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The use of metal hydride cathodes in Penning discharges offers a promising approach to the efficient production of negative hydrogen
ions under low- and ultralow-pressure conditions. In this work, we summarize and extend our experimental studies on the influence of
metal hydride elements on the characteristics of Penning discharge with axial extraction of negative ions. At low residual pressure, the
introduction of metal hydride cathodes enables plasma generation exclusively from hydrogen released by the cathode material, without
any external gas injection. This feature opens the way to the development of compact, gas-feed-free ion sources with excellent gas
utilization. The negative ions extraction mechanism is shown to depend strongly on the operating mode of the Penning discharge,
determined by the magnetic field strength. In the low magnetic field mode, the expansion of the anode layer toward the discharge axis
and the associated negative space charge suppresses efficient extraction, limiting it mainly to paraxial ions and those formed near the
extraction aperture. In contrast, in the high magnetic field mode, the anode layer becomes thin, and the central plasma region is
essentially field-free, enabling the extraction of negative ions from the entire discharge cross-section. Furthermore, the effect of
increasing the anode diameter is investigated. Enlarging the anode diameter increases the plasma volume surrounding the metal hydride
cathodes, leading to improved plasma uniformity, more homogeneous cathode heating, and a more uniform hydrogen release. These
effects enhance the conditions for negative ions formation and result in a higher extracted current. The results demonstrate the feasibility
and advantages of metal-hydride-based Penning ion sources for efficient production of negative ions under low-pressure operation.
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Recent progress in high-energy hydrogen neutral beam technology has intensified interest in negative-ion sources,
since efficient neutralization at energies above ~60 keV per nucleon is only feasible for H- beams [1]. Negative ions can
be produced either in plasma volume via dissociative attachment to rovibrationally excited Ha(v) molecules or on low-
work-function cesiated surfaces [2]. Although cesium greatly enhances H yield, its leakage degrades high-voltage
insulation and limits long-term reliability, motivating the search for cesium-free alternatives [3].

Efforts to reduce cesium consumption have included the development of specialized cartridges based on Cs,CrO4
alloy combined with an St101 getter [4]. Although this approach improves source stability and operational reliability, it
does not resolve the fundamental issue of identifying alternative materials that can deliver negative-ion yields comparable
to those of cesium-coated surfaces. Subsequent experimental studies have demonstrated that tantalum surfaces in
hydrogen plasma can enhance H™ production through the formation of highly rovibrationally excited Ha(v) molecules
generated by recombinative desorption [5]. Alkali-metal-based surface coatings have also been shown to increase
negative-ion emission; however, their practical application is limited by high chemical reactivity and rapid sputtering
under plasma exposure [6]. As a result, current research has increasingly focused on inorganic compounds and metal
alloys as more robust candidates. In particular, LaBs cathodes have exhibited promising performance in cesium-free
Penning discharges, indicating that suitable alternative materials may ultimately replace cesium in negative ion
sources [7].

Among the most promising candidates for volume negative ion sources are stable hydrides formed from ZrV getter
alloys, similar to St707, which are well known for their extremely low equilibrium hydrogen pressures, fast sorption—
desorption kinetics, and pronounced thermal effects [8]. Ion bombardment of such hydrides induces the controllable
release of rovibrationally excited Ho(v) molecules into the plasma providing a substantial enhancement of volume H~
production. This concept opens the possibility of developing a compact, gas-feed-free ion source that operates at very low
pressure and achieves high gas efficiency. It has recently been demonstrated that ZrV-based metal hydrides offer a
significant advantage for H™ ion production, since hydrogen molecules are released from the hydride surface in a
vibrationally excited state [9].

