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We attempt to interpret the different trends of collected ion currents of the Langmuir probe and the ion
sensitive probe (ISP) observed during N, and H; seeding in hydrogen plasmas in the divertor simulation experi-
mental module (D-module) in GAMMA10/PDX. The current measured at the ion collector electrode of the ISP
shows two distinct bumps. Results can be interpreted with the aid of spectroscopic measurements related to the
dominant reaction processes, where nitrogen-induced molecule-activated-recombination (N-MAR) mechanisms
produce various ion species, resulting in different measured currents. These experimental findings provide a fur-

ther understanding of the most relevant plasma-neutral processes occurring in a detached-like plasma scenario in
the presence of nitrogen, a candidate for impurity seeding in ITER.
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1. Introduction

One of the challenges in building a fusion reactor is
protecting divertor plates from enormous heat loads. The
particle flux to the divertor must be reduced to reduce the
heat load. For this purpose, forming a detached plasma
through plasma-gas interaction is being considered [1, 2].
In a detached plasma, a decrease in electron temperature
reduces the particle flux by volumetric recombination. Vol-
umetric recombination is an important reaction for reduc-
ing particle flux. In particular, at relatively high electron
temperatures (between ~1 and ~5 eV), molecular-activated
recombination (MAR) dominates the radiative and three-
body electron-ion recombination (EIR) [3].

Reference [4] shows that a reaction process called
“nitrogen-induced MAR (N-MAR),” associated with ni-
trogen seeding, enhances the conversion of ions to neutral
particles and makes the heat load on divertor plates more
tolerable. N-MAR has higher rate coefficients over a wider
electron temperature range than hydrogen-induced MAR
(H-MAR), which has been experimentally demonstrated
in Magnum-PSI [5, 6]. In GAMMA 10/PDX, obvious par-
ticle flux reduction is observed by the combined seeding
of hydrogen and nitrogen gases [7, 8]. The beneficial role
of nitrogen in plasma detachment is related to its radiative
properties [9]. Nitrogen is an effective gas for reducing the
heat load in the divertor section.

In Ref. [8], an experiment is conducted to investigate
the effects of changing the ratio of nitrogen to hydrogen
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on the formation of detached plasmas during the com-
bined seeding of hydrogen and nitrogen. The electron den-
sity and ion fluxes decrease as the ratio of nitrogen gas
increases. However, the decrease in electron density is
smaller than the decrease in ion flux. Reference [8] sug-
gests that impurity ions can affect the ion flux because of
their mass effect. The N-MAR reaction process produces
multiple ion species. N-MAR is a chain reaction medi-
ated by the molecular ions NH,* and involves several ion
species. In this study, we especially focus on an Ion Sen-
sitive Probe (ISP) installed in a divertor simulation experi-
mental module (D-module) [10] to focus on impurity ions
produced by the N-MAR reaction. We investigate the ef-
fect of impurity ions on the ion current flowing into the
ISP and compare it with spectroscopic results to estimate
the impurity ions produced. Ultimately, we estimate the
influence of such impurity ions on the particle flux reduc-
tion.

2. Experimental Setup

2.1 GAMMA 10/PDX

Figure 1(a) shows a schematic view of GAMMA
10/PDX which is a large tandem mirror device. To sim-
ulate a divertor, the D-module is installed in the west end
region of the device [11-14]. The plasma in the mirror con-
finement regions flows into the west end region along the
open magnetic field lines.

Figure 1 (b) shows a schematic view of the D-module.
In this module, a tungsten V-shaped target plate is installed
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Fig. 1 Schematic views of (a) GAMMA 10/PDX and (b) the di-
vertor simulation experimental module (D-module).

to simulate a divertor plate. Additional hydrogen gas is
supplied from the inlet of the D-module and nitrogen gas is
supplied from the inlet and corner of the target plate. Lang-
muir probes and an ISP are installed in the D-module, and
spectroscopic measurements can be performed with a vis-
ible light spectrometer. An ASDEX ion gauge is installed
on the top of the D-module to measure the neutral pressure
in the D-module.

2.2 Influence of impurity ions on Ion Sensi-
tive Probe

ISPs are normally used to measure the ion temperature
perpendicular to the magnetic field line [15]. An ISP con-
sists of two electrodes, a guard electrode, and an ion collec-
tor. The ion collector is deeper than the guard electrode to
prevent electrons from flowing into the ion collector. ISPs
are probes that collect only ions with an ion collector due to
the difference in Larmor radii between electrons and ions.
Here, we focus on the ion Larmor radii p, expressed by the
following relation, where the velocity distribution of ions
is assumed to be the Maxwellian distribution and the aver-
age ion thermal velocity is used;

1 SmSkTU_

= q_B - s (1)

pS
where m represents the ion mass, 7;, denotes the ion tem-
perature perpendicular to the magnetic field line, g repre-
sents an elementary charge, k represents a Boltzmann con-
stant, and B represents the magnetic field. Subscript “s”
represents ion species.

