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Abstract
Plasma material interaction (PMI) studies are crucial to the successful development of future
fusion reactors. Prototype Material Plasma Exposure eXperiment (Proto-MPEX) is a prototype
design for the MPEX, a steady-state linear device being developed to study PMI. The primary
purpose of Proto-MPEX is developing the plasma heating source concepts for MPEX. A power
accounting study of Proto-MPEX works to identify machine operating parameters that could
improve its performance, thereby increasing its PMI research capabilities, potentially impacting
the MPEX design concept. To build a comprehensive power balance, an analysis of the helicon
region has been performed implementing a diagnostic suite and software modeling to identify
mechanisms and locations of heat loss from the main plasma. Of the 106.3 kW of input power,
up to 90.5% of the power has been accounted for in the helicon region. When the analysis was
extended to encompass the device to its end plates, 49.2% of the input power was accounted for
and verified diagnostically. Areas requiring further diagnostic analysis are identified. The
required improvements will be implemented in future work. The data acquisition and analysis
processes will be streamlined to form a working model for future power balance studies of
Proto-MPEX.

Keywords: helicon, power balance, parallel heat transport, thermocouples, fluroptic probes, heat
deposition, linear plasma device

(Some figures may appear in colour only in the online journal)

1. Introduction PMI studies performed on tokamaks, linear devices have two

main advantages: (1) they can be operated at steady-state and

Understanding plasma material interactions (PMI) on plasma
facing components (PFCs) is critical to the successful
development of future fusion reactors [1, 2]. In comparison to

* This manuscript has been authored by UT-Battelle, LLC, under contract
DE-AC05-000R22725 with the US Department of Energy (DOE). The US
government retains and the publisher, by accepting the article for publication,
acknowledges that the US government retains a nonexclusive, paid-up,
irrevocable, worldwide license to publish or reproduce the published form of
this manuscript, or allow others to do so, for US government purposes. DOE
will provide public access to these results of federally sponsored research in
accordance with the DOE Public Access Plan (http://energy.gov/
downloads/doe-public-access-plan).

0741-3335/18/000000-+10$33.00

(2) their engineering design is comparatively less complex
and less expensive to operate [3, 4]. This accessibility facil-
itates machine adjustments, and simplifies measurements,
analysis, and modeling. Further, they can investigate higher
particle flux and fluence operations [4]. Linear devices can
reach and exceed the extreme conditions that will be experi-
enced by PFCs in fusion plasma environments, allowing the
long-term effects on material components to be characterized
in shorter periods of development time [5].

The Prototype Material Plasma Exposure eXperiment
(Proto-MPEX [6]) at Oak Ridge National Laboratory is a

© 2018 IOP Publishing Ltd  Printed in the UK
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linear plasma device with the primary purpose of developing
the plasma source and heating concepts for the MPEX [7],
which will address PMI science for future fusion reactors
[8, 9]. Proto-MPEX is one of the world’s highest flux linear
plasma devices, having produced heat fluxes over
12MW m ™ ? to material surfaces. Proto-MPEX generates a
linear column of plasma that is heated to reactor relevant
parameters before hitting a target plate. The finalized MPEX
power source system will include helicon heating, ion
cyclotron heating (ICH) and electron cyclotron heating (ECH)
via electron Bernstein waves (EBW) [10]. The systems must
meet PMI experimental requirements for MPEX, which
include the following target plasma conditions: electron
densities reaching 10*' m >, electron temperatures reaching
15eV, ion temperatures reaching 25eV, and heat fluxes
surpassing 10 MW m 2 [10].

In this paper, a power accounting study of the Proto-
MPEX device was performed to identify mechanisms and
locations of heat loss from the plasma in the machine, espe-
cially in the helicon region. The analysis works to identify
machine operating parameters that could improve the per-
formance of Proto-MPEX, thereby increasing its PMI
research capabilities.

The remainder of this paper is organized as follows:
section 2 describes the Proto-MPEX machine, including its
power and diagnostic capabilities. Section 3 describes the data
acquisition and analysis processes performed to complete a
power accounting in the device, especially in the helicon
region. Section 4 provides a summary of that accounting and
suggests future work.