The extraction of negative ions is typically performed perpendicular to the magnetic field through the anode slit [2],
but using high discharge voltages significantly simplifies the source design by modifying the discharge behavior [10].
Particularly, a flux of negative particles (ions and electrons), together with positive ions, is yielding along the magnetic
field [17]. Therefore, replacing the cathode with a metal-hydride cathode and reversing the extraction electrode polarity
can convert a conventional positive-ion source into a gas-feed-free negative-ion source.
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In this paper, we summarize our previous results on the impact of metal hydrides on the properties of a Penning
discharge with axial extraction of H™ ions, and extend the analysis to different anode diameters. This approach is used to
demonstrate the possibility of increasing the negative-ion current by enlarging the plasma volume in which the metal-
hydride cathodes are immersed.

EXPERIMENTAL SETUP

The experiments were performed in a Penning-type discharge cell comprising two opposing flat cathodes (1 and 5)
and a tubular anode (4) placed in an external longitudinal magnetic field of up to 0.1 T (Fig. 1). Discharge operation was
achieved by applying a positive potential to the anode. The cathode (1) could be electrically biased up to —400 V, while
the opposite cathode (5) was maintained at ground potential.

To increase the plasma-filled volume, the anode of 37 mm in diameter and 12 mm in length could be replaced by an
enlarged anode with a diameter of 56 mm and a length of 30 mm. In both configurations, the cathodes were disk-shaped
electrodes 20 mm in diameter and 5 mm thick, mounted coaxially at a distance of 15 mm from the respective anode ends.

Two cathode configurations were used: single metal hydride cathode (1MH) with cathode (1) made of metal hydride
and cathode (5) made of copper and double metal hydride cathodes (2MH), with both cathodes made of metal hydride.

The cathode material captures and retains a large amount of hydrogen due to its multiphase structure, which includes
tetragonal e-ZrH, and the C15-type ZrV,H, intermetallic Laves phase with the metal type of hydrogen bond [8]. This
intermetallic phase absorbs hydrogen efficiently already at room temperature and pressures of about 0.1 MPa, with a
sorption rate that is 2 — 3 orders of magnitude higher than that of pure zirconium. In contrast, the formation of zirconium
hydride ZrH, in pure zirconium requires temperatures of about 500 K and high pressures of 7 — 10 MPa. The intermetallic
phase promotes rapid hydrogen uptake and diffusion, so that even zirconium becomes effectively hydrogenated at room
temperature. As a result, a mixture of hydrides is formed, where both phases are highly saturated with hydrogen.
Additionally, zirconium hydride has an extremely low equilibrium dissociation pressure (about 1.5x10? Pa at 500 K),
which ensures strong hydrogen retention within the lattice, enabling operation under high-vacuum conditions.

Since the process of the alloy uptake with hydrogen is accompanied by the crystal lattice destruction, the obtained
hydride powder was mixed with a copper binder and then pressed into a disk 2 cm in diameter with a thickness of 0.5 cm.
Each cathode absorbed approximately 870 cm® of hydrogen at atmospheric pressure and room temperature.

The main advantage of a metal hydride cathode is its ability to absorb hydrogen isotopes and release them into the
plasma at low pressure via controlled thermal decomposition of the hydride phases. To avoid uncontrolled desorption and
pressure spikes, the cathode temperature was monitored with thermocouples and maintained below 80 °C, well below the
hydride decomposition threshold [8]. Under these conditions, hydrogen is released exclusively through ion-stimulated
processes. Rovibrationally excited Hx(v) molecules form by surface recombination of hydrogen atoms and are then
converted to H™ via dissociative electron attachment, providing an energy-efficient, surface-driven pathway for enhanced
negative-ion production.

