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We propose a new method using a spiral shape nitrogen plasma with a long magnetic connection length to
produce high density nitrogen (N) atoms for nitriding application. A high density N molecular ion plasma was
generated by DC discharge and is transported along a long spiral magnetic field line. As a result, the electron
temperature drops along the magnetic field to be low enough to produce dissociate recombining plasma, where
dissociative recombination would occur to generate N atoms. 2D Langmuir probe measurement showed that the
electron temperature and density decreased along the magnetic field. Optical emission spectroscopy showed the
ratio of the atomic N and N molecular emission intensities increased with a discharge power. The ground state N
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atom density was estimated by analyzing the atomic line intensity.
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1. Introduction

It is commonly known that nitriding metal can im-
prove abrasion, fatigue, corrosion, and heat resistance. Be-
cause it could make the lifetime of materials longer, var-
ious nitriding methods have been actively studied. One
of the methods is gas nitriding with ammonia. However,
this method requires to heat up materials over 50 hours
and produces fragile compound layer on the surface [1].
Another method is ion nitriding, which is carried out in a
nitrogen-hydrogen gas mixture at several Torr pressure. A
glow discharge is operated with the sample as the cathode
to be hardened [2]. This method also has several disad-
vantages: materials are damaged by ions accelerated by
the electric field and the surface treatment area depends on
plasma size.

In order to overcome the disadvantages mentioned
above, the radical nitriding method was proposed. In this
method, the materials are irradiated with nitrogen atom (N)
radicals to form a nitrided surface without damage by ion
bombardment. The most important task in this method
is to produce high density N atoms. However, with con-
ventional plasma discharges, it is difficult to generate high
density N atoms because dissociation of N molecule by
electron impact collision hardly occurs due to the high
binding energy of the N molecule at 8.80eV [3].

The electron-beam-excited plasma (EBEP) source has
been developed to generate the N atoms with the disso-
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Fig. 1 Rate coeflicient of electron impact ionization and disso-
ciative recombination processes.

ciation process of N molecules induced by high energetic
electron beam, and the generated atomic N density is of
the order of 107 m=3 [4]. After 6.5 hours treatment by this
method, The nitride layer of 100 um was obtained and the
hardness of the surface reached 1000 HV(0.1) [5]. Figure 1
shows the rate coefficient of ionization and dissociative
recombination between 0.01 and 100eV. The rate coeffi-
cient of ionization was calculated from the cross-section
data reported by Halas et al. [6]. Peterson et al. reported
that the rate coeflicient of dissociative recombination data
were well fitted between 0.01 and 0.1 eV with the formula;
(ovy = 1.70 x 10713 (€T, /300kg) %" [m3 s7!], where e is
the elementary charge and kg is the Boltzmann constant
[7]. The EBEP method aims to generate the N atoms by
electron impact dissociation (N, + e~ — N + N* + 2e7).
However, the figure indicates that molecular N ions are
dominant ion species in the conventional discharge with an
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Fig. 2 Schematic of our proposed method to produce high den-
sity nitrogen atom.

electron temperature less than 10eV due to the ionization
process (N + e~ — N +2e7).

On the other hand, when the electron temperature
is decreased to be less than 1eV, the rate coefficient for
the dissociative recombination of the molecular N ions
(N +e~ — N+ N) becomes significantly large to produce
N atoms from molecular N ions. Based on this process,
the alternative method, an expanding supersonic nitrogen
arc-jet plasma has been extensively researched for under-
standing about the reentry of a shuttle into the Earth’s at-
mosphere and for applications of engineering, such as the
polymerization and the metal surface modification [8—10].
In the arc-jet plasma, N molecules are highly ionized and
flow to expansion region. Because of the diameter of the
chamber is much larger than the diameter of the nozzle
electrode, electrons with residual gas molecules in the ex-
panding region are rapidly cooled. In this process, disso-
ciative recombination occurs and N atoms are generated.
The expanding nitrogen arc-jet method is expected to be-
come high density atomic N source and creates a high qual-
ity nitride layer on the surface of the material with eco-
nomic excellence. Akatsuka et al. reported the generated
N atom density is 10%* m™ maximum at the arc discharge
region. The loss of nitrogen atoms to the wall is small
because of supersonic arc-jet [11]. Ichiki ef al. reported
about a new nitriding method in which pulsed-arc plasma
jet with N and hydrogen mixture gas is used. This method
can be used in the atmospheric pressure. Further, materi-
als are not biased, contributing to the low ion damage on
the material surfaces. However, in this method, thin oxide
layer is formed because of residual oxygen and it interrupts
nitriding. In addition, the surface treatment area depends
on the pulsed-arc plasma size [12].

