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A plasma recombination experiment was carried out using the linear electron cyclotron resonance (ECR)
plasma device NUMBER as a preliminary step for forming a detached plasma. The electron density measured by

an electrostatic probe in a divertor-simulated region was successfully increased up to approximately 6 x 10'7 m=3.

3

This increase was realized by installing an additional gas feed system to the region and using a circular polarizer to
control the microwave polarization. Passive spectroscopic measurements performed on the high-density plasma
yielded line spectra of He I 2°P—n®D for the principal quantum number n < 13, which are characterstic of helium
recombining plasma. The line spectra were used to calculate an electron temperature of approximately 0.055 eV
and an electron density of approximately 1.33 x 10'® m~ by the Boltzmann plot method and Saha-Boltzmann

equation, respectively.
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1. Introduction

In tokamak fusion reactors, a plasma is eventually
transported along magnetic field lines in the scrape-off
layer (SOL) to a divertor. The steady-state heat flux into
the DEMO divertor plate is expected to be more than
10MW/m?, even when radiation loss is sufficiently ac-
counted for. However, the heat capacity of the divertor
plate is considered to be below 10 MW/ m? [1]. Thus, heat-
load reduction strategies are being investigated to realize
steady-state operation and extend the life of the divertor.
The most promising of these strategies is inducing volu-
metric recombination to form a detached plasma in the di-
vertor.

To elucidate the atomic processes that occur in an
SOL-divertor plasma, extensive simulations on divertor
plasma have been performed by utilizing linear plasma de-
vice. The simple configuration of these devices provides
flexibility in the experiments [2]. These linear plasma de-
vices utilize a variety of plasma sources, such as direct cur-
rent arc discharge [3], radio frequency discharge [4], and
electron cyclotron resonance (ECR). A linear plasma de-
vice used in this study, NUMBER [5], is employing an
ECR plasma source. ECR is considered to be capable of
producing nonequilibrium and anisotropic plasmas. These
are considered to be a cause of uncertainty in the detach-
ment physics.

However, we have not observed a detached plasma or
a volumetric recombining plasma in the experiments using

author’s e-mail: k.yagasaki@kyotofusioneering.com
*) This article is based on the presentation at the 31st International Toki
Conference on Plasma and Fusion Research (ITC31).
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NUMBER. This result was obtained for two main reasons.
The first reason is that the electron density of the plasma
is a few orders of magnitude lower than that achieved in
devices employing other plasma sources. A plasma with
a high electron density n. and a low electron temperature
T. is required to induce volumetric recombination. Two
experimental parameters are known to increase the elec-
tron density n.: the forward microwave power Ps, and the
neutral pressure p, in the divertor-simulated region. How-
ever, the electron density has not been able to be increased
sufficiently to induce volumetric recombination.

The second reason is the coexistence of different pres-
sure requirements in the device. A relatively low pressure
of below 1 Pa is required to produce a plasma by ECR.
However, the neutral pressure in the divertor-simulated re-
gion should be near that of a real divertor, i.e., approxi-
mately 10Pa. This difference in the two aforementioned
pressure requirements may inhibit ECR plasma production
or narrow the window of conditions over which a recom-
bining plasma can be generated.

In this paper, improvements made to NUMBER to in-
crease the electron density of the plasma and the results of
plasma diagnostics are reported. The first observation of
volumetric recombination is then presented. The experi-
mental setup is described in Section 2. The implementa-
tion of the improvements are described in Section 3, and
the results of plasma experiments are presented in Section
4. The study results are summarized in Section 5.

© 2023 The Japan Society of Plasma
Science and Nuclear Fusion Research



Plasma and Fusion Research: Regular Articles

Volume 18, 2401082 (2023)

TMP

capacitance

gas feed port .
Q, = 0.4 Pa m3/s for He !! Langmuir probe %
/—
orifice

=

mlcrowave

2456Hz XX X1 X X X

. . if
production region oritiee

0.35 m3/s for He

spectrometers
capacitance

gas feed port
Q; = 0.4 Pa m3/s for He

test region

Langmuir probe "
ion source

B [T]

0.3F ' I ' T ' .
0.2F
o N ‘?_:BECR B /

chamber

TMP
0.50 m3/s for He

/

0 1

o)
S
o

z[m]

g
)]
N

Fig.1 A schematic of NUMBER and the magnetic field at the center of the cylindrical vacuum vessel at  ~ 13 ms.

