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Hydrogen Pair-Ion Production by Catalytic Ionization
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To develop a hydrogen pair-ion plasma source comprising only hydrogen atomic pair ions, i.e., H+ and H−

ions, the efficient production of pair ions is required. When discharged hydrogen plasma is used to irradiate
a Ni catalyst, pair ions are produced on the catalyst surface. Hydrogen chemisorption on the catalyst and the
electronegativity of the catalyst material are found to affect pair-ion production.
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Keywords: hydrogen pair ion, plasma irradiation, porous catalyst

DOI: 10.1585/pfr.5.S2106

1. Introduction
Pair plasmas comprising only positively and nega-

tively charged particles of equal mass have garnered at-
tention because they maintain space-time symmetry [1, 2].
Instead of the electron-positron pair plasmas studied in
high-energy physics and astrophysics [3, 4], a fullerene
pair-ion plasma, consisting of positive and negative ions
of equal mass (C+60 and C−60), has been generated, and its
collective phenomena have been investigated experimen-
tally [5–8]. The response frequency of the pair-ion plasma
is limited to narrow bandwidths below 50 kHz because the
ions are massive. To extensively investigate the phys-
ical properties of pair plasmas, particularly their wave-
propagation characteristics at higher frequencies, a hydro-
gen pair-ion plasma source is being developed, because
hydrogen atomic pair ions, i.e., H+ and H− ions, are the
lightest ions and have high response frequencies to electro-
magnetic fields. Several difficulties must be overcome to
develop this plasma source. The pivotal problem is the effi-
cient production of H− ions. The research and development
of negative-ion sources have been extensively performed
for more than 20 years in connection with neutral beam
injection (NBI) heating for fusion-oriented plasmas [9,10]
and ion guns for proton accelerators [11]. The production
methods of H− ions [12] are classified into volume produc-
tion [13,14] and surface production due to contact ioniza-
tion.

The electronic work function on the surface of elec-
trodes used for H− extraction is described by applying a
thin cesium coating. The surface electrons of the elec-
trodes transfer easily to hydrogen atoms approaching the
surface, improving the production efficiency of H− ions.
However, cesium, which has a low evaporation tempera-
ture, is easily vaporized and ionized, and Cs+ ions mix
in the plasma; thus, cesium cannot be used here to gen-
erate hydrogen pair-ion plasma. The mechanism of the
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volume-production method has been investigated; H− ions
are known to be produced by the dissociative attachment of
slow plasma electrons to highly vibrationally excited hy-
drogen molecules, which are produced mainly by the col-
lisional excitation of fast electrons. Two regions with high
and low electron temperatures are required for H− produc-
tion. The generation of a pair-ion plasma requires the pro-
duction of equal quantities of H+ and H− ions and the ab-
sence of impurities such as electrons and other ions [15]. It
is difficult to satisfy these conditions if contact ionization
or volume production is adopted. In this study, an atomic
ion production process is considered in which atomic hy-
drogen is produced in the first stage, and ionized in the
second stage. Metals that undergo a dissociative adsorp-
tion reaction with hydrogen are located in groups 4-6 and
8-10 of the periodic table and have been minutely investi-
gated in the field of catalytic chemistry. Nickel (Ni), which
is easily workable, is chosen as a base material, and the
relationship between the surface reaction and pair-ion pro-
duction is investigated.

2. Experimental Apparatus
To generate the hydrogen pair-ion plasma, a hydro-

gen discharge plasma is generated under a uniform mag-
netic field of 65 mT. H− ions are not produced by volume
production in the discharge region because of the pres-
ence of fast electrons. A schematic diagram of the exper-
imental setup is shown in Fig. 1. The apparatus for gen-
erating the plasma comprises mainly a Penning ionization
gauge (PIG) discharge component and a plasma irradia-
tion component. Two tantalum cathodes are located on
opposite sides of a water-cooled grounded cylinder with
an inner diameter of 7.5 cm and length 15 cm. A 0.5-mm-
diameter tungsten filament, biased at the same voltage as
the cathodes, is set in front of one of the cathodes to sup-
ply thermionic electrons. Electrons are accelerated in a
sheath formed in front of this cathode and injected into the
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space between the two cathodes; most of the electrons are
reflected in a sheath in front of the opposite cathode (an-
ticathode) because the same voltage Vk is applied to both
cathodes. Since the electrons are electrostatically confined
between the two cathodes along the magnetic field lines,
neutral particles can be efficiently ionized by electron im-
pact, producing H+, H+2 , and H+3 ions in this region. An
additional cylindrical anode is set concentrically with the
water-cooled cylinder, which can be positively biased at
Va relative to the cathode voltage Vk. Electrons pass trans-
versely across the magnetic field lines as a result of their
collisions and reach the additional cylindrical anode; thus,
the discharge current is equal to the anode current Ia. The
central part of the anticathode plate is a tungsten grid of
50 mesh with a diameter of 3 cm through which the dis-
charged hydrogen plasma can pass. A commercially avail-
able porous Ni plate (Celmet, Sumitomo Electric Toyama
Co., Ltd.) is set at the exit of the plasma source, which acts
a catalyst with a porous body of 47-53 cells/inch, a pore
size of 0.55 mm, a thickness of 5 mm, a specific surface
area of 2,800 m2/m3, and a porosity of 95%. The porous
catalyst can also be heated by a sheath heater. The tem-
perature at the side of the porous plate is measured by a

