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For plasma window (PW) applications, we developed the cascade arc discharge device with an indirectly heated hollow
cathode. The 8-mm channel diameter hollow cathode made of a lanthanum hexaboride (LaBg ) was heated by the C/C
composite heater surrounding the cathode to increase the thermionic electron emission. The PW developed successfully
separated 2.4 kPa and 16 Pa, and the pressure separation capability was sustained for over 1 hour. H-f Stark broadening
measurement and the Thomson scattering measurement showed that the electron density and temperature inside the
channel reached 10'°-10%° m=3 and 2.0 eV, respectively. The power balance analysis on the electron thermal energy
revealed that the neutral density and temperature inside the channel were as high as 10> m~3 and 4000 K, respectively.
The relation between the pressure separation capability and the neutral temperature showed that the flow inside the
channel of the PW had the molecular flow feature. The SEM-EDX analysis on the LaBg cathode showed that the boron
diffused to the molybdenum (Mo) shaft during plasma operation, which supported the LaB¢ cathode. Mo shaft became
brittle after more than 50 hours of operation, exhibiting the necessity of buffer material between the LaBg cathode and

Mo shaft for long-duration operation.

I. INTRODUCTION

The plasma window (PW) is a plasma application technique
that separates a high-pressure (10-100 kPa) and vacuum ( 1
Pa) environment without using solid materials such as glass
and stainless steel. The plasma inside the channel of the PW
heats the neutral gas and increases the gas temperature, re-
ducing the flow conductance. The flow inside the channel is
considerably suppressed due to the decrease in the conduc-
tance, and the pressure difference between the gas inlet and
outlet of the PW is kept to be substantially high! . These fea-
tures enable the PW to transmit the soft-X rays, electron, and
ion beams into the atmospheric pressure side without dras-
tic beam attenuation/scattering'**>. This prominent feature of
PW is expected to pave the way for the new application of
quantum beam science.

The PW was invented by Ady Hershcovitch in 1995,
achieving the separation of atmospheric pressure and 533 Pa
through the channel with inner diameter and length of 2.36
mm and 60 mm, respectively*. The PW successfully demon-
strated the electron beam welding in the atmospheric pres-
sure environment. Since then, various attempts were made
to transmit the beams and x-rays to the atmospheric environ-
ment. Pinkoski and coworkers realized soft X-ray transmis-
sion through the PW>. In this case, the PW demonstrated
the transmission of 9.6 keV X-ray through the channel with
2 mm diameter and 40 mm length while maintaining the pres-
sure difference of 1.2 x 1072 bar and 2.6 x 10~# bar, which
could not be observed when the PW was turned off. Detailed
analysis on the performance of the PW have been done by

W. A. Vijvers et al. , experimentally and theoretically eluci-
dating the mechanism of the pressure separation capability of
PWs whose channel diameter ranged from 4 mm to 8 mm ©.
Huang et al. analyzed the pressure separation capability us-
ing detailed spectroscopic techniques®. Recently, the PW with
larger inner diameter and rectangular cross section have been
developed for ion beam application®’ and for an advanced
tokamak divertor scenario®.

One of the applications of the PW under consideration is an
alternative differential pumping method for helium (He) gas
cell stripper in the heavy ion beam accelerators at RIKEN®.
The production of heavy ion beams, such as gold and uranium
ions, has extensively been studied for rare isotope research'”.
The charge state of the heavy ions must be sufficiently high at
the initial stage of the accelerators to achieve higher beam en-
ergy. The conventional method for realizing the high charge
state of the heavy ions employs the carbon foils of a few
ug/ cm? to several tens of mg/ cm? 9. However, the lifetime
of the foil is limited to about half a day due to the damage
and thinning of the foil itself>!!. In addition, great care has to
be taken to the uniformity of the foil thickness to reduce the
energy spread of the beam. In view of the drawbacks of the
carbon foil charge strippers, the He gas cell stripper has been
studied to overcome these problems in terms of lifetime and
uniformity!!. The He gas stripper consists of a 50-cm long,
7 kPa gas cell and five differential pumping systems at both
sides of the gas cell. This enables the heavy ion beam to in-
teract with He gas, resulting in the production of even higher
charged ions, while the beamlines is maintained at low vac-
uum pressure’. Since the helium gas stripper system requires
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22 pumps and 200 L/min of He gas flow to keep the pressures
of the gas cell (7 kPa) and beam transport line (10~° Pa)'?,
some differential pumps with lower conductance are needed
to reduce the size of the system, the amount of He gas, and
operation cost. A PW with a large bore has been developed to
realize a lower conductance differential pumping system for
application to the He gas stripper’. Tkoma ef al.” successfully
separated 20 kPa and 0.2 Pa using the PW, whose bore is 10
mm in diameter under the gas flow rate of 20 L/min. However,
the PWs previously developed have used needle-shaped cath-
odes, which often suffers from heat load and wear out after
long hours of discharge”. The cathode structure, therefore,
must be improved so as for PW to operate sufficiently long
duration.