2. Experimental Setup

NUMBER is a linear plasma device with a cylindri-
cal vacuum vessel of 0.2 m diameter and 4 m length. Fig-
ure 1 shows the three regions in the device in which plasma
experiments are carried out. In the production region, an
overdense plasma is produced by ECR using a continuous
microwave at 2.45 GHz under a steady-state ~ 0.1 T mag-
netic field. The microwave is injected along the magnetic
field lines from the high-field side. The maximum inci-
dent power of the microwaves is 6 kW. The microwave
is converted from the rectangular TE;y mode to the cir-
cular TE;; mode before being injected through a quartz
window into the device. The plasma is transported from
the production region to the test region (divertor-simulated
region) by applying a magnetic field of By < 0.3T to
the test region, and is terminated by an end plate. In the
production and test regions, the plasma is measured using
electrostatic probes at z = 0.57m and z = 1.53m, and
passive spectroscopic measurement at z = 1.68 m. An ion-
source chamber is located behind the test region and uti-
lized as an exhaust path in the present experiments. The
typical plasma parameters for NUMBER in the test region
are n,~1-2 x 1017m=3 and T, ~5eV. The typical time
dependences of these parameters are shown in Fig. 2.

Helium gas was initially fed only to the plasma pro-
duction region at a constant flow rate Q, < 0.05Pa m3/s.
The gas was differentially exhausted using one or both of
two turbo-molecular pumps. Experiments in this paper are
carried out with exhaust by only one pump installed be-
tween the production and test regions except for the exper-
iments described in Section 4.2, which uses two pumps.
The neutral gas pressure was measured by two capacitance
diaphragm gauges. One gauge was installed at the z posi-
tion of the end plate [6], and the second gauge was installed
between the two regions, at z = 0.85 m. The first gauge was
used in the experiment except for the case shown in Fig. 7,
which uses the two gauges. To feed a sufficient quantity of
neutral gas into the device, a high-flow-rate mass flow con-
troller (MFC) was installed in parallel with a low-flow-rate
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Fig. 2 Typical time dependence of (a) the forward microwave
power Py, (b) magnetic field in the test region B, (c)
electron temperature in the test region T s, and (d) elec-
tron density in the test region 7 jeg-

MEFC. The maximum flow rate of the high-flow-rate MFC
is 0.85Pam?/s, and gas can be fed up to 0.40 Pam?/s in
practice. A new feed port was installed in the test region.
The gas feed opening is located at the center of the cylin-
drical vacuum vessel and used to feed gas axisymmetri-
cally from behind the end plate. Thus, NUMBER offers
flexibility in using these different combinations of the two
gas feeding ports and two mass flow controllers. This im-
provement enabled a pressure of 5Pa to be achieved in
the test region. This pressure is comparable to that ex-
pected for a DEMO divertor [7]. Higher pressures could
be achieved by reducing the conductance of the gate valves
at the front of the turbo-molecular pumps.
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3. Installation of a Circular Polarizer

Increasing the forward microwave power caused an
increase in n., which however was still not sufficient to
generate recombining plasma, even at the maximum for-
ward power. Therefore, we investigated varying the polar-
ization state of the microwaves. The incident microwaves
were linearly polarized, and approximately 60% of the for-
ward power was reflected back without being absorbed by
the plasma. We installed a Teflon circular polarizer in the
waveguide (see Fig.3) to induce a right-handed circular
polarization in the microwave, such that the microwave
could be effectively absorbed by the plasma as a R-wave
[8]. The polarizer dimensions were based on those used
in Noguchi et al. [9]. To prevent the polarizer from be-
ing damaged by excessive microwave irradiation, the mi-
crowave injection time is sequence-controlled to 1 second,
which is the shortest reasonable injection time for conduct-
ing experiments. The polarizer is fixed in a 2 cm-long cir-
cular waveguide, as shown in Fig. 3, that is then inserted
into the existing circular waveguide section. The polarizer
can be rotated by 45 degrees for mounting.

An experiment was carried out on the installed polar-
izer to confirm its effectiveness. The experiment consisted
of varying the mounting pattern of the polarizer, and mea-
suring the forward and reflected microwave power (Pgor
and Py, respectively). The results are shown in Fig. 4.
The mounting patterns are shown in Fig. 4 (c). Before the
polarizer was installed, P/ Pgor Was ~ 60 % (Pattern 1).

Pattern 2 was corresponding to a 2-cm extension of the
circular waveguide in the absence of a polarizer. Pattern 2
resulted in a slight decrease in the ratio of the reflected
power to the forward power (the reflection ratio), which
was attributed to a change in the wave transmission caused
by the change in the waveguide length.