2. Experimental apparatus

Figure 1 provides a diagram of Proto-MPEX. The axial length
of the Proto-MPEX machine is approximately 4.5 m. The
inner radius of the machine varies along its length. The
minimum physical boundary radius for these experiments is
5.8 cm, while the maximum radius surpasses 20 cm. Gener-
ated plasma is contained using a set of twelve magnet coils.
Diagnostic ports are located in the space between magnet
coils. End plates are installed on either end of the machine. A
skimmer plate, with inner diameter of 5.8 cm, is installed to
restrict the neutral gas traveling downstream from the helicon
and constrains the plasma circumference. Similarly, a RF
baffle plate, with inner diameter of 8.6 cm, is installed to
prevent plasma from impinging on the ICH antenna and to
restrict neutral gas flowing downstream towards the target
plate or upstream towards the central chamber. For these
experiments, the plasma radii were approximately 2.0 cm and
6.3 cm on the target and dump plates, respectively.
Proto-MPEX has four installed power sources: (1) a
13.56 MHz, half-turn helicon antenna; (2) a 28 GHz micro-
wave ECH/EBW launcher; (3) a ICH antenna operating at
6-9 MHz; and (4) an 18 GHz microwave ECH launcher (‘pre-
ionization heating’) [10]. More detailed specifications of the
power sources are described in previous works [e.g. 9].
During operations, the plasma, primed by the pre-ionization

heating source, originates in the helicon region and is pre-
ferentially launched towards the target plate, although plasma
also travels upstream towards the dump plate. Additional ICH
and ECH/EBW power can be applied, but will not be pre-
sented in this article.

An expansive diagnostic suite is installed on Proto-
MPEX, providing plasma measurements along the axis of the
machine. Diagnostics include infrared (IR) cameras [11],
thermocouples (TCs), fluoroptic probes (FPs), double Lang-
muir probes (LPs) [12], Mach probes (MPs), Thomson scat-
tering (TS) [13, 14], and filterscopes [15, 16].

3. Power accounting experiment

The overall ability of a linear plasma device to transport heat
fluxes to its end plate is a measure of its ultimate effectiveness
as a PMI research device, which can be established through a
total power balance of the machine. Power accounting helps
identify areas for improvement with respect to machine
operations by quantifying plasma loss locations and
mechanisms. For the purposes of this paper, the power bal-
ance is separated into three main components: input power
(Pin), lost power (Pio), and deposited power (Pgep). The
input power includes the total power injected into the system.
The lost power refers to the power that is lost from the plasma
as it travels through the machine between the power source
and the end plates. The deposited power refers to the power
that is deposited on the end plates. The machine is separated
into three regions: helicon, upstream and downstream. The
helicon region extends axially from z = 1-1.5m (see
figures 2-3). The upstream region extends from the dump
plate (z = 0.2 m) to the upstream edge of the helicon region
(z=1.0m). The downstream region extends from the
downstream edge of the helicon region (z = 1.5m) to the
target plate (z = 3.75 m). This paper will perform a power
accounting for each of the three regions.

The power balance experiments were performed using
the following machine operating parameters. The magnetic
field configuration was a ‘modified flat field’, where the
current in the magnet coils was 5900 A for coils 1 and 6-12,
260 A in coils 3 and 4, and 0 A for coils 2 and 5. Coils are
numbered in increasing order from left (coil 1) to right (coil
12) (see figure 1). The plasma gas type was deuterium, with a
puffed gas flow at the gas injection location between coils 4
and 5. For these experiments, the operations were performed
in the high-density (helicon) mode with 200 ms plasma pul-
ses. Only the helicon and pre-ionization 18 GHz ECH pro-
vided power to the system. The relevant diagnostics
employed included one IR camera, four baratrons, four LPs
(probes A-D), two MPs with four total axial scanning loca-
tions, six TCs, a filterscope array, a TS beam line, and four
FPs. Figure 1 provides a diagram of their installed locations
on Proto-MPEX.
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Figure 1. Diagrams of Proto-MPEX. Top: magnetic coils, diagnostic ports, installed power sources and end plates are depicted. Bottom:

installed diagnostics depicted. Machine length is approximately 4.5 m.
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Figure 2. Plot depicting axial variation in neutral (np,, np) densities
inferred by SOLPS modeling and experimental baratron data. The
green box depicts the helicon region.
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Figure 3. Schematic of magnetic field flux tube mapping along
Proto-MPEX device for a modified flat field configuration. The blue
lines represent the flux lines and the red line represents the outermost
flux line. The y-axis represents the radius of the machine in meters.
The x-axis represents the axial length of the machine in meters. The
changes in the inner diameter along the machine length are also
shown. The helicon region is highlighted in green.

3.1. Input power (Pj)

The input power is the total power injected into the system.
For these experiments, since the helicon was considered the
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main power source, the 5 kW of power from the pre-ioniz-
ation source were neglected in the input power accounting.
The helicon provided an average of 125kW of forward
power, 16.3 kW of which were reflected, and another 2.5 kW
of which were lost due to the resistivity of the copper helicon
antenna. Forward and reflected powers, together with resistive
losses in the antenna and feed circuit, were measured
experimentally via directional couplers, a Bird Wattmeter,
and an RF magnetic field probe used to determine antenna
current. Out of the total 125kW injected, 106.3 kW were
successfully coupled by the helicon antenna wrapping around
the aluminum nitride (AIN) window. This is the ‘input
power’.

