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Abstract

Cascaded arc plasma has been widely applied in'linear plasma devices (LPDs) to
produce high flux plasma for the study of plasma-material interaction. In this work,
cascaded arc He plasma produced in an, LPD with a compact arrangement is
investigated by voltammetry and optical ‘emission spectroscopy (OES). The results
show that the cathode potential nereasesiwith the discharge current while it firstly
decreases and then increases as increasing the gas flow rate. A local reverse electric
field is observed at low gas flow rates between two cascaded plates (i.e. floating
electrodes) near the cathode. The OES’ results reveal that as the gas flow rate
increases, the intensity of He™ lines increases and the electron excitation temperature
(Texc) decreases. As increasing the discharge current, the intensity of He lines exhibits
various trends at different gas flow rates, showing a monotonic decline at 1.94 sim
and a first increase followed by a reduction at 3.52 slm. The Tey increases with the
discharge current. These findings could preliminarily shed light on the properties of
cascaded arc of He plasma in the compact LPD and aid in the optimization of the
device to generate the high-flux divertor-relevant plasma.

Keyweord: cascaded arc He plasma, electron excitation temperature, emission line, V-I
characteristic, linear plasma device
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1. Introduction

Under the bombardment of plasma with extreme ion flux (~102* m-2s1) and heat
flux (~10 MWm-2), the wall in the future fusion reactors will be seriously eroded,
limiting the lifetime of wall components and affecting the purity of fusion plasma.
Plasma-wall interaction (PWI) has been one of the most critical issues with respeet to
the performance, safety and availability of fusion reactors!t. In the present. fusion
devices, PWI issues have been widely studied. However, the significant.gaps for some
crucial PWI factors between the present tokamaks and future fusion reactor, like ion
fluxes and fluences at the strike point, temperature of the plasma-facing components,
pose large difficulties to explore all physics of PWI. g

The versatility of linear plasma devices (LPDs) provides the possibility to close
these research gaps. LPDs can produce the long-pulse and steady-state plasma,
allowing to continuously expose materials to gain the desired/fluence. At present,
some LPDs can generate the plasma with ion and 'heat fluxes expected in the ITER
divertor 251, Meanwhile, the LPDs offer good accessibility and compatibility for the
diagnostics including plasma diagnosis and sample analglsis to in-situ and real-time
study PWI processes [€l. In addition, compared withtokamaks, the construction and
operation costs of LPDs are significantly cast-effective. These features make the
LPDs important experimental platforms.to investigate PWI processes.

Various LPDs have been developed based on different plasma sources [-111,
However, only the helicon wave plasma source B! (Proto-MPEX) and cascaded arc
plasma source (CAPS) (Magnum-PSI/Pilot-PSI/CIMPLE-PSI) [2-4] have been reported
to produce the plasma WiQ ion flux up to 102 m=2s1l In China, within the
Comprehensive Research Facility for Fusion Technology (CRAFT) project, a large
superconductingdinear plasmadesting facility based on CAPS will be built to address
some key R&D issuesof plasma-facing materials and components for China Fusion
Engineering Test Reactor (CFETR) and the facility is expected produce the reactor-
relevant plasma (ion flux > 1024 m-2s-1) with duration of more than 1000 s [12]. To test
and optimize the plasma source, a compact LPD, as a forerunner of the CRAFT LPD,
has been established [12 131, The device is characterized by a compact designment
which enables to enhance the magnetic field at the moderate current, realizing the
long-pulseroperation. The Ar gas was initially utilized as the working gas and how the
Ar plasma operates in the compact arrangement is revealed in the previous work [13],
Ar, however, is not the tokamak's primary working gas. He or hydrogen isotope
gasses should be used as the working gas in the compact LPD. This requires to
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diagnose the He or hydrogen isotope plasmas for the full understanding of the
properties of plasmas in compact LPD and the application in PWI.

In the context, the upstream plasma in the CAPS is diagnosed by voltammetry
and the cathode potentials under different currents and gas flow rates are acquired.
Based on the measurements, the plasma behaviors can be deduced in the CAPS which
can be considered as a ‘black box’, that is, it is difficult to directly diagnose the
plasma. The optical emission spectroscopy (OES) is employed to characterize the
downstream plasma. The radiation emitted from the plasma is revealed, which relates
to the kinetic mechanism of He atoms. In addition, one of the basic/plasma parameters,
i.e. electron temperature, is calculated by Boltzmann plot method. Based on these
measurements, the properties of He plasma in the compact LPD c% be revealed,
which will help us to optimize the discharge conditions to»achieve the divertor-
relevant plasma. This work is organized as follows. Insection 2, the experimental
setup is briefly described. In section 3, the results are presented and discussed. The
last gives a summary.