The experiments were conducted at a residual pressure of 0.2 mPa in the vacuum chamber pumped by a diffusion
pump, which went to approximately 0.6 mPa during discharge operation due to hydrogen release from the cathodes.
Notably, no external gas injection was used under these conditions. The residual gas composition was not controlled in
our experiment; however, it is assumed to be typical for such conditions, consisting mainly of N,, CH-containing species,
and water vapor. The partial pressures of molecular and atomic hydrogen under similar conditions of metal hydride
application were measured in [9], and it was shown that the gases incapable of forming stable negative ions results in
very low extracted negative currents, primarily composed of co-extracted electrons.
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Figure 1. The scheme of the experiment.
1 — metal hydride cathode, 2 — power unit, 3 — thermocouple, 4 — anode, 5 — metal hydride/copper cathode with an aperture, 6 —
reflecting grid Ugjq = +1.6 kV, 7 — electrons collector, 8 — filter magnetic coil, 9 — H™ ion collector, Hy — main axial Penning
magnetic field (Hy, = 0 — 0.1 T), H.,;; — reverse magnetic field of the filter.
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During Penning discharge operation in high-voltage mode axial electrons oscillate between the cathode layers and
could fall in the central region of the cathodes, which allows for the axial output of negatively charged particles including
negative ions [10]. To suppress electrons and positive ions in the extracted axial beam, an electromagnetic filter was used.
It was positioned behind the cathode (5) with the central aperture of 5 mm in diameter and consisted of a grid (6) for
retarding positive ions, a magnetic coil (8) for deflecting electrons, an electron collector (7) for the diverted electrons,
and a collector (9) for the extracted axial H™ ion beam. The required parameters for the filter operation were determined
through numerical analysis of electron and H™ ion trajectories [11].

RESULTS AND DISCUSSION
The operation of volume sources of negative hydrogen ions relies on the interaction between low-energy (thermal)
electrons and rovibrationally excited hydrogen molecules Ha(v). In this process, an electron is temporarily captured,
forming a short-lived resonant compound state H,™. The decay of this state can proceed through dissociative electron
attachment, resulting in the production of a negative hydrogen ion (H") and a neutral hydrogen atom:

Hx(v)+e—> Hy— H +H. @)

The intensity of resulted H™ ion beam is determined primarily by the concentration of rovibrationally excited Ha(v)
molecules, which generated in plasma by energetic electron impact with neutral hydrogen. In case of using a preliminary
hydrogenated metal hydride, rovibrational excitation of hydrogen molecules are ensured by recombination of H-atoms at
the metallic surface, which then can be converted to H™ ion by dissociative electron attachment. So, the challenge is to
increase the concentration of rovibrationally excited Hx(v) molecules keeping the working pressure below 0.3 Pa to
eliminate the negative ion losses due to collisional destruction [16].

The concept of the source relies on a specific feature of Penning discharge operated at low pressure and high voltage.
The electron current dominates in the central cathode region, enabling axial extraction of negatively charged particles,
including negative ions. In contrast to the Ellers-type ion source operating in a high-current mode, H™ ions in this Penning
discharge are generated in the central field-free plasma region via dissociative attachment of low-energy electrons (2 — 4
eV) to vibrationally excited hydrogen molecules Hx(v), released from the metal hydride cathode. The produced negative
ions then drift axially through the field-free plasma, confined by the anode layer, and can be easily extracted through a
central aperture in the cathode [2, 10].

The characteristics of a Penning discharge are known to be strongly influenced by the experimental conditions. The
discharge operating modes were identified as functions of the key physical parameters, namely the anode voltage,
magnetic field strength, and working gas pressure [10]. Particularly under our experimental conditions (the pressure in
the vacuum chamber of 0.6 mPa, the applied voltage of 5 kV and the discharge current of about 0.8 mA) the discharge
burns between “low-magnetic field mode” (LMF -mode) at Hy = 0.06 T and “high-magnetic field mode” (HMF-mode) at
Hy= 0.1 T. Graphically it can be described in Fig.2. In LMF-mode, the axial potential is distorted by a negative space
charge distributed throughout the entire discharge volume resulting in the potential sag on the axis cell. In contrast, in the
HMF-mode a field-free plasma region forms near the discharge axis, while the electron cloud is confined to a sheath
adjacent to the anode. Due to the potential sag in LMF-mode, the energy spectrum of the emitted axial H," ions is strongly
shifted to the low-energy region (Fig.3).