3.2. Lost power (P,)

The lost power refers to the power that is lost from the plasma
between the power source and the end plates. Seven different
diagnostics were employed to experimentally quantify the lost
power: baratrons, FPs, LPs, MPs, TCs, a TS array and fil-
terscopes. The FPs and TCs measure temperature increases to
the machine surfaces. The LPs, MPs, and TS array measure
the plasma electron temperatures and densities. The MPs also
measure the plasma flow rate. The filterscopes measure line
radiation along the length of the machine, highlighting areas
of potential plasma impingement on the material surfaces.
The baratrons measure the total neutral (Dy, D,) pressure.
SOLPS modeling was employed to quantify loss mechanisms
such as charge exchange, excitation, and elastic collisions, as
well as to supplement experimental measurements.

3.2.1. Collisional losses. The helicon power system
transmits 106.3 kW of power into the helicon region. The
helicon region extends axially from z = 1-1.5m (see
figures 2-3). A portion of this power is consumed through
atomic and molecular processes such as ionization, vibration,
and dissociation, estimated using SOLPS. SOLPS (B2-
Eirene) solves for fluid plasma transport along magnetic
field lines, which eventually hit machine surfaces or end
plates, as well a neutral particle transport [17]. The analyses
apply a physical mesh (radial and axial directions). The mesh
intersects material boundaries only at the target and dump
plates; it does not extend to the machine walls under the
helicon, due to difficulties defining boundary conditions
needed to establish a limiting surface under the helicon. This
results in the model missing potentially important particle
recycling under the helicon, as this is the limiting location for
magnetic field lines; the underestimation of recycling in this
region is indeed indicated by the larger diagnostically-
acquired neutral measurements (see below). Specific details
of the SOLPS modeling inputs and results performed for high
density helicon plasmas in Proto-MPEX are available in a
recently submitted paper [17].

SOLPS modeling suggests that a total of 26.7kW of
power are lost to neutrals along the entire length of the
machine, with 13.3kW, 8.4kW, and 5kW of the losses
occurring in the helicon, upstream and downstream regions,
respectively. However, SOLPS cannot completely model the

plasma in the area under the helicon, which is supported by
the discrepancy between SOLPS-estimated axial neutral
density values and the experimental values inferred by
installed baratrons (see figure 2). The SOLPS model under-
estimates the total neutral densities (np + np;) by about a
factor of 2-3 in the helicon region in comparison to the total
neutral densities inferred by the baratrons. It is reasonable to
assume the power lost to neutrals in this region is under-
estimated in the SOLPS model by approximately the same
factor. Using the ratio between the baratron-inferred total
neutral densities and the SOLPS-estimated densities as a
correction term, the calculated power lost to neutrals in the
helicon region was 30.6 kW. Outside the helicon region, there
is good agreement between the modeled and experimental
densities. The SOLPS neutral loss estimates with the
correction term applied are 11.5kW and 6.7kW, for the
upstream and downstream regions, respectively, effectively
the same as the original SOLPS values.

Neutral losses are localized in the helicon region or the
area immediately outside the helicon region. For example, the
‘corrected” SOLPS neutral losses occurring from an expanded
‘helicon’ analysis region of z = 0.8—1.8 m total 44 kW (out of
48.9kW of plasma power lost to neutrals over the entire
machine), with only 3.2kW and 2.2kW occurring in the
remaining upstream and downstream regions, respectively.

Figure 3 provides the magnetic flux mapping for the
magnetic field configuration for these experiments. The
outermost flux line is delineated by the red contour. The
radius of the outermost flux line was used for the plasma
radius along the machine axis. The plasma was divided into
0.005m thick axial slices, creating incremental plasma
volumetric slices.

3.2.2. Machine surface losses. To corroborate the SOLPS-
estimated value of neutral losses in the helicon region, an
upgraded array of four installed FPs [18], in good thermal
contact with the AIN window, were used to calculate the
power loss associated with the heat deposition measured on
the window. The AIN window has a mass of 2.567 kg and a
specific heat capacity of 780Jkg ' K™'. Three FPs are
located under the helicon antenna and one is located along the
side, in the field of view of a FLIR T250 series IR camera.
Figure 4 shows the helicon window with the installed FP
visible.

The IR ‘helicon’ camera is used to corroborate the
temperature measurements of the FPs. For a given shot, the
change in temperature inferred by each of the four FPs were
averaged to provide an average temperature rise on the
helicon window, which is used to infer an average power
deposition on the window through a 1D heat conduction
analysis (see equation (1)). For these experiments, this
process was repeated for a series of nine 200 ms pulses.
Their power depositions were averaged together to create a
final value for the heat lost to the window.

