mach probe data and the impurity blow off data are not
consistent with each other, and the other possible explanations to resolve the
discrepancy do not seem plausible. Thus by a process of elimination, we arrive at the
tentative conclusion that the method used for interpretation of results from the Mach
probe must be flawed. Because of this discrepancy between the Mach probe data and
the impurity transport measurements, we decided to also perform LIF measurements
parallel to the magnetic field, and did so via a collaboration between our group and
Professor Earl Scimee’s group at West Virginia University. The original plan was
focused on performing laser induced fluorescence (LIF) measurements of the argon ion

velocity and temperature perpendicular to the magnetic field.

Motivated by the study presented in this chapter, we included some parallel flow
measurements in the LIF work. The LIF experiments revealed a systematic error in the
method used to interpret the Mach probe data. The next chapter of the thesis discusses
these new experiments in detail, summarizes this systematic error, and introduces a
physics explanation for the error. This physics insight then permits us to develop and
apply a correction to the interpretation of the Mach probe data that brings the probe

interpretation into agreement with the LIF measurements.



59

< [ [>

-10 40 90 140 190 240 290 340 390 440

Impurity Light (200 usec average)

__100f -
IS r ]
3 i
» 50._ ]
- [ ]
° L ]
£ of ® .
© L d
e L
o 50'_ i
o f

-100 5., R P I B Lo

-100 -50 O 50 100
Plasma Radius (mm)

Background Ar Emission Profile
1.0

0.5r .

Intensity (arb)

0.0

-150 -100 -50 0 50 100 150
Plasma Radiuis (mm)

Figure 22 Image taken with high speed camera showing cross section of plasma.
Camera is focused at the axial position of the injection port with 520 nm bandpass filter
in front of lens. Image is an average over 200 microseconds. Small amounts of plasma
light leak through the filter, and this background plasma light emission was averaged
over for two seconds and then subtracted from the signal. It can clearly be seen that the
dominant light emission is coming from the axis of the device (first one to two cm of
plasma radius). Second plot shows radial profile of background argon emission that is
visible through the bandpass filter.
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Impurity Signals at 400 Gauss
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Figure 23 Data from the LBO experiments collected from the PMTs. Data is an average
of about 60 individual shots; all signals are renormalized to a max height 1. A 1-D
advection diffusion model is used to fit to the light emission from the impurities, which
is shown here as the dotted lines overlayed on the data. Good agreement is found
between the model and data downstream of the injection site. Parallel fluid transport
coefficients of the impurities, V,and Dy, can be determined from the model fit.
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Figure 24 Top plot is Mach probe data at r = 0. Showing monotonic increase in
interpreted parallel velocity across range of magnetic fields from 400 to 1600 gauss.
Primary uncertainty in interpreted velocity of background plasma comes from
uncertainty in the acceptance area of the probe. Bottom plot is a plot of the velocity of
the impurity cloud as interpreted from the 1-D advection diffusion model. The Mach
probe and impurity transport data show good agreement at 400 Gauss. However, as the
magnetic field is scanned up to 1600 gauss the impurity cloud velocity remains at 300
m/s, in stark contrast with the Mach probe measurements.



Chapter 5: Overestimation of Mach Number due to Probe
Shadow

In this chapter we present results for measurements of the mean fluid flow of an
argon plasma performed with both Mach probes and LIF. All experiments were
performed in the CSDX helicon plasma device, which is described earlier. We show
results for the plasma flow measured on-axis and compare the values from each
technique. The results show that the probe's own shadow perturbs the measurements
when the ion-neutral mean free path (A;_,) is shorter than the characteristic length of
the geometric shadow. We then discuss the differences between the two diagnostic
measurements and introduce a geometric probe shadow model to account for the
differences between the measurements. The model is then used to develop a correction
factor which accounts for this shadowing effect and provides for accurate probe-based

Mach number measurements.
5.1 Experimental Apparatus:

These experiments described in this paper were performed on the upgraded
Controlled Shear Decorrelation eXperiment (CSDX)*, a linear plasma device 2.8m
long and 0.2 m in diameter. A schematic of CSDX is shown in Figure 15. Insulators
are placed on both ends of the device so that the plasma flux terminates at an insulating
boundary #7**8, The plasma is produced using a 13.56 MHz, 1.8 kW, m = 1 RF antenna.
The m = 1 helical antenna is placed over a 15 cm diameter bell jar that is mated to the
end of the vacuum chamber. The plasma is confined radially by a series of 28

axisymmetric magnetic coils capable of creating axial magnetic fields up to 2400 gauss.

62



63

Argon was used as the working gas; it is injected radially from a port located at
the wall of the device at the source end of the device, and a mass flow controller (MFC)
is used to maintain a constant influx of neutral argon gas at a rate of 25 SCCM. A 1000
1/sec turbo molecular pump at the far axial end of the machine a was used to maintain a
low neutral pressure of 4.2 mTorr at the source end and 3.2 mTorr at the pump when
the RF antenna is off. When the antenna is on the plasma acts as a sink for the neutrals
and the pressure at the wall is approximately 1 mTorr along the length of the device.

Typical electron temperatures and densities are 4 eV and 10'* cm™

as measured by an
RF-compensated Langmuir probe. Plasma parameters do not vary by more than 50%

over the range of magnetic fields used in these experiments®.

For the experiments in this paper a Mach probe was used to measure the plasma
velocity parallel to the magnetic field. The location of the Mach probe is shown in
Figure 15. The probe was constructed out of a pulled alumina shaft, approximately 0.5
cm in diameter with 14 bore holes. Tungsten rods housed in each of the bores act as
electrodes. A small window was cut azimuthally around the circumference of the rod
to expose the tungsten electrodes to the plasma. This gave each tip an ion acceptance
angle of approximately 4n/7 radians as shown in Figure 17 in Chapter 3. The tungsten
rods were negatively biased at Vuias = -80V with respect to the chamber wall, which is
about 50 V below the floating potential*’ in order to collect only the ion saturation

current.

The Mach probe was inserted radially into the center of the plasma at a rate of

~3 cm/sec using a stepper motor under computer control. The ion saturation current
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was measured with a current following amplifier connected to a 0.5 MHz bandwidth
DAQ system. The Mach number is determined from the measured upstream and

downstream current densities of the probe using the method from Shikama“®:

Jo+n 10

Je

sina
= exp(kT(M| icos® + M| sindB))

Where « is the acceptance angle of the probe tip, 0 is the angle of the tip normal
with respect to the magnetic field line, jo and jo+x are the ion saturation current densities
collected m radians apart, and k is a calibration constant. The probe was rotated through
2n radians in 14 equal increments to obtain independent measurements of the Mach
number from each tip and eliminate effects due to differing probe tip areas. Since we
used the rotation method of measurement we can use the collected ion current directly

without needing to take a precise measurement of the probe tip area.

Different plasma parameters and different models for the ion current collection
call for different values of the calibration constant, k***, Simulations approximating
ion current to a sphere with a collisional presheath have been performed by Patacchini
and Hutchinson previously 3!. In these studies, the flow was parallel to the magnetic
field and the level of magnetization was represented by the parameter f = R, /Ry,
where R is the probe radius and Ry is the larmour radius. Over a range of f =0 ->1,
these simulations showed an increase in the value of the calibration factor, k, with
increasing magnetic field for weakly magnetized plasmas. Our experiments run over a
range of B from 0.2 to 0.7, but show an order of magnitude increase in Mach number.

The change in calibration factor can only account for approximately 30% increase in
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the Mach number, However we see an increase of an order of magnitude in the Mach

number over the range of magnetic fields used in our experiments.