A hollow cathode!# can be one of the candidates for the
cathode of the PWs which reduce the heat load at a unit
surface area. A hollow cathode is a cylinder-shaped elec-
trode used for various purposes, such as research on basic
plasma physics'>, development of ion lasers'®!7, thrusters for
spacecraft!®, and modification of the material surface'®. The
hollow cathode’s primary attribute is its internal plasma col-
umn (IPC), a high-density and high-temperature plasma gen-
erated within the hollow electrode'*. Since the hollow cath-
ode discharge starts from the inner surface of the electrode,
the effective surface area of the cathode increases, resulting
in the reduction of heat load at a unit area and enhancement
of the lifetime of the cathode materials. Moreover, the IPC
is suitable for the PW application, because the high-density
and high-temperature plasma heats the inlet gas and may con-
tributes to the increase in the pressure separation owing to the
increased gas viscosity.

Typical hollow cathodes are operated at a low-pressure en-
vironment in the range of 1073-1 Pa, and previous studies
have shown that the IPC cannot be formed under a high-
pressure environment, namely 10 kPa 14 However, it has also
been revealed that the IPC can be created in a high-pressure
environment by heating the hollow cathode'*. These results
suggest that the PW aiming at operating in a high-pressure
environment for a sufficiently long time requires the auxiliary
heating system for the cathode material, similar to the hol-
low cathodes installed in hall thrusters'®2%2! and high-density
plasma source??. In this study, we developed an 8 mm inner-
diameter PW apparatus equipped with a hollow shaped cath-
ode made of thermionic material (LaBg ) heated indirectly.

Il. EXPERIMENTAL SETUP

The schematic diagram of the PW is shown in Fig. 1. The
cathode component consisted of the cylindrical thermionic
material, a lanthanum hexaboride (LaBg , work function: 2.66
eV 23), a heater and a keeper electrode, as shown in Fig. 1(a)
and (b). The length, outer and inner diameters of the LaBg
cylinder were 10 mm, 14 mm, and 8§ mm, respectively, and
six piece of these were inserted into the molybdenum (Mo)
shaft, whose length, outer and inner diameter were 120 mm,
20 mm and 15 mm, respectively, resulting in the inner surface
area of 150 mm?, 6.5 times larger than that of the needle-
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FIG. 1. (a)Photo of the developed hollow cathode for a large bore
plasma window. (b) Schematic diagram of the hollow cathode.

Parameters Values or names
Working gas helium

Gas flow 0.05-0.6 L/min
Axial magnetic field at channel ~98 mT
Discharge current ~100 A
Discharge voltage ~200 V
LaBg cathode temperature at work 1700 °C

TABLE I. Summary of the discharge parameters of the plasma win-
dow.

shaped electrode previously used for the PW cathode®. The
large internal surface area facilitated the thermionic electron
current up to 200 A when the LaBg was heated to 1700 °C.
The C/C (Carbon Fiber Reinforced Carbon) composite heater
surrounding the Mo shaft (see Figure 1(b)) heated the LaBg¢
cathode. The heater’s power supply, whose AC output voltage
and current reached up to 45 V and 40 A, respectively, was
controlled based on PID control following the input from the
C-type thermocouple to maintain the temperature of the LaBg
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FIG. 2. Schematic diagram of the plasma window, vacuum vessel, and discharge circuit, together with that of the H-f Stark broadening and
the Thomson scattering measurement system. The laser path of the Nd: YAG laser used for the Thomson scattering measurement is not shown.
The lens used in the triple grating spectrometer are plano-convex lens with a focal length of 250 mm.

