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The behavior of extracted axial current of H™ ions formed in plasma volume of Penning discharge with different
distances between metal hydride cathodes and an anode is discussed. The discharge operation is ensured on
hydrogen locally injected from metal hydride cathodes due to ion current impact from plasma. Efficient formation of
H™ ion is achieved due to high vibrational excitation of hydrogen molecules because of nonequilibrium desorption
process. It has been shown that at high magnetic field an increase of the H™ ion current is registered at the negative
electric bias supply on a cathode. At low magnetic field H™ ions are pushed out by the negative space charge of
anode layer which expands towards the axis. The optimal anode-cathode distance for effective yield of H™ ions was

found.
PACS: 29.25.Ni

INTRODUCTION

Hydrogen negative ion sources are important for
high-intensity neutral beams production for plasma
heating and diagnostics [1], for thin-films and
nanostructures production [2], for dusty plasma
investigation [3] and as proton beams for producing a
number of medical radionuclides used in diagnosis and
contact radiation therapy [4]. Initial beam of negative
ions is produced by using sources with surface or
volume ionization. In the first case, significant intensity
of negative ion beam is achieved by cesium addition [5].
In the second case, H™ ions are formed in the plasma
volume by the mechanism of dissociative attachment of
low-energy electrons to ro-vibrationally excited
molecules of hydrogen. These sources are more reliable,
compact and environmentally friendly (cesium free).
Unfortunately, the brightness of the volume source is
extremely low and does not meet modern needs.

The application of ZrV metal hydrides as the
electrodes of plasma devices is known to increase the
efficiency of negative ion formation in plasma volume
[6]. Excited H,* molecules are formed due to the
activation of desorbed hydrogen directly at metal
hydride surface followed by the formation of H™ ions by
dissociative electron attachment. Original separation of
regions with fast (in an anodic layer) and slow electrons
(by the cathodes) makes a Penning discharge attractive
for use as a volume source of negative ions. Moreover,
at low pressure (< 0.01 Pa) and high magnetic field
(>0.07 T), the electron current predominates in the
central region of the cathodes, which allows for axial
extraction of negatively charged particles including
negative ions [7]. The electron beam is deeply
modulated at the frequency of potential oscillations in
the anode layer, then for negative ions such a
phenomenon was not observed [8].

Unlike the standard perpendicular extraction, this
approach simplifies the source design by the unification
of used parts. In negative ion volume sources with ion

extraction along a magnetic field accompanied electron
current is large negative ion current up to a hundred
times [5]. But using magnetic separation along with
numerical calculation of motion equation solves this
task [6]. Subsequently, it was made various attempts to
increase the productivity of the source by the electric
bias of the cathodes [9] or pulsating regime
implementation [10]. In this paper we describe the
behavior of H™ current extracted in axial direction from
Penning discharge with different distances between
metal hydride cathodes and an anode.

1. EXPERIMENTAL SETUP

The scheme of a Penning cell used in experiments is
shown in Fig. 1. It includes a metal hydride cathode (1),
a copper cathode (5) which could be optionally changed
on a metal hydride one and a tube-shaped anode 40 mm
in diameter (4) placed in longitudinal magnetic field
H,o = 0...0.1 T. The metal hydride cathode was
produced from hydride-forming alloy ZrsoVs, stored
with hydrogen at a level of 800 cm® at atmospheric
pressure and room temperature. Destruction of hydride
phase due to ion current impact from plasma ensures
activated hydrogen H,* desorbtion locally to the
cathode region. Negatively charged particles together
with positive ions yielding along the external magnetic
field through an aperture in the cathode (5). The
separation of negative ions H™ is performed by
electromagnetic filter, which consists a grid (6) for
positive ions retarding, a magnetic coil (8) to divert
electrons, a collector of diverted electrons (7) and a
collector of extracted axial beam of H™ ions (9). The coil
(8) creates a reverse magnetic field Hcy. The required
values of the resulting field H,, and grid potential (Ugig
= 1 kV) in the filter is calculated from the analysis of
electrons and H™ ions trajectories by numerical solution
of a motion equation in axially symmetric electric and
magnetic fields [4]. Calculations show that the electron
beam is diverted almost completely and only a small
group of paraxial particles (about 10%) passes through.
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Fig. 1. The scheme of a Penning-type ion source:
1 — metal hydride cathode; 2 — Rogowski coil; 3 — thermocouple; 4 — anode; 5 — copper / metal hydride cathode
with an aperture; 6 — reflecting grid Ugig = +1.6 kV; 7 — electrons collector; 8 — filter magnetic coil; 9 —H™ ion
collector; H,, — main axial Penning magnetic field (H,oo = 0...0.1 T); Heo — reverse magnetic field of the filter

The grid (6) in addition to the retarding function for
positive ions accelerates electrons and H™ ions to
approximately the same energy followed by the
successful separation in the magnetic field H, of the
filter.

