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A B S T R A C T

The ITER divertor will have to handle the boundary plasma power exhaust in the form of high heat and particle
flux. The Prototype Material Plasma Exposure eXperiment (Proto-MPEX) is a plasma source development device
for the proposed Material Plasma Exposure eXperiment (MPEX), which is intended to create fusion reactor diver-
tor-like plasma conditions for studying plasma material interactions. Here, ion fluxes to various targets within
Proto-MPEX are found to be 5 ± 2.5 × 10⁠23 m⁠−2s⁠-1 when using only a helicon plasma source. The fluxes along
the flux tube are compared for both 30 cm in front of the target and a few cm in front of the target. The emis-
sion intensity fall-off distance in front of the target is studied via Balmer series from a visible camera looking at
the target. This fall-off distance of ~2–4 cm and the dissociation and ionization mean free path of D⁠2 being over
0.5 m leads to a conclusion that Proto-MPEX is not in a high recycling regime with helicon only plasmas.

1. Introduction

In a tokamak such as ITER, the divertor is designed to handle the
heat and particle fluxes exhausted by the edge plasma, where open field
lines will terminate. In ITER, the heat flux perpendicular to the diver-
tor face will be up to 10 MW/m⁠2 for steady-state [1]. Electron temper-
atures along with ion temperatures in the divertor are expected to be
in the range of 1–15 eV and ion fluxes of up to 10⁠24 m⁠−2s⁠-1 are expected
at the divertor surfaces [2]. These challenging ITER-like divertor con-
ditions produce numerous plasma material interactions (PMI) in the di-
vertor that need further study to understand and predict the divertor be-
havior.

Linear devices allow for easier PMI studies than a tokamak due to
their availability for dedicated PMI studies and easy access of diagnos-
tics. Several linear devices have been constructed to study PMI but can-
not fully reach the conditions of the divertor [3,4]. The planned Ma-
terial Plasma Exposure eXperiment (MPEX) is designed to meet these
ITER and future fusion reactor divertor-like conditions [5]. The Proto

type-Material Plasma Exposure eXperiment device (Proto-MPEX) is a
plasma source R & D device for MPEX and has already met many of the
desired plasma conditions [6,7].

Steps are now being taken for Proto-MPEX to meet the desired tar-
get conditions (ion flux, ion temperature, and heat flux). The ion tem-
perature measurements have been described elsewhere [8] as well as
the heat flux measurements [9,10]. The desired target conditions for
MPEX can only be reached via high recycling and to access this regime
there needs to be a conduction-limited parallel transport regime [11].
This regime involves high recycling to reach an increased flux to the tar-
get but for lower input powers the transition from high recycling to a
recombining plasma can pose to be a problem. At temperatures below
~5 eV, plasma flux rollover can occur which involves a loss of parallel
plasma momentum because of charge exchange with neutrals [12]. If
temperatures reach below ~1 eV the plasma can detach due to volumet-
ric recombination which prevents any flux from getting to the material’s
surface.

The high recycling regime has been explored on Proto-MPEX previ-
ously when a Trivelpiece-Gould (T-G) edge peaked heating mode was
used [13] but Proto-MPEX has since achieved a core peaked heating
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scheme [14,15]. This paper characterizes the incident ion flux and the
role of recycling on that flux for various targets in Proto-MPEX using a
core peaked plasma density from a helicon only source plasma.

2. Experimental

2.1. Proto-MPEX setup

Proto-MPEX utilizes a helicon antenna as its primary plasma source,
which is discussed elsewhere both about its physical design [6] and
modes of operation [16]. Deuterium was used as the primary work-
ing gas for all experiments but not kept constant for each target. The
magnetic field and geometry of Proto-MPEX used for the experiments is
shown in Fig. 1. The helicon input power was 90 kW and no auxiliary
heating (electron or ion cyclotron heating) was on during spectroscopic
measurements or plasma density and temperature measurements.

Proto-MPEX uses a suite of diagnostics to measure plasma parame-
ters (plasma electron density and temperature) on a plasma discharge
(shot) to shot basis, many of which are discussed by Caughman et al.
[6]. Here, only diagnostics utilized will be discussed in further detail.

