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Observation of Molecular and Atomic Ions
in Recombination Plasma
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Measurements of the densities of the molecular and atomic ions (nH
+, nH2

+, nH3
+) werecarried out in hydro-

gen recombination plasma in the linear divertor plasma simulator, TPD-SheetIV. The molecular and atomic ion
currents were detected using an omegatron mass analyzer. The ground-state vibrational temperature of hydrogen
moleculesTvib is obtained by measurement with VUV emission spectroscopy. Taking into account ofTvib, a
zero-dimensional model using the relevant rate balance equations was found to predict the observed dominant
ion.
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1. Introduction
The production mechanism of atomic and molecular

processes in hydrogen plasma has become increasingly im-
portant for plasma processing, space plasma, and fusion
reactors. In a recombination plasma at low temperature,
vibrationally excited hydrogen molecules H2(v) persist in
dissociation and ionization processes of the plasma vol-
ume. Thus, the plasma volume recombination associated
with H2(v) molecules in the recombination plasma is ef-
fective in enhancing the reduction of ion particle flux [1,2].
The H2(v) molecules contributeto plasma volume recom-
bination owing tothe following chain reactions: H2(v) +
H+ ⇒ H+2 + H followed by H+2 + e⇒ H + H (dissociative
recombination: DR) or H+2 + H2⇒ H+3 + H.

However, the role of molecular ions in the hydrogen
plasma is still under discussion [3–7]. It was shown in a
previous paper that the role of molecular ions in the hy-
drogen plasma for lower plasma density has been done by
E.M. Hollmannet al. [4] On the other hand, it has been
pointed out that even the contribution of recombination is
not critical for a reduction in ion flux [8]. Recently, it
has been reported that in a typical high-density plasma,
H2(v) molecules assist dissociation (MAD) and ionization
(MAI) before they contribute to recombination [9]. For
high-density and low-temperature plasma, the MAD al-
waysdominates DR. It is thus required that experiments
which will aid the understanding of the role of DR are car-
ried out. Molecular processes with H2(v) molecules have
not been reported clearly for high-density plasma.

In this study, we have carried out the experimental
observation and modeling of molecular ions in hydrogen
plasma in a linear plasma device, TPD-SheetIV [5, 6].
Measurements of the densities of molecular and atomic

author’s e-mail: tone@keyaki.cc.u-tokai.ac.jp

ions were carried out in hydrogen plasma with a hydro-
gen gas puff. The molecular and atomic ion currents were
detected using an omegatronmass analyzer[7], while the
electron density and temperature were measured using a
Langmuir probe and a double probe. The ground-state vi-
brational temperature of hydrogen moleculesTvib is ob-
tained by measurement with VUV emission spectroscopy.
The zero-dimensional plasma model used to predict the
measured densities of hydrogen ion species is discussed.

2. Experimental Apparatus and Me-
thod
The experiment was performed in the linear plasma

device TPD-SheetIV, shown in Fig. 1 [5, 6]. Ten rectan-
gular magnetic coils formed a uniform magnetic field of
0.8 kG in the experimental region. The hydrogen plasma
was generated at a hydrogen gas flow of 75 sccm, with a
discharge current of 30-100 A. The neutral pressureP in
the experimental region was controlled between 0.1 and
20 mTorr with a secondary gas feed. The sheet plasma
flowed from the plasma source along the magnetic field
to an endplate located about 1.0 m downstream. Electron
density and electron temperature were measured using a
planar Langmuir probe and double probe, which were lo-
cated 3 cm in front of the endplate.

An omegatron mass analyzer, situated behind a small
hole (Φ 0.5 mm) in the endplate with a differential pump-
ing system, is used for analyzing ion species [4, 7]. The
omegatron mass analyzer is electrically isolating and is
water-cooled to allow the entire housing to be inserted into
the plasma column. Inside the diagnostic body of this
mass analyzer, electrons are stripped away from the par-
ticle beam with a pair of electron repeller grids, which are
typically dc-biased toVe ≈ −150V. The resulting ion
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Fig. 1 Schematic diagram of the magnetized plasma simula-
tor (sheet plasma device) TPD-SheetIV and omegatron
mass-analyzer.

beam is then slowed by an ion repeller grid and an RF
chamber which are dc biased to have slightly higher than
the plasma potential. The relative densities of the molecu-
lar and atomic ions were determined from the collector cur-
rent of the mass analyzer. Thepeaks appear in the collector
current of the analyzer when the frequency of the applied
RF electric field is equal to the ion cyclotron frequency
fc ≡ eB/2πm. The current of an ion species j entering the
collector should be proportional to the corresponding ion
peak currentIp, j ≈ enjυt, jS , whereυt, j is the thermal ve-
locity, andS is the area of the smallhole in the endplate.