To ensure the 1D heat conduction analysis was a
reasonable approximation, it was compared to a more
complex finite element analysis using ANSYS for a series
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Figure 4. Images of the helicon window and antenna with visible installed FPs. The left image shows locations of the FPs under the helicon
antenna and the FP in the field of view (FOV) of the IR camera are delineated by the blue arrows and the red rectangle, respectively. The right
image shows IR camera view of the helicon window (appears red), with the FP in its FOV highlighted by the white rectangle. The top helicon

antenna strap (appears blue) is delineated by the white arrow.

of two-second helicon power pulses at varying injected power
amounts, using two installed FPs located under the high- and
low-voltage ends of the helicon antenna, respectively.
ANSYS inferred approximately 14.7% of input power was
lost as heat to the helicon window. The 1D heat conduction
analysis yielded approximately 16.3% of the input power was
lost as heat to the helicon window. The similarities between
the results of the two methods indicate that the 1D heat
conduction analysis is an acceptable analysis method to
determine FP-inferred power. The 1D heat conduction
analysis was performed using the following equation:

. mcAT
0= A (D

where Q is the power (W), m is the mass of the AIN window
[2.567 kg], ¢ is the specific heat of the AIN window
[780Tkg 'K '], AT is the temperature rise measured by
the FPs (K), and At is the plasma pulse length [0.20 s]. The
FPs have an accuracy of £0.5°C and a time resolution of
25ms [18]. The FP-inferred 200 ms shot-averaged temper-
ature increase and power deposition on the helicon window
were deterned to be 2.5 °C £+ 0.5°C and 25.2 £+ 5.0kW, or
approximately 23.7% + 4.7% of the input power. The
helicon window extends from approximately z = 1.1-1.4 m.
Within this axial region, SOLPS estimates 21.5 kW of power
are lost to neutrals, in good agreement with the FP-inferred
deposited power.

TC and filterscope diagnostics installed at the upstream
end of the helicon (near z = 1 m) suggest the plasma could be
limiting on the helicon window. Magnetic field flux mapping
supports this prediction (see figure 3). The limiting plasma
could account for additional heat loss not attributed to neutral
processes. The TCs have an accuracy of +2.2 °C or 0.75% of
the temperature reading. TCs [19] are installed on stainless
steel machine surfaces (outside of vacuum) at the upstream
and downstream ends of the helicon region (z = 1.0 m and
z = 1.5m, see figure 1). One-dimensional heat conduction

analyses using equation (1) were performed at each TC
location for a series of 22 plasma pulses, where m is 3.6 kg, ¢
is 500 Tkg ' K~', AT is the temperature rise measured by the
TC (K), and Ar is 0.2s. The TC-inferred 200 ms shot-
averaged power depositions on the upstream edge (z = 1.0 m)
and downstream edges (z = 1.5 m) of the helicon region were
determined to be 13.7 + 1.0kW (1.5 °C £ 0.1°C) and
10.3 + 0.8kW (1.1 °C + 0.1 °C), respectively. Thus, the
total deposited heat inferred by TCs and FPs on the machine
surfaces is 49.2 £ 6.8kW, or 46.3 4+ 6.4% of the input
power. Plasma losses due to plasma limiting on the helicon
window in addition to SOLPS neutral losses can account for
the experimentally measured total deposited heat to machine
surfaces in the helicon region.

Outside the helicon region, three additional TC’s were
used to measure heat deposited to machine surfaces along the
axial length. In the upstream region at z = 0.6m, a TC is
installed on the air-side of the stainless steel machine vacuum
vessel with the same properties as the pieces at z = 1.0 and
1.5m. The TC-inferred deposited power was 1.5 £+ 0.1 kW
(0.2 °C +£0.01°C). In the downstream region, TCs are
installed on a skimmer plate (z = 1.75 m) and a baffle plate
(z = 2.35m). Both plates are 0.125” thick with 5.8 cm inner
diameters and are composed of stainless steel. The average
temperature rise measured by the skimmer TC was 0.9
°C + 0.01 °C, yielding a power loss to the skimmer plate of
0.16 £ 0.05kW. The average temperature rise measured by
the RF baffle TC was 0.32 °C £ ~0 °C, yielding a power loss
to the skimmer plate of 0.06 kW. The total measured power
lost to the machine surfaces in the downstream region is about
0.2 kW, though there may be additional un-measured losses.

3.2.3. Parallel heat transport—conduction. To approximate
the amount of power held in the plasma as the plasma exits
the helicon region, a double LP and a double MP were used.
Probe A was located at the downstream edge of the defined
helicon region (z = 1.5 m). The MP installed location could
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Table 1. Summary of on-axis electron temperatures and densities along machine length.