A double Langmuir probe (DLP) is installed 2.3 m from the heli-
con antenna and 30 cm in front of the Thomson scattering location, as
shown in Fig. 1, to measure the plasma density and temperature far
away from the target. A skimmer separates the DLP and target regions
making the DLP measurement not dependent on any target interac-
tions The DLP design is chosen for its RF compensation as described by
Caneses and Blackwell [17]. The DLP has molybdenum probe tips that
are 1.8 mm in length, are 0.25 mm in diameter, and are separated by
1.4 mm. The probe dimensions are determined by placing a ruler next
to the tips, taking a picture, and counting pixels for size determination.
A ceramic sleeve holds the Mo probe tips in place. The area of the tips
used is the whole surface area of the exposed probe tips because it gives
a more conservative value for the plasma density. The plasma tempera-
ture and density are determined following the analysis outlined in Beal
et al. [18].

To also measure the plasma density and temperature close to the tar-
get, a Thomson scattering laser system is used as described by Biewer et
al. [19]. The Thomson scattering system is fixed in location in front of
the target, and plasma density and temperature reported here are dur-
ing the flat top region of the high-density helicon mode of operation.

An Edgertronic SC1 camera looks through a window and gate valve
to view the target. The camera framerate is 1 kHz with pixel dimen-
sions of 688 × 864. The size of the pixels is calculated by using a known
bolt size in a camera image and counting pixels. The camera is used
with narrowband filters that allow for viewing ~10 nm of visible light.
The filters used are for the deuterium series Balmer emission lines for
the n = 3 to n = 2 (D⁠α), n = 4 to n = 2 (D⁠β), and n = 5 to n = 2 (D⁠γ).
The cameras are absolutely calibrated using a calibrated white light in-
tegrating sphere, the shutter speed for controlling the integration time,
and the known filter transmissions curves. Each filtered image taken in-
cludes a different shutter speed that is calibrated out to have compara-
ble data.

2.2. Proto-MPEX’s June 2017-May 2018 campaign target study

A 0.25″ thick ATJ graphite disk from Union Carbide (now GrafTech)
was used as the target from June 2017-Jan. 2018. An embedded ion
flux probe and a set of four DLPs were installed in the target which are
referred to as the target ion flux probe and target DLPs, respectively.
This target was constructed to measure the plasma properties and ion
flux directly at the target. The sample surface was in the as-received
(no sample cutting, surface polishing, or heat treatment) state for ex-
posure. The probes consisted of alumina ceramic around molybdenum
collecting wires. Fig. 2 shows the target a) front face with each of the
five probes being 1.43 cm apart and the center one being the single wire
ion flux probe and b) the location of the Thomson scattering laser in
air at ~4 cm in front of the target. The probe tips were ground flush
with the graphite surface to reduce any sheath effects and to make the
flux calculation simpler due to no probe tip length being present (probe
area is cross sectional area of the wire). The ion flux collecting wire was
1 mm in diameter while the DLPs had 0.75 mm diameter wire. An ion
flux was calculated using the plasma density and temperature assuming
Bohm conditions to compare to the saturation current collected by the
flux probe via: [20]

(1)

where Γse [ions m⁠−2 s⁠-1] is the ion flux to the sheath entrance, nse [m⁠-3]

Fig. 1. Proto-MPEX cross-section showing location of diagnostics used in highlight and the magnetic field used for all experiments. The magnetic field profile is in blue and the red boxes,
numbered 1 through 12, are the magnets. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 2. Graphite target views of a) embedded double Langmuir probe array and center ion flux collecting probe and b) target view from visible camera port showing Thomson scattering
laser in air with distance of ~4 cm in front of the target.

is the density at the sheath entrance or plasma density, cs [m s⁠-1] is the
sound speed of ions, kB is the Boltzmann constant, Te [eV] is the plasma
electron temperature, γ is 3 for adiabatic flow, Ti [eV] is the plasma ion
temperature, which was assumed to be equal to T⁠e, mi [g] is the mass of
the plasma ions, e is the elementary charge, and j⁠sat [ions m⁠-2 s⁠-1] is the
ion saturation current incident on the probe area.