Since the transition from LMF-mode to HMF-mode is not abrupt because of its dependence on gas pressure, it is
not possible to unambiguously define the point at which LMF-mode changes into HMF-mode. Instead, a regime of gradual
transition exists in which effects characteristic of both LMF and HMF modes coexist and mutually influence each other.
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Figure 2. The schematic potential distribution curve inside the Figure 3. The H>" ion energy distribution function axially
discharge cell when measuring the energy spectra of extracted emitted from Penning discharge with metal hydride cathode at
ions. Dots a, b, ¢ (see Fig. 1) designate: a—anode, b — cell center, P =0.6 mPa and Us=5kV
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Using the relations between the magnitude of the potential sag and the discharge current for LMF-mode [10] one
can obtain the following expressions for the discharge current:

Iy = 4nlegnoveo;(U, — Up) (2)

Substituting the following parameters: anode length [ = 0.0015 m, ionization cross section of the hydrogen
molecule o; & 1072 m?, electron velocity for ionization v, = 2.35 X 10° m/s, neutral particle density n, [m™3] =
2.6 X 10%%p [Pa], anode potential U, = 5kV, and assuming (Uy~ Epq./€ = 250 V from Fig.3), Eq. (2) yields a local
pressure in the cell of p 16 mPa at I; = 0.8 mA.

Thus, the release of hydrogen from metal-hydride leads to a local pressure increase from 0.6 mPa to 16 mPa near
the cathode surface, and, when the rovibrational excitation of the released molecules is taken into account, results in a
significant enhancement of negative ion formation according to Eq. (1).

The extraction mechanism of H™ ions depends on the mode of Penning discharge operation. In LMF-mode the anode
layer expands toward the axis, and its negative space charge expels H™ ions from the plasma volume. In this case only
ions formed near the extraction aperture in the cathode and paraxial ones could be efficiently extracted. In HMF-mode,
the anode layer is thin, and the central plasma region is essentially field-free, enabling H™ ions to be extracted from the
entire cross-section of the cell. It is demonstrated in Fig. 4 and Fig. 5.

Using single metal hydride cathode placed opposite the extraction region results in the poorest source performance,
particularly for small anode radii. In LMF mode, the extraction of H™ ions generated near the metal hydride surface is
hindered by a thick anode layer, which suppresses the extracted H™ current almost to zero. As the magnetic field increases,
the anode layer contracts toward the anode, allowing paraxial negative ions to reach the extraction region and contribute
to the extracted current, which rises to about 2.5 pA. Applying a negative bias to the metal-hydride cathode only weakly
affects this behavior, increasing the extracted current to approximately 15 pA.

In HMF-mode, this effect becomes more pronounced. The anode layer is thin and only weakly affects the axial
transport of H™ ions. As a result, the extracted H™ current increases by more than a factor of two due to the pushing effect
of the negative potential applied to the metal hydride cathode, near which the main production of negative ions occurs.

H,T
0.07 0.08

H T

0.06 0.09 0.06 0.07 0.08 0.09

D, =

I(H), uA

D, =56 mm, 1M

R D S s by L

—8— D, =37 mm; | MH|
—e— D, =37 mm; 2 MH|

Figure 4. The current of extracted negative ions via magnetic
fields at P = 0.6 mPa, Us = 5 kV, Is = 0.8 mA and grounded
cathodes

Figure 5. The current of extracted negative ions via magnetic
fields at P = 0.6 mPa, Us = 5 kV, Iu = 0.8 mA and electrically
biased cathode (1) Ubias = -400 V in Fig.1.

The introduction of second metal-hydride cathode leads to much stronger increase in the extractable current. In this
configuration, two spatially separated regions of efficient H™ ion production are formed, characterized by different
extraction mechanisms. H™ ions generated near the cathode opposite the extraction region propagate along the discharge
axis with thermal velocity when both cathodes are grounded, or are additionally accelerated toward the extraction region
when a negative bias is applied. In contrast, H™ ions produced near the extraction region are directly extracted by the
electromagnetic filter grid biased at a positive potential. The remaining ions, which are not affected by the grid potential,
may be deflected toward the extraction grid by the negative space charge of the anode layer expanding toward the axis.