2. Experimental setup

Figure 1 shows the schematic of the compact LPD. A cascaded arc plasma source
is utilized to generate the high-density plasma. The plasma source is mainly composed
of a tungsten cathode, five copper cascaded plates as the floating electrodes, and a
copper anode. The plasmassource is connected to a 100 kW DC power source and the
voltages between the electrodes are measured by a multimeter (Fluke, 17B+). The
plasma source is mounted on a compact vacuum chamber with the inner diameter of
about 120 mm. The compact}rrangement enables to reduce the inner size of magnets
for enhancing the magnetic field. To mitigate the thermal deposition on the chamber
wall, an actively water-cooled jacketed design is adopted. The chamber is evacuated
using a Roots pump with'a pumping speed of 4500 m3h-! backed by a mechanical
pump of 630 m3h. The pump system maintains the vessel pressure at several Pa
during discharge. Four conventional water-cooled solenoid magnets are utilized to
produce high magnetic field to confine the plasma. To increase the plasma density as
much as possible, the whole plasma source together with the vacuum chamber are
enclosed by/the magnets. Figure 2 presents the axial distribution of magnetic field at
different coil currents. The magnetic field up to 1 T can be achieved in the device. In
figure2, the origin z = 0 is taken at the nozzle of anode. More details about the device
can be found elsewhere [12.13],
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Figure 1. Schematic of the linear plasma device (not to scale.
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Figure 2. Axial distribution of the:smagnetic field in the SPARROW device at
different coil currents. The origin.z = 0 is taken at the nozzle of anode.
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As a non-invasive and simple, plasma diagnostic method, optical emission
spectroscopy (OES) has-been extensively applied in the linear plasma device. The
excited species at upper level in plasma will emit the radiation when spontaneously
relaxing to a lowerdevel 4. Based on the emitted radiation, the species in plasma can
be distinguishedsThe ninformation about basic plasma parameters, i.e. electron
temperature (Te) and electron density (ne), can be determined via the intensity or line
shape of the"emitted.lines. Hence, an OES system is built as well to gain insight into
the optical properties ofyplasma as shown in figure 3. A plano-convex lens with focal
length of 180:mm located at about 290 mm away from CAPS is employed to collect
the ‘emission light of downstream plasma. The light is focused onto a fiber bundle
consisting of 8 fibers. The fiber bundle delivers the light to a muti-channel
spectrometer (AvaSpec-Mini 4096CL, Avantes). The spectrometer is comprised of 8
modules and covers the spectral range of 200 to 960 nm.
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Figure 3. Photo of OES diagnosis for plasmain compact LPD.

3. Results and discussion y

3.1 Characteristics of upstream plasmadiagnosed by voltammetry

Figure 4(a) presents the results of V-l characteristics under gas flow rates of 3.52
slm and 0.88 slm at Bsource = 0.72/T:when the currents of four magnets is set as 600 A.
Both the voltages increase as increasing the discharge current. The V-I characteristics
were measured in other LPDs\with CAPSas well. In SCU-PSI and DUT-PSI, the V-I
characteristics with positiveslope are also found(®> 161, While the V-I characteristics in
Pilot-PSI has a negative slo% over the whole range of investigated currents at high
gas flow and shows a ghallow minimum at low gas flow!"]. The discrepancy should
be ascribed to the different working gas and configuration of plasmas source. In Pilot-
PSI, the working ‘gas was H> and the CAPS contained three cathodes while in other
devices He was the warking gas and only single cathode was used.

The positive slope V-1 characteristics could arise from the relationship E = j/o

in which'E.is the electric field (representing the voltage), j the current density and o
the electrical.conductivity 181 In the arc column, & increases with the arc temperature.
However, due to the original large o, the additional Joule heating is small, leading to a
small increase in arc temperature, that is, o increases lightly 19, On the contrary, |
increases linearly with the discharge current. Therefore, the electric field is enhanced
that is, the voltage increases with discharge current.
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Figure 4. Voltage between cathode and anode as a function of (a):discharge current
and (b) gas flow rate. Discharge conditions: (a) gas flow rates of 3/52'sIm and 0.88
slm with Bsource 0f 0.72 T, (b) discharge currents of 50 A, 80'A;,100 Aand 120 A with
Bsource = 0.72 T.