A stainless-steel target was installed from Jan. 2018-April 2018. The
target was on a movable bellows system as shown in Fig. 3 in order to
measure the plasma density and temperature from Thomson scattering
closer to the target. The scan distance enabled by the bellows ranged
from 8 cm behind the target to directly in the path of the Thomson sys-
tem. The target was a water blasted 0.25 mm thick piece of 304 stain-
less-steel. The water blasted surface enhanced the IR imaging.

A 3 mm thick chemical vapor deposition (CVD) silicon carbide (SiC)
(SC-003 variant) target produced by PermaTech was used during the
April 2018- May 2018 campaign. The SiC has chemical purity of greater
than 99.9995%. The sample surface was in the as-received state for ex-
posure. The SiC disk was housed inside a 310-stainless-steel holder. An
image of the front face of the SiC assembly is shown in Fig. 4. The tar-
get assembly was mounted again on the moveable bellows system but
only used at the closest location to the target that the Thomson scatter-
ing could collect data.

3. Results and discussion

3.1. Machine conditions

The same operating magnetic field for all experiments was used as
shown in Fig. 1. The input helicon power is given in Fig. 5 along with
the time chosen to take the spectroscopic traces as the dashed line. The
input power was similar, but slightly less for the SiC target, for the time
traces taken along with the magnetic field being the same for all plasma
discharges. No pressure gauge was available near the target to observe
pressure change through the length of the pulse.

3.2. Ion flux

The plasma density and temperature were measured using the DLP
30 cm in front of the target and Thomson scattering at 4 cm in front of
the graphite target, 1.5, 1.75, 2, and 4 cm in front of the stainless-steel
target, and 2.75 cm in front of the SiC target. The DLP and Thomson
scattering are both collecting data at the center axis of the machine. The
graphite target also used the above center target DLP to get plasma den-
sity and temperature at the target. The plasma core is 3 cm in diameter
and the target DLP is 1.47 cm above the center, so it is still representa-
tive of the location of the DLP, Thomson, and flux probe. Proto-MPEX
has flat electron temperature profiles across the plasma radius and has
a plateaued electron density in the core [7]. The closest Thomson loca-
tions used here are the closest that the target could get to the laser be-
fore the stray-light peak would overtake the Thomson signal.

Fig. 3. Stainless-steel target attached to bellows to allow for target movement with respect to the Thomson scattering location. A thermocouple was inserted in the side of the target to
compare to IR imaging. Bolts of same type in target face hold a target heater not used in these experiments.
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Fig. 4. The face of the SiC target assembly on a moveable bellows system with front plate.

Fig. 5. The helicon input power and time used for the spectroscopic frame for the three
targets.

Fig. 6 shows the density and temperature for the various targets with
their respective methods of collecting them. The amount of injected gas
can vary between the targets in order to achieve a centrally peaked pro-
file which leads to varying densities between the targets as measured by
the DLP. The density and temperature both show a decrease near the
target from the Thomson as compared to the upstream DLP except for
the graphite target, which has the parameters the same at 4 cm from the
target. The embedded probes do however so a decrease indicating the
plasma parameter change must occur within 4 cm from the target. The
stainless-steel target with multiple Thomson scattering points in front
of the target also shows a decrease in parameters compared to the DLP
30 cm from the target. The dip in the measured Thomson on the stain-
less-steel target is not well understood and looking at the light emissions
in front of the target to get a qualitative comparison is done in Section
3.3.to see if it is a real phenomenon. The SiC because of the less gas
injected than that of the stainless-steel or graphite has a reduced den-
sity in front of the target. Silicon in the SiC also getters oxygen, which
takes hydrogen with it, well which lowers the density further [21–23].
The width of the area in front of the target in which the plasma para-
meters change is similar to modelling done on Proto-MPEX done for T-G
mode helicon plasmas [13] and for similar discharges involving electron
cyclotron heating (ECH) [7]. B2.5-Eirene modelling was done based on
the DLP data 30 cm in front of the target which does show a higher elec-
tron temperature in front of the target than what is measured both close
to and at the target in this experiment [7]. However, the temperature
was higher in those experiments which changes the ionization mean free
path of the recycled particles.