The discharge operation is ensured by applying a
positive potential to the anode. There was no external
supply of hydrogen, and all experiments were carried
out on hydrogen, which was desorbed from the metal
hydride cathode. The residual pressure in the vacuum
chamber was 1.5-10°° Torr.

2. RESULTS AND DISCUSSION

The ability of Penning source of emitting negative
particles in longitudinal direction is typical at low
pressure, high discharge voltage and high magnetic field
[5]. In this case a negative space charge placed close to
an anode followed by a field-free plasma region
formation around the axis. The main part of applied
voltage drops in an anode layer, and it keeps low by the
cathodes.

If the cathodes are made from hydride ZrV alloy, H™
ions will be produced near the metal hydride surface
due to the dissociative attachment of slow electrons
(2...4 eV) to pre-excited hydrogen molecules H,*,
which are released from the cathode due to the influence
of ion current from plasma. Hydrogen working pressure
in the cell is set on the level which is automatically
determined by the discharge current.

The dimensions of the electrodes of Penning cell
sufficiently impacts on the behavior of extracted axial
current. For instance, the reduction of anode length
resulted in significant decline of the current of positive
ions outgoing in the axial direction and allowed for the
reduction of the retarding grid potential [7]. In the same
time, in our previous experiments we used one metal
hydride cathode (the second one was from coper) and
clear results were obtained only at high magnetic field
[4,6,7].
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Introduction of second metal hydride cathode into
discharge cell does not practically impact on discharge
current, but sufficiently changes the features of H™ ions
extraction (Fig. 2). At high magnetic field H™ ions
produced nearby the opposite metal hydride cathode, so
application of negative cathode bias significantly
improves extraction of negative ions. The role of the
second metal hydride cathode (with aperture) is limited.
At low magnetic field thick anode layer of negative
space charge pushes H™ ions formed by the second
metal hydride cathode (with aperture). And now, on the
contrary, the role of the first metal hydride cathode is
reduced, because formed negative ions there retain by
negative space charge of anode layer.
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Fig. 2. The current of negative ions versus the electrical
bias of opposite cathode at Uy =5 kV, I3~ 2 m4 and the
anode cathode distance of 12 mm

Figs. 3 and 4 show the behavior of H™ current at
different distance between the anode and the cathodes.
At low magnetic field the current of negative ions does
not depend on the bias potential of opposite cathode and
increases with the elongation of anode-cathode distance.
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But at a distance exceeding 12 mm the part of positive
ions in axial flux significantly rises and the current of
negative particles, on the contrary, decreases. This
makes it already ineffective for the extraction of
negative ions. The behavior of the negative ion current
at low magnetic fields is described in [11] and concerns
with the spreading of the negative space charge of
anode layer towards the axis. The negative electric bias
of opposite cathode in this case has weak effect. Only a
small amount of paraxial negative ions formed by the
opposite cathode could overcome the layer of negative
space charge. So, in case of single metal-hydride
cathode using H™ current kept low and had been not
impacted by -Uyy bias.
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Fig. 3. The current of negative ions versus the anode-
cathode distance at Uy =5 kV, Iy = 2 mA and low
magnetic field
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Fig. 4. The current of negative ions versus the anode-
cathode distance at Uy =5 kV, lq~ 2 mA4 and high
magnetic field

The drop of H™ current along the decreasing of
anode-cathodes distance is mainly due to the distortion
of the area of negative ions formation near the cathode
layer.

At high magnetic field the anode layer is thin and a
field-free plasma placed around the axis of the cell. So,
H™ ions extraction can be enhanced by the supply of
negative electric bias of opposite cathode. The main

contribution to H™ current are negative ions which are
pushed out by negative electric bias -Uyy from the
opposite side of the cell [11].