Fig. 1 Schematic diagram of experimental setup for generating
penetration-type plasma. Hydrogen plasma generated by
PIG discharge is used to irradiate porous catalysts with
additional heating.

Fig. 2 Dependence of I+ and I− on porous plate temperature T and discharge current Ia. Irradiation flux increases proportionally with Ia.
Porous catalysts of (a) pure Ni and (b) Cu-Ni alloy are used to vary the amount of hydrogen chemisorption.

thermocouple. The porous catalyst is grounded, and the
electric field between the porous plate and the anticathode
is determined by Vk. The kinetic energy of the positive ions
irradiated to the porous catalyst can also be controlled by
Vk. In normal operation, the plasma is generated at a fixed
voltage of Va ∼ +160 V, and the irradiation energy of the
positive ions is about 120 eV at Vk = 0 V and lower when
Vk < 0 V. However, electrons are also accelerated when Vk

< 0 V; ionization occurs in front of the porous catalyst, the
irradiation flux increases, and both the irradiation energy
and the flux change. Therefore, Vk is fixed at 0 V, and the
irradiation energy is almost unchanged here. The irradia-
tion flux and the porous plate temperature are examined in
relation to the quantity of pair ions produced. The back-
pressure of the vacuum system is 1× 10−4 Pa. During op-
eration, a continuous flow of hydrogen is maintained at 70
sccm, and the operating pressure in the source is about 4 ×
10−2 Pa. The downstream plasma parameters are measured
using a Langmuir probe at z = 22 cm, where the source exit
is located at z = 0 cm.

3. Results and Discussion
PIG-discharged plasma is used to irradiate the Ni

porous catalyst; all electrons and positive ions are termi-
nated at the catalyst surface. The dependence of the pro-
duction of pair ions on the porous plate temperature and
irradiation flux is shown in Fig. 2 (a) for a pure Ni porous
catalyst, where the irradiation flux increases proportion-
ally with Ia. Without additional heating, the porous plate
temperature is determined by the plasma irradiation, and
the temperature of the pure Ni porous plate is 277◦C at
Ia = 2 A. An ionic plasma is observed at z > 0 cm. The
positive- and negative-saturation currents of the probe, I+
and I−, are obtained at probe bias voltages of Vp = −200 V
and +200 V, respectively. Since electrons detached from
H− ions by collisions with neutral H2 can be neglected for
low plasma density and low-energy H− ions [15], I− ap-
pears to be the only negative-ion current. The current ratio
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Fig. 3 Dependence of I+ and I− on catalyst temperature T and discharge current Ia. Irradiation flux increases proportionally with Ia.
Porous catalysts of (a) Cr-Ni, (b) Pt-Ni, and (c) Pd-Ni alloys are used to vary the electronegativity.

I−/I+ is close to 1, indicating an ionic plasma comprising
only positive and negative ions without electrons. I± both
increase proportionally with Ia; that is, the number of pair
ions produced increases proportionally with the irradiation
flux. The production of H− ions is particularly affected
by the irradiation flux and the porous plate temperature,
but the production of H+ ions appears to be restricted to
maintain quasi-neutrality. Thus, the ready production of
H+ ions is attributable to the catalyst material.

Hydrogen atoms are produced by dissociative adsorp-
tion on the catalyst surface, and the relationship between
hydrogen chemisorption and ion production is considered.
We focus on the chemical nature of the catalyst, in partic-
ular the position of the elements comprising the catalyst in
the periodic table. Ni is located in group 10, and copper
(Cu) is located in group 11. Ni is a good catalyst for the
dissociative adsorption of hydrogen, similar to platinum,
but Cu, a homolog of gold, is a poor catalyst. For Ni, Cu,
and their alloys, the chemisorption of hydrogen has been
measured [16]. The quotient α of the number of hydro-
gen atoms chemisorbed divided by the number of xenon
atoms physisorbed is an appropriate parameter for charac-
terizing hydrogen chemisorption per unit surface area. The
value of α for pure Ni is αNi ∼ 3.9, and that for pure Cu is
αCu ∼ 0. The ratio of the values for Cu-Ni alloys to that
for Ni is constant, αalloy/αNi ∼ 0.23, for atomic fractions
of Cu of 2-80% with a constant surface composition. A
thin Cu film is formed on the surface of a pure Ni porous
plate through galvanic electroplating. The plate is heated
to about 600◦C in vacuum, and a Cu-Ni alloy porous plate
of 25% Cu and 75% Ni is fabricated. Impurities on the
surface are removed by hydrogen reduction due to irradia-
tion. The dependence of the production of pair ions on the
porous plate temperature and irradiation flux is shown in
Fig. 2 (b) for a Cu-Ni alloy porous catalyst.