To model the ion density in this experiment, a simple
zero-dimensional model is developed for solving the sys-
tem of rate balance equations for ion and gas species [4,7,
10]. The processes included in the model are

H + e→ H ++2e, (el)
H2 + e→ 2H+ e, (eD)
H2 + e→ H + H∗ + e, (eDn)
H2(v)+ H + → H+2 + H, (CNV)
H2 + e→ H+2 + e, (eI2)
H2 + e→ H + + H + 2e, (eDI)
H+2 + e→ H∗ + H, (DR2)
H+2 + e→ H + + H + e, (eD2)
H+2 + e→ 2H + + 2e, (eDI2)
H+2 + H2→ H+3 + H, (CNV2)
H+3 + e→ H+2 + H + e, (eD3)

H+3 + e→
{

3H
H2 + H,

(DR3)

H+3 + H → H+2 + H2. (BCNV2)

Here, we have ignored radiative and three-body recombi-
nation, as well as dissociative electron attachment (H− for-
mation), as these reactions are believed to be negligible for
the conditions studied here. The particle H∗ refers to elec-
tronically excited atomic hydrogen. In the H+3 recombina-
tion reaction (DR3), we have assumed a 50% branching
ratio between the two reaction channels [11]. For the pur-
poses of calculating the average velocities〈συ〉, theneutral
velocities are assumed to be negligible compared with the
ion and electron velocities. The ion temperatures are taken
to beT j = Te ( j = 1,2,3), whereTe is the electron temper-
ature. The molecular ion density of H+, H+2 , and H+3 are
described by the steady-state rate balance equations with
the charge neutralityne =

∑
j
n j [4]. The neutral densities

of hydrogen molecules is obtained from the measured neu-
tral gas pressureP. In evaluating the rate coefficients, the
reactions involving H2, H+2 , and H+3 are vibrationally re-
solved in the model. These rate coefficients are calculated
by the available cross-section data [4,10–13].

We obtain the distribution of ground-state quantum
numbers from measured relative intensities of the H2

molecular radiation between the upper electronic state
B1Σ+u (υ′) and C1Πu(υ′) with vibrational level [14,15]. The
corona model used to calculate the population distribution
of the vibrational levels resulting from a Boltzmann pop-
ulation distribution in the ground state characterized by a
temperature of hydrogen molecule. Assuming a thermal
(Boltzmann) population of ground state (X1Σ+� ) vibrational
levels, and given the Franck-Condon matrix for electron-
impact excitation from the ground state to the upper state, a
ground-state vibrational temperature of hydrogen molecule
Tvib can be found which results in a best fit to the observed
relative intensities of VUV spectrum.

3. Experimental Results
Figure 2 shows the ion densities (nH

+, nH2
+, and

nH3
+), the electron densityne, and the electron tempera-

tureTe plotted against hydrogen gas pressureP at the dis-
charge currentId of 50 A. Using a small amount of sec-
ondary hydrogen gas puffing into a hydrogen plasma,ne

has a maximum value of 5.0× 1018 m−3 at P ∼ 4 mtorr and
Te decreases rapidly from 11 to 3 eV owing to ionization.
Above P ∼ 4 mtorr, Te falls below 3 eV, andne gradually
decreases.nH

+ shows the sametendency as the character-
istics ofne with increasingP and has a maximum value of
∼ 4.5× 1018 m−3 at P ∼ 4 mtorr. On theother hand,nH2

+

andnH3
+ decrease and have a minimum values of∼ 2.0-

3.0× 1017 m−3 at P ∼ 4 mtorr. After that,nH2
+ andnH3

+

have a maximum value atP ∼ 6 mtorr and decrease with
increasingP.

By defining the ion density ratio as the individual val-
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Fig. 2 The ion densities (nH
+, nH2

+, andnH3
+), the electron den-

sity ne, and the electron temperatureTe plotted against
hydrogen gas pressureP at the discharge currentId of
50 A in hydrogen plasma.