The polarization direction in Pattern 3 is that of the
E field of the incident microwave. However, the reflec-
tion ratio decreased even when Pattern 3 was used, which
was considered to result from the insertion of the dielec-
tric being inserted into the waveguide. Pattern 4 is the
configuration used to induce a right-handed circular po-
larization in the microwave. The reflected power reached a
minimum for Pattern 4, as expected. That is, Pt/ Pyor de-
creased to ~ 20 %. However, even under a pattern of induc-
ing left-handed circular polarization (Pattern 6), Pret/Prsor
decreased to ~20 %. The cause of the decrease in the re-
flection ratio is unknown. One possible explanation for this
result is absorption induced by inversion of the polarization
to the L-wave near the ECR point [10, 11].

The forward microwave power was varied for Pattern
4. The results are compared with those obtained before
the polarizer was installed in Fig.5. The installation of
the circular polarizer resulted in a decrease of the reflected
microwave power P over the full range of the forward
power (see Fig.5(a)). This result implies that a right-
handed circular polarization was successfully induced by
the polarizer. The polarizer caused the ion saturation cur-
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Fig. 3 Polarizer installation.
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Fig. 4 (a) Forward and reflected power for each mounting pat-
terns of the polarizer. (b) The ratio of the reflected power
to the forward power. (c) Schematic of the mounting pat-
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Fig. 5 (a) The reflected power as a function of the forward
power and (b) the ion saturation current in the test region
as a function of the port-through input power.

rent in the test region to increase (see Fig. 5 (b)), where the
horizontal axis is the port-through input power Py defined
as below:

Ppt=Pfor_Pref‘ (1
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4. Results

4.1 Varying the experimental parameters

After the ion saturation current was measured (the re-
sults are shown in Fig. 5), an electrostatic probe was used
to measure the electron temperature 7. and electron den-
sity n. in the test region over a range of microwave pow-
ers (see Fig. 6). T, was almost constant in the high power
region at approximately 5eV. By contrast, n. increased
monotonically. The gas flow rate Q, = 0.05Pam?/s cor-
responded to the upper limit of the low-flow-rate MFC.

A high-flow-rate MFC was then installed to feed gas
from the production region, and the dependence of T, and
n on the neutral pressure was confirmed. The gas flow rate
was varied over the range of 0.05-0.40 Pam?/s. The corre-
sponding neutral pressure range was 0.3-2 Pa. The results
are shown in Fig. 7. The circular polarizer caused n, to in-
crease in both the production and test regions. In the pro-
duction region, ne proq T€ached approximately 10¥ m=3 at
the maximum. In the test region, n. (. Was increased by a
factor of two, where the highest value was approximately
0.6 x 10" m=3. Since the rate coefficient of three-body
recombination is proportional to ., these results imply
that a good plasma that is capable of forming recombin-
ing plasma is produced in NUMBER. However, relatively
little change was observed in 7 in both the production and
test regions. It can be concluded that increasing the neutral
pressure did not positively affect 7.

Next, passive spectroscopy measurements were car-
ried out on the high n. plasma in the test region. In a helium
plasma, volumetric recombination is characterized by the
emission of Hel 2*P-n*D for the principal quantum num-
ber n > 10. Observation of these emissions is evidence of
the generation of a recombining plasma. Figure 8 shows
the measured results obtained using a 1200/mm diffraction
grating over the wavelength range 342378 mm, including
the corresponding spectra.

In Fig. 8, the line spectra can be identified for n < 8,
but are unclear for n > 9. Thus, a recombining plasma
was not observed even under the experimental conditions
where the highest n, was obtained by controlling the flow
rate from the production region Qp.

4.2 Feeding additional gas into the test
region

In order to generate recombining plasma, an experi-
ment to feed additional gas to the test region via a newly
installed port was carried out. The aim of this experiment
was to directly feed neutral gas into the test region, thereby
increasing n, by ionization and decreasing 7. by collisions
with the neutral gas. The flow rate to the production region
O, was fixed at 0.05 Pa m?3/s, and the flow rate to the test
region Q; was varied between 0.17 and 0.40 Pam?/s.

The electrostatic probe measurements are shown in
Fig.9. The error bars in the figure represent the standard
deviation in the data over a time range of 10 < r < 30 ms,
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Fig. 6 Results obtained by varying Py,,: T and n. in the test re-
gion (10 < 7 < 30ms, Py = 4.7kW, Q, = 0.05Pam?/s,
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Fig. 8 Spectroscopic data of an He plasma with the highest 7,
in the test region (15 < t < 17ms, Py = 47kW, O, =
0.135Pam’/s, Q; = 0Pam?/s, and p, = 0.88 Pa).