In this paper, we propose an alternative new method to
generate a higher density atomic N source based on disso-
ciate recombining process. Figure 2 shows the schematic
of our proposed method to produce high-density nitrogen
atom. First, a high density and large size plasma in which
molecular N ions are dominating is generated in the up-
stream region by utilizing DC discharge. Next, the pro-
duced high density and large size plasma is transported
along the long magnetic field and cooled down to ~1eV.
As a result, the plasma condition is changed from ioniz-
ing to recombining phase, where dissociative recombina-
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Fig. 3 (a) The top view of the NAGDIS-T. (b) The schematic
diagram of NAGDIS-T with two types of the magnetic
fields.

tion would occur to generate high density N atoms. It is
expected that high-density N atoms could realize a faster
nitriding process without the ion injection damages. Fur-
ther, a high-quality diffusion layer which has large surface
area thickness uniformity is expected to be formed on the
surface without forming the compound layer.

It is an important issue how to generate high density
N plasma with long magnetic connection length with a rel-
atively small apparatus size.

2. Experimental Setup

Figure 3 (a) shows a top view of NAGDIS-T (Nagoya
University Divertor Simulator with Toroidal magnetic
configuration) [13]. A toroidal angle (¢) is defined as the
angle from the cathode in the clockwise direction. The
major radius is 340 mm and poloidal cross-section is 280
x 180 mm?. This device has two magnetic fields, toroidal
magnetic field (Bt) and vertical magnetic field (By), as
shown in Fig. 3 (b). The maximum Bt was 0.10 T and the
maximum B, was 3.0 x 1073 T. By using the two magnetic
field, we can generate spiral shape magnetic field with the
long connection length (L¢) between the top and bottom
walls.

Figure 4 (a) show a picture of the plasma production
region. The cathode was located at the bottom of the
vacuum vessel. A circular-shape lanthanum hexaboride
(LaBg) with a diameter of 108 mm, which was heated by
a carbon heater. The anode was a rectangle plate made
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Fig. 4 (a) The NAGDIS-T DC discharge system. (b) The
schematic diagram of the 2D Langmuir probe measure-
ment.

of tungsten. The width was 170 mm, and the height was
35 mm.

A 2D Langmuir probe was installed at ¢ = 90°. 2D
distribution of ion saturation current I, was obtained in-
side the green square region, shown in Fig. 4 (b). The elec-
tron temperature, T, and density, n., were also evaluated
by single probe method.

A 0.75-m Czerny-Turner spectrograph (f = 750 mm)
with a 1800 grooves/mm grating was used at ¢ = 240°.
The measurement resolution was 0.013 nm, and the slit
width was 50 pm.

3. Experimental Results
3.1 2D distribution of ion saturation current
at various discharge conditions

Figures 5 (a-c) show pictures of the plasmas at Bt =
8.3 mT and B, = 0.60 mT taken at ¢ = 60° with different
gas pressures. The pitch angle against the horizontal plane
was 0 = 4.1°, and Lc = 3.88 m. The neutral pressures,
discharge currents and discharge voltages of plasmas were,
respectively, (a) p, = 3.1 mTorr, Iy = 10 A, and V4 =
130V, (b) p, = 6.7 mTorr, I3 = 10 A, and V4 = 60 V, and
(¢) pn = 1.1 mTorr, Iy = 1 A, and V4 = 190 V. Figures 5 (a -
c) show that spiral shape plasmas were generated from the
vicinity of the cathode.

Figure 6 shows the 2D distribution of Iy, at ¢ = 90°.
Poloidal cross-section of the cathode was mapped as red
squares on the poloidal cross section. The first turn plasma
in all p, was located at radially outer-side edge of the red
squares for all the cases.