Fig. 6. Plasma density and temperature for the three targets from the DLP 30 cm in front
of the target, the Thomson scattering system as close to the target as stray light would al-
low, and for the graphite target embedded DLP above the center ion flux probe. Red boxes
hold the diagnostic and their respective data. The lines are to help guide the readers eye.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).

Using the density and temperature from Fig. 6 and Eq. (1) the in-
coming ion flux value was calculated. Fig. 7 shows the calculated flux
value and the directly measured flux from the graphite flux probe be-
ing 5 ± 2.5 × 10⁠23 m⁠−2s⁠-1. The large error bars come from the gap be-
tween the Mo collecting wire and the alumina ceramic around it. This
gap can change the collection area leading to an overestimation; how-
ever, the calculated flux from plasma density and temperature from the
target DLP is within the error bar. Thomson scattering in front of the tar-
get can be used as a good approximation of the flux to the target if the
Thomson measurement is within the distance from the target in which
the flux changes from that of the source. The exact size of this changing
plasma parameter zone (fall-off width) will be discussed in Section 3.3.

Fig. 7. Ion flux to the target calculated from the plasma density and temperature in Fig.
6 along with the directly measured ion flux to the graphite ion flux probe shown in red. A
decrease in flux can be seen close (≤2.5 cm) to the target when compared to 30 cm away
which is highlighted as the fall-off region. The lines are to help guide the readers eye (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article).
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3.3. Target recycling

To further investigate the change in ion flux in front of the target, the
Balmer series line intensity emissions at the target is measured from vis-
ible cameras. A reference image on how the emissions were taken from
the camera data is shown in Fig. 8. The Balmer series (D⁠α, D⁠β, and D⁠γ)
intensity line traces for the three targets is shown in Fig. 9. The emis-
sion profile in Fig. 9 is also seen to decrease away from target. This
feature will be referred to here as fall-off. The highest intensity is very
near to the target face which is due to surface recombination. The D⁠α
gives information about the ionization and the D⁠γ line is an indicator
of three-body recombination (as temperatures are too low for ionization
to be strongly dominating this is likely dominate). The line traces for
the three targets D⁠γ emission is shown in Fig. 10 to look at the recom-
bination front. The three targets show that the recombination starts to
increase within 1–1.5 cm of the target face. The size of the recombina-
tion front can be compared to the dissociation and ionization mean free
path of particles coming from the target to determine if a high recycling
regime is present. The fall-off distance compared to the ionization mean
free and dissociation of D⁠2 [24,25] is over 0.5 m for all plasma parame-
ters observed, indicating that neutrals are leaving the plasma before be-
ing re-ionized. Single deuterium has an order of magnitude larger mean
free path. The lack of flux increase due to recycling confirms this.

The D⁠β is compared to the behavior of the various modelled targets
by Rapp et al. [7] where a carbon target has a higher intensity than one
of iron. This matches the experimental results seen here. The carbon tar-
get also has a sharper fall-off in emissions than that of the iron as seen
in the D⁠β profile. This is likely due to carbon’s reduced reflected energy
coefficient over iron which causes more particles to recombine at the
target and increases observed emissions [26].

The flux fall-off is taken to follow the light emission fall-off pro-
file in front of the target. The change in plasma parameters can also
be mapped by the ratio of D⁠γ/D⁠α, as shown in Fig. 11. As the ratio
rises the plasma parameters decrease [27,28]. These ratios show that
the flux fall-off is within a cm or less, but each target has a different
profile. The graphite target has plasma parameters decrease within 1 cm
of the target face, the stainless-steel target plasma parameters decrease
within 0.5 cm of the target, and the SiC has the largest plasma parame-
ter decrease occurring within 1 cm of the target. The deviations in the

Fig. 8. Visible camera data for the frame at time = 200 ms into the pulse at 4 cm from
the Thomson location. The graphite D⁠α is shown with a horizontal white trace that shows
where the Balmer series is taken for plotting fall-offs. The orange vertical line shows the
target location.

