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A new medium-sized washer gun is developed for a plasma start-up in a fully axisymmetric mirror.
The gun is positioned at the east end of the Keda Mirror with AXisymmetricity facility and operated
in the pulsed mode with an arc discharging time of 1.2 ms and a typical arc current of 8.5 kA
with 1.5 kV discharge voltage. To optimize the operation, a systematic scan of the neutral pressure,
the arc voltage, the bias voltage on a mesh grid 6 cm in front of the gun and an end electrode
located on the west end of mirror, and the mirror ratio was performed. The streaming plasma was
measured with triple probes in the three mirror cells and a diamagnetic loop in the central cell. Floating
potential measurements suggest that the plasma could be divided into streaming and mirror-confined
plasmas. The floating potential for the streaming plasma is negative, with an electric field pointing
inwards. The mirror-confined plasma has a typical lifetime of 0.5 ms. Published by AIP Publishing.

https://doi.org/10.1063/1.5013118

I. INTRODUCTION

The once-thriving tandem-mirror fusion research has been
nearly stagnant for several decades. During this period, the
axisymmetric tandem mirror has been proposed by several
researchers,! which was re-evaluated by Fowler et al.*s
recently. In addition to the past lessons learned in plasma
stabilization, their evaluation is also based on the newest break-
through on heating electrons in the gas-dynamic trap (GDT)
machine.® The axisymmetric mirror configuration will be more
engineering-friendly and economical to construct. The magne-
tohydrodynamic (MHD) instability plaguing the tandem mir-
ror plasmas can be solved by introducing a kinetic stabilizer,
instead of using the mini-B configuration, and the confinement
can be improved by electron heating solely in the plug cells.
Many scenarios in that paper remain to be tested.

Here, as a first step in studying these new ideas for axisym-
metric mirrors, the behavior of the initial plasma generated
by a new washer gun at one end of a fully axisymmetric
mirror facility (KMAX, Keda Mirror with AXisymmetricity)
is reported. Washer guns have been employed to initiate the
plasma in most mirror experiments because of efficiency and
high output. For example, a washer-gun-generated plasma was
serving as the ion source for the neutral beams of the fully axi-
ally symmetric ambipolar magnetic mirror trap (AMBAL-M)
experiments,’ as well as a target plasma in the central cell.®
Extensive studies on plasma confinement and instability using
gun-generated plasmas as a target plasma have been conducted
on GDT.>-'> GAMMA 10 routinely uses radio frequency (RF)
waves to generate, sustain, and heat the plasma; it has also
used gun-produced plasma to study axial and radial confine-
ment.'3-!7 More examples can be found in Phaedrus/Phaedrus-
B'#20 and Tandem Mirror Experiment (TMX) and Upgrade
(TMX-U)2122 tandem mirrors.
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In addition to the application as a plasma source, a stream-
ing plasma can provide the conductivity between the electrode
of the gun and the target plasma. Thus, it was also used for
electrical bias experiments. For example, in the Madison Sym-
metric Torus (MST),?>?* a washer gun injecting plasma along
the tangential direction of the torus yielded a significantly
improved confinement by creating a radial electric shear.
Another successful application in this regard was achieved in
C-2,25-27 where the azimuthal velocity direction was changed
by the radially inward electric field. And at the same time,
the £ X B shearing rate was significantly increased which
improved stability.

Here, the new washer gun, which has a different size and
geometry relative to previous guns, is a modified version of
the miniature gun used in the MST device. Its purpose is to
provide a denser plasma for ion cyclotron heating in the central
cell as well as the control of radial electric fields.

II. KMAX DEVICE AND THE WASHER GUN
A. KMAX introduction

The KMAX is an axisymmetric mirror consisting of a cen-
tral cell and two end cells. As shown in Fig. 1, the axial length
of the KMAX device, without counting the plasma source or
the other parts that are attached to the float endplate, is 9.6 m
and the central cell length is 5.2 m. The inner diameters of the
central chamber and the mirror throat are 1.2 m and 0.3 m,
respectively, and the wall thickness is 10 mm. Three sets of
turbo pump, one 1200 1/s in each end mirror cell and one
2000 /s in the central cell, are used to pump the background
pressure down to 6 x 1077 Torr. Figure 2 depicts the plasma gun
location with the extracting grid and a flat disk end electrode
in a plot of the magnetic flux profile.