constant during the discharge. The heater and Mo shaft were
electrically insulated by a cylinder made of boron nitride. The
keeper electrode was spaced 5 mm from the tip of the Mo
shaft. The intermediate electrode was spaced 97 mm from the
keeper electrode to perform Thomson scattering measurement
just at the downstream of the cathode exit, as shown in Fig. 2.

The channel of the anode and the intermediate electrodes,
except those with tapered channels, were made of Mo, as
shown in Fig. 3. The inner diameter of the intermediate elec-
trodes was 8§ mm, while that of the anode had a diverging
shape from 8 mm to 10 mm. The Mo part was cooled by
water. The anode and the intermediate electrodes were insu-
lated by Teflon disks with 3-mm thick to have the intermediate
electrodes to be electrically floated. The PW was connected
to the vacuum vessel (plasma expansion chamber), whose in-
ner volume was 0.2 m? (see Fig.2). The vacuum vessel was
evacuated by two sets of rotary pumps (Edwards E2M80) and
mechanical booster pumps (Edwards EH500A), realizing the
pumping speed of 400 m? /h for each group. The solenoid coil
was placed coaxially with the channel to produce a magnetic
field strength of 98 mT at the center of the intermediate elec-
trodes (see Fig.2). The He gas was fed from the gas inlet tube
installed in the cathode flange (see Fig. 1(b) and Fig.2) using
a mass flow controller (ATOVAC AFC500) to control the gas
flow rate up to 2.0 L/min.  Two different types of power sup-
plies are connected to the anode and cathode in parallel; one
can supply up to 1 kV and 20 A, and the other can supply up
to 200 V and 100A for the ignition and sustainment of the dis-
charge, respectively. The operation ranges of the controllable

SUS304
Outer diam.: 104 mm
Thickness: 24.5 mm

Molybdenum
Inner diam.: 8 mm

FIG. 3. Schematic diagram of the intermediate electrode.

parameters are listed in TABLE L.

The H-fB (486.1 nm) Stark broadening and Thomson scat-
tering measurements were performed to determine the elec-
tron density and temperature. A schematic diagram of the two
measurement systems is shown in Fig. 2. Both H-8 emissions
at the cathode and anode exits originating from the impurity
hydrogen were collected by the lens and fed to the optical fiber
connected to the spectrometer (Jobin Yvon HR-1000), whose
focal length and the number of grooves was 1000 mm and
2400 grooves/mm, respectively. The CCD camera (ANDOR
ikon-M, DU934P-BU2-SE, 1024x1024 pix, 13 pm pitch) was
connected to the spectrometer, enabling the spectroscopic ob-



Article

servation with a reciprocal linear dispersion of 0.0036 nm/pix
(0.27 nm/mm) and instrumental width of 12 pm (Gaussian
profile, full width at half maximum) when the slit width was
set to 30 um. The focal lengths of the lens for collecting H-
B emission were =100 mm and /=300 mm for the cathode
and anode observations, respectively. Therefore, the density
evaluated by the H-f Stark broadening represented the aver-
age values within a few millimeters from the focus. The Stark
broadening width was obtained by fitting the Voigt function
to the H-B spectrum, and subsequently the electron density
was calculated using the relation between electron density and
Stark width?*.