The depth of the ion collector of the ISP installed in
the D-module is 0.5 mm (Fig.2 (a)). With the magnetic
field B = 0.68 T at the ISP location and the collector elec-
trode depth, the lower energy limit for impurity ions as-
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Fig. 2 (a) The structure of the ISP in the D-module, (b) compar-
ison of Larmor radii p as functions of the ion temperature
T;, at B = 0.68T, and (c) I-V characteristics of the ISP
ion collector of #252269.

sumed in this experiment (N*, N,*, N,H*, NH") is cal-
culated to be less than 1eV for all ions, as depicted in
Fig.2 (b). For hydrogen ions, the limit is 4.4eV. This
suggests that impurity ions are heavy and can reach the
ion collector electrode even at low energies. Therefore, al-
though the ion collector current depends on the total num-
ber of ions and temperature, the current is expected to in-
crease because of impurity ions rather than hydrogen ions.

A voltage ranging from —100V to 100V is applied to
the ISP installed in the D-module. The sweep frequency
is 100Hz. A shunt resistor of 1Q is used for the guard
electrode and 100 Q for the ion collector electrode. The ion
collector electrode is always 6.24 V lower than the guard
electrode using a battery to prevent electrons from flowing
into the ion collector [16]. Because the current is unstable
as depicted in Fig.2(c), the ion collector current adopts
the average when —95 to —45 V is applied, which is the ion
saturation region.
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3. Experimental Results and
Discussion

Hydrogen plasma is generated at + = 50 ms and sus-
tained for 400 ms. Nitrogen gas is seeded after  ~ 100 ms,
and additional hydrogen gas is seeded after # ~ 150 ms into
the D-module. The nitrogen gas pressure is adjusted to ap-
proximately 10% of the hydrogen gas pressure at the end
of the discharge (Fig. 3 (a)).

Figure 3 (b) shows the time evolutions of the diamag-
netism in the mirror field confinement region. The time
evolutions of the diamagnetism for the three shots used in
this study indicate that the plasmas are very reproducible.
All Langmuir probe and ISP measurements discussed be-
low are the averages of these three shots.

Figure 4 shows the time evolutions of (a) the ion col-
lector current measured by the ISP, (b) the emission inten-
sities of N* (Ix"), No™ (In2™), and NH (Iyg) measured by
the spectrometer, (c) the ion temperature (7;,) measured
by the ISP, (d) the electron temperature (7,) measured by
the Langmuir probes #3 and #17 (Fig. 1 (b)), (e) the elec-
tron density (n.) and the ion flux (7)) measured by #3, and
(f) n. and I'; measured by #17. Two bumps are observed in
the ISP ion collector current as depicted in Fig. 4 (a). The
error bars in Fig. 4 (a) are obtained from the standard error
calculated from the deviation between the ion saturation
current averaged over the three shots and that one for each
shot. The first bump is at # = 90 - 220 ms and the second
one is at t = 220 - 370 ms. To discuss the current behavior,
we use time zones I ~ IV as shown in Fig. 4 (a). Zone I is
defined as t = 90 - 150ms, IT as # = 150 - 220 ms, III as
t =220 -310ms, and IV as t = 310 - 370 ms. The trend
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Fig. 3 Time evolutions of (a) the neutral gas pressure and (b) the
diamagnetism in the magnetic confinement region.

of the result is independent of the range to take an average
for the ion current in the /-V curve.
The effects of impurity ions on the ion collector cur-
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Fig. 4 Time evolutions of (a) the ion collector current (ISP), (b)
the emission intensities (N*, N,*, NH), (c) the ion tem-
perature Tj,, (d) the electron temperature T, (#3, #17),
(e), (f) the electron density n. and the ion flux I (#3,
#17).
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rent may appear at the first increase in time zone I. In this

zone, In" and Iny™ increase as the current increases.