Without additional heating, the temperature of the Cu-
Ni alloy porous plate is 247◦C at Ia = 2 A, which differs
from that of the pure Ni porous plate, although the irradi-
ation conditions are the same. The porous plate tempera-

ture is thus controlled only by the additional heating. I±
both increase proportionally with Ia. I± are lower for the
alloy porous catalyst than for the pure Ni porous catalyst.
The value of I±alloy/I±Ni (≈ 0.3) is close to that of αalloy/αNi

(≈ 0.23), although the catalyst plate temperature and the
shape of the catalyst differ. Thus, we can conclude that
pair-ion production is related to the chemisorption of hy-
drogen atoms. An increase in the porous plate temperature
affects ion production but has less effect than an increase
in the irradiation flux.

Next, we examine the effect of electronegativity,
which describes the ability of an atom to attract electrons
toward itself, on the production of H− ions. The elec-
tronegativity of Ni is 1.8 (that of hydrogen is 2.2) in Paul-
ing units, and we vary the electronegativity by changing
the catalyst material. Like Ni, platinum (Pt) and palla-
dium (Pd) are located in group 10, and their electroneg-
ativities are both 2.2, which is higher than that of Ni. On
the other hand, the electronegativity of chrome (Cr), lo-
cated in group 6, is 1.6, which is lower than that of Ni. Cr,
Pt, and Pd are good catalysts for the dissociative adsorp-
tion of hydrogen. Thin films of Cr, Pt, and Pd are formed
on the surface of a pure Ni porous plate by galvanic elec-
troplating. The coated plates are heated to about 600◦C in
vacuum, and Cr-Ni, Pt-Ni, and Pd-Ni alloy porous plates
are fabricated by the same procedure as that used for the
Cu-Ni alloy porous plate. The dependence of the produc-
tion of pair ions on the porous plate temperature and irra-
diation flux is shown in Figs. 3 (a), (b), and (c) for Cr-Ni,
Pt-Ni, and Pd-Ni alloy porous catalysts, respectively.

I± tend to increase proportionally with Ia and T , ex-
cept for the Cr-Ni alloy porous catalyst at Ia = 1.5 and
2 A, at which the irradiation flux increases proportionally
with Ia. I± are lower overall for the Pt-Ni and Pd-Ni
alloy porous catalysts than for the pure Ni porous cata-
lyst. On the other hand, for the Cr-Ni catalyst, I± are
almost the same or more, and pair ions are efficiently
produced at a low temperature (< 400◦C). These results
show that the electronegativity of the catalyst material af-
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fects the production of hydrogen pair ions. The work
functions of Ni (5.15 eV), Cu (4.65 eV), Cr (4.5 eV), Pt
(5.65 eV), and Pd (5.12 eV) [17] are relatively high and the
contact-ionization probability of H− ions is infinitely close
to zero. The catalytic activity for hydrogen is important
here, whereas the work function does not affect the ioniza-
tion.

4. Conclusion
To generate a hydrogen pair-ion plasma, porous cata-

lysts of Ni and several Ni alloys are used to produce hydro-
gen atomic pair ions, i.e., H+ and H− ions. When hydrogen
plasma generated by PIG discharge is irradiated to porous
catalysts of pure Ni and Cu-Ni, Cr-Ni, Pt-Ni, and Pd-Ni al-
loys along the magnetic field lines, pair ions are produced
from the back side of the irradiation plane. Increases in
the irradiation flux and porous plate temperature affect the
number of pair ions produced. The production properties
of H+ and H− ions are different; H+ ions are more easily
produced than H− ions using a pure Ni catalyst. To change
the hydrogen chemisorption and the electronegativity of
the catalyst material, Cu-Ni, Cr-Ni, Pt-Ni, and Pd-Ni al-
loy porous catalysts are fabricated and plasma irradiation
is performed as with the pure Ni porous catalyst. Pair-ion
production appears to be related to the number of hydrogen
atoms chemisorbed and the electronegativity of the catalyst
material.
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