In addition to the work described above, collisionless simulations over a wider

t°2 with flows containing components both

range of magnetic fields has been carried ou
parallel and transvers to the magnetic field. However, these calibration factors represent
even higher values for the Mach numbers with a given ratio of upstream-downstream
ion currents. Thus, for our experiments we use the unmagnetized calibration factor of

k = 1.34 from Hutchinson’s previous work>’, a value that has been used in the past for

weakly magnetized plasmas*®.

The ion saturation current signals are averaged over 100 mSec periods Which
gives measurements averaged over a ~3 mm in radial extent, and which averages out
short period fluctuations (> 10 Hz). Although data was taken for the full radial profiles,
only the on-axis data is shown here for comparison with the LIF data measurements.
Full radial profiles of the uncorrected inferred Mach number were published

previously®.

An LIF system was also used to measure the absolute parallel velocity for
comparison with the Mach probe measurements. The three level scheme originally
described by Severn®® was used, which stimulates a transition from the Ar-II metastable
3d*F7p state to the 4p*Dsy» state causing a photon to be re-emitted through a transition
back to the 4s*P3/; state as shown in the diagram in Figure 25. The magnetic field causes

this transition to broaden into one group of linearly polarized pi transitions with AM= 0



66

and two orthogonal, circularly polarized groups of sigma transitions with AM= +1 due
to the Zeeman effect, where M is the magnetic quantum number (the z projection of the

total angular momentum).

A diagram of the optical setup for the LIF system is shown in Figure 26. The
laser used was a Toptica TA100 tunable diode laser with a line width of 1 MHz and a
mode hop free range of up to 30 GHz. One 8% beam splitter was used to redirect a
portion of the beam into a Bristol Instruments 621-VIS wavemeter, which measured the
wavelength with an absolute accuracy of £0.0001 nm; this corresponds to an uncertainty
in ion velocity of approximately +45 m/s. A second 8% beam splitter was used to
redirect a portion of the beam through an iodine cell. The measurements of the iodine
fluorescence spectrum confirm the measurements from the wavemeter and are

consistent with two other independent measurements >4

. A more detailed description
of the iodine spectrum is given in the appendix, which will be beneficial for future

groups using this technique.

Laser light centered at 668.6139 nm was injected on axis, parallel to the
magnetic field, from the pump end of the plasma device as shown in Figure 15. The
laser frequency was scanned over 10-20 GHz to capture the full ion velocity distribution
function (IVDF). A quarter wavelength plate was inserted in the beam path after the
splitters to change the polarization of the laser light from linearly to circularly polarized.
By rotating the quarter wave plate and monitoring the emitted light we are able to isolate
the individual, circularly polarized sigma branches. The circularly polarized, AM= 1

component of the transition was used for our LIF experiments. The spectrum is



67

symmetric; so, the AM= -1 component would have worked equally well. The spectrum
showing the pi and both sets of sigma transitions is shown in Figure 27 with the AM=
1, sigma excitation branch used in our experiments shown in blue. The emitted
florescence is collected through a side port at the measurement location using a focusing
optic and 1 nm width bandpass filter centered at 443 nm in front of a PMT. This isolates
the 4p*Dsp to 4s*P3) transition from any nearby transitions in the plasma as much as

possible.

The collection optics were chosen so that the focal point is on the plasma axis.
The overlap between the focusing optics and the laser beam forms a collection volume
of approximately 3 mm?>. Optical layout and collection area is illustrated in Figure 32.
Since this transition can also be collisionally excited by electron impact, phase
synchronous detection was performed by modulating the beam intensity with a beam
chopper at 1 kHz and using a lock-in amplifier in order to increase the signal to noise

ratio. For the data points shown here the minimum signal to noise ratio (defined as

SNR = , where A is the amplitude of the fit and 0,5 1S the rms of the residual)

Onoise

is 3.5 and the maximum is 80. A histogram of the SNR for the LIF data points presented

in this paper is given in Figure 29.

The natural broadening of the line is on the order of 0.08 GHz> and the
collisional broadening is on the order of 0.05 GHz*. The dominant contributions to the

line width are the contribution due to Zeeman splitting, given in Table 1, and the
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Doppler broadening which is given by Av = v, /81(:11'—1;(2)53, which is found to be on the

order of 3.5 GHz for the ion temperatures in these experiments (T; = 0.4 eV).

For interpretation of the LIF results a Maxwellian IVDF is assumed. Since the
natural and collisional broadening is negligible compared to the Doppler and Zeeman
broadening only the latter two are considered for the fitting model. The relative
magnitudes and the Zeeman splitting of the lines can be calculated from quantum
mechanical considerations. These calculations are given in detail in a WVU internal
report °°, and are reproduced here in Table 1. The breadth due to the Doppler broadening
is approximately 3.5 GHz and the spreading due to the Zeeman splitting is
approximately 1 GHz per kgauss. Since the Zeeman splitting and Doppler broadening
are of the same order each individual Zeeman split transition needs to be fit with a
Doppler broadened Maxwellian function. The fitting function in its most general form
is:

v—v,)? 11

T;

1) = Y hexpte, T

For the sigma transitions this gives the fitting function as the sum of six
Maxwellian functions of different weights. The v,terms represent the shift due to
Zeeman splitting and can be calculated for a given magnetic field (calculated shift given
in Table 1). The 6v term represents the Doppler shift of the IVDF due to the mean
velocity parallel to the magnetic field and is a fitted parameter. The variable k,is a

constant with the value 0.092495 (eV/GHz?)%. The relative amplitude of each transition
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is known and is given by I,,, with values given in Table 1. The parameters §v and T;

are then adjusted to give a best fit of I(v) to the measured spectrum.

5.2 Results:

Figure 30 shows an example of the raw LIF data with the fit from equation 11
that is used to determine the Ar-II parallel velocity. Similar results were obtained across
a variety of magnetic fields and were compared to Mach probe measurements. The
results of the Mach probe (MP) analysis indicate that the ion velocity parallel to the
magnetic field at the plasma center increases monotonically as the magnetic field
increases. The Mach number measured was converted to velocity using measurements
of electron temperature published previously *° and is shown in Figure 31. At 400 gauss
the analysis shows a Mach number of 0.1 (350 m/s) and at the highest magnetic field
the Mach number is approximately 0.8 (2800 m/s). The error bars used represent the
standard deviation of multiple measurements as well as an uncertainty in the acceptance

angle of ~13°.

The LIF measurements show that the plasma velocity at r=0 remains constant at
about 300 m/s from 400 to 1600 gauss, which corresponds to a Mach number of ~0.1.
This result stands in stark contrast to the measurements made with the Mach probe, as
can be seen in Figure 31, and indicates that the Mach probe interpretation model is not

correct.

5.3 Discussion:
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The theory underlying LIF interpretation is simple; it relies only on knowledge of the
electronic transitions of the ion (or atom) and the Doppler shift. However, the methods
of Mach probe interpretation have been disputed and often rely heavily on the plasma
parameters®’. The LIF diagnostic is precise; however, operating the laser and accurately
monitoring the wavelength provide some difficulty. In these experiments we are
confident of our wavemeter accuracy (wavelength uncertainties represent +45 m/s), and,
as discussed in the appendix, measurement of a fiducial iodine spectrum provides
further confirmation that we are returning accurate measurements of the Doppler shifted
Ar-1I ion velocity distribution function (IVDF). So, the most reasonable conclusion is
that LIF has given an accurate measurement of the parallel ion velocity. It then follows
that the velocity inferred from the Mach probe data becomes progressively more

incorrect as the magnetic field is increased.