Fig. 3 Measured the ion densities ratio (H+, H+2 , and H+3 ), and
the calculated ion densities ratio (〈H+〉, 〈H+2 〉, and〈H+3 〉)
plotted against gas pressureP at the discharge currentId

of 50 A in the hydrogen plasma.

ues of theion densities divided by the sum of the densities
of H+, H+2 , and H+3 , we can express the effect of molecu-
lar processes on thehydrogen plasma. Figure 3 shows the
measured ion densities ratio (H+, H+2 , and H+3) and thecal-
culated ion densities ratio (〈H+〉, 〈H+2〉, and〈H+3〉) plotted
against gas pressureP at the discharge currentId of 50 A in
the hydrogen plasma. In the reactions involving H2, H+2 , a
ground-state vibrational temperature of hydrogen molecule
areTvib = 0 K andTvib ∼ 3000 K in the model. The ion den-
sity ratio of H+ is larger than that of H+2 or H+3 in the low
gas pressure (< 6 mtorr), With increasingP, the ion density
ratio of H+ has a maximum value of 0.8 atP ∼ 4 mtorr and
gradually decreases from 0.8 to 0.4. On the other hand, the
ion density ratio of H+3 rapidly increases from 0.1 to 0.5
with increasingP and saturated up toP ∼ 10 mtorr. The
density ratio of H+2 remains nearly constant at around 0.1-
0.2 with increasingP. In case ofTvib = 3000 K in the re-
actions involving H2, H+2 , the characteristic of〈H+〉, 〈H+2 〉,
and〈H+3〉 show the same tendency as that of the measured
ion density ratio.〈H+〉 has a maximum value of 0.8 atP
∼ 4 mtorr and gradually decreases with increasingP. 〈H+2〉
gradually decreaseswith increasingP and〈H+3〉 increases
above P ∼ 10 mtorr. On the other hand, in case ofTvib =

0 K, the characteristic of the calculated ion density ratio
shows the different tendency as that of the measured ion
densityratio. 〈H+〉 has no maximum value and gradually
decreases with increasingP. In particular, 〈H+3〉 are one-
half magnitude smaller than that of measured H+

3 aboveP
∼ 8 mtorr. Thevalue of〈nH2

+〉 gradually decreases with in-
creasingP and〈nH3

+〉 increases. This discrepancy may be
attributed to the fact that the reactions involving H2, H+2 are
not vibrationally resolved in the model for solving the sys-
tem of rate balance equations for ion and gas species. Ne-
glecting vibrational excitation of H2 would have resulted in
a significant underestimation of the molecular ion density
in these experiments.

Figure 4 shows the measured the ion densities ratio
(H+, H+2 , and H+3), calculated the ion densities ratio (〈H+〉,
〈H+2〉, and〈H+3〉) with Tvib = 3000 K, the electron temper-
atureTe, and the electron densityne plotted against dis-
charge currentId at gas pressure of 8 mtorr. In this condi-
tion,ne increases with increasingId, while Te is nearly con-
stant value of 0.5-1.0 eV and the very bright visible light
emission in front of the endplate were observed in the de-
tached plasma. In the low discharge current (Id < 40 A),
the measured ion density ratio of H+3 is larger than that of
H+. AboveId ∼ 50 A, the ion density ratio of H+3 is smaller
than that of H+ for the high density plasma. Also, the vi-
brational resolved model was found to predict the observed
dominant ion density ratio.

S1079-3



Plasma and Fusion Research: Regular Articles Volume 2, S1079 (2007)

Fig. 4 Measured the ion densities ratio (H+, H+2 , and H+3 ), calcu-
lated the ion densities ratio (〈H+〉, 〈H+2 〉, and〈H+3 〉) with
Tvib = 3000 K, the electron temperatureTe, and the elec-
tron densityne plotted against discharge currentId at the
gas pressure of 8 mtorr.

4. Conclusion
We have carried out the experimental observation and

modeling of molecular ions in hydrogen plasma in a linear
plasma device, TPD-SheetIV. From a zero-dimensional
model using the relevant rate balance equations, the cal-
culated molecular ion densities of H+2 , and H+3 was found
to predict theobserved dominant ion density ratio, demon-
strating the importance of vibrational temperature of hy-
drogen molecules. For high density plasma, the effect of
molecules on recombination tends to decrease and con-
tributes to assist dissociation and ionization. The conver-
sionof H+2 into H+3 (CNV2), however, tends to increase and

the plasma will contain H+3 for low electron temperature
using a massive secondary hydrogen gas puffing. Through
H2(v) + H+2 or H+3 collisions are ignored here, it is conceiv-
able that the creation and destruction of H+2 and H+3 play a
significant role by contribution to the observed high level
of H2(v) internal excitation [4,9]. Despite the reasonably
agreement observed here between our predictions and the
experimental data, a need for future modeling to improve
understanding of the high level of H2(v).
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