Axial location (z (m)) T, (r =0, z) (eV) n, (r=0,z (m>) Diagnostic

0.6 1.91 + 0.06 9.47 x 10" £ 2.71 x 10"®  Mach probe

1.0 3.09 + 0.5 8.14 x 10" + 1.26 x 10'"®  Mach probe

1.5 3.78 + 0.89 5.28 x 10" + 3.13 x 10'"®  Langmuir probe
22 244 + 0.27 6.41 x 10" £ 530 x 10'"®  Langmuir probe
3.1 1.71 + 0.04 5.85x 10" £ 1.01 x 0" Langmuir probe
3.4 1.29 + 0.09 5.03 x 10" +9.20 x 10'"®  Langmuir probe
3.65 0.96 233 x 10" TS array

be changed and scanned radially through the plasma at
z=1.0m and 1.5m axial locations. Analysis from the MP
indicated plasma flow was nearly stagnant at these two
locations, yielding an average Mach number of about 0.07 at
both z=10m and z = 1.5m. Therefore, the plasma
transport was assumed to be dominated by parallel heat
conduction at the helicon region boundary. (Parallel heat
convection analysis was still performed and is provided in the
next section). Previous work on similar helicon linear devices
has demonstrated that the electron temperature (and therefore
the heat transport) is mainly determined by heat conduction
[20]. For this analysis, radial heat conduction was ignored, as
were ion contributions [20]. Equation (2) was applied to
determine the parallel heat conduction [20, 21].

d7;
9eond — —k”V]; = 7k|| (2)
dz
with the defining equation set 3 [21, 22]
327rn,T,
kll i
me
_ 62752 fm, T
‘ nee* In(A)
) —1
T = [_ + VD,lot]
Te
373
T
A = dr | S0
nee
VDot = Vb + Vb2 = np Y (9E;K, )p
+nD22(quKv,j)D27 (3)

J

where g.onq 1S the parallel conductive heat flux (W m>),
k)| is the parallel electron thermal conductivity (W m 2K,
VT, is the electron temperature gradient (which simplifies to
c(ljf d mfl)), n, is the electron density (m73), T, is the electron
temperature (J), m, is the electron mass (kg), 77 is the total
collisional time for both electron and neutral collisions (s), 7,
is the electron collisional time (s), e is the electron charge (C),
£o is the permittivity of free space (Fm '), A is the Coulomb
logarithm (dimensionless), vp ;o 1S the total neutral collisional
frequency, which is the sum of the atomic deuterium
collisional frequency, rp, and the molecular collisional

frequency, vp, (s ), np is the atomic deuterium density
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Figure 5. Plot depicting on-axis electron temperature measurements
along the length of the Proto-MPEX machine, as well as their power-
base fit. The helicon region is highlighted in light green.

(m*3), npy is the molecular deuterium density (m*3), and
Zi(quKv,,v)D and Ej(quKv,j)DZ (W m?) are the summation
of the atomic and molecular, respectively, deuterium collision
loss densities estimated from SOLPS modeling. The on-axis
electron densities and temperatures used to determine the
parallel heat transport were provided by MPs, LPs, and a TS
array. Their axial locations, electron density and temperature
values, and relevant diagnostic are provided in table 1.

To determine the electron temperature gradient, i—f, on-

axis electron temperatures along the length of the machine
were plotted and fit to a power-base equation. The upstream
and downstream regions were assigned separate fits. The
derivative of these fits estimated the axial electron temper-
ature gradient. Figure 5 depicts the plotted axial electron
temperatures and the axial fit. Since electron temperature and
density values are unknown directly under the helicon, the
electron temperature was fixed to the on-axis electron
temperature measured at z = 1.5 m.

The heat conduction analysis shown in equations (2) and
(3), was performed eight times, varying electron temperature
values between T, — dT, and T, + dT, and electron densities
between n, — dn, and n, + dn, to create a range of possible
heat conduction values (shown in brackets). Using the radius
of the outermost flux line (r = 5.7 cm) to determine the cross-
sectional area of the plasma column, the power carried in the
plasma at the downstream edge of the helicon region
(z = 1.5m) by parallel heat conduction was 2.2 [0.7, 5.2]
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Elec}aop Density & Temperature vs. Radially Scanned Position

3 _{_% v i 18

0.5 -
> X

1,
5'11’