This leaves an open question: what is the cause of the discrepancy between the
velocity interpreted from the Mach probe and the absolute velocity determined from
LIF? We propose that the discrepancy between the LIF velocity measurements and the
Mach probe measurements is due to the combination of two effects: the probe shaft
leaving a low density geometric shadow on the downstream side, and ion-neutral
collisions shortening the presheath length to the order of the ion-neutral mean free path.
The remainder of this paper is devoted to deriving an estimate of the magnitude of the
probe geometric shadow effect and comparing this theoretical calculation to the

experimental data.
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5.3.1 Presheath Edge Density Correction

Many Mach probe studies®***%! have assumed the presheath length is the
2

"natural" presheath length, L, = %, where w is the probe diameter, cs is the sound
1

speed, and D. is the perpendicular diffusion coefficient. This is a valid assumption for
the presheath length in a fully ionized plasma with Maxwellian electrons. However,
when the ion-neutral mean free path is shorter than Ly, 4;_, < L,, then the presheath
length is proportional to the ion-neutral collision mean free path®®. As a result, when
neutral atoms are present in the plasma the actual length of the presheath can be shorter

than the "natural" length.

Another relevant scale length is the probe geometric shadow length, L, =

(w2vg)
Dy

, where vq is the drift velocity of the background plasma ions. This is the length
scale of a depleted density region due to the probe acting as a physical obstruction in
the plasma. If the plasma presheath length is shorter than the probe geometric shadow
length due to ion-neutral collisions, then as shown in the schematic in Figure 32 the ion
saturation current collected would represent the lower, perturbed density of the
geometric shadow due to the probe shaft at the position of the downstream presheath
edge, instead of the density of the unperturbed plasma. The lower ion saturation current

on the downstream side would then appear as an artificially high Mach number when

naively applying the Shikama method described by equation 10.
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This effect can be demonstrated using a simplified model for the downstream
plasma density. The ions are modeled as a fluid, neglecting electrostatic effects. We
consider a plasma in slab geometry with transport in the direction parallel to the
magnetic field dominated by advection and perpendicular transport dominated by
diffusion as described by equation 12, where vq is the plasma drift velocity parallel to
the magnetic field, D. is the cross field diffusion, z is the coordinate parallel to the

magnetic field, and y is the coordinate perpendicular to the field.

vg0,n+D,0jn =0 12
The probe geometric shadow creates a low plasma density region downstream
of the probe as shown in the schematic in Figure 32. As the magnetic field increases,
the perpendicular diffusive transport decreases, which increases the geometric shadow
length. The effect of the density reduction can be included in the Shikama analysis

method as a correction term, shown below.

In order to calculate the correction term, it is necessary to know the magnitude
of the downstream density at the presheath edge relative to the unperturbed upstream

density. Assuming vq is constant equation 12 can be rearranged as:
13

D
a,n + —Lajn =0
Va

Equation 13 is analogous to the 1-D diffusion equation,

an + i—l afn = 0. For the system under consideration here, the probe is modeled as a
d
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Ny, y=a
boundary condition withn(y,z = 0) = {0, —a <y < a, yielding an analytical solution
Nng, Yy<-—a

for the density of the plasma downstream (equation 13):

erf(v+ ) [ — erf(O - @) [p 14

na(,2) = no(1 - ( > )

In both equations 13 and 14, D | represents the perpendicular diffusion direction,
vq 1s the drift velocity, a is the probe radius, w is the probe diameter, and no represents
the unperturbed plasma density. The resulting density distribution (na/no) in the probe
wake calculated from equation 14 is plotted in Figure 33 for 400 and 1600 gauss
magnetic fields, clearly showing the geometric shadow lengthening as the magnetic

field is increased.

This representation of the probe geometric shadow downstream can be used to
calculate a correction term for the parallel Mach number using the Shikama method. As
shown in equation 15 (taken from reference 46), implicit in the Shikama method is the
assumption that the density at the edge of the presheath (y=0, z= L,) is the same on both

the upstream and downstream sides of the probe.

k sina

Defining Frow(Mi, 0) as the function FflOW(MH,H) = exp(- ET(M' |cosB +

M sinB)) with M used to represent the true Mach number of the flow, while My
represents the uncorrected Mach number inferred from the ratio of the upstream and

downstream ion saturation currents.



74

Jup — j(M|| 'T[) — Fflow(MH '0+7T) — Frlow(up) 15
Jdown j(M|| '0) Fflow(MII 'O) Fflow(down)

This can be easily solved for M,; as, M,;= « 1n(fup )=

k sina Jdown

a 1n< Fflow(up)

: ) However, the probe will affect the downstream plasma density
k sina Fflow(down)

as shown in the model above (equation 14). Since the densities evaluated at the

upstream and downstream presheath edges, n,,and ng,,,, are not equal, they should

be included explicitly in the model. We can do this by converting the ratio ; L to
down
. . n
include a non-unity value of —=
Ndown
Jup_ _  Mup N Friowup) 16
Jdown Ngown” Fflow(down)

Taking the natural logarithm of equation 16 allows us to relate this back to the

model shown in equation 15:

| n F 17
In(-22-) = In(——42) 4 In(2L2v)

Jdown Naown F}low(down)
o M= M +——1 ( Tup )
I " Kk sina

Ngown
(04 ny,
In ( d

Ngown

) = MI lj + Mcorr

Upstream of the probe there is no shadowing, so the upstream density can be
assumed to be the unperturbed density no. The density at the edge of the downstream
presheath edge, ndown, 1s calculated with the simplified advection-diffusion model
described by equation 14. Assuming the probe collects the ion saturation current from

the downstream presheath region of length L,,; downstream from the probe, the analytic



75

solution for the density collected downstream at the midplane of the probe at position

(y =0, z = Lys) is given by:

a’vy
4D | Ly

ng =no(1—erf(|( ))) 18

The results for the density on axis are shown in Figure 34. This plot shows that
as the magnetic field increases the downstream density is reduced for a considerable
distance downstream from the probe. The correction for the Mach number accounting
for this effect is given in equation 19 and arises from using the expression for the

downstream density, equation 18, in equation 17:

2 19
a a’vg
In(1 —erf(

M., . =
T ksina 4D | Ls

)

All Mach probe measurements were made at the center of the plasma column, r

= 0, where the density fluctuations and turbulent particle flux due to drift waves are at

3

a minimum®. Hence the perpendicular diffusion can be treated as classical on axis.

Dia
wei)\?, K wce)?
1+(J) +—‘(1+(—) )
Vi He Ve

the cyclotron frequency of the Bth species, vg is the total collision frequency of the Sth

The classical diffusion constant is given by, D | = . Here w.p is

species, and pgis the mobility of the fth species. The perpendicular diffusion

.. . vE T,
coefficient is given by: D | 4 = %(1 +T—f), where v; = v;_, + Vv;_,. The electron
2 2
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collision frequency, v,, is dominated by the electron-ion momentum exchange

frequency.

The collision frequencies for the ions were calculated using the formulas from
Choi®. The neutral densities were calculated based on the measured neutral pressure at
the wall of the device, which was consistently about 1.1 mTorr. Assuming that the
neutral temperature is the same as the plasma ion temperature at r = 0 and the neutral

pressure is constant across the radius of the chamber, the neutral density is easily

wall

P . L .
modeled as n,_q = - A calculation of the resulting ion-neutral collision frequency

=0
is given in Table 2. The dominant contribution to the perpendicular diffusion coefficient

was found to be from the electron-ion momentum exchange frequency.