Schematic diagram of the Thomson scattering measure-
ment system is shown in Fig.2. The frequency-doubled
Nd:YAG laser (532 nm, 200 mJ, 8 ns) was injected from the
window at the end of the vacuum vessel and focused at the
cathode exit using the lens with a focal length of 1500 mm.
The 90° scattered light at 2 cm downstream from the keeper
was collected in the direction normal to the incident beam.
Subsequently, the scattered signal was fed to a triple grating
spectrometer using a pair of plano-convex lenses with a focal
length of 250 mm. The triple grating spectrometer was com-
posed of three gratings and a notch filter. The light passing
through the first slit was dispersed by the first grating (1800
groove/mm) and inversely dispersed by the second grating
(1800 groove/mm) to eliminate the stray light from the out
of the region of interest>>~2%. The notch filter between the two
gratings eliminated the spectrum attributed to 532-nm stray
light to improve the signal-to-noise ratio. The spectrum dis-
persed by the third grating (1200 groove/mm) was observed
by an ICCD camera (Princeton Instruments PI-MAX1KUV-
18-43-U, 1024x1024 pix, 13 um pitch). The calibration of the
density and the reciprocal linear dispersion was performed by
the Rayleigh and Raman spectrum from N, molecules, respec-
tively. The Raman spectrum observation confirmed that the
reciprocal linear dispersion was 0.039 nm/pixel (3.0 nm/mm)
and that the notch filter eliminated the light within 532 £ 1.6
nm, indicating that the notch filter enabled us to measure even
cold temperature plasma as low as 0.3 eV.

I1l. RESULTS AND DISCUSSION
A. Pressure separation capability

The cascade arc discharge was successfully initiated just
after applying 1 kV between the anode and cathode under
the condition of a gas flow rate of 1.0 L/min and magnetic
field strength of 98 mT when the temperature of the LaBg hol-
low cathode was kept at 1700 °C by using the heater. Since
the previous PW with a self-heating hollow cathode? could
not initiate the discharge before the temperature of the LaBg
reached sufficiently high, the heater in PW developed con-
tributed to the stable initiation of the arc discharge. The photo-
graph of the cascade arc plasma produced by the PW suggests
that the radius of the plasma is almost constant from the cath-
ode exit to the intermediate electrode (see Fig. 4 (a)), while the
emission intensity starts decreasing about 5 cm downstream

Keeper
electode

FIG. 4. Photo of the plasma produced by the cascade arc discharge
with indirectly heated hollow cathode (a) viewed from the side of
the cathode and (b) from the window at the vacuum vessel. The
discharge was initiated with a gas flow rate of 0.07 L/min and a dis-
charge current of 30 A.
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FIG. 5. (a) The dependence of the pressure at the cathode (Py) and
vacuum vessel (P.) on the discharge power under 0.54 L/min and (b)
the dependence of the pressure ratio on the discharge power.

from the keeper. The bright and dark emission regions are of-
ten observed at the anode exit of the arc jet plasma, because
the expansion and compression wave were formed repeatedly
under-expanded supersonic flow>". Therefore, the variation of
the emission intensity along the plasma column may represent
the non-uniformity of the plasma density along the channel.
This feature can be observed in various discharge conditions
within the gas flow rate of 0.07-0.28 L/min and discharge cur-
rent of 30-100 A.

The dependence of the pressure at the gas inlet (termed as
discharge pressure or Py) and at the vacuum vessel (termed as
expansion chamber pressure or P.) on the discharge power is
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time (hour)

FIG. 6. The temporal evolution of (a) the pressure at the gas inlet
(Py) and the vacuum chamber (P.) and (b) the discharge power (P,.)
and current (Ic).

shown in Fig. 5 (a) with a gas flow rate of 0.54 L/min. The dis-
charge pressure monotonically increased with the discharge
power, while the expansion chamber pressure is kept constant.
At a discharge power of 15 kW, the discharge pressure reaches
2.4 kPa while the expansion chamber pressure is maintained
at 16 Pa. The increase in the discharge pressure was observed
for various gas flow rate conditions. Figure5 (b) shows the
ratio of the discharge pressure to the expansion chamber pres-
sure. Since the expansion chamber pressure is not changed
with the discharge power, the increase in the pressure ratio
suggests that the pressure separation capability increases with
the discharge power. The time evolutions of Py, P, discharge
current and power are shown in Fig.6 (a) and (b) with the
gas flow rate of 0.07 L/min. The PW successfully maintains
the pressure difference of about 1 kPa for more than an hour,
showing that the PW equipped with the indirectly-heated hol-
low cathode is a promising candidate for a vacuum interface
application.