4 0.5 0 05 1

Normalized Radius: rswnlroFL

Figure 6. Plot depicting the radially scanned electron densities (left
axis) and temperatures (right axis), provided by probe A. Values are
plotted against the normalized scanned radius (scanned location
divided by the radius of the outermost flux line (rogr) at probe A’s
location, z = 1.5 m). The on-axis values used to quantify the helicon
region are highlighted in light green. The electron temperature
profile is relatively flat. Spikes and drops in measurements near
normalized radial location of r, = 1 are due to edge effects (low
density, high temperature plasma at edge of the plasma due to a local
heat source, possibly Trivelpiece-Gould (TG) wave heating).

kW. At the upstream edge (z = 1.0 m), the plasma radius is
7.2 cm, yielding a parallel heat conduction of 3.4 [1.2, 7.3]
kW. A similar analysis was performed upstream at z = 0.6 m
and downstream at z = 3.4 m. The heat conduction contrib-
ution is effectively negligible near both end plates, totaling
0.1kW at z = 0.6 m and ~0kW at z = 3.4 m.

3.2.4. Parallel heat transport—convection. While the Mach
numbers are nearly zero in the helicon region (M (z = 1.0,
1.5) = 0.07), the axial convective heat transport was non-
negligible. Figure 6 below depicts the electron temperatures
and densities provided by probe A (z = 1.5 m). The plotted
radius is normalized over the radius of the outermost flux line
at that axial location (7pjasma = 5.7 cm).

Neglecting edge effects (near normalized radial location,
r, = 1), the electron temperature profile is relatively flat,
while the electron density profile is centrally peaked.
However, for simplicity, both profiles were assumed to be
flat for these analyses. The power carried in the plasma via
convection was determined using equation (4).

= 5n.vI,,
2T,

m;

qconv

v=cM= M, 4)

where ¢.ony 1S the convective heat flux (W m 2, n, is the
electron density (mf3 ), T, is the electron temperature (J), v is
the plasma flow velocity (ms™"), ¢, is the ion sound speed
through the plasma (m s~ 1), M is the Mach number, and m; is
the mass of deuterium (kg). Ion temperatures are assumed to
be approximately equal to electron temperatures. This
assumption was supported by spectroscopic data with argon
puffing in previous experiments. Assuming a uniform plasma
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Figure 7. Graph depicting main method applied to determine full
radial n, profile at z = 1.0 m. The partial MP scan data points are
highlighted in the blue box. The dotted vertical delineates the mirror
line. The red line depicts the final n, fit.

profile, the convective power in the plasma at z = 1.5m
(Fplasma = 3.7 cm) is 2.2 &= 1.0 kW. The convective power at
z=1.0m (Fpasma = 7-2cm) is 3.8 £ 1.OKW.

MP measurements were also obtained in the upstream
region at z=0.6m and in the downstream region at
z = 3.4 m. The Mach values were 0.5 and 1.0, respectively.
At z = 0.6 m, the plasma radius is 2.2 cm, yielding a parallel
convective plasma power of 1.5 + 0.1 kW. Downstream, at
z = 3.4m, the plasma radius is 1.9 cm, yielding a parallel
convective power of 0.6 £+ 0.2kW.

3.2.5. Parallel heat transport—sensitivity analysis and
discussion. It is important to note the sensitivity of the
probe measurements at the helicon region edges (z = 1.0 m
and z = 1.5m). All probe measurements are perturbative to
the plasma. However, they are particularly perturbative near
the helicon region, close to the helicon source. Two methods
were applied to obtain the plasma measurements at these
locations. First, Probe D was inserted downstream to an on-
axis (r = 0) position and used to establish the desired plasma
conditions. Then, the upstream probe begins scanning radially
through the plasma. When Probe D measurements varied
more than 20% from those made prior to the upstream scan,
the remaining upstream probe measurements were considered
unreliable due to plasma source perturbation, which occurs
before the probe reaches the center-line of the plasma. To
determine the on-axis value, the acquired measurements are
mirrored across r = 0 and a fit is applied. This method is
required for the electron densities, which vary radially.
Electron temperatures are radially constant, so values
acquired near the edge of the plasma are sufficient to
estimate the on-axis values. Figure 7 below displays an
example fit for the electron density at z = 1.0m, which
corresponds to the calculations governed by the axial profiles
of figure 5. The second measurement method was to insert the
upstream probe (at either z = 1.0 or 1.5m), through the
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Electron Temperature vs. Axial Location
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Figure 8. Plot depicting on-axis electron temperature measurements
using the alternate method along the length of the Proto-MPEX
machine, as well as the power-base fit. The helicon region is
highlighted in light green.

plasma center, establish a helicon match and then perform a
full radial scan without changing the match conditions.
However, this results in a different plasma than the
‘probeless’ plasma. While still a ‘high-density’ plasma, it
has a higher temperature and lower density than the plasma
established without an inserted probe. Using this method at
z = 1.5 m, the on-axis measurements shift from 7, = 3.8 eV

and 1n,=53x10"m™> to T,=64eV  and
n, = 2.9 x 10 m™>. The increase in T, at z=15m
drastically increases the parallel electron temperature

gradient. Since the downstream heat conduction is strongly
dependent on the parallel electron temperature gradient, the
increase changes the power balance analysis, both upstream
and downstream of the helicon region. Figure 8 displays the
new axial T, profile using the second method plasma values
at z=15m.