It is important to note that the parallel plasma diffusion is neglected in this

Lgvg
Il

model. This is appropriate when the parallel probe shadow Péclet number, Pe =

> 1. Here the parallel diffusion coefficient is calculated using the Einstein relation,

vE . . .
D, = f where v is the ion-ion momentum exchange frequency. A calculation of the
N

parallel probe shadow Péclet number is shown in Table 3. These calculations indicate
that the agreement is expected to be poorest under the 400 gauss conditions, as the Péclet
number drops below 1, and we expect the model to break down at magnetic fields at or

below 400 gauss in our device.

Corrected Mach probe data are shown in Figure 35. The presheath length used

is approximately the ion-neutral mean free path calculated using — as described in ®.

Vi-n
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The drift velocity used is the velocity measured with LIF, the perpendicular diffusion is
calculated as the classical perpendicular diffusion coefficient using the ion temperature

measurements from the LIF experiments.

The corrected Mach probe data shows excellent agreement with the
measurements from the LIF experiment, with the exception of the data point at 400
gauss. The analytic model for the probe shadow is expected to break down at this field
because the parallel diffusion can no longer be neglected. We consider this to be a
strong indication that this enhancement of the Mach number is due to the geometric

shadow described in this section.

5.4 Summary and Conclusions:
In this paper we compared measurements of the velocity parallel to the magnetic

field taken with Mach probe and LIF techniques. As can be seen in Figure 31, the LIF
technique shows a parallel velocity approximately constant at 300 m/s over the range of
magnetic fields used in these experiments, while the Mach probe reports a velocity
ranging from 350 to 2800 m/s over the same range of magnetic fields. The velocity
reported by the Mach probe increases monotonically with increasing magnetic field,

suggesting that the cause of the discrepancy is proportional to the magnetic field.

We have shown that the presence of the probe creates a shadow downstream by
absorbing the plasma as it passes, a simple 2-D model of the shadow is presented in
Figure 33. In a collisionless plasma this shadow would be shorter than the presheath
length for subsonic flows, and thus this effect would not apply in that case. However,

previous studies have shown that the presheath length in collisional plasmas is
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proportional to the ion-neutral mean free path. If the ion-neutral mean free path is
shorter than the length of the probe geometric shadow the downstream ion saturation

current will be reduced due to the shadow as shown in the schematic in Figure 32.

We present a simple correction term taking into account the probe shadow in
equation 19 and demonstrate that it can correct for the reduced downstream density due
to shadowing as shown in Figure 35. It is well known that the ion-neutral collisions can
affect the presheath length, and we have shown the perturbation due to the probe shadow
can dominate the ion saturation current signal. If the plasma parameters are well known

(Cs, Te, D1) the magnitude of this shadow effect can be calculated and accounted for.

For practical purposes, the model for the downstream density should be used by

groups using Mach probes to ensure that the effects due to the geometric shadowing of
2
the probe are included whenever the geometric shadow length, L, = aD—Vd, is on the order
1

of the ion-neutral mean free path. This could be especially important in regions of a
tokamak where the neutral gas pressure is relatively high, such as the divertor. When
exact measurements of the ion-neutral mean free path and perpendicular diffusion are

not available the probe shaft should be designed so that the radius is less than a critical

. . . 45D *\j_ . .
radius derived from equation 19, a..;; = /(%), to avoid these probe shadowing
S

effects.

Portions of Chapter 5 have been submitted for publication of the material as it

may appear in Physics of Plasmas, 2016, J. J. Gosselin, S. C. Thakur, S. H. Sears, J. S.
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McKee, E. E. Scime, and G. R. Tynan, American Institute of Physics, 2016. The

dissertation author was the primary investigator and author of this paper.
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Table 1 In the left column are line shifts due to Zeeman splitting of the sigma, m = 1
transition from the central line location. Right column contains the relative amplitude
of the line components. Total amplitude is normalized to 1.

Line Shift (GHz/kGauss) Weight
vy = 1.26 Io =0.375
v, = 1.44 I =0.268
v, = 1.63 Ib=0.179
v; = 1.82 I3=0.107
v, = 2.01 I+ = 0.0536
vg = 2.19 Is=0.0178
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Table 2 Values of the various collision frequencies used to calculate the perpendicular
diffusion coefficient.

Collision Frequencies Used for Perpendicular Diffusion

Collision Type Collision Frequency (kHz)

Ion-neutral Charge Exchange 11

Ion-electron Momentum Exchange | 0.5

Electron Impact Ionization 1.7

Electron-ion Momentum Exchange | 64,000
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Table 3 Scaling parameters of the probe shadow. Parallel and perpendicular diffusion
coefficients calculate from classical considerations as discussed in the text.

Magnetic Parallel Perpendicular |Probe Shadow Probe Shadow
Field Diffusion,Dy; |Diffusion, D1 |Scale Length (cm) |Parallel Peclet
(gauss) (cm?/s) (cm?/s) Le = w2 Vd/Ds Number

Pe = LgVa/Di
400 34000 9400 0.64 0.56
800 51000 2500 2.4 1.4
1200 64000 1100 54 2.5
1600 43000 800 7.5 5.2




83

4P4D5/2

% 442.72 nm
668.61 nm M

3d°F,;,

4s°Py,

Figure 25 Diagram showing the three-level scheme for LIF. Red laser light excites the
metastable transition at approximately 668.61 nm, and the ion re-emits at 442.72 nm.
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Figure 26 Schematic of LIF setup. Shown in red is the laser beam path; The laser travels
through a window at the end of the plasma device and along the axis of the machine.
Shown in the dotted line is the iodine cell enclosure. Shown in blue is a fiber optic
cable. Alsoshownis: 1) Toptica T100 laser, 2) Bristol Instruments 621-VIS wavemeter,
3) 8% beam splitter, redirecting 8% of the beam energy to the wavemeter, 4) 8%
beamsplitter redirecting 8% of the beam energy through the iodine cell, 5-6) turning
mirror, 7) quarter wave plate 8) iodine cell, 9) PMT for monitoring iodine florescence,
10) chopper wheel, which modulates the beam at ~1 kHz, 11) CSDX vacuum chamber,
12) plasma column
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Ar-Il Emission Spectrum at 1 kGauss
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Figure 27 Diagram showing the emission spectrum used by the three level LIF scheme.
Zeeman splitting is illustrated for the 1 kGauss case. Line widths are arbitrary. The
sigma transition branch used for the LIF measurements is shown in blue.
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Collection Lens and
Volume 4— Bandpass
Filter
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Figure 28 Diagram of CSDX showing the LIF laser beam (red online) and
the PMT viewing area (green online). The overlap of the beam and PMT
view gives the effective collection volume, which determines the spatial
resolution of the experiment.
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Figure 29 Histogram of the signal to noise ratio for the LIF data shown in this paper.
As can be seen, most of the data points have a signal to noise ratio between 3.5 and 25.
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400 Gauss Magnetic Field
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Figure 30 Plot showing the LIF raw data with the fit used to extract the velocity.
Temperature is determined from the width, and the mean velocity is determined by the
shift of the function relative to the expected Zeeman shift. Here the shift is 0.44 GHz,
which corresponds to 300 m/s of ion flow. The unshifted distribution is determined by
the wavemeter measurements (confirmed with the fiducial iodine spectrum) and the
calculated Zeeman shifts from Table 1
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Figure 31 Plot showing the plasma ion velocity as determined by the Mach probe (top)
on the plasma axis (r=0) for comparison with the velocity on axis determined by LIF
(bottom) on the plasma axis. It can be clearly seen that there is a disagreement between
the two values at fields higher than 400 gauss, and that the disagreement increases with
increasing magnetic fields.
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Figure 32 Schematic of the probe shadow and the boundary conditions for the presheath
model. The black circle represents the Mach probe, the grey region downstream of the
probe represent the low density geometric shadow with darker grey representing lower
density. Cartoon plot below illustrates the presheath density drop in black. In blue is
the density drop due to the probe shadow, which demonstrates the reduced density at
the presheath edge, nps.e.
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Wake in 400 Gauss Magnetic Field
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Figure 33 Low density wake calculated from simplified model at 400 and 1600 gauss
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perpendicular transport can be seen clearly by comparing the two plots.
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Model of Probe Shadow
1.00_\‘|||||\|‘|||||||||||||||||||

|

0.75

0.50 — |
0.25— —— 400 gauss ]
- ——— 800 gauss -
L 1200 gauss 4
N —— 1600 gauss |
0.00_\‘|||||\|‘|||||||||||||||||||_