B. Design of the washer gun
A schematic of the medium-sized gun is shown in

Fig. 3(a), and the electric field lines calculated using Comsol

Published by AIP Publishing.
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FIG. 1. Schematic of the KMAX device and the three
Langmuir probe locations at the east, central, and west
cells. The end cell is connected to the end of the east
mirror throat, and the washer gun was placed at the end
cell. There is a mesh grid 6 cm in front of the gun, the
fast camera, and the fast ion gauge in the central cell.

is shown in Fig. 3(b). The diameter is 25 mm, the length is
67 mm, and the total volume is about 3.29 x 1075 m3. The
anode and cathode are molybdenum, and a stack of molyb-
denum washers, 2-mm thick with 25-mm inner diameters and
65-mm outer diameters, were placed in between to define the
electric potential profile. The molybdenum washers are iso-
lated from each other with boron nitride (BN) ceramic wash-
ers with 2-mm thicknesses and inner and outer diameters of
45 mm and 65 mm, respectively. The distance from the cath-
ode to the anode is 50 mm. The entire structure is covered with
BN ceramic to isolate it from the vacuum vessel.

The gun is operated in the pulsed mode. Two different
gas puff valves have been tested: a SevenStar™ electromag-
netic valve (model number: DJ2CVUG6) and a piezoelectric
gas leak valve (PEV-1). The piezoelectric valve can be pre-
cisely controlled in time and gas flow, while the electromag-
netic valve is vulnerable in the electromagnetic environment
and is imprecise due to the jitter of its mechanical motion.
However, it provides a much larger gas flow with a range of

Switch A SCR
+
End electrode Switch B Gridy
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FIG. 2. Schematic of the gun plasma flux in KMAX, and a diagram of the
washer gun circuit, mesh-grid bias, and end-electrode bias (gun and electrode
are not to scale).
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FIG. 3. (a) Schematic of the washer gun and (b) the simulation of the gun
electric field.

50 standard liters per minute, whereas the piezoelectric
ceramic valve has a maximum flow rate of 500 SCCM, pro-
ducing a moderate plasma density. Thus, the EM valve is used,
with a home-made power supply as in Ref. 28.

A molybdenum mesh grid is mounted 6 cm in front of
the gun muzzle to extract the plasmas. The grid can be floated
or biased relative to the gun anode or the end electrode at the
other end of machine. In Secs. III B and III C below, data for
different biasing are discussed.

Neutral diffusion is monitored by a nude fast ion gauge
mounted flush with the wall at z = 0 m. In Fig. 4 are pressure
signals ranging over 0.05-0.4 MPa at the valve. The main
purpose of the gauge is to provide an estimation of the neutral
gas diffusion speed; therefore, it is not absolutely calibrated.
There is a time delay caused by the 0.5 m path from the valve
to the gun cathode, in addition to the distance from the gauge
to the gun. For operation at 0.3 MPa, the arc trigger time is
t =0 ms.

A type “B” pulse forming network (PFN)>° with five
sections was constructed in-house to provide a discharge cur-
rent of 1.224 ms in duration. Parameters of the PFN ele-
ments are calculated according to 7 =2vVL,Cy, Z, = VL,/C,,
C,=1/2Z,),C=Cyp/n, L, =12 x1Z,,L=Ly/mn(n=1,2,
3,...), where n is the number of staves (PFN sections), T is the
PEN pulse duration, Z,, is the characteristic impedance, C,, is
the total network capacitance, C is the capacitance per stave,
L, is the total network inductance, and L is the inductance per
stave. Here, L = 15 yH and C = 1000 uF, with a pulse duration
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FIG. 4. Neutral gas injection signal at different pressures monitored by a fast
gauge at z =0 m.
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of 7 = 1.224 ms. The circuit diagram is shown in Fig. 5. Thus,
the stored energy for a 1.5-kV charge voltage on the PFN is
5.625 kJ.