Using the alternative T, and n, values at z = 1.5 m, the
calculated power carried in the plasma at the downstream
edge of the helicon region (z = 1.5m) by parallel heat
conduction increases to 28.5kW. The calculated power
carried by parallel heat convection increases to 2.7 kW. At
the upstream edge (z = 1.0 m), the heat conduction increases
to 12.0kW and the heat convection remains at 3.8 kW.
Clearly, the overall power balance has a particularly strong
dependence on the measurements at z = 1.5m. Using the
second measurement method, of the 106.3kW of power
entering the helicon region, 49.2 kW of power are measured
on the machine surfaces and 47.0 kW are transported out of
the helicon region, accounting for 96.2 kW of power.

The total power being carried into the upstream and
downstream regions of the plasma ranges from 7.2 to
15.8 kW and from 4.4 kW to 31.2 kW, respectively, depend-
ing on the measurement method applied at z = 1.5 m. Recall
the total power loss due to neutral processes according to
SOLPS modeling in the upstream and downstream regions are
11.5 and 6.7kW, respectively. The SOLPS neutral loss
calculations function as a benchmarking point for the total

parallel heat transported out the helicon region. If 11.5 kW of
power are lost by neutrals upstream of z = 1.0 m, then it is
logical that more than 7.2 kW of power should be measured
as carried into the upstream region. Similarly, if 6.7 kW of
power are lost by neutrals from the plasma downstream of
z = 1.5 m as calculated by SOLPS, more than 4.4 kW should
logically be measured as carried into the downstream region.
Literature reviews of previous helicon experiments support
the idea that more power is carried out of the helicon region
than the first measurement method suggests. Work performed
by University of California—Los Angeles (UCLA) scientists
on a linear device with a helical RF antenna suggested that
1.4 kW out of the 2.0kW (70%) injected were deposited in
the helicon antenna region and transported downstream [20].
To reach a similar figure in Proto-MPEX implies that the
second measurement method is closer to reality. Another set
of experiments performed at the Australian National Uni-
versity (ANU) on a linear device with a double-loop RF
antenna suggested that approximately 50% of the injected
power would be consumed through ionization and excitation
processes (in close agreement to measurements on Proto-
MPEX), while the other 50% would exit the discharge region
[23], again suggesting the second method is more accurate.
While these experiments were not performed under the same
conditions or the same machine, similarities between their
measured values and those determined in this paper increase
the confidence in the higher heat transport values of the
measured range for Proto-MPEX.

Which plasma measurement at z = 1.5m is more
accurate drastically changes the composition of the power
balance, in particular with respect to where to apply future
efforts to identify power loss mechanisms. If the plasma
values are closer to 7, = 3.8eV and n, = 5.3 x 10" m~3,
then efforts to increase efficiency should be focused in the
helicon region. If the values are closer to 7, = 6.4 eV and n,
=29x10"°m™, then the power balance of the helicon
region is effectively complete and efforts should be focused in
the downstream region. The degree of uncertainty in
combination with the strong influence the z =15m
measurements have on the overall power balance highlight
the need for better, non-perturbative measurements. A new
HELIOS diagnostic, currently installed at z = 1.5 m, puffs
gas into the plasma to obtain electron temperature and density
measurements in a much less perturbative manner [24]. The
diagnostic is still being developed and will provide further
constraints to this power balance, at z = 1.5 m and perhaps at
z = 1.0m as well, when fully commissioned.

3.3. Deposited power (Ppep)

The deposited power refers to the power that is deposited on
the end plates. The main diagnostic used to measure the
deposited power is a FLIR A655sc camera [11]. TCs installed
on the dump and target plates serve to ensure the camera is
properly calibrated to permit accurate data analysis. The
A655sc camera was used to acquire plasma heat profiles of
both the dump and target plates, viewing from the non-plasma
facing side of the two plates. Both end plates are composed of
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Figure 9. Profiles of plasma deposited on dump plate (left) and target plate (right). The AT scale for the target is 0 °C-90 °C. The AT scale
for the dump is 0 °C-3 °C. The red rectangles delineate the area over which deposited power is accounted. The white arrow highlights the

lower plasma lobe on the target plate.