The correlations between gas flow rate and are voltage are shown in figure 4(b).
The arc voltage firstly drops and then rises with the increftse of gas flow rate. This is
also different from the cathode potential in Pilot-PSI which increases as increasing the
gas flow rate (71, The drop in voltage should ascriberto the broadening of arc column.
The increase of gas flow rate causes the collision between the particles. As a result,
the radial cross-field transport of charged.particles is enhanced and the arc column is
broadened, leading to the decrease of are.voltage. In addition, Bora et al proposed that
more thermionic electrons will.be emitted from the cathode when the gas flow rate
rises to lower the voltage drop near the cathode 20, which may also reduce the whole
arc voltage. When thesgas,_flow/rate continues increasing, the arc column is
surrounded by a cold boundary layer near the wall of electrodes and the arc
temperature decreases by the«convective heat. The drop in temperature induces the
drop in ¢ which.increases the arc voltage 1. Moreover, the gas dynamic forces the
arc roots to move more downstream to lengthen the arc column [8 221 Jeading to an
increase inrarc voltage according to Nottingham equation [23, Hence, the voltage
increases at the high gasflow rate.

Aninteresting phenomenon is observed in our experiment. Figure 5 presents the
voltages between anode and the first two cascaded plates, denoted as Vi and V2
respectively, versus gas flow rate. Normally, the 1% cascaded plate is closer to the
cathode and V1 should is greater than V2. However, it is found that V1 is smaller than

V, at the low gas flow rate (<1.3 slm) at 100 A and 120 A andV, =V, at 50 A. This

Page 6 of 16
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36 9 3.2 Characteristics of downstream plasma diagnosed by OES
g; 10  3.2.1 Overview of the spectrum
39 11 The downstream plasma was diagnosed by OES. Figure 6 shows the typical
40
41 12 spectra of He plasma with'discharge currents of 50 A and 120 A at gas flow rate of
fé 13 1.94 sim when the magnetic field at measured region of OES (Boks) is about 0.67 T
44 14  which is also generated by the currents of four magnets of 600 A, that is, distribution
45 S, - -
46 15 of magnetic fieldiissidentical to the case of Bsource = 0.72 T as shown in figure 2. Here,
2573 16  Boes is used to more accurately describe the discharge conditions. In general, the He
49 17  atoms lines'emitted:by the levels with the small principal quantum number (n<5) are
g? 18  observed[?-27 In our spectrum, the atomic line of 355.44 nm which is emitted by the
52 19  level'with n'up“to 10 are distinguished clearly at 120 A. Besides, the ionic line of
53
54 20 468.6.nm is also found, which does not be reported in the literature(?4271, And this
gg 21 /suggests that the electron density should be high in our plasma.
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Figure 6. Typical spectra of cascaded arc He plasma at discharge currents of 50 A
and 120 A, gas flow rate of 1.94 sim and Boes of 0.67 ™

3.2.2 Behavior of the He atomic lines

Figure 7 shows the intensity of three typical He"llines with the wavelength of
587.6 nm, 667.8 nm and 706.5 nm as a function of.gas flow rate at discharge current
of 50 A and the magnetic field in OES region{Bogs) of9.67 T. With the rise of gas
flow rate, the intensity of these lines sharply becomes intense. This can be explained

by the increase of population of the ‘upper._ level, namely, 3°D,, 3'D, and 3’S,,

because the emission intensity of a,spectral line is directly related to the population of
upper excited state of transition.

T T T — T T T T T 1
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Figure 7. Intensity of He I lines (587.6 nm, 667.8 nm and 706.5 nm) as a function of
the gas flow rate with discharge current of 50 A and Boes = 0.67 T.
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As for the downstream cascaded arc plasma, it belongs to recombing plasma and
the recombination processes dominate the plasma [28-30, The He atoms at excited
states (He™) can be produced via the recombination processes, including the radiative
recombination and three-body recombination [¢7], as given by

He* +e — He’ M
k, =6.67x107°T, % cm’s™ Bl

He® +2e —» He +e

~ 2
k, =7.8x10"* (Te /Tg) * emés e @

where k is coefficient rate; Te has unit eV and Ty has unit K.