C. Performance of the plasma gun

In our experiment, the working gas is hydrogen. A typical
performance of the plasma gun is shown in Fig. 6. The arc
current was measured by a LEM™ current transducer, module
number LT 4000-S with a 100-kHz bandwidth, and a response
time (90% of Imax) < 1 us. It is plotted as a red line, which
agrees well with the simulations (black dashed line) using the
Multisim software. The grid voltage, V44, was measured by a
voltage divider with an AD215 isolation amplifier. The optical
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FIG. 6. (a) Measured arc current and simulated current using Multisim,
(b) measured grid current, and (c) the voltage on the grid relative to the anode
of the gun. (d) APD signal measured at z = 4.9 m. For this measurement,
Vs =1.5kV, Vg =-0.5 kV, and gas pressure is 0.3 MPa.
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FIG. 5. Diagram of the circuit for the
washer gun PFN, grid PFN, and end
electrode.

emission was detected at z = 4.9 m in the nearby end cell by
an Avalanche Photodiode (APD), model number APD410AM
with bandwidth 10 MHz and wavelength range from 400 nm
to 1000 nm. The noise on the APD signal is very similar to
that reported previously by Osher*® and McCarrick et al.,’!
which is believed to play an important part in ion heating via
wave-particle interactions. For this measurement, the PFN was
charged to 1.5 kV and the grid voltage was biased at —0.5 kV.
The grid power supply is also a five-section PFN source with
L=10.7 yH and C = 1000 uF.

After t = 1.45 ms, the gun power supply is switched off
and the discharge current is essentially zero. However, from the
APD light signal near the grid, the plasma lasts an additional
~1 ms, as shown in Fig. 6(d), which could be due to the grid
bias. The collected grid current /,, shown in Fig. 6(b), is
reversed, which is caused by circuit oscillations in the grid
power supply, which has a different switch than that used
for the power supply of the gun arc. The voltage on the grid

[Fig. 6(c)] also changes to ~100 V.

The charging voltage V of the PFN power supply was
then varied, with the grid voltage set to —0.5 kV and 0.3-MPa
of injected gas. Both the discharge current /; and the arc volt-
age V, vs. V; are plotted in Fig. 7, and the values are then
averaged over t = 0.5 ms to = 1.0 ms. Note that there is a
considerable voltage drop in the circuit from the PFN power

11 z
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320
300
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FIG. 7. The arc voltage V, and current /4 vs. PEN voltage V-V, =-0.5kV,
and the gas pressure is 0.3 MPa.
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FIG. 8. Efficiency of the gun-produced arc plasma. V, =—0.5 kV, and the gas
pressure was 0.3 MPa.

supply to the anode of the gun. The discharging current could
be limited by inserting a resistor in series, if needed, to extend
the gun’s lifetime. The effective resistance of the plasma is
0.037 Q.

We define the energy efficiency as the amount of
stored energy converted to arc plasma energy: efficiency
= Valat;/(1/2 X C,,VS2), where ¢, is the discharging time,
~1.3 ms. Figure 8 shows that the efficiency is ~60% in
general.

lll. PARAMETER SCAN

To optimize the performance of the medium-sized gun,
scans were performed for various parameters, and the results
are discussed in Secs. IIT A-III C.

A. Pressure scan

Due to its high voltage and arc current, the gun plasma is
generally assumed to be fully ionized. This was confirmed in
a particle inventory conducted in the GDT.!! One way to raise
the plasma density could be to increase the amount of injected
gas flow to the gun and increase the arc voltage in accordance.
However, like the gun performance reported by Fiksel et al.,>?

Floating Ptential

Ion Saturation current

Rev. Sci. Instrum. 89, 043503 (2018)

the KMAX plasma density did not exhibit a strong dependence
on the injection neutral pressure.

The pressure was scanned over 0.05-0.4 MPa, with other
parameters fixed. The discharge voltage was 1.5 kV, and the
grid voltage was —0.5 kV. The pressure referred to the neutral
pressure in the gas reservoir or at the EM valve, which was
released through a 0.5-m pipe to the gun barrel when the valve
opened. Plotted in Fig. 9 are traces of floating potentials and
ion saturation currents collected by the A, B, and C probes
located, respectively, in the east, central, and west cells. The
~40% increase in plasma density on probe A, which is closest
to the gun, is much less than the six-fold increase in injected
gas pressure (0.05-0.3 MPa). Note that neutrals diffuse more
quickly at higher pressure, as shown in Fig. 4, which may have
quenched the plasma and increase the recombination rate.

Fluctuations in all the probe signals are likely caused by
MHD instabilities. Fortunately, they do not cause severe dam-
age and terminate the discharge. The plasma in the central cell
lasts an additional ~0.5-1.0 ms after the gun switched off,
indicating good mirror confinement of the plasma. The float-
ing potentials also change to positive values. More discussion
about the after-gun plasma is in Sec. IV A.