B. Discharge Characteristics

The electrode position, the heat load and electric potential
at each electrode are shown in Fig.7 (a), (b) and (c), respec-
tively. The heat load on each electrode are calculated from the
temperature and the flow rate of the cooling water. Although
the heat load is monotonically increased with the discharge
current, the potential profile is kept constant. The potential
gradient is almost constant within the intermediate electrode,
while at the anode position it is steeper, implying the existence
of space charge layer which is often observed at the anode sur-
face of arc discharge’!. The heat load of the intermediate elec-
trode is decreased with getting close to the anode, while the
heat load on the anode was significantly high compared to the
neighbouring intermediate electrode. The Joule heating inside
the anode electrode, no more than 0.1 kW calculated from the
resistivity between anode channel and vacuum vessel, is one
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FIG. 7. (a) Schematic diagram of the electrodes (b) the heat load on
each electrode and (c) the electric potential profile along the channel.

order smaller than the observed heat load. This means that the
plasma parameter abruptly changed at the anode. The abrupt
change of the plasma parameter around the anode has been
documented by Van de Sanden, where the shock structure just
at the anode exit of the cascade arc discharge was observed
using the Thomson and Rayleigh scattering measurement’?.
In this case, the temperature and density of the neutral, ion,
and electron abruptly drops within a few centimeters from
the anode, which is consistent with the Mott-Smith relation>>.
Figure 8 shows the dependence of the electron density evalu-
ated from the H- Stark broadening analysis on the discharge
power at a gas flow rate of 0.54 L/min. The electron densi-
ties at the anode and cathode are increased with the discharge
power. The electron density reaches 1.1 x 10?° m~3 at a dis-
charge power of 15 kW.

Figure 9 (a) and (b) show the dependence of the electron
density and temperature at 2 cm downstream from the keeper
electrode observed by the Thomson scattering measurement,
respectively, on the discharge power. The electron tempera-
ture, T¢, is found to be irrelevant to the discharge power and
the gas flow rate. On the other hand, the electron density, 7.,
in the vicinity of the keeper electrode is increased with the
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FIG. 8. Electron density determined from the H-f3 Stark broadening
at cathode and anode. The observation is performed at a gas flow rate
of 0.54 L/min.

discharge power, which is consistent with the result obtained
by the H- Stark broadening.

We performed the power balance analysis of the electron
thermal energy to estimate the neutral gas temperature, T,
and density, n;, inside the channel by assuming a stationary
condition. The power balance analysis of the electron thermal
energy has been applied to obtain the gas temperature, Tj,, be-
tween the anode and cathode of the steady-state high-pressure
arc discharge’!. In the case of high-pressure arc discharge, the
power balance analysis takes into account the electron heating
by the electric field and the energy loss by collision with the
ions as follows:

3 0T. e%E? 3
K = — —ve.K(T.—T). 1
200t meve 2 e (Te=T) M

Here, x,T;, e, E, me, Vi, and Vg, represent the Boltzmann con-
stant, ion temperature, element charge, electric field, electron
mass, collision frequency between electron and ion, and en-
ergy relaxation frequency of electron when considering the
collision with the ions, respectively. The ion temperature is
estimated by finding the 7; where right hand side (RHS) of
Eq. (1) become zero. In the case of the cascade arc discharge,
on the other hand, the neutral density, n,, is expected to be
high and the electrode wall limits the plasma boundary, so
that the energy loss by excitation and ionization as well as the
thermal transport in the radial direction cannot be neglected.
In addition to the radial variation of the plasma parameters,
the divergence of the heat flux along the channel must be
taken into account, since the electron density is expected to
vary along the channel, as expected from the emission inten-
sity variation in Fig. 4(a), and there exists a strong axial flow
of electrons inside the channel. Therefore, the power balance
analysis must include the above-mentioned terms to estimate
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FIG. 9. (a)(b) Electron density (n.) and temperature (7;) at cathode
exit observed by the Thomson scattering measurement, respectively.
(c)(d) Neutral density (n,) and temperature (7;) at cathode exit esti-
mated from the power balance analysis, respectively. (e) The pres-
sure difference between gas inlet (£y) and vacuum vessel (Pe).
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np KTy = Py (in this case Py= 1.02 kPa) is satisfied.
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FIG. 12. The Knudsen number as a function of gas temperature and
pressure. The contour lines denoting Kn=0.01 and Kn=10 represent
the boundary for continuum flow and molecular flow, respectively.
The points represent the Knudsen number at the cathode exit and
the hatched region represent the range of Knudsen number inside the
channel. The lower boundary of the hatched region represent the
pressure in the vacuum vessel for each condition.