Density Relative to Unperturbed Plasma

6 8 10 12 14 16 18 20
Distance from Probe Tip (cm)

Figure 34 Background plasma density due to the geometric shadowing with different
magnetic fields. The edge of the plot (at 23 cm) represents the presheath edge. The
density at distances less than 23 cm from the probe tip is determined by the presheath
physics.
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Corrected Mach Probe Data
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Figure 35 Plot showing the application of the collisional presheath correction for 0-D
model (red online). These are compared to the actual velocity (determined from LIF,
green online), and the Mach number from the Mach probe interpretation (shown in
black). With the exception of the MP measurement at 400 gauss (where the simplified
probe shadow model is expected to break down) the correction term works very well,
suggesting that the geometric shadow is playing a roll.



Chapter 6: Multi-Species Ambipolar Diffusion Along a Magnetic
Field

6.1 Introduction:

Understanding the migration of wall material in a fusion device is essential to
understanding the lifetime of the plasma-facing components (PFCs)®®. Material
migration will occur in long pulse and steady state confinement devices due to the
combined action of material erosion due to physical sputtering and chemical erosion,
ionization of some or all of the eroded material, entrainment on the material in the

background plasma, and, finally, redeposition of that material elsewhere in the system.

In this paper we investigate the parallel diffusion of a heavy impurity that is
injected into a background of lighter ion, flowing plasma. This seemingly simple
parallel transport mechanism can be complex. For example, work in ionospheric
plasmas has shown that the ambipolar diffusion of impurities in a plasma is non-linear

in terms of the ratio of impurity to plasma ion density®%¢’

. In this paper we present
measurements of the parallel diffusion of a low density, non-perturbative burst of

impurities that are injected into an argon plasma flowing parallel to the magnetic field.

The paper is organized as follows. In the first section we discuss the
experimental apparatus used for the measurements of the parallel transport. In the
results section we describe the measurements, and show that it can be described by a
simple advection-diffusion model by examining the impurity plume. Finally, we

discuss the theory of multispecies ambipolar diffusion and show that our measurements

94
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are consistent with non-neutral, current-free ambipolar distribution of the heavier

impurities in the background lighter ion plasma.

6.2 Experimental Methods:

These experiments were performed in the CSDX linear plasma device (Figure
15), a2.8m long, 0.1 m radius helicon plasma device. Argon is used as the working gas
and is injected at the first available port downstream of the source. The gas is ionized
using an M = 1, helical antenna with a radius of 7.5 cm operating at 13.56 MHz and 1.8
kWatts of RF power. The plasma is confined radially by a series of 28 coils which
provide a solenoidal magnetic field in the range of 0-2400 gauss, and the plasma is free

to flow axially along the length of the machine until it recombines at the ends.

Diagnostic access is provided by way of a series of ports located 70cm apart
along the length of the machine as well as a large window at the downstream (pump)
end of the device. For the purposes of these experiments these ports were equipped with

windows for optical access to the plasma.

A laser blow off (LBO) impurity injection scheme was used to introduce a plume
of impurities and to study the transport properties of the impurities in the plasma. In
order to utilize this technique a microscope slide is coated with a thin (~2-3 micron)
layer of the desired solid impurity. The coated slide is placed inside the vacuum chamber
attached to a linear positioner. A focused laser pulse propagates through the slide and

deposits energy into the thin film.
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The energy absorbed from the laser ablates the thin film in a region under the
laser spot. The film is blown off as a combination of impurities, ions, and dust grains.
The ions are deflected by the magnetic field. The neutral particles travel into the plasma
where they are ionized by electron collisions. The resulting ions are confined radially
by the magnetic fields and transported axially by frictional drag with the background
plasma. A diagram of the cross section of the slide mount and vacuum hardware for

the LBO system is shown in Figure 21 in Chapter 3.

A non-perturbative source of impurities was ensured by a series of probe
measurements of the ion saturation current in the plasma as the impurity cloud passed
the ion saturation current collecting probe tip. The laser power and spot size was
adjusted to control the amount of impurities ablated off of the slide. In the experiments
presented here the perturbation to the ion saturation current was within the ion saturation
current fluctuations that are inherent to the background plasma operating conditions*’.

The perturbation in the ion current due to the impurity injection was found to be less

than 5% at 400 gauss.

Typical spot sizes of ablated film were about 0.5-1 mm. Typical energy of the
laser pulse was between 25 and 50 mJoules for each shot. A back of the envelope
calculation can be carried out using the heat of vaporization (151 kJoules/mol), the heat
of fusion (11 kJoules/mol), the specific heat (25.5 Joules/(mol K)), and the volume of
the ablated spot!. The range of energies required for ablation range from 6 mJoules at

the smallest spot size and thickness to 22 mJoules at the largest spot size and thickness.
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A photomultiplier tube equipped with a 10 nm bandpass filter centered over the
6p7s(1/2,1/2) -> 6p7p(1/2,3/2) transition at 521 nm in Bi-II (ionized bismuth) was
placed at the injection location and the next two ports downstream of the injection site.
The 6p7s(1/2,1/2) -> 6p7p(1/2,3/2) transition was chosen because it is sufficiently bright
and spectrally isolated from both the Ar-1 and Ar-II lines in the plasma. This ensures

that the light pollution from the background plasma is kept to a minimum.

A 2-dimensional, cross-sectional view of the impurity cloud immediately after
injection was obtained using a fast camera equipped with a 520 nm centered, 10 nm
width bandpass filter. This view is shown in Figure 22 in Chapter 4. The light emission
profile is proportional to the product of the bismuth impurity ion density and the electron
density. The light emission occurs primarily from the region located inside a radius of r
<2 cm. Thus, even though the photo multiplier tubes integrate across the entire diameter
of the plasma, only the first centimeter or two of plasma radius needs to be considered.
This is beneficial for our parallel transport measurements because we may neglect

parallel velocity shear and to use a 1-D advection diffusion model, satisfying

on D ’n 0. for the i .
v+ D)5 = 0, for the impurity transport.

Figure 36 shows a profile of the parallel velocity at 400 gauss. It has been shown
previously®® that the ion-neutral collisions need to be taken into account under certain
parameter regimes. The data shown in Figure 36 agrees with LIF data on the plasma

axis (r=0). This indicates that the correction term used in chapter 5 is not necessary in
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this plasma parameter regime. So the full profile of parallel velocity is used to estimate

the effect of the plasma shear.

Since the electron temperature profile is relatively flat across the bulk of the
plasma column®, the ion saturation current, shown in Figure 37, can be taken to be
proportional to the plasma density and is fit well by a Gaussian with a standard width,

o, of 3 cm.

The full 2-dimensional advection-diffusion equation is not analytically tractable.
However, the effect of radial shear of the parallel velocity (%) alone can be estimated
by applying an analysis similar to that used by G. I. Taylor®.