=
e

where n. gradually decreases and 7. slightly decreases.
The values of T, and n. in the test region were not consid-
erably different from those observed without the additional
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Fig. 10 Spectroscopic data of He obtained using an additional gas
feed (15 <t < 55ms, Py = 4.7kW, Q, = 0.05 Pam?’/s,
Q. = 027Pam’/s, and pn = 0.82Pa). The He I,
23P-n’D lines are indicated by the numerals.

—
(1))

feed shown in Fig. 7.

However, different spectra were obtained with and
without using the additional feed. That is, n < 13 emis-
sions of Hel 2°P-n*D were identified in the spectra ob-
tained using the additional feed, as shown in Fig. 10. How-
ever, in experiments with slightly different gas feeding
conditions, spectra such as those shown in Fig. 10 could
not be clearly identified. In conclusion, there appears to be
an extremely narrow range of experimental conditions for

generating a recombining plasma.

4.3 Estimation of 7. by the Boltzmann plot
method

The electron temperature T, was estimated by apply-
ing the Boltzmann plot method to the observed emissions
from the highly excited levels of He. The Boltzmann plot is
used to estimate the electron temperature of the recombin-
ing plasma from the intensity of high-n line spectra. The
observed line spectra of the transition between states of g
(low) and p (high) is used to calculate the population den-

sity at state p as follows:
4r Iy,

=M 2

"= T A @

where I, is the intensity of the line spectra, A, is Ein-
stein’s A coeflicient between the states, and L is the obser-

Table 1 Atomic data of He I.

Transition Ep [eV] An[s gn  Ref.
23Py - 7°D, 2430954  2.1961 x 10° 15 [12]
23p, - 83D, 2437468 1.4479x10° 15 [12]
23Py - 93D, 2441933 1.0060x 10° 15 [12]

3Py — 10°D; 2445127 72772x10° 15 [12]

3Py — 113Dy 2447490 52611 x10°* 15  Fig. 11
2Py —12°D;  24.49287 3.9959 x 10 15  Fig. 11
2Py - 13°D;  24.50686  3.1025x 10> 15  Fig. 11
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Fig. 11 Power fitting to estimate the A coefficients for n > 11.

vation length of the plasma. Assuming the local thermal
equilibrium (LTE) conditions yields

np, E,
In| — | = —— + const., 3)
8p T.

where g, is degeneracy of the state p, E, is the energy
level of the state p, and T is the electron temperature of
the plasma. The electron temperature 7. can thus be ob-
tained from the line spectra data. Figure 10 shows the re-
sults obtained using the Boltzmann plot. The atomic data
used in the calculation are shown in Table 1. Data for the
A coefficients were not available for the principal quantum
numbers n > 11 and were estimated by power fitting of
6 < n < 10 data (see Fig. 11).

The results are shown in Fig. 12. The plot of the 9 <
n < 13 emissions can be approximated by a linear function,
which implies that these levels correspond to the LTE. An
electron temperature was calculated from these results as
T. of 0.055eV. This T, is comparable to those obtained by
the same method for other linear plasma devices [13, 14].
Therefore, the volumetric recombination process has been
successfully induced in an ECR plasma for the first time,
where the observed plasma was under the LTE. The elec-
tron temperature evaluated using the Boltzmann plot was
significantly different from that measured by the electro-
static probe, T. ~3eV. The probe was placed at 150 mm
upstream of the spectroscopic observation point, as shown
in Fig. 1. It would be a case that the boundary of the re-
combining plasma was located between the probe and the
spectroscopic observation point. The electron—ion relax-
ation time 7; was estimated as follows:

2401082-5
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~10™*s, (4)

mZe*lnA \me mj
where n; ~ 10" m is the ion density, Z; = 1 is the ion
charge state, and In A ~20. This time is comparable with
the plasma confinement time 7, in the test region, which
was estimated as follows:
to = % ~ 10745, (5)
where L, ~ 1 mis the plasma length and C; ~ 1.0 X 10*m/s
is the ion acoustic velocity. Although the two aforemen-
tioned time scales are comparable, the actual distance be-
tween the probe and spectroscopic observation positions is
shorter than the plasma length and the electron temperature
decreases by a factor of approximately 1/100 over the ac-
tual distance. Therefore, the dramatic temperature change
cannot only be explained in terms of the electron—ion re-
laxation process. There have been reports that a Lang-
muir probe cannot be used to make accurate recombin-
ing plasma measurements because of instantaneous poten-
tial fluctuations in the plasma [15-17]. A further analysis
of this phenomenon requires detailed measurement of the
spatio-temporal distributions of n. and T.