the neutral temperature, Ty, and density, ny, as follow:

3 0T, e?E? 3
ko= — (Vg + Vg, ) K(T. — T}
27 0t me(Vei + Ven) 2( o Vew) K (Te = 1)
1 1
— —Eexi. <Gexci.ve> np — —Eion. <Gion.Vc> Ny
Ne Nne
10 one 10
—— = | kTtDjo— | — — = (V¥ kT.). (2
e or ( elld ar) e 9z (Vzene e) )

Here, Ven, VEen > Eexci. Eion. > Oexci. Oion., Dde and Vv, represent
the electron-neutral collision frequency, the energy relaxation
frequency of electrons when considering the electron-neutral
collision, excitation and ionization energy, excitation and ion-
ization cross section, the dielectric diffusion coefficient, and
the mean electron flow along the channel, respectively. The
bracket () corresponds to the rate coefficient for relevant
atomic process. Typical cross sections of the single atom are
adopted for the calculation of the second term on the RHS
of Eq. (2), namely, electron-neutral collision cross section of
Gen = 0.75 x 10720 m? and ion-neutral collision cross section
of 6;; = 3.0 x 10729 m?. The excitation and ionization energy
and cross section for these reactions are referenced from NIST
database®* and Ref.?>. The discharge was initiated by apply-
ing the axial magnetic field strength of 30 mT at the cath-
ode exit, resulting in the electron and ion gyro radius of 0.1
mm and 4-6 mm, respectively. The electron and ion gyro fre-
quency, the electron-ion and ion-neutral collision frequency
around the cathode tip are about 0.83 GHz, 114 kHz, 2.9 GHz,
and 12 MHz, respectively, and thus the electrons and ions are
not magnetized just at the downstream of the cathode and the
assumption of dielectric diffusion is expected to dominate the
process of radial diffusion of thermal energy. The dielectric
diffusion coefficient D, can be written as follows:

kT. «KT;
Dy =i | —+—
e e

= (KT + KT) . (3)

Ointny/ Km; T e e

As for the divergence of the heat flux along the channel, it is
reported in some literature on the hollow cathode?*2!:36 that
the density takes its maximum at the orifice (the exit of the
hollow cathode) and decreases along the axis, while the elec-
tron temperature does not significantly change. Therefore, the
heat flux at the exit of the hollow cathode is expected to con-
tribute to heating. The mean electron flow along the channel
Vqe 18 calculated from the electron mobility as follows:

ek
Ve = . 4
S Ve 4

The length of the bright region shown in Fig. 4(a) and the ra-
dius of the channel are adopted as the scale length of the gra-
dient of plasma parameter in the axial and radial direction,
namely 50 mm and 4 mm, respectively, to compute the ax-
ial heat flux and dielectric diffusion component. Using the
above-mentioned conditions and assuming that the ion and
neutral have the same temperature, 7; = Ty, the neutral tem-
perature and density are estimated by finding these parameters
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FIG. 13. The dependence of the pressure difference on (a) QT;, and (b) QT;?.

where RHS of Eq. (2) is balanced, and the equation-of-state
for the ideal gas n, kT, = Py is fulfilled. The electric field is
calculated from the electrode potential profile, and the elec-
tron temperature and density are determined by the Thomson
scattering measurement.