In this analysis we calculate the effect of the radial shear of the parallel velocity
while neglecting diffusion. A bismuth density profile is assumed that is constant in

radius and Gaussian in the axial direction. The electron density is measured as Gaussian

in the radial direction and assumed constant in the axial direction. The velocity profile
2
is approximated by a quadratic, V(r) =V, (1 — (2) ), where a = 7cm and Vo= 3600

cm/s. This disagrees with the measured velocity at r>7cm, but the electron density in
this region is very low. So, it is expected to contribute negligibly to the light emission

of the impurity cloud.

The total intensity of light emitted by the impurity cloud should be proportional

to the product of the electron density and the impurity density.

Igi(r,z,t) x n,(r)ng;(r,z1t) 20
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(z — vt)? r?
m — —— J—
exp 207 exp 207

Here, n, is the electron density, np;, is the bismuth density, and og; is the

standard width of the bismuth distribution in the axial direction, and o, is the standard

width of the electron distribution in the radial direction.

The signal captured by the PMTs will be proportional to the total light emission
throughout the plasma column. Integrating the light emission across the radius at a
constant axial position yields:

; ( <z — Vot N og;a’® >2 21
i — a (ex
tot,Bi p 2\/50_31' \/EVOt O'ez

(z — Vot)? ( f< z—Vyt N og;a®
———— ] (er
20¢ 2205 V2Vt o2

RZVOt zZ — Vot O-Biaz
+———| —erf + )
V205;a? 2vV2 05 V2Vyto?

Here, a is a normalization constant and R is the radius over which the integration

is taken (in this case to the wall of the plasma chamber, R = 10cm).

Although the form of equation 21 is complicated, it can be seen graphically in
Figure 38 that the expected effect due to the velocity shear in these experiments is small.
It results in the appearance of a plume traveling 3% slower than the actual velocity and
a 6% increase in the apparent plume width. For the purposes of these experiments that

is considered to be negligible.
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The solution to the 1-dimensional advection-diffusion equation is well known

when a delta function initial condition for the injected impurity is assumed and is given

i (z—-vt)?

C
by C(x,t) = ——exp( b0

v (4TDt)

). Clearly a delta function initial condition is not a

physical initial condition for this system. While this assumption will not affect the
parallel velocity measurement because of the symmetric injection at the center of the
port, it will lead to an artificially enhanced measurement of the diffusion coefficient. In
order to more accurately predict the diffusion coefficient a better estimate of the initial

condition for the impurity plume is therefore necessary.

This can be done by assuming that the diffusion coefficient is constant along the
length of the device. In this situation the plume can be approximated by an imaginary

injection of a delta function-like plume at an earlier time upstream of the actual injection

2
location, C(z,t) = —_— exp(- %)'

(amDy(t-to))

Here zo and to represent an

earlier axial location and an earlier time (zo < 0, to < 0) relative to the time and place of
the actual injection (at z = 0, t = 0). The constant diffusion coefficient is represented by

Do.

This then creates a Gaussian shaped plume that has a finite width when it reaches

Co (—Zo—v(—to))z)

J(@nDy(=tg)) €xp (_ (4Do(—t0))

the actual injection location at time t = 0, C(z,t) =

Since the solutions are in the form of a shifted gaussian the unknown coefficients (Do,
to) can be determined uniquely by equating the width of the Gaussian plumes at the two

measurement ports downstream of the initial conditions. If 0, 3 and t23 represent the



101

inferred diffusion coefficient and arrival time (V/L23 where V is the inferred velocity
and L3 is the distance from the injection port to port 2 or 3 downstream) from ports 2
and 3 downstream of the injection site (see Figure 15 in Chapter 3), then the equations

that determine the unknown quantities are Do(t, — to) = o4 and Dy(t; — to) = 02.

. .- . 022t3— 03? ty 022—03?
Solving these for the unknown quantities yields ty = —————=—and D, = .
03— 03 2(tz—t3)

typical example of the photo multiplier tube measurements along with the fitted solution
to the 1-D advection diffusion equation are shown in Figure 23 in Chapter 4. It can be

seen that the 1-D advection diffusion model agrees well with the data.

Laser induced fluorescence (LIF) was used to measure the temperature of the
ions in the plasma. LIF is a technique that utilizes a tunable laser to excite a metastable
transition in the targeted ion species. For our experiment we use a three level scheme
first described by Severn>? to excite transitions in the argon ions. The light is reemitted
at a wavelength distinct from the excitation wavelength for detection with a photo
multiplier tube. By scanning the wavelength of the laser over a small range the entire
IVDF can be measured. The laser set up and details of the LIF apparatus are described

in detail elsewhere®® and in chapter 5.

6.3 Results:

Figure 39 shows the Doppler broadened emission from the argon ions in the
plasma. The measured ion temperatures for different magnetic fields are given in Table
4. It can be seen that there is a gradual increase in the ion temperature as the magnetic

field is increased.
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The standard width of the initial plume, o, = / (Dy(—ty)) = — 18
273
found to be consistent across all the magnetic field measurements with a value of ¢ =
7.5 cm £ 2 cm. Figure 40 shows the diffusion coefficients as measured assuming a

constant value along the length of the device as described above. The classical,

2
Vii

VBi-Ar

collisional, Einstein diffusion coefficient is calculated as D = where vg;_4, is the

bismuth-argon momentum exchange rate and Vi is the thermal velocity of the bismuth
ions. The bismuth ion temperature is assumed to be the same as the argon ion

temperature.

It is interesting to note that the diffusion coefficient appears to be purely
collisional with no contribution from the ambipolar electric field. The open question for
discussion is: how does this compare with theories for multispecies ambipolar

diffusion?

6.4 Discussion:
It was seen experimentally that increasing the laser power would increase the

amplitude of the impurity cloud emission at the injection site. This is presumably due
to an increase in the number of injected bismuth atoms indicating that the laser pulse is
marginally energetic enough to ablate the coating. Thus it is presumed that the ablated
atoms have a temperature near the vaporization temperature, approximately 0.2 eV,
and rapidly equilibrate to the background plasma temperature (approximately 5 psec).

However, even at an extreme upper limit for the initial temperature, the energy exchange
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time is remarkably short compared to the transit time of the impurities from the injection

port to the first port downstream.

An extreme upper limit on the initial temperature of the ablated impurities can
be calculated by assuming complete absorption of the maximum energy laser pulse used
into the smallest diameter spot size in a region of the film with the minimum thickness.
This gives an excess laser energy of approximately 45 mJoules deposited in 1.4 x 10'°
atoms resulting in a temperature for the impurity cloud of 15 eV. Even at this extreme
upper limit, the thermal equilibration timescale is only 20 usec, two orders of magnitude
lower than the transit time between the injection port and the port downstream. So, the

temperature of the impurities is presumed equal to that of the background plasma ions.

The problem of multispecies ambipolar diffusion was considered theoretically

1% in 1978 and again by Bellan®’. Hill and Bellan were

in terms of the ionosphere by Hil
concerned about negative ions and negatively charged aerosols in the ionosphere.
However, the equations for the ion fluxes are general. Assuming the ion mobility is
negligible compared to the electron mobility, quasineutrality, and zero net current, the
equations for parallel flux of the ion species are®®:

ZocTe Z{B #e} ZBVHB 22
To * Xip=e}Zpnp

[ = —DyVny, — nqy

Here the subscript a refers to the ion species diffusing through a background

species . Dy is the diffusion coefficient determined from the Einstein relation, and Zg
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is the charge state of the B species. The first term is the collisional diffusion, and the

second term is the enhanced transport due to the ambipolar electric field.