The first decrease in the ion collector current coincides
with a decrease in the spectroscopic measurement of Iy*
and Inp*. This can be explained as N* and N,* are con-
sumed via reactions with the injected hydrogen neutrals, in

accordance with [4];

N*+H, — NH* + H, 2)
N*+H — H' +N, 3)
Nj +H, > NpH™ + H. 4

The ions produced by these reactions are then consumed

as follows:
N,H* +e” - N, + H, 5)
NoH" +e~ - NH + N, (6)
NH! +H, - NH;,, +H, (7)
NH} +e” — NH,_; + H, (8)
NH,_; +e~ — NH]_| +2e". 9

Through these reactions, some N* and N,* that may be
produced in zone I become NH," and NH, molecules. It
is considered that the number of NH molecules would in-
crease with the supply of hydrogen gas as Iny is increased
in zone II. NHy molecules produced by these reactions be-
come NH,* through ionization and ion conversion. There-
fore, the generation and disappearance balance of NHy and
NH,*, reactions (8) and (9), is important to explain the re-
action process in zone II. It is difficult to quantitatively
evaluate the impurity and hydrogen ion ratios from the ion
collector current because of the complex situation where
nitrogen and hydrogen gases are mixed. For a quantitative
evaluation, the rate equations should be solved.

As depicted in zone III in Fig. 4 (c), the ion tempera-
ture does not change significantly. The increase in the ion
current in time zone III can be attributed to the increased
concentration of impurity ions. Note that the Larmor ra-
dius increases directly with the ion mass, as expressed in
Eq. (1). The relative concentration of impurity ion species
and their energy balance has to be addressed using ded-
icated numerical models, which will be discussed in the
future.

Interestingly, the second increase in the ion collector
current coincides with the maximum Iyy. The reaction
process described above may increase NH. T, during this
time is ~10eV (Fig. 4 (d) measured by #17), where the re-
action coefficient for the ionization of NHj is high (Fig.5)
and, thus, might explain the second bump in the ion col-
lector to be due to an increase in NH*. The ion flux rolls
over (Fig.4 (e)) when T, at the same location drops below
~10eV, i.e., at the beginning of zone III. Ion flux I fol-
lows the following relationship;

k(yTy + T,
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Fig. 5 Rate coeflicients of the reactions of NHy ionization and
NH,* Dissociative Recombination in Ref. [4].

where y denotes the heat capacity ratio, T denotes the ion
temperature parallel to the magnetic field line, and m; de-
notes the ion mass. NH," is heavy and may contribute to
ion flux reduction. It is thought that impurity ions gener-
ated near the ISP flow into #3 at a slower velocity than the
hydrogen ions, thereby affecting the ion flux of the probe
in #3. As depicted in Fig. 4 (e), the decrease in n, is smaller
than that in I; in zone III, which is in line with what has
been observed in Ref. [8]. The reason for the difference in
I'; reductions between the Langmuir probes #3 (Fig. 4 (e))
and #17 (Fig. 4 (f)) is related to the difference in 7. at the
location of each probe (Fig. 4 (d)). The difference in T is
thought to cause the difference in the #3 position, where re-
combination processes predominate from zone III, and the
#17 position, where recombination processes predominate
from zone IV.

The ion collector current decreases for the second time
in zone IV, when T, drops below ~8eV. Below such a
value, dissociative recombination becomes dominant over
ionization, reducing the collected current. Furthermore,
the seeding of H, and N leads to a significant production
of ammonia, NH3, via plasma-wall reactions [17], which
dissociate fast via electron impact to NHx in this electron
temperature range. The time evolution of n. in Fig. 4 (f)
shows that n. increases and then decreases within zone
IV. This is in agreement with the change in the ioniza-
tion/recombination balance discussed above.

4. Summary

This study investigates the effect of impurity ions
on the ion current flowing into an ISP during the com-
bined seeding of nitrogen and hydrogen gases in GAMMA
10/PDX. Different trends can be identified in the ion cur-
rents of Langmuir probes and the ISP installed in the D-
module. Bumpy ion currents with two peaks are observed
in the ion collector current of the ISP. The change in
the current can be interpreted as depending on the type of
ions reaching the electrode, because the ease of reaching
the electrode varies depending on the difference in Larmor
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radii due to the mass of the ion. By comparing this re-
sult with spectroscopic results, we attempt to estimate the
impurity ion species. The increase in NH emissions co-
incides with the timing of the second bump, implying that
the number of NH,* produced by the N-MAR reaction pro-
cess may be increased. The results of the time evolutions
of the ion collector current of the ISP and spectral measure-
ments obtained in this experiment can be explained as the
interplay between ionization and recombination evolving
in time according to plasma parameters at different spatial
locations and impurity presence. These experimental re-
sults provide a further understanding of complex N-MAR
processes in detached plasmas and may pose ISPs as an im-
portant diagnostic for future works in this reactor-relevant
topic.
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