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Direct measurements of the helium (He) fractional neutral pressure in the neutral gas around fusion
devices is challenging because of the small mass difference between the abundant D, molecules and
the He ash which will be produced by deuterium-tritium fusion. To study He exhaust, an in situ
Penning gauge system is being developed at UW-Madison that is optimized for good pressure and
high spectroscopic sensitivity. Three different anode geometries have been studied regarding their
vacuum electrostatic fields, light output, and ion current. The light output of the two new anode
configurations are at least one order of magnitude above the currently available designs, hence
improving the spectroscopic sensitivity at similar total neutral pressure resolution. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4960815]

. INTRODUCTION

In fusion reactors, deuterium-tritium (D-T) plasmas will
be heated to ignition and release large amounts of energy. The
D-T fusion reaction has a by-product of helium ash, which
if not exhausted efficiently enough, can begin to dilute the
D-T plasma. To study He exhaust in current plasma devices,
vacuum gauges utilizing the Penning trap principle' have been
used for the measurement of total neutral pressure assisted by
spectroscopy” to resolve D and He. This approach was shown
to be a very versatile method for the partial pressure measure-
ment of neutral He and molecular D;, which is challenging
because they have almost identical masses. It has been used on
plasma devices including TEXTOR, JET, and DIII-D.>* The
measurements on these devices have all been done with large
commercial Penning gauges, the Alcatel CF2P, that use perma-
nent magnets to sustain the Penning discharge. This has been
shown to be a reliable approach but is limited in time resolution
by moderate light output. In addition, these gauges can only be
mounted on the outer periphery of the device, so the vacuum
time scale defines the measurement quality and interpretation.
It is necessary, therefore, to develop a vacuum gauge using the
Penning trap principle, which can be inserted deep into the vac-
uum volume—for instance directly into the divertor housing—
in order to obtain full in sitfu measurements. To accomplish
this, the in situ gauge must be small enough to be mounted near
the divertor and edge regions, which will necessitate its use
the inherent external field. The National Spherical Tokamak
Experiment-Upgrade (NSTX-U) already has a custom gauge
that can make fast total neutral pressure measurements located
at various points around the torus,’ which was the starting point
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for this study. At the same time, we aim on preparing an in
situ fractional neutral pressure measurement inside the island
divertor housing of the recently started stellarator Wendelstein
7-X (W7-X) to study the properties of the island divertor.

Il. INITIAL TEST AT W7-X

For W7-X, a commercial Penning gauge, Alcatel CF2P,
has been installed on an outboard vacuum flange in the device
midplane in order to conduct a generic feasibility test. Helium
emission lines were measured down to a base pressure of
1073 mbar and H, emission lines down to 10~® mbar with an
integration time of 10 s. Successful measurement of the total
as well as the fractional neutral pressures of He and H was
demonstrated with the system at W7-X. The Thorlabs CS175
compact CCD spectrometer that was used features a dispersion
range of 500 to 1000 nm with FWHM accuracy <0.6 nm at
633 nm and a possible integration time between 10 us and 60 s.
The initial test has shown that the time resolution needs to be
improved.

lll. NSTX-U PENNING GAUGE

Currently several custom-built Penning gauges are
installed on NSTX-U.’ The design of these gauges is depicted
in Fig. 1. It was modified from the Penning gauges used on
the Princeton divertor experiment (PDX)° and has the unique
ability to use either a magnetic field from permanent magnets
mounted on the cathode plates or the external field generated
from the field coils of NSTX-U itself. This allows for the gauge
to be located either farther out on the pumping ducts or very
close to the divertor and edge regions of the tokamak while
still giving accurate neutral pressure measurements. With abias
voltage of 3.12 kV, this gauge can operate in a limited range
from 1.3 x 10742 x 1073 mbar.’ However, this gauge has not
yet been used for partial pressure measurement.

Published by AIP Publishing.



11E529-2 Flesch et al.

FIG. 1. CAD drawing of the modified-PDX gauge in use on NSTX-U.

IV. VACUUM TEST STAND

To test different anode designs, an ultra-high vacuum test
stand has been set up at UW-Madison. The attainable final
pressure of the system is <3 x 10~ mbar with a turbopump
volume flow rate of 1050 1/s for H and 1320 I/s for He. The
test stand is equipped with a 400 W high voltage power supply
ranging from 0 to 5000 V, a Varian FRG-700 gauge measuring
pressure from 1 x 10~° mbar up to atmosphere, and a gas inlet
system which can supply He and H. The optimized candidate
anodes were tested with a magnetic field of 70 mT from a pair
of permanent magnets.

V. ANODE DESIGNS

Three anode designs were tested and are shown concep-
tually in the left column of Fig. 2 with an actual photograph of
the discharge obtained on the right side. Since the optimized
gauge must be able to use the external fields of the devices
which it is mounted on, the starting point for the optimization
process was the modified-PDX gauge design on NSTX-U.
This was built and tested on the vacuum test. A discharge was
achieved with this design from 1500 to 2750 V at a pressure of
5.0 x 107> mbar but at higher voltage did not ignite a discharge
until above 1.0 x 1072 mbar. This anode design has achieved
the desired sensitivity to total pressure, but as can be seen in

*

FIG. 2. Anode design schematics (not to scale) and pictures taken with a
20 MP camera of the (a) NSTX-U anode, (b) double ring anode, and (c) single
ring anode. Magnetic field is horizontal for this view.
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Fig. 2(a), it has very low light output, which limits the time
resolution of the spectral analysis.