The second term introduces non-linearity in the ion densities through the
summation in the denominator. In our plasmas the impurity injection has been

specifically tailored to be nonperturbative. The lack of an impurity induced perturbation

. . . . . n .
in the ion saturation current implies n—ﬁ « 1. The non-linear term can then be
a

approximated by a Taylor expansion to lowest order in ZE for both the background argon

Ng
plasma and the bismuth impurities.
Npg; ng; T, 23
Do = —Dpi 1+ 225 Vg = Dy 2oV,
Nar i Ar 1 Bi

24

As discussed above, the temperature of the bismuth ions is assumed to be the
same as the temperature of the background plasma ions because the energy exchange
time of the impurity ions with the background plasma ions is orders of magnitude less
than the transit time between the injection site and the first photomultiplier tube

downstream. Thus the ion species will have time to thermally equilibrate.

As can be clearly seen from equation 24, the ambipolar terms are zeroth order

in the density ratio, ?, for the background argon ions. This gives a form for the

o

ambipolar diffusive flux that is precisely what would be expected by comparison with
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a single ion species plasma. However, the ambipolar contribution to the flux for the

ng

bismuth impurities is first order in the smallness parameter, —. Assuming impurity
04

injection into a uniform background plasma (no axial gradient in the argon plasma) and

dropping the terms that are first order in the smallness parameter gives:

FBi = _DBi VnBl- 25
26
Tar = —Dar 7— Vg
Ar

The argon background plasma shifts in response to the ambipolar field induced
by the rapidly diffusing electrons from the impurity pulse. Meanwhile the impurity ions
will diffuse collisionally according to the diffusion coefficient determined from the
Einstein relation Dg; = Vg, /Vy, Where Vyg; is the thermal velocity of the bismuth ions
and v, is the momentum exchange rate between the bismuth and background argon
ions. The parallel diffusion coefficient for the impurities can then be calculated directly,

and this is shown in Figure 40.

6.5 Conclusion:
In this paper we have presented measurements and calculations of multi-species

ambipolar diffusion parallel to the magnetic field in the CSDX linear device. We
introduced trace amounts of impurities into an argon plasma in a linear plasma device
through a laser blow off system, which is shown in Figure 15 in Chapter 3. The impurity
transport is modeled using a 1-dimensional advection-diffusion equation. This is
appropriate because the impurity ion light emission is primarily coming from the center

of the plasma as shown in Figure 22. The data is fit assuming a Gaussian function initial
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condition for the impurity plume. The fits of the equation and the PMT output from the
impurity light emission are shown in Figure 23, and it is easily seen that there is good

agreement downstream of the injection site.

In order to accurately measure the parallel diffusion coefficient, it is necessary
to constrain the initial condition to a physically realistic scenario. By assuming that the
parallel diffusion coefficient is constant along the length of the device we can uniquely
determine the width of the initial plume. The calculated parallel diffusion coefficient is
shown in Figure 40, and it agrees with the theoretical calculation of the parallel diffusion

coefficient within the error bars.

In this paper we measurements of multispecies diffusion in a laboratory plasma.
We have observed the surprising result that trace impurities will diffuse collisionally
and will not suffer enhanced diffusion due to the ambipolar field. This work focuses on
the non-perturbative impurity injection, which allows us to linearize the equations in
terms of the ratio of impurity to background ion density. For future work it would be
interesting to vary the injected impurity to background ion density ratio and determine
experimentally where the linear approximation breaks down. The full equations for the
multispecies diffusion should be considered carefully when modeling transport of

impurities in linear devices, tokamaks, and stellerators.

Chapter 6, in part, is currently being prepared for submission for publication of
the material. J. J. Gosselin, S. C. Thakur, and G. R. Tynan. The dissertation author was

the primary investigator and author of this material.
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Table 4 Ion temperatures measured with laser induced fluorescence (LIF).
Approximately a 50% increase in temperature is observed over the range of magnetic
fields used in these measurements.

Magnetic Field Ion Temperature (eV)
(Gauss)
400 0.38 £ 0.02
600 0.41 + 0.06
800 0.49+0.1
1000 0.50 £ 0.08
1200 0.56 £+ 0.07
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Velocity Measured by Mach Probe
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Figure 36 Parallel velocity measured by a Mach probe for the 400 gauss magnetic field.
For calculations of the effect of shear the velocity profile is approximated as a quadratic,
V =V (1 - (1/a)?), where Vo= 3.6x10* cm/s and a =7 cm. Under the plasma conditions
at 400 gauss the Mach probe and LIF velocity measurements agree with each other. So,
it is assumed that no correction is necessary.
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Figure 37 Plot of the ion saturation current in arbitrary units with a Gaussian fit to the
profile visible in red. The best fit gives 6 = 3 cm.
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Negligible Effect of Shear
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Figure 38 Simulated PMT signal illustrating effect of shear. Diffusion is neglected in
the simulation. Shown in black is a sheared impurity emission signal assuming a
Gaussian initial condition for the impurity plume. Shown in red is the expected signal
for the same plume assuming no shear. In blue is a Gaussian fit to the sheared profile.
The shear produces a 3% decrease in plasma velocity, and a 6% increase in the impurity
plume width. These changes are considered to be negligible for our experiments.
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Figure 39 Plot of the LIF signals at 400 and 1000 gauss showing the increasing width
of the ion IVDF with increasing temperature.



112

Diffusion Coefficient for Impurities
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Figure 40 Plot showing the diffusion coefficient as determined by the 1-D advection
diffusion modeling. In green is the diffusion coefficient measured assuming the
diffusion coefficient is constant along the length of the device. In red is the diffusion
coefficient as calculated by the expected bismuth ion temperature. The calculated
diffusion coefficient agrees with the measured diffusion coefficient within the error
bars. Errors in calculated diffusion coefficient are the result from uncertainty in ion
temperature.



Chapter 7: Future Work

The fundamental problem discovered through this thesis work was the
systematic error in the Mach probe interpretation. This may be of great importance to
the plasma community since these probes are often used to determine the plasma flow
velocity”#64961.70-76 - The theory presented in this thesis is simple, but does a good job
of explaining the physical processes behind the discrepancy between the Mach probe
interpretation of the velocity and the LIF measured velocity. Future work should focus
on testing this model thoroughly and, if necessary, expanding on it by introducing a full

2 or 3 dimensional model.

Fortunately, the parallel LIF experiments described in this thesis provide an
excellent fiduciary measurement of the parallel ion velocity. Perhaps the simplest, and
easiest to implement, test would be to develop a series of Mach probes of progressively
smaller radius in order to test the dependence of the correction term of the probe radius

given in equation 27.

> 27
a a’vy
——In(1 —erf(

M., . =
Tk sina 4D | Ly

)

One could also build a probe with a progressively decreasing radius such as that
presented schematically in Figure 41. By comparing the velocity measured by each set
of Mach probe tips to the velocity measured by the LIF system the dependence on the

probe radius could easily be determined.

113
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Another test that could be attempted would be to directly measure the wake in
the plasma. One could use a sweeping probe to measure the plasma density downstream
of an obstruction (such as a large Mach probe). An experiment like this was performed
for a connected presheath in the DITE tokamak>8, and the connected presheath was
successfully modeled with a diffusive model. When the presheath is unconnected the
situation is slightly more complicated; it would be very interesting to see how large of

a role parallel diffusion plays, since it is neglected in this study.