This effect is clearly pronounced in LMF mode, as shown in Fig. 4 and Fig. 5, both with and without the application
of a negative bias. In the HMF mode, however, this difference becomes much less pronounced.

Increasing the anode diameter improves the utilization of the metal hydride cathode surface by enlarging the plasma
volume in which the cathodes are immersed. The expansion of this region improves plasma uniformity and increases the
effective plasma—cathode interaction area, resulting in more homogeneous cathode heating and a more uniform release
of hydrogen from the metal hydride. Consequently, the conditions for negative-ion production are enhanced, leading to a
higher extracted H™ current.
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The transition from LMF to HMF mode is accompanied by the formation of a tenuous plasma region around the
discharge axis, which can be distorted by potential sag [10]. This effect complicates the interpretation of the experimental
results; nevertheless, the overall trends described above remain clearly observable.

CONCLUSIONS

The experimental results demonstrate the promising results of metal hydride elements using in plasma sources with
efficient negative ion production. The key advantage of metal hydride lies in its ability to take up hydrogen isotopes in
atomic form and release them into the plasma in a controlled manner under low-pressure conditions. Recombination of
hydrogen atoms on the metal hydride surface directly produces rovibrationally excited hydrogen molecules. The feedback
coupling between the discharge current and the hydrogen release rate provides efficient gas utilization, increases the
density of rovibrationally excited molecules, and consequently enhances H™ ion production via dissociative electron
attachment.

In a Penning discharge operated at low residual pressure, the introduction of metal-hydride cathodes enables plasma
generation only on hydrogen released from the metal hydride, without any external gas injection. This opens the way to
the development of a new type of compact, gas-feed-free ion source capable of operating at low and ultralow pressures
with excellent gas utilization.

Formation of negative ions occurs via the dissociative mechanism of low-energy electron attachment near the surface
of metal hydride cathodes, where the heightened density of rovibrationally excited hydrogen molecules is achieved. The
extraction mechanism of negative ions depends on the operating mode of the Penning discharge. At low pressure, the
determining factors are the electron drift within the anode layer and the presence of a practically field-free central zone,
where axial electrons oscillate between the cathodes and may impinge on the central area, thereby opening the possibility
of their extraction together with negative ions.

In the low magnetic field (LMF) mode, the anode layer expands toward the axis, and its negative space charge expels
negative ions from the plasma volume. As a result, only ions formed near the extraction aperture in the cathode and
paraxial ions can be efficiently extracted. In contrast, in the high magnetic field (HMF) mode the anode layer becomes
thin, and the central plasma region is essentially field-free, allowing negative ions to be extracted from the entire cross-
section of the discharge cell.

Increasing the anode diameter further enhances the efficiency of negative ions production by enlarging the plasma
volume in which the metal hydride cathodes are immersed. The expansion of this region improves plasma uniformity and
increases the effective plasma—cathode interaction area, leading to more homogeneous cathode heating and a more
uniform release of hydrogen from the metal hydride. Consequently, the conditions for negative-ion formation are
improved, resulting in a higher extracted negative-ion current.
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YTBOPEHHS TA EKCTPAKIIS IOHIB H- 3 PO3PSAY NIEHHIHT'A B LMF TA HMF PEXKUMAX
Irop Cepenal, Apocaas I'peuxo’, Kocrautun Cepenal, Ouer Bopooiios?