Based on this, two new anodes were designed aiming for
better optical access to the Penning discharge and enhanced
discharge light altogether. The original NSTX-U configuration
was changed to more open designs that allowed for viewing
into the cylindrical portion of the gauge where the electrons
are trapped and the neutrals are ionized. The first of the new
designs attempted to look into middle of the cylinder by taking
out a cut and leaving two thin rings 1/8 in. wide located the
same distance away from plates as the cylinder. The schematic
for this is in Fig. 2(b) with a picture of the discharge. The
second design was a thin ring 1/8 in. wide in the middle in
order to see into the discharge from the sides. The geometry
of this design was very similar to the Alcatel CF2P gauge.
The schematic for this anode is in Fig. 2(c) also with a picture
from the discharge. All pictures in Fig. 2 were taken with
comparable camera exposure and aperture settings; hence the
light emissivity can be compared between the three designs.
This visual inspection shows that the two new anode designs
are far superior in terms of light emission. A similar single and
double ring anode arrangement was tested as a light source for
UV calibrations.” The next step is to qualify stable discharge
conditions for the ion current measurement which represents
the neutral density in the gauge volume. A monotonic increase
of the ion current with pressure in the reference chamber
must be found to enable calibration and eventual extraction of
absolute neutral pressure values.

VI. ANODE CURRENT

Pressure sweeps in both directions were taken for all three
anodes and the ion current at the cathodes was measured.
The I(p,) measurements are shown in Fig. 3. The tube anode
generates about a factor of two stronger ion current compared
to the ring and double ring anodes. In all three anodes, there
are voltages in which the measured current does not increase
monotonically with pressure. This could be due to the plasma
switching to different discharge regimes or points at which
instabilities form.® The most significant one was seen with
the tube anode at 1500 V in the high 1073 mbar pressure range.
Despite this, it was still possible to find at least one operating
voltage where current increased monotonically through the
entire pressure sweep and could be feasible for total neutral
pressure measurements. Because of the steep ion current
curve, the tube anode seems to be the most sensitive design.

VIl. LIGHT INTENSITY

To quantitatively compare the light output of the three
anodes, the CCD spectrometer was used. The brightness of
four helium lines was compared at the same pressure and
integration time. The comparison of the light intensities is
shown in Fig. 4. The ring anode as well as the double ring
anode is an order of magnitude brighter than the NSTX-U
Penning gauge. The double ring anode creates the brightest
discharge which can be, depending on the operating anode
voltage, about 2.5 times brighter than the discharge of the ring
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FIG. 3. Measured ion current at the cathode for the (a) NSTX-U anode,
(b) double ring anode, and (c) single ring anode at various voltages while
sweeping the pressure up and down.

anode. Note that the light output of the NSTX-U gauge is so
small, it is not visible on the graph.

VIIl. VACUUM ELECTRIC FIELD MODELS

A simple model of the vacuum electrostatic field for
each anode was computed in order to add insight into the
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FIG. 4. Spectral line intensities for specified He emission lines for the three
anode designs at various voltages.
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FIG. 5. Vacuum electrostatic field lines and equipotential surfaces for the
(a) cylindrical anode, (b) double ring anode, and (c) single ring anode at
2000 V. Magnetic field is vertical for this view.

experimental results and aid in further optimization. The
modelling was done in MATLAB using the finite difference
method, and the electric field maps are shown in Fig. 5
for all three cases. The model assumes axisymmetry, and
the electric field is analyzed in one horizontal plane at the
mid-plane of the gauge. Electrons become trapped in the
areas where the electric field lines are perpendicular to the
magnetic field, which is vertical in that view, due to E X B
drifts. The ions, which are much more massive, practically
follow the field lines directly to the cathode plates at the
top and bottom. It can be seen that the only areas where the
electric and magnetic fields are perpendicular for the tube
(Fig. 5(a)) and single ring (Fig. 5(c)) anodes are directly
inside the anode and at the plane across the exact middle.
The electric field strength for the ring anode, though, is much
weaker than the tube anode, which leads to the ions mov-
ing slower towards the plates and the possibility for more
collisions as well as recombination events. This could poten-
tially be the reason for the large increase of light intensity
from this anode. The double ring anode shows the interest-
ing feature of having large regions between the rings with
perpendicular electric and magnetic fields. This increases the
volume where electrons are trapped, which further increases
the chances for ionization events. The electric field strength in
this center region is weaker than the tube anode, which again
means slower ions and the chance for more recombination
events and additional enhancement of light emission. This
analysis suggests that the new anode designs increase the
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trapping volume and at the same time reduce the electri-
cal field strength. This can increase the ion dwell time in
the trap and enhance the interactions with the neutral gas,
which increases the light emission level. From a full 3-D
PFD and PIC analysis of the field electric and magnetic field
structure,’ the resulting plasma behavior was indeed caused
by an increased dwell time of the ions for the more open
electric field configurations (single and double tube anode
arrangements).

IX. SUMMARY

Two different anode designs have been developed that
have at least an order of magnitude brighter discharge than
the presently available Penning gauges. The existing NSTX-
U gauge served as reference, and it was seen that this gauge
is the most sensitive to neutral pressure. However the ion
current sensitivities of the ring and double ring anode seem
feasible for the accurate total pressure measurement. Based on
these tests and the models, a new anode will be designed as
a double ring anode with wider rings and a thinner gap. This
shall maintain the good optical properties of the new anode
designs but at the same time make the Penning trap plasma
more resilient against the development of plasma modes and
instabilities, which prevent a monotonic calibration of current
with pressure. Future work also includes testing in different
magnetic field strengths, especially above the transition field

Rev. Sci. Instrum. 87, 11E529 (2016)

strength for developing these modes, as well as sensitivity to
alignment with the magnetic field.
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