Furthermore, it has been reported that the He atoms at the excited level of 33S;
(He™(33S1)) emitting the line of 706.52 nm can be generated by the dissociative
recombination of helium-molecular-ion (Hez*) as given by reaction (3)[32-34. Hey* is
mainly formed via three-body ion conversion (reaction.(4)):and associative ionization

collisions with highly excited He atoms (He"(nz3))B34,3°D, and 3'D, species
emitting 587.6 nm and 667.8 nm should have/similarpragduction paths as these three

lines show almost identical behavior 32,341,
He;, +e —>He'+ He

ky =7.12x10.° (T, /T, )’l'5 cmst B1] ®)
He" + 2He— He, + He

k, =1.4x10:*(T, /300) " cmés™ 21 )

He (n>3)+He > He; +e -

ke =155%10% cm’s™ 135]

With the increase of gas flow rate, it has been found that the ne increases(ts: 16],
which indicates that mere populations of He* can be produced by the recombination
reactions (1) —/(3), leading to an increase of corresponding spectral lines intensity.
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Figure 8. Intensity of He I lines (587.6 nm, 667.8 nm and 706.5_am).as a function of
discharge current with the gas flow rate of (a) 1.94 slm and (b) 3:52 sIm

Plotting the intensity of He atomic lines with the wavelengths of 587.6, 667.8,
and 706.5 nm against the discharge current at gas flow rates.of 1.94 sim and 3.52 sIm,
respectively, is shown in figures 8(a) and 8(b). As discharge current increases, the
intensity of these lines drops monotonically at 1.94 slm, while it initially increases and
then decreases at 3.52 sIm. The deceases in the' lines” intensity indicate that the excited
He atoms are depopulated. However, assmentioned above, the recombination reactions
dominate the downstream plasma, which populates the excited He atoms yet. So, the
depopulation of He" should be_caused in, the cascaded arc plasma source. It is
demonstrated that the increase of discharge currents can increase ne [15 16 which
indicates that the ionizationis enhanced. The excited He atoms could be consumed in
the ionization processes via-eleectron impact ionization and Penning ionization as

given by
“He'e > He' +2e .
ks =1.5x40°T** exp(—24.58/T,) cm’s™ [3] (6)
He" +He" — He+He" +e
(7)

ky=8.7x107(T, /300)"" cm’s™ (31

Therefore, with.the increase of discharge current, more He™ are ionized and the
populations decrease innthe plasma source. Through the recombination processes in
the downstream can re-populate the He", the depopulation induced in the plasma
source still outnumbers the population produced via recombination reactions, leading
to a drop in the lines’ intensity in the downstream at the gas flow rate of 1.94 sim.

At 3.92 slm, the recombination reactions are enhanced due to the high ne [15 6],
and the population of He” induced by the recombination reactions exceeds the

depopulation caused by ionization reactions at low discharge currents. So, the lines’
10
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intensity increases at first as increasing of discharge current. When further increasing
the discharge current, the ionization processes become drastic and more He* are
converted into ions. The depopulations of He™ induced by the ionization reaction
surpass the populations of He™ caused by recombination reaction, leading to that'the
lines’ intensity decreases.
3.2.3 Electron excitation temperature

For plasma with high degree of ionization (> 10-%), the free electrons are solely
responsible for the plasma excitation/deexcitation Kinetics and the Atemic State
Distribution Function (ASDF) obeys the Saha-Boltzmann distribution [37.381.71n this
case, the production and destruction of free electrons are governed by Saha balance
and the excitation and deexcitation of excited levels are described\by Boltzmann
balance. The plasma is said to be in Local Saha Equilibrium (LSE) B7%%8. However, in
general, the electrons cannot control full ASDF but only:the top excited levels. This
situation is called the partial LSE (pLSE). In this case, the electron excitation
temperature (Texc) describing the Boltzmann “distribution” is equal to electron
temperature (Te). .

Boltzmann plot is a popular method to determine Texc Which employs the relative
intensity of the spectral lines using the following equation [29. 30, 39]

In[lpqlqu:— EP +C (8)
AL9; KgT.

exc

where lpq is the intensity of.emitting linep.Ayq is the wavelength, gp is the statistical
weight of upper level p, Ayq isithe transition probability, E; is the energy of level p and
C is a constant. Using equation (8) as a plot, where the horizontal axis is E, and the