Figure 10 plots the detailed measurements of the plasma
floating potential V¢, electron temperature 7T, and plasma
density n, vs. injected gas pressure. The plasma density gen-
erally increases with the neutral pressure, while 7, remains
unchanged within experimental error. The data are time-
averaged values over ¢ = 0.8—1.3 ms, with all the probes on
the axis (r = 0 cm). The measured T, close to the gun is
only a few eV. As pointed out by Osher, who also observed
T. ~ 5 eV in Ref. 30, the streaming plasma was primarily the
cold secondary plasma generated by energetic electrons.

B. Grid voltage scan and flow speed

A grid is widely used to extract electron or ion beams.
Here, it was installed for additional plasma control at z =5 m
or 6 cm in front of the gun. The grid bias is applied relative to
the gun anode.

Vet erbes oy,

(a)| Time = 1.45 ms

Probe A
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E FIG. 9. Measured floating potentials and ion saturation
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2 is in the east cell near the source, B is in the central cell,
and C is in the west cell, located at z=3.25 m, 0.5 m, and
—3.25 m, respectively. V, = 1.5kV and V; = -0.5 kV.
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The positive grid bias results in a limited plasma in the
central cell, which becomes very unstable. Thus, presented
here are data taken only with the floating grid, negative bias
voltages of —0.25, —0.5, and —-0.75 kV, V= 1.5 kV, and a gas
pressure of 0.3 MPa. The triple probes were scanned in a radial
direction to obtain the radial plasma profiles.

Figure 11 plots the time evolution of the grid current /,
the grid voltage relative to the gun anode Vg, and the dia-
magnetic signal for three grid bias voltages V,. The voltage
V 4q is the potential difference between the grid and the anode
(see the grid bias circuit in Fig. 5), while V, is the measured
grid voltage relative to ground. The bias current increases
consistently with V,. Again, after the gun is switched off at
t = 1.45 ms, the plasma is sustained for an additional 0.1-1 ms.
Those plasmas are possibly mirror-confined, as discussed

A ]

—Vg =-0.25kV
- Vg:-045 kv

' (a)

Time [ms]

FIG. 11. (a) Traces of grid bias current, (b) voltage V¢, between the grid
and anode, (c) and the diamagnetic signal at z = 0.3 cm position for
Ve =-0.25kV, -0.5 kV, and —0.75 kV. V; = 1.5 kV, and the gas pressure
is 0.3 MPa.

Pressure [MPa]

below. The remaining plasma ensures conductivity between
the anode and the grid; thus, the bias power supply could be
charged to negative voltage because of the PFN characteristics.
The grid voltage relative to the anode Vg, is almost inde-
pendent from V. The plasma pressure increases with more
extracted currents, as shown in the diamagnetic measurement
taken at z = 0.3 m. In some cases, the plasma in the cen-
tral cell can be sustained for more than 2 ms after the gun
switched off. It is concluded that a biased grid provides a bet-
ter plasma in the central cell. The time difference labeled by red
and black dashed lines in Fig. 11 is caused by the travel time
from the grid location to that of the diamagnetic loop, which
results in a flow speed of 30 km/s (on the order of ion sound
speed).

InFig. 12, the radial T, V¢, and n, profiles are plotted for
different grid voltages. The plasma radius in the central cell is
~15 cm, and overall, the radial electric field, calculated using
dV¢/dr, is ~80 V/m in the east cell, ~25 V/m in the central cell,
and ~30 V/m in the west cell, pointing inwards. Note that the
inward electric field is essential for plasma stabilization in the
C-2 device.®

C. End electrode bias scan

End electrode bias has been widely used in different
machines to suppress turbulence and improve confinement.
Early experiments in the HIEI mirror’? reported L- to H-mode
transitions by using limiter biasing to improve radial confine-
ment. GAMMA 10** also reported that when the potential
difference between the outer mirror throat and the endplate
increased, there was a significant decrease in the end loss elec-
tron flux. Another high confinement regime success was in the
C-22 experiments, by edge biasing via gun-generated plasmas
and neutral beams. In a GDT,* biasing limiters or peripheral
endplate potentials of 250-300 V led to considerable increases
in the energy confinement time.