Fig. 9. The Balmer series D⁠α, D⁠β, and D⁠γ emissions along the line trace shown in Fig. 8 for
the three targets. The fall-off widths of the targets are 2–4 cm.

Fig. 10. Comparison of the D⁠γ emissions between the three targets indicating an increase
in recombination in front of the targets.

stainless-steel occurring in the region of the Thomason scattering mea-
surements match that of the drops and rises in the Thomson measure-
ments but this phenomenon is not well understood at this time and
needs further investigation. The fall-off distances are likely dependent
on the upstream conditions where the higher density and temperature
provide greater plasma pumping. This pumping effect moves neutrals
that come off the target out of the plasma path and causes the recombi-
nation to be solely surface recombination. This likely isn’t as strong for
the SiC plasma which has lower electron temperatures that are in the
range for molecular activated recombination and three-body recombi
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Fig. 11. Comparison of the Dγ/Dα ratios for the three targets as an indicator of the ion-
ization front. The Dγ/Dα for the stainless-steel target can be seen to have the shortest dis-
tance in front of the target in which the ionization front disappears while the SiC shows
the largest. See text for further details.

nation to play a role which could be causing higher losses both near and
slightly farther away from the target rather than high recycling. The get-
tering effect of the Si can also lead to a reduced emission from less par-
ticles being present. Graphite shows a trend somewhere in the middle
of stainless-steel and SiC where there the rise is similar to that of stain-
less-steel but occurs farther away from the target.

Proto-MPEX in the near future is putting a pressure gauge near the
target to studies on the effect of the neutral gas pressure at the target
and its role in delivered flux. The D⁠2 ionization and mean free path
for ECH plasmas in Proto-MPEX have been measured as 2–3 cm which
is on the same order for the Balmer emission fall-off distance [7] so
plasma is not escaping the plasma column which is on the order of
5 cm and a high recycling regime is seen. The ECH experiment had sim-
ilar densities to this experiment which indicates that higher ion tem-
peratures are more important for Proto-MPEX to reach a high recycling
regime. Metal targets will also need the least additional heating (≥ 5 eV
increase) to reach a conduction-limited regime. Proto-MPEX will need
higher electron temperatures than the reported ~2 eV to reach a high
recycling state and achieve the desired increased target flux. However,
these fluxes are in the range of current PMI devices. These helicon-only
ion flux values to the target show promise for the full MPEX device
being able to reach desired fluxes of ≥ 1 × 10⁠24 m⁠−2s⁠-1. Future work
planned on Proto-MPEX will measure target flux at higher densities with
ECH included.

4. Summary and conclusion

The ion flux has been measured close to the target for three ma-
terials: graphite, stainless steel, and SiC and compared to the source
flux. An embedded ion flux collecting probe was also built to directly
measure the flux at the surface. The ion flux measured was
5 ± 2.5 × 10⁠23 m⁠−2s⁠-1 and all other fluxes measured close to the tar-
get are within the error bars. The flux to the target was 50–60 % of
the source ion flux measured ~30 cm in front of the target which. All
fall-offs of flux were measured to be within 4 cm of the target. The
recorded flux values are close (within a factor of 2) to MPEX’s goal ion
flux and excepted to reach the goal of 10⁠24 m⁠−2s⁠-1 via a high recycling
regime with higher electron temperatures.

The recycling at the target was measured via visible cameras look-
ing at the Balmer series (D⁠α, D⁠β, and D⁠γ) and the size of the Balmer se-
ries emission fall-off compared to that of the observed flux fall-off dis-
tance. The Balmer emission fall-off distance being 2–4 cm and the dis-
sociation and ionization mean free path being much longer (> 0.5 m)
indicates that no high recycling regime is occurring as the particles leav-
ing the target are lost. The Balmer D⁠γ/D⁠α ratio indicates that all tar-
gets go into high recombination ≤ 1 cm from the target as the den-
sity decreases and particles are lost. Stainless-steels and likely tungsten
also will need the least additional heating to reach the high recycling

regime due to their higher reflected energy coefficients which will help
Proto-MPEX with low energy higher flux PMI studies.
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