At p, = 3.1 mTorr (Fig. 6 (a)), the full widths at half
maximum of I distribution of the first and second turns
were 62 and 77 mm, respectively. Therefore, the broad-
ening ratio of Iy, due to plasma transport along the mag-
netic field line (2 m) was 24%. Further, the second turn
plasma was drifted to the lower left. At higher pressure, p;,
= 6.7 mTorr (Fig. 6 (b)), the I, at the peak position of the
second turn was very small; I, distribution was re-plotted
in log scale (Fig. 6 (d)). The full widths at half maximum
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Fig. 5 Pictures of spiral shape plasmas at (a) p, = 3.1 mTorr,

I3 = 10A, Vg =130V, (b) p, = 6.7mTorr, Iy = 10A, V4
=60 V,and (c) p, = 1.1 mTorr, I3 = 1 A, V4 =190 V.
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Fig. 6 (a) 2D distribution of ion saturation current at 3.1 mTorr,
(b) 6.7 mTorr and (c) 1.1 mTorr. (d) 2D distribution of
ion saturation current at 6.7 mTorr in log scale.

of I, distribution of the first and second turns were 41 and
74 mm, respectively. At a lower pressure, p, = 1.1 mTorr
(Fig. 6 (c)), DC discharge was unstable, leading to the scat-
tered I, distribution.

3.2 Power dependences of electron tempera-
ture and density

We investigated discharge power dependences of T,
and n, at Iy, peak positions in Fig. 6. At p, = 3.1 mTorr, the
plasma parameters were measured in the first and second
turns, whereas the parameters was measured only in the
second turn at p, = 6.7 mTorr.

Figure 7 (a) shows the power dependances of T,. In
the first and second turns, T. increased with the dis-
charge power at p, = 3.1mTorr. The 7. decreased to

3401069-3



Plasma and Fusion Research: Regular Articles

Volume 14, 3401069 (2019)

6
TE.
4 /
_ P31 mToj
S 2" turn
2, 3t A 360 rotation »
l_ﬂ.)
2|
P4l
’ ¥ 4
P.=6.7 mTorr
2% turn
00 > 4 8
P g [kW]
b
(b) .
0.7} /
5" 05 B
. 0.
i‘EO 0.4}
= =31 mTorr |
<0 0.3f 24um |
. .
Increase in p,
0.1 =
= ,=6.7 mT
. iy ./ | gndmmm orT
0 2 4 6 .
P I [kW]

Fig. 7 (a) Power dependences of electron temperature at various
situations, and (b) Power dependences of electron density
at various situations.

approximately half while toroidally rotated from the first
to the second turn. At p, = 6.7mTorr, T, in the sec-
ond turn slightly decreased from 7. at p, = 3.1 mTorr at
Py >~2KkW. Figure 7 (b) shows the power dependances
of n.. The first and second turns of n. at p, = 3.1 mTorr
and second turn of n. at p, = 6.7 mTorr increased with the
discharge power. The n. decreased to approximately 70%
while toroidally rotated from the first to the second turn.
At p, = 6.7mTorr, n. in the second turn slightly decreased
from n. at p, = 3.1 mTorr.

From the above results, it was found that 7. and
ne strongly decreased along the magnetic field at p, =
3.1 mTorr. Because the diffusion effect was not so large
as described in section 3.1, it was suggested that the sec-
ond turn plasma at p, = 3.1 mTorr became recombining
plasma. Furthermore, it was suggested that the recombin-
ing process was facilitated at p, = 6.7 mTorr [14].

3.3 Optical emission spectroscopy (OES)
Vaudo et al. had performed optical measurement in an

ECR nitrogen plasma [15]; first positive series (1PS) emis-

sion is prominent around the wavelength of 745nm. We
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Fig. 8 Spiral shape DC nitrogen discharge emission spectrum
around (a) 745 nm, and (b) 821 nm.

conducted optical emission spectroscopy in wavelengths
around 745 nm and 821 nm.