Nevertheless, end electrode biasing in KMAX did not
result in significant improvement of the plasmas (see the end
electrode biasing circuit in Fig. 5). One possible reason is the
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presence of MHD instabilities or other particle and energy
losses that dominates the turbulence transport.

IV. DISCUSSIONS

A. Transition from gun stream
to mirror confined plasma

A noticeable feature of the density evolution, especially in
the central cell, is that it could last a few ms after the source/gun
is switched off. In addition, the floating potential exhibits a
signature jump at the gun-off time (see Fig. 9), and the tran-
sitions are indicated by dashed vertical lines. Considering the
following facts:

(1) The plasmas stream out of the gun along the pressure
gradient and magnetic field direction, and the electrons
lead ions out. The high-impedance probe is charged to
negative potential by fast-moving electrons to retard the
electrons and equalize the collected currents.>”

(2) After gun is switched off, the fast axial loss of electrons
leave the mirror plasma more positive.>®

Thus, the potential jump indicates that the plasma changes
from a stream to a mirror-confined plasma after the gun is
turned off.

The two different plasmas exhibit different behaviors. Ini-
tially, during the plasma buildup in the central cell, the density
measurements reveal a violent process with large fluctuations
in the first 1 ms [see Fig. 9(e)]. In Fig. 13, an image taken with
a fast camera at z = 0 m shows that the plasma column is mov-
ing, where the solid line indicates the position of the plasma
center. The frame rate of the fast camera is 10 kHz. Simi-
lar behavior was reported by England et al.’” However, when
the plasma transforms to the mirror-confined state, it becomes
more stable, as seen after = 1.2 ms in Fig. 13 and in probe B
measurements for the scans discussed earlier. Figure 14 plots
the normalized fluctuation levels of the two plasmas for a typ-
ical shot. Clearly, the mirror plasma is more stable after the
gun is off.

Radius [cm]

B. Energy confinement of axisymmetric mirror

Established that the plasma can be categorized into two
different plasmas, the energy confinement of the axisymmet-
ric mirror could be estimated from the diamagnetic signals.
We vary the east mirror ratios M to change the passage of the

1000

800

200

0.5 1 ) 2 2.5
Time [ms]

FIG. 13. Image of the plasma taken by a fast camera at z = 0 m. The frame
rate of the fast camera is 10 kHz.
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FIG. 14. (a) A typical ion saturation current collected by probe B at z =
0.5 m, r =0 cm and (b) the normalized fluctuation level calculated from (a).
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FIG. 16. Diamagnetic signal for M = 2.2, 4.6, and 6.8, and the diamagnetic
loop at z=0.3 m.

stream plasma by changing the east mirror fields. The cor-
responding magnetic field structure is plotted in Fig. 15 for
M=2.2,4.6, and 6.8, and the diamagnetic signal measured in
the central cell at z = 0.3 m is plotted in Fig. 16, which is con-
sistent with the mirror effect of less plasma passing through
the mirror at a higher mirror ratio.

The exponential decay during mirror confined plasma
is used to estimate the energy confinement time for mirror
confined plasma. For different mirror ratios presented earlier,
the curve fittings of ¢”7/7¢ yield confinement time 7, ~ 0.5
+ 0.1 ms.

V. SUMMARY

In summary, a new medium-sized gun is developed to
inject the initial plasma for the KMAX experiment, and the
plasmas are investigated by varying parameters such as gas
pressure, arc voltage, grid voltage, end electrode bias, and mir-
ror fields. The typical voltage we applied is 1.5 kV with a gas
pressure of 0.3 MPa. The grid is applied with negative voltage
to extract more ions. However, the end electrode biasing did
not result in meaningful improvement of the plasma. Though
data are not shown here, we have compared a miniature gun
with this medium-sized gun and found that this gun can pro-
vide more plasmas in the central cell of KMAX. Hence, it is
more suitable as a plasma source for a large device. In our
experiment, the plasmas undergo a transition from a stream to
a mirror-confined plasma after the gun is switched off, and the

Rev. Sci. Instrum. 89, 043503 (2018)

confinement time is ~0.5 ms. The mirror-confined plasma is
more stable, as evidenced from the probe and the camera data.
Future investigations will be performed on how the magnetic
curvature affects the confinement or the stabilization of plasma
and the detailed physics during the transition from the stream
to mirror.
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