304 stainless steel and are surface treated to raise their
emissivities to improve IR imaging. The dump plate is 0.06 in
thick and the target plate is 0.01 in thick. Figure 9 depicts the
profiles of plasma deposited on the dump and target plates
acquired by the IR camera. The machine operating conditions
result in a centrally-peaked plasma with a lower outer ‘lobe’.

The two profiles on the end plates are very similar to each
other. Differences in the expansion of the magnetic flux field
lines at each end plate result in the radius of the ‘lobe-less’
dump plate profile being about four times as large as that of
the target plate profile, which are 6.3cm and 1.5cm,
respectively. The radius of the ‘lobey’ target plate profile is
about 2.0 cm. The lobe is suspected to be scraped off from the
plasma in the upstream region prior to the arriving at the
dump plate, perhaps near z = 1.0 m as suggested by TCs and
filterscopes. The maximum temperature rise (A7) measured
on the target plate was 90.8 °C, corresponding to a heat flux
of 0.9 MW m 2. The maximum AT measured on dump plate
was about 2.6°C, corresponding to a heat flux of
0.15 MW m 2 (using equation (1)). The difference in the heat
flux is the result of the magnetic flux line expansion at the
dump end. The total deposited power on the target and dump
plates are 0.6 kW and 0.8 kW, respectively. These values are
comparable to the initial SOLPS modeling of the power
deposited on the target and dump plates, which are 0.94 kW
and 2.1 kW, respectively. Moreover, these measured IR
values are consistent with the total conductive and convective
power calculated near the end plates, which total 0.6 kW in
front of the target plate (z = 3.4 m) and 1.6 kW in front of the
dump plate (z = 0.6 m), for either measurement method used.

4. Summary and future work

SOLPS modeling and supporting experimental baratron data
imply 30.6 kW of power are lost due to molecular and atomic

neutral processes in the helicon region, while 11.5 kW and
6.7 kW are lost in the upstream and downstream regions. Out
of a total 48.9 kW of neutral losses along the entire machine,
44.0kW of power are concentrated from z = 0.8 to 1.8 m,
supporting the notion that neutral losses are localized around
the helicon. The power lost as heat on the helicon window,
25.2 £ 5.0kW, was measured by FPs. TCs installed at the
upstream and downstream edges of the helicon region suggest
an additional 24.0 £ 1.8 kW of power is lost to the machine
walls as heat, resulting in a total of 49.2 £ 6.8kW of
deposited power, close to the SOLPS estimated power loss
due to neutral processes in this region of the machine. The
total power carried in the plasma out of the helicon region
through parallel heat transport processes was calculated to be
11.6 kW (5.6kW conductive, 6.0kW convective), though
that value could be as large as 47.0 (40.5kW conductive,
6.5 kW convective). In general, the heat transport is primarily
conductive at the boundary of the helicon region, though it
rapidly becomes primarily convective as it travels into the
upstream and downstream regions. Values determined
through this power balance analysis of the helicon region are
supported by previously published works [20, 23]. Out of the
106.3 kW of input power, up to 96.2 kW, or 90.5%, have
been accounted for within the bounds of the helicon region, if
the upper range of the values measured at z = 1.5 m are used.
Over the entire machine, 50.9 kW of power have been lost to
machine surfaces (Pr) and 1.4 kW have been deposited on the
end plates (Ppgp), consistent with total parallel transport
calculations in front of the end plates (2.2kW), yielding
52.3kW (49.2%) of diagnostically verified accounted power.
Previous power balances performed on the linear device with
helical antenna at the University of Texas—Austin (UT-
Austin) accounted for 88% of their 2.0kW of injected
power [25].

Future work includes two main foci. The first is to
investigate radial transport effects, which have previously
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been excluded. The second is to apply a series of new diag-
nostics to improve experimental measurements along the
machine axis. The most immediately important is the
HELIOS puffer diagnostic, which will provide non-pertur-
bative electron temperature and density measurements in the
helicon region to reduce the range of values for the total
plasma power carried out of the helicon region. An Absolute
eXtreme Ultra-Violet photodiode has been installed in the
central chamber (z = 2.2 m) to measure radiative losses in the
downstream region. This diagnostic is still being commis-
sioned but is expected to provide reliable experimental mea-
surements soon. A resistive foil bolometer array is also being
designed to measure total radiative losses in the downstream
region. The final location is to be finalized. Installation is
anticipated in late spring. Finally, a Two-photon Absorption
Laser Induced Fluorescence (TALIF) system is being com-
missioned with anticipated installation in spring. The TALIF
system will provide improved neutral pressure measurements
along the machine, facilitating comparisons between SOLPS
and experimental estimations of power losses to neutrals. The
additional of these diagnostics will allow better quantification
of the overall Proto-MPEX power accounting.
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