The discharge condition was as follows: p, = 3.1
mTorr, Iy = 10 A, and V4 = 110 V. The measurement was
conducted at ¢ = 240°. Figures 8 (a) and (b) show emis-
sion spectra at the wavelength around 745 and 821 nm,
respectively. Spectra peaks of nitrogen atoms were seen
at 742.4 (4P1/2—4S3/2), 744.2 (4P3/2—4S3/2), and 746.8 nm
(*Ps;2—*S3/2) in Fig. 8 (a). Also, the 1PS was observed in
the wavelength range of 739-752nm. Around 845 nm,
as was suggested previously [15], many nitrogen atomic
emission were identified: 818.5 (*P3;—*Ps;p), 818.8
(*P1/2=*P3/2), 820.0 (*P1;2—*P1y2), 821.1 (*P3,2—*P3)2),
821.6 (4P5/2—4P5/2), 822.3 (4P3/2—4P|/2), and 824.2nm
(*Ps;2—*P3)2). It was suggested that both nitrogen atoms
and molecules existed in this plasma.

Figure 9 shows discharge power dependences of the
ratio of the atomic to molecular emission intensities de-
fined as

_ I746.3[N]
' 2(LesINyDY

where I7468[N] is the emission intensity of 746.8 nm,
which is the strongest emission from nitrogen atoms ob-
served, and (/;ps[N,]) was the averaged 1PS emissions in-
tensity. At p, = 6.7 mTorr, there was no clear emission
when with Py = 0.89 and 1.6 kW. However, with increas-
ing the discharge power, the emissions were observed at

ey
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Py = 2.7kW, and ky increased slightly at Py = 3.7kW. At
Pn = 3.1 mTorr, with increasing the discharge power to Py
= 4.6kW from P4 = 1.1 kW, k; increased and was greater
than at p, = 3.1 mTorr. As will be discussed later, this was
probably caused by the variation in 7.

Since the population distribution was mainly deter-
mined by recombination component in recombining plas-
mas, which is not sensitive to the atomic density, it is dif-
ficult to assess the atomic density from the emission inten-
sity. However, here, since the electron temperature could
be higher than 2 eV at p, = 3.1 mTorr, it was likely that the
population was mainly determined by the electron impact
excitation, though the process to generate atomic nitrogen
could be mainly produced by dissociative recombination,
as was described previously. Thus, for the first trial, we es-
timated the atomic nitrogen density with applying coronal
equilibrium to the excited states. The densities of 3p *Sy)3
state nitrogen atom can calculate as

Las5 N

= n(3p *S3p), 2
AGp 22,35 ey P ) @

where I3, [N] [sr™'nm™'m~?s™'] is the calibrated inten-
sity and A(3p *S3/2,3s *Psj2) is the transition probabil-
ity of deexcitation to 3s *Ps;, from 3p *S3/,. Assuming
that electron impact excitation from the ground state is the
dominant production process, the density of ground state
(2p *S3,2) nitrogen atom can be calculated using the fol-

lowing relation [16]:

C(2p *S32,3p *S3)2) ne

DA

<3p 453/2

n(3p *S;3p) = n(2p *S3p0),

3)

where 33, «s,,, A is the sum of the all transition probabil-
ity of deexcitation from 3p 483/2. The rate coefficient C
can be obtained in [17]. We could not measure T, and n,
at the same position as the OES; we interpolated the value
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Fig. 10 Discharge power dependences of densities of ground
state nitrogen atom.

from the electrostatic probe measurement performed at 150
and 210 degrees upstream and downstream from the OES
position, respectively.

Figure 10 shows the discharge power dependences of
densities of ground state nitrogen atom. The error of the
nitrogen atom density (ny) was assessed here that inter-
polated T, and n. has errors of +20% in the interpolated
angles. The ny was approximately 1 x 10'7 m™3.

It should be noted that the actinometry measurement
method which uses emission intensity of Ar atom and
collisional-radiative model is well known assessing the ac-
curate density [18].

4. Summary

We have proposed a new method to generate high den-
sity nitrogen atoms based on dissociative recombination of
molecular nitrogen ions. The usefulness of this method
was experimentally verified in the toroidal plasma device,
NAGDIS-T. Generation of high density nitrogen plasma
along the spiral shape magnetic field was confirmed by 2D
distribution of Iy measurements. The electron tempera-
ture T, and density n. strongly decreased while the plasma
toroidally being rotated from the first to second turn and
also increased in neutral pressure p,. The optical emis-
sion spectroscopy suggested that both nitrogen atoms and
molecules existed in the plasma. The ratio of the atomic
to molecular emission intensities increased with the dis-
charge power. The atomic nitrogen density ny estimated
with applying coronal equilibrium was ~10'7m3.
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