Figure 10 shows the dependence of the RHS of Eq. (2) on
the neutral temperature and density when the gas flow rate is
0.07 L/min and the discharge power is 16 kW. The dashed and
the dotted line represent the condition where RHS of Eq. (2) is
balanced and the equation-of-state for the ideal gas is satisfied,
respectively. The intersection of the dashed and dotted lines
denoted by the orange dot is adopted as the estimated neutral
temperature and density. The dependence of the estimated
neutral temperature and density on the discharge power are
shown in Fig.9 (c) and (d), respectively, indicating that the
neutral temperature is increased up to 4000 K, and the neutral
density is decreased with increasing the discharge power. The
decrease in the neutral density with increasing the discharge
power suggests that the gas flow velocity increases with the
discharge power, which is consistent with the increase in the
neutral temperature. Also, Fig. 9 (e) suggests that the pressure
difference sustained by the PW increase with the increase in
the neutral temperature.

The validity of the estimated neutral density is confirmed
by calculating the equilibrium of the ionization and the re-
combination process, ne {Gion. Ve ) tn = ne (T )1y, where o (T¢)
represents the rate coefficient of the radiative recombination.
Since the rate coefficient of the ionization is in the order
of 1072' m3s~! and typical rate coefficient of the radia-
tive recombination for To~ 2.0 eV and ne ~ 10'° m=3 is
1071 m3s~! 37, the neutral density must be two to three order
of magnitude higher than the electron and ion density, which
is consistent with the estimated neutral density and observed
electron density. Therefore, the estimated neutral temperature
and density and their dependence on the discharge power are
consistent with the other restrictions, implying the validity of
the estimation.

The particle traveling time in the channel, electron-ion and
ion-neutral energy relaxation time are compared to validate
the assumption of 7; = T, and to check whether the ions and
neutrals can acquire energy from the electrons. Figure 11 indi-
cates that the particle passing time Ty is 1-3 orders of magni-

0.0 0.2 0.4 0.6
QT2 [(1000K)2Lmin~1]

=

tude longer than the electron-ion and ion-neutral energy relax-
ation time , Tg,; and Tg, , for present experimental conditions.
This result shows that the neutral particles have time enough
to exchange the energy of the plasma, indicating that the cas-
cade arc apparatus has sufficient ability to heats the neutral gas
to improve the pressure separation capability significantly.

C. Conductance characteristics

A conductance represents the flow rate through a channel
for a unit difference in pressure between the inlet and outlet
of the channel, namely,

Q=CAP. 5)
Here Q,C,and AP represent the flow rate, conductance, and
the pressure difference between the inlet and outlet of the
channel, respectively. The Eq. 5 reads that a higher flow rate is
expected as the conductance is increased. On the other hand,
a PW is designed to sustain a higher pressure difference be-
tween the inlet and outlet of the channel, AP = Py — P, so the
conductance of the channel must be reduced to enhance the
performance of PW. Therefore, in this section, we consider
the relation between the pressure difference and the flow rate
using the inverse of the conductance U = 1/C as follows,
Pi—Fk=U(T)) Q. (6)
Here, the inverse of the conductance is described as a function
of gas temperature, as can be seen from the discussion below.

The conductance characteristics were analyzed using the
observed pressure and estimated neutral density and temper-
ature. Figure 12 shows the Knudsen number of the neutral
gas inside the channel. A fluid is classified as continuum flow,
molecular flow and intermediate flow when the Knudsen num-
ber is in the range of Kn < 0.01,Kn > 10, and 0.01 < Kn < 10,
respectively. Since the dependence of the conductance on the
gas temperature differs with the class of the fluids, the pres-
sure separation capability could change with the condition of
the fluid inside the channel. The conductance characteristics
of the viscous continuum flow (Kn < 0.01) can be described
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FIG. 14. (A) (a) Schematic view of the LaBg cathode and the photograph of the outer surface of the LaBg cathode before discharge. (b1-3)
The SEM image of the outer surface of LaBg¢ . (c1-3) The intensity profile of lanthanum, boron and molybdenum at the midplane of the SEM
image (c1-3) before discharge. (B) (a) Schematic view of the LaBg cathode and the photograph of the outer surface of the LaBg cathode after
discharge. (b1-3) The SEM image of the outer surface of LaBg . (c1-3) The intensity profile of lanthanum, boron and molybdenum at the

midplane of the SEM image (c1-3) after discharge.

by the Hagen-Poiseuille equation as follows:

)
Pi—P. = 4’;79 (7)

where d,/,and u represent the channel diameter, its length
and the gas viscosity, respectively. Thus, the pressure separa-
tion capability of a PW is proportional to the viscosity and gas
flow rate when the Knudsen number is sufficiently small. The-
oretical study has revealed that the viscosity of the He gas is
increased almost linearly for the gas temperature up to 17000
K %, resulting in the relation u o< T),. These results indicates
that the pressure difference Py — P, is proportionally increased
with the gas temperature if the fluid inside the channel can be
regarded as viscous continuum flow. On the other hand, the
conductance of the molecular flow (Kn>10) can be described

as follows?*0:

P P—3 KTy
a7 = gx\ 2m, <

®)

Thus, the pressure separation capability is proportional to /7,
when the fluid inside the channel is regarded as molecular
flow. Figure 12 shows that the gas flowing inside the channel
of the large-bore PW lies in the domain of the molecular flow
or intermediate flow?’. Figure 13 describes the dependence of
the pressure difference Py — P. on the gas flow rate and tem-
perature. Figure 13 (b) shows that the pressure difference is
1

proportional to QT;2, not to QT, as shown in Fig. 13 (a), and
thus the gas flow of the large-bore PW is classified as a molec-
ular flow. These findings emphasize the importance of the gas
temperature to improve the pressure separation capability of
the large-bore PW.
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FIG. 15. Atom number ratio at the outer surface of LaB¢ before and
after discharge. The EDX intensity at 0.18 and 4.6 keV are used for
calculating the atom number ratio of boron and lanthanum, respec-
tively.

D. Cathode material features

Figure 14 (A-a) and (B-a) show the photograph and SEM
(Scanning Electron Microscopy) image of the LaBg cathode
before and after more than 10 hours exposure to the discharge,
respectively. We can see from Fig. 14 (A-a) and (B-a) that the
color of the part of the LaBg cathode surface change from
deep purple to red purple. The EDX (Energy Dispersive X-
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ray) analysis shows the decrease in the intensity of the spec-
trum from the boron in the region where the color of the
LaBg changed to red purple (see Fig. 14 (A-b,c) and (B-b,c)).
The detailed EDX analysis within the whole region of inter-
est shows that the ratio of the number of boron decreased by
20 % after discharge at the same region, as shown in Fig. 15.
It is reported that the color of the LaBg change to red purple
when the atom number ratio of boron is decreased’®*!. In
addition, the study on the boride cathodes has shown that the
boron diffuses to the lattice defect of molybdenum when the
attached LaBg and molybdenum are heated?®. Cracks are also
observed on the molybdenum shaft after more than 50 hours
of discharge exposure, and white powder is produced from the
LaBg cathode surface, which are the indication of the migra-
tion of boron atoms to the molybdenum as reported in Ref.
2042 " These results and previous studies show that the boron
diffused to the molybdenum shaft during the discharge and
other material or structures must be adopted to the cathode
shaft for realizing long operation duration of the PW, such as
buffer material between LaBg and molybdenum or fabrication
of the shaft with carbon.

IV. SUMMARY

We have developed a cascade arc discharge apparatus for
an 8-mm large bore PW equipped with an indirectly heated
hollow cathode to realize sufficiently high-pressure separation
capacity and long duration for paving the way for a broader
range of the application of the quantum beam science. The
developed PW successfully separated 2.4 kPa and 16 Pa, and
pressure separation capability was sustained for more than 1
hour. H-f Stark broadening and the Thomson scattering mea-
surements showed that the electron density and temperature
inside reached 10'°-102 m—3 and 2.0 eV, respectively, in-
dicating that high-density and high-temperature plasma was
produced in the channel. The power balance analysis on the
electron thermal energy revealed that the neutral density and
temperature inside the channel reached 10> m—3 and 4000 K,
respectively. The conductance analysis confirmed that the gas
temperature, thus the electron temperature and density, is an
important parameter to improve the pressure separation capa-
bility of the large-bore PWs. The SEM-EDX analysis on the
LaBg¢ cathode showed that the boron diffused to the molybde-
num shaft. The molybdenum shaft became brittle after more
than 50 hours of discharge, indicating that the replacement of
buffer material from molybdenum to other material is neces-
sary for long-duration operation.
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