State boundaries lie between different equilibriums.
The lower boundary of the energy levels where the LTE
is realized is called Byron’s boundary pg [18], and is ap-
proximated as follows:

Z°R
3T’

PB = (6)
where R is Rydberg’s constant in [eV] and Z = 1 is the ef-
fective nuclear charge. Substituting 7, = 0.055 eV results
in a value for Byron’s boundary of the observed plasma of
approximately 9.1. This value is consistent with the fitting
range shown in Fig. 12, indicating LTE of the recombining
plasma. As the emission intensities obtained from spectro-
scopic measurements were line-integrated value, the radial

E =~24587 eV
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Fig. 12 Boltzmann plot obtained using the intensities of He I,
23P—n’D lines. The vertical line represents the first ion-
ization energy of the helium atom.

profiles of the electron temperature and density need to be
measured for further analysis. In a future study, radial mea-
surements will be performed by changing the probe posi-
tion and the height of the spectroscopic observation point.

4.4 Estimation of n. using the
Saha-Boltzmann equation
The electron density . of the recombining plasma can
be determined from the Saha—Boltzmann equation based
on the result of the Boltzmann plot. At the state p in LTE,
the Saha—Boltzmann equation can be written as

%CX _—Eoo_Ep
e O

ﬂ_zi( T
np 8p

4-71'61(2)EH(,<J

where n; is the density of the He ion, g; is the degener-
acy of the He ion, ay is the Bohr radius, Eye is the ion-
ization energy of the hydrogen atom, and E. is the first
ionization energy of the helium atom. The equation can be
transformed by assuming that p — oo, He?* is absent, the
degeneracy of He™ is g; = 2, and n = n;:

ng = 4n_” (L)z ) 8)

&p 47ra%EHoo

Substituting 7. = 0.055eV from the Boltzmann plot into
Eq. (8) yields the solution as n, = 1.33 x 10" m=3. This
value is approximately double (and therefore consistent
with) that measured by the electrostatic probe. Spectro-
scopic measurements were simultaneously performed near
the end plate in the experiment, but the recombination
spectra were not obtained. The locations where recombin-
ing plasma was observed were concluded to correspond to
that of the recombination front. In future studies, we will
measure the spatio-temporal structure of the plasma to fa-
cilitate further analysis.

5. Summary

This study was performed to attempt to generate a re-
combining plasma, which is a prerequisite for forming a
detached plasma in NUMBER and carrying out divertor
simulation experiments. Experimental difficulties resulted
in an insufficient electron density for generating a recom-
bining plasma.

Therefore, the device was modified. A circular polar-
izer was installed inside the waveguide to convert the linear
polarized the incident microwave to a right-handed circular
polarized wave. This action reduced the power of the re-
flected microwave and increased the electron density of the
plasma. In particular, the electron density of the plasma in-
creased by a factor of two in the test region. A feed system
for a high-flow-rate gas and an additional feed port behind
the end plate were installed in the device. This installation
enabled the neutral pressure in the test region to be appro-
priately increased and facilitated conducting experiments
using a higher electron density.
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An experiment for generating a recombining plasma
production was carried out after the modifications. Feed-
ing gas only to the production region increased the elec-
tron density, but no characteristic emissions of volumetric
recombination, that is, n > 10 emissions of Hel 2°P-#3D,
were observed by spectroscopic measurement. However,
feeding additional gas feeding to the test region resulted in
observation of lines within n < 13.

The Boltzmann plot method was applied to the ob-
served emission to estimate the electron temperature 7.
The observed emissions were thus determined to be under
LTE with T. = 0.055eV, which is comparable to those
of other devices that have produced similar plasmas. The
first successful induction of volumetric recombination in
an ECR plasma was achieved.

The electron density n. was estimated from obtained
T. by using the Saha—Boltzmann equation. The result was
ne = 1.33 x 10" m=3, which was largely consistent with
the electrostatic probe measurement. From these results,
it can be concluded that recombining plasma was success-
fully generated in the NUMBER.

However, it was found that the generation of a recom-
bining plasma could depend on the neutral pressure and
flow rate of the fed gas. In a future study, we will further
investigate the production conditions. The results of this
study constitute a step forward toward performing divertor
simulation experiments using NUMBER.
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