It may also be possible to measure the wake by measuring the drop in intensity
of ion emission downstream of the probe. If the model for the density drop is correct
the light intensity downstream of the probe should be proportional to the plasma density,

which is described by:

erf(Or+ @) [gpg) — erf(0 — @) 77 »

na(3,2) = mo(1 = ( > )

Here, y is the coordinate perpendicular to the magnetic field, and z is the

coordinate along the field in slab geometry.

Some preliminary attempts to measure the width of the wake optically were
made during this project; however, they were unsuccessful. Animage from one of these
attempts is shown in Figure 42. While a dark region downstream of the probe shaft can
be clearly seen, the region that is visible through the viewport does not extend far
enough axially for the shape of the wake to be discernable above the noise level in the

image. It may be possible to statistically improve the measurement by taking more
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images, or it may be necessary to install a larger viewport/use optical techniques to

achieve a longer field of view downstream of the probe.

Once a model for the probe wake has been verified, the structure of the probe
wake can be used to determine the perpendicular diffusion coefficient. As can be seen
from equation 28 the wake structure depends on the ratio of the plasma velocity to the
perpendicular diffusion coefficient. By taking multiple measurements with Mach
probes with different radii, the plasma velocity can be uniquely determined, and then
the structure of the wake should reveal information about the perpendicular diffusion

coefficient.

Additionally, the next logical step is to expand the model to be fully two-
dimensional. While this model seems to work well, it was developed to explain the
discrepancy between the Mach probe and LIF measurements of the plasma velocity
under the simplest possible conditions. It is only applied on the axis of the plasma
column (r=0). On axis there is no azimuthal velocity to consider. When off axis the
probe wake will tilt relative to the magnetic field due to the azimuthal contribution to
the velocity, and both perpendicular and parallel diffusion will be important.
Developing a full two-dimensional model would be useful for the plasma physics

community as a whole.

Finally, with a trust worthy Mach probe these impurity entrainment experiments
could be re-attempted. There is some evidence that the plasma flow velocity is

proportional to the RF power from the impurity measurements as shown in Figure 43.
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It may be possible to use the source RF power as the experimental knob to control the
plasma velocity over a limited range. However, it will be necessary to take careful
measurements of the electron temperature, there are limits to the amount of power that
can be applied through the source, and it may be difficult to determine the ion

temperature, which affects the momentum exchange time.

The experiment could be further improved by decreasing the distance between
the impurity injection location and the downstream measurement locations. Decreasing
the distance will decrease the impurity cloud transit time between the injection location
and the downstream measurement locations; this will also result in an increase in the
entrainment time/transit time ratio, which will improve the sensitivity of the

measurement.

Finally, with the exception of a small amount of work%%"-"7 the topic of multi-
species ambipolar diffusion in plasmas remains largely unaddressed. The laser blow off
technique could be successfully used to explore this topic further. It would be relatively
simple to create thicker coatings or larger spot sizes in order to systematically vary the
amount of impurity injected into the plasma. According to the theory laid out by Hill®®,
systematically increasing the ratio of impurity density to background plasma density

should systematically increase the contribution of the ambipolar enhancement to the

diffusion coefficient.

The operation and interpretation of Mach probes has been debated and is known

49,78,79

to be different under different plasma parameters This project has shown
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collisions with neutral particles play an important role in the interpretation of Mach
probe data. Exploring this model further would be useful for the plasma physics

community and would facilitate further studies on parallel impurity transport.
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SIDE END

©

Figure 41 A schematic of a conceptual Mach probe side and end view. The progressively
smaller radii should allow for simultaneous measurements of the Mach number with
different correction factors. Since the parallel plasma flow velocities in CSDX have
been measured accurately with LIF, the dependence of the correction term on the probe
radius can be verified.
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Figure 42 Head on image of the Mach probe fully inserted into the plasma column.
Downstream of the probe a region of low light intensity can be seen. This is presumably
due to a low density wake from the probe blocking the flowing plasma. Brightness and
contrast on the image have been adjusted to emphasize the wake.
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Bismuth Velocity v. Source Power
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Figure 43 Velocity of the impurity cloud measured as a function of the RF power of the
plasma source at 400 gauss. The impurity cloud velocity appears to be linearly
proportional to the RF source power over the range of powers used.



Appendix:

There has been some disagreement in the literature as to the location of the Ar-
II excitation line with respect to the iodine cell spectrum®’. In our experiments we find
that the unshifted wavelength for the 3d*F7» to the 4p*Ds; transition agrees well
qualitatively with the wavelengths reported in the private communication from Severn
reported in Keesee's thesis 2°. Additionally, we have good quantitative agreement with
the peak locations reported by Woo>* for this same Ar-II LIF scheme as shown in Figure

44.

The result in Figure 44 is the 1> spectrum obtained by of averaging over 350 LIF
runs. The iodine spectrum was measured by diverting 8% of the beam intensity with a
beam splitter into an iodine cell. The fluorescence from the iodine cell was detected by
a photomultiplier tube (PMT). Both iodine cell and PMT were housed in a dark box
and the high background (~80% of max signal) is presumed to be scattered laser light.
All of the peak measurements agree with those of Woo>* within one standard deviation
with the exception of the smallest, least well-defined peak. The locations of the peaks,
labeled 1-4 in Figure 44 were found by fitting a series of Gaussians to each of the 350
iodine spectrum measurements independently. The line positions and uncertainties
represent the mean and standard deviations of the fitted parameter for the peak of the
Gaussian. Lines 1-4 locations (and uncertainties) are: (1) 668.6174 (+ 0.0003) nm, (2)

668.6127 (£ 0.0001) nm, (3) 668.6093 (+ 0.0003) nm, and (4) 668.6062 (+ 0.0005) nm.

This measurement is important because as of the date of publication there are

only three comparisons of the Ar-Il 3d*F7. to the 4p*Dsy: transition compared to the
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iodine spectrum (I2). Woo's counter-propagating laser beam measurements provide an
excellent physical measurement of the unshifted line. Based on both the extraordinary
number of data points for the iodine spectrum that we collected over our experimental
campaign, the qualitative agreement with the report from Severn, and the report from
Woo; we can say with a very high level of confidence that we are reporting the correct

zero velocity location on the iodine line.

Groups wishing to use LIF for Ar-II velocity measurements can use an iodine
cell to verify the wavelength reported by a calibrated wavemeter. The unshifted
wavelength of the Ar-II 3d*F7/ to the 4p*Dsz transition is precisely located by the low-
frequency “shoulder” of the iodine spectrum, shown as the dotted line in Figure 44. This
qualitative feature is visible in the iodine spectrum used by Severn and the fourth figure
of Woo's results >*. Our results represent a quantitative verification of the structure of

the iodine spectrum in this wavelength range.

Portions of this appendix have been submitted for publication of the material as
it may appear in Physics of Plasmas, 2016, J. J. Gosselin, S. C. Thakur, S. H. Sears, J.
S. McKee, E. E. Scime, and G. R. Tynan, American Institute of Physics, 2016. The

dissertation author was the primary investigator and author of this paper.
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lodine Excitation Spectrum
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Figure 44 Averaged iodine cell spectrum. Light intensity data is binned and averaged
over ~350 individual LIF measurements. Apparent skew represents 5% of absolute
intensity. lodine cell was placed inside a dark box that was not completely light tight.
80% of signal is background; skew represents only 5% of total signal. Labeled peak
location was determined by fitting a Gaussian to each run individually; errors represent
statistical deviations of peak location. Peaks are: (1) 668.6174 (+ 0.0003) nm, (2)
668.6127 (£ 0.0001) nm, (3) 668.6093 (+ 0.0003) nm, and (4) 668.6062 (+ 0.0005) nm.
The dotted line represents the unshifted Ar-II 3d*F7. to the 4p*Ds transition.
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