! Xapkiscvkuii nayionanvnuii ynieepcumem imeni B.H. Kapasina, npocn. Kypuamoea, 31, 61108, Xapxkie, Yxpaina
?Xapxiscoruii nayionanvnuii ynicepcumem Iosimpsnux Cun imeni lsana Koowcedyba, Xapkie, Yxpaina
BukopucTaHHs MeTanTiAPUIHUX KaTOAIB y po3psaax [leHHiHra mpomoHye HMEepCHeKTUBHUE MiAXin 0 e(peKTHBHOrO YTBOPSHHS
HETraTUBHUX IOHIB BOJHIO B YMOBaxX HH3bKOTO Ta HAJHHM3bKOTO THUCKY. Y Wil poOOTI MM HiICYMOBYEMO Ta PO3LIMPIOEMO HAIlli
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SKCIIepUMEHTaIbHI JIOCIIDKEHHSI BIUIMBY METANOTIIPUIHUX €JIEMEHTIB Ha XapaKTEePUCTHKH po3psay I[leHHiHra 3 axciallbHOIO
SKCTPAaKI[i€l0 HeraTWBHUX iOHIB. [Ipy HM3bKOMY 3aJIUIIKOBOMY THUCKY BBEICHHS METAJTiAPUAHUX KATOMIB J03BOJISIE T€HEPYBATH
IUIa3My BHUKJIFOYHO 3 BOJHIO, IO BUIUISETHCS MarTepianoM Karoza, 6e3 OyIb-sKOro 30BHILIHBOrO HamyckKy rasy. Lls ocoOnuBicTs
BIIKPHBA€E MUIAX O PO3pOOKK KOMITAaKTHHX [DKEPEN 10HIB Oe3 mojadi rasy, a TakoX 10 e()eKTHBHOIO BUKOPHCTaHHSA Ta3y. [lokaszaHo,
[0 MEXaHi3M eKCTPaKilii HeraTUBHUX 10HIB 3HAYHOIO MIpOI0 3aJICKHUTh BiJl peskuMy podoTu pospsiny IleHHiHTa, SIKMH BU3HAYAETHCS
HaIpYKCHICTIO MarHITHOrO MmoJisi. Y peuMi HU3bKOT0 MarHiTHOTO I10JIs1 PO3IIMPEHHS aHOHOT'O Iapy A0 OCi PO3psiy Ta MOB’sI3aHUN
i3 HUM HeraTHBHHUH 00’€MHUH 3apsi MPUTHIYYIOTh e(heKTUBHY EKCTPaKI[i0, 00MeXyIouH ii IepeBaKHO MapaKCialbHUMU i0HAMHU Ta
THMH, 110 YTBOPIOIOTBCS MO0IHM3Y OTBOPY eKcTpakiii. HaBmaku, B pexkUMi BUCOKOTO MarHiTHOTO MOJIsi aHOIHMI [Iap CTa€ TOHKUM, a
LCHTpaJIbHA 00JI1ACTh [IIa3MH IPAKTHYHO BiJIbHA BiJl I10JIs, 1[0 JI03BOJISIE EKCTPAryBaTH HETATUBHI iI0HH 3 YCHOTO TIOMEPEUHOTO epepisy
po3psay. Kpim toro, nocmimkyeTbes BIUIMB 301IbLICHHS JiameTpa aHoa. 301IbLIeHHs iaMeTpa aHoa 301blnye 00'eM rua3mu, 1110
0TOYY€E KaTOH 3 TIAPH/IIB METay, 110 IPU3BOJHUTH J0 TOKPAIICHHS OAHOPIIHOCTI IIa3MH, OLTBII OTHOPIAHOTO HArPiBaHHS KaToa Ta
O1TBII piBHOMIpHOTO BHIIEHHS BOAHIO. Li ehekT moKpamrytoTh yMOBH AJIsl yTBOPSHHS HETaTHBHUX 10HIB Ta MPU3BOAATH IO BUIIOTO
CTpyMy BHIy4YeHHs. Pe3ynpTat ZeMOHCTPYIOTh JOUIIBHICTH 1 MepeBaru Jpkepeln ioHiB [IeHHIHra Ha OCHOBI TiOPUAIB METaly Ui
e(eKkTHBHOI reHepalii HeraTHBHUX 10HIB 32 HU3bKOTO THCKY.

KuntouoBi cnoBa: necamueni ionu; odens; pospao Ilenninea; 2iopud memany; 06'emne dxcepeno