N
. . I, A N . .
vertical axis is In[MJ, creates a straight line whose negative reciprocal of the

qugp
slope is Texc.
Table 1. Spectral lines of He | and their parameters
Apq (NM) Ep (W) Apg 51 dp Upper level Lower level
388:86 23.0071 9.47E+06 3 1s3p °P° 1s2s °S,
402.62 24.0427 1.16E+07 7 1s5d °D, 1s2p *P?
447.15 23.7360 2.46E+07 7 1s4d °D, 1s2p °P?
47131 23.5940 5.29E+06 3 1sds °S, 1s2p °PY

In our work, four He lines emitted by the excited levels close to ionization state

11



oNOYTULT D WN =

v A W N

O 00 N O

10
11
12
13
14
15
16
17

AUTHOR SUBMITTED MANUSCRIPT - PHYSSCR-128018.R2

listed in Table I, are chosen to determine the Tex.. Figure 9 depicts the Boltzmann plot

by using the four He lines. The Adj.R? (Adjustable Coefficient of Determination) of

linear fitting is close to 0.99 which indicates that the upper levels emitting these four

He | lines obeys Boltzmann distribution and the Texc can be thought of as Te.
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Figure 9. Boltzmann plot obtained fromithe He I'lines selected. The discharge

conditions: gas flow of 1.94 sIm, discharge current of 60 A and Boes = 0.67 T
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Figure 10. Electronexcitation temperature as a function of (a) gas flow rate with

diseharge current of 50 A and Boes= 0.67 T and (b) discharge current with gas flow
rate of 1.94 slm and Boes = 0.67 T.

In figures 10(a) and 10(b), the Tex is plotted against the gas flow rate and the

discharge current, respectively. In the investigated range, the Tex is close to 1 eV,

which is equivalent to the T, of He plasma measured by Thomson scattering in Pilot-

12
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PSI27] and Magnum-PSI[24, The Tex decreases as increasing the gas flow rate and
raises with the increase of the discharge current. As seen in figure 10, a rise in gas
flow rate results in an increase in pressure, which may shorten the mean free path of
particles in plasma. The collisions between the electrons and heavy particles become
intense and the electrons loss the energy in the collision, leading to a drop inTex. As
increasing the discharge current, the electric field in plasma source is enhanced as
shown in figure 4(a). The electrons can obtain more energy in the enhanced electric
field and Te increase in the plasma source. Due to no external electromagnetic field in
downstream plasma, the increase of Te in upstream CAPS induces the rise,in Tex in
downstream plasma.

T T T T T T T
| [-®w—Measured data = 4
Linear fitting e

o

o]
—T T

~

Pressure (Pa)
[4)] [+2]
&
1

B

// ______ : ________

o L Ny, =R ¥ -

0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

w

Gas flow rate (sIm)

Figure 11. Correlation between pressure and gas flow rate

) N
4. Conclusion

In summary;:both the upstream and downstream He plasmas in a compact LPD
are investigated by voltammetry and OES, respectively. The arc voltage, behaviors of
emission lines@and Texe in the He plasma are studied.

1. Based on the-equation E = j/o, the V-I curve has a positive slope because of

the increasein current density brought on by the rise in discharge current. At the low
gas flow, thesincrease of gas flow rate could broaden arc column, leading to a drop in
the,voltage whilst the cool gas reduces the plasma temperature and ¢ decreases so that
the voltage turns to increase at large gas flow rate. In addition, a local reverse electric
field.is‘'observed between the two cascaded plates close to the cathode.

2. The intensity of three typical He atomic lines (587.6 nm, 667.8 nm, and 706.5
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nm) increase with the gas flow rate because recombination reactions can populate the
upper levels. The monotonic decreases in these lines' intensity at the gas flow rate of
1.94 slm are observed as increasing the discharge current, which is ascribed to the
depopulation of upper levels in the ionization processes in plasma source. In contrast,
with the increase of discharge current at gas flow rate of 3.52 sIm, these lines.exhibit
an initial increase in intensity followed by a subsequent reduction. The upper levels
should be populated by the recombination reactions at small current, whereas at.large
current the ionization processes become drastic, causing the depopulation of upper
levels and a decrease in line’s intensity.

3. The electron excitation temperature is calculated by Boltzmann plot on the
assumption that the top levels of He atoms are in pLSE. Increased\ pressure from
rising gas flow rates causes drastic collisions between electrons and‘heavy particles.
In the collision, the electrons lose energy and Tex fallsiMore power is input into the
plasma source as the discharge current increases, and the.electron is heated by Ohm
heating. Thus, the electron temperature in plasma source rise, which results in an
increase of electron temperature in downstream'plasma, namely Tex increases.
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