There is also a shift in energy of oscillating electrons
at the change of anode-cathode distance (Figs. 5 and 6).
This may be due to the existence of a virtual cathode
region in the interelectrode space, which limits the
output of low-energy oscillating electrons over long
interelectrode distances. At the anode cut line there are
electrons up to thermal energies (see A-C 0 mm in
Figs. 5 and 6), and as we move away from the anode cut
line, electrons of higher energies were recorded [12].
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Fig. 5. Electron energy distribution function at
Uy =5 kV and at low magnetic field
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Fig. 6. Electron energy distribution function
at Uy =5 kV and at high magnetic field

A possible reason for the electrons to gain additional
energy is the oscillations of the negative space charge in
the discharge and deep modulation of the electron flux
on corresponding frequency. At high magnetic field the
amplitude of oscillation is higher, therefore the electron
energy spread increases.

Thus, the use of low magnetic fields is more
attractive for H™ production, because more favorable
conditions for H™ formation are established. The are
lower energy of axial electrons and self-pushing effect
of formed negative ions by negative space charge of
thick anode layer. In other words, one can get the same
H current at lower energy consumption.
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CONCLUSIONS

The application of metal hydride cathodes in
Penning cell allows for the formation of axial H™ ion
flux along the external magnetic field. It sufficiently
increases the efficiency of H™ ion formation due to
excluding the stage of H, molecule excitation in plasma.
The separation of H™ ions from electrons and positive
ions was made with electro-magnetic filter. Positive
ions are retarded by electric field of the grid and
electrons are diverted by magnetic field with efficiency
of about 90%. The generation of negative ions occurs
nearby the surface of metal hydride facing the plasma
due to the dissociative attachment of thermal electrons
to hydrogen molecules which are released in
vibrationally excited state. It sufficiently increases the
efficiency of H™ ion formation due to excluding the
stage of H, molecule excitation in plasma. H™ ions
migrate then in axial direction inside the field-free
central plasma which is limited by the anode layer and
could be extracted through the central aperture in the
cathode. At high magnetic field the current of negative
ions can be enhanced by the supply of negative electric
bias on opposite cathode. At low magnetic field
negative ions are pushed out by the negative space
charge of expanded anode layer. The best anode-
cathodes distance has been found through the
experiments for efficient negative ions formation and
extraction corresponds to 12 mm.
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BIIVIUB BIJICTAHI MI’K AHOAOM TA METAJIOT'TAPUJIHUMU KATOJAMHU HA BUXIJ IOHIB H™
3 IIEHHIHI'OBOI'O PO3PAAY

LM. Cepeoa, A1.0. I'peuxo, O.I' Bopooiios

OOroBOpIOETHCST MOBE/IIHKA BUBEIECHOTO aKCiaJbHOTO CTpyMy i0HIB H', 10 yTBOpPIOIOTECS B 00’€Mi IuIa3mMu
pospsiny [leHHiHTa 32 pi3HUX BiJCTAHAX MK METAJIOTIAPUIHUMH KaTOAaMH Ta aHOAOM. Po3psi roputs Ha BO/HI, IO
JIOKAJbHO I1HXKEKTYEThCS 3 METAIOTIAPUIHWX KaTOMIB 3a paxyHOK Hii 10HHOTO cTpyMmy 3 miua3mu. EdexTuBHe
yTBOpeHHs ioHa H mocsraeTrbes 3a paxyHOK BHCOKOTO KOJHMBAJIBHOTO 30yKEHHS MOJIEKYJ BOJHIO BHACIHIiZOK
HepiBHOBa)KHOTO mporecy necopOiii. [Tokasano, mo 306imbmmeHHs cTpyMy ioHIB H™ peectpyeThcst mpu mojadi
BiJI’€MHOTO €JIEKTPUYHOTO 3CYBY Ha KaTOJ y CHJIbHOMY MarHiTHOMY noui. [Tpu Hu3pkoMy MarxiTHOMY mofi ionu H™
BUIITOBXYIOTECS HETATHBHUM IIPOCTOPOBUM 3apsiiOM AHOIHOTO MIApy, SKWH PO3IIUPIOETHCS A0 oci. 3HaiineHo
ONTHUMAJIFHY BiZICTaHb aHOJI-KaTO [T €(peKTHBHOTO BUXOy i0HIB H .
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