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The enhancement of negative ion production in a volume Penning based source could be performed by the application of metal
hydride cathode. Hydrogen isotopes are stored there in a chemically bound atomic state and desorbed from the metal hydride under
the discharge current impact. Highly vibrationally / rotationally excited molecules H2* are formed by recombination of H-atoms at
the metallic surface, which then can be easily converted to H™ by dissociative electron attachment without the pre-excitation of a Hz
molecule in plasma. Changing the discharge properties opens the way of source design simplification by negative ions extraction
along the external magnetic field in comparison with traditional volume sources, where the extraction is performed perpendicular to
magnetic field. The separation of negative ions from the extracted in longitudinal direction flux of charged particles was performed
by an electromagnetic filter basing on numerical calculations of particles trajectories. The dependence of electron temperature and
plasma density on the bias potential is carried out by Langmuir probe method. The measurement of electron energy was performed
by an electrostatic energy analyzer. It was shown that the yield of H™ ions depends on the electrical bias on the metal hydride cathode
with strong dependences on the plasma electrons temperature. The estimation of the bias potential versus 7. was performed under the
assumption of electron Boltzmann distribution near the cathode. The presence of additional groups of electrons with higher energies
distorts the behavior of H™ current, but generally the experimental results are in good agreement with estimation based on the physics
behind the Boltzmann distribution. The optimum for the effective extraction of H™ ions was revealed, when the metal hydride cathode
had been electrically biased at -20V and higher, and plasma density reaches the maximum value to 2x10° cm™.
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In 1963 Ehlers et al. [1] extracted a beam of negative deuterium ions through the apertures in the anode with a
current of 0.5 mA from a Penning discharge with cold cathodes at a discharge voltage of 3 kV. Further, sources of this
type were developed and studied in many laboratories [2]. It can easily be built into the center of cyclotrons and was
used in many cyclotrons for accelerating negative ions. It had been used until 1987 in the TRIUMF cyclotron, but the
source was installed outside [3]. The Ehlers type source was also used in a Van de Graaf accelerator which accelerated
H—ions up to 1.5 MeV with the current of 1 mA and the pulse duration of 1.5 ms [4]. Then some basic understanding of
the operation of the Penning type H— ion source was presented.

Today there are two known methods for increasing the current of negative ions from a volume source without
cesium using. This is an increase in pressure and plasma density, but this way is limited by destruction of H- ions in
plasma [5]. The second method is the choice of the electrode’s material [6], which indicates the decisive role of
processes on the surface facing hydrogen plasma.

Hydride-forming getter materials based on Zr-V alloys are a promising base for the manufacture of such
electrodes [7]. They are characterized by high hydrogen storage capacity and low activation temperatures. They easily
uptake hydrogen when heated to moderately elevated temperatures. This circumstance determines the high efficiency of
hydrogen pressure adjusting according to the scheme of “adjustable parameter — thermal effect.” Hydrogen uptake is
accompanied by it excitation with following reduction of ionization potential by 0.3 - 0.5 eV and an increase in cross
section for the dissociative attachment of slow electrons to neutral hydrogen molecules [8].

So, the application of metal hydrides as the electrodes of plasma devices opens the possibility of increase the
efficiency of negative ion formation in plasma devices and provides an internal local hydrogen supply directly into a
gas-discharge cell. The features of metal hydride application in hydrogen plasma of Penning discharge were carefully
described in [9].

Highly rotationally/vibrationally excited molecules H,* are formed by recombination of H-atoms at the metallic
surface, which then can be easily converted to H™ ions by dissociative electron attachment. The efficiency of H™ ion
production sufficiently increases, because one does not need any more wasting energy on the pre-excitation of a H»
molecule [10].

Activated hydrogen desorbed from a metal hydride cathode impacts on the Penning discharge properties [11]. It
was cleared that at high discharge voltages negative ions along with electrons and positive ions starts outgoing along the
external magnetic field through an aperture in the cathode. So, the simple replacement of a cathode by a metal hydride
one and the reverse of polarity on pulling electrodes could make a negative ion source from traditional positive one.
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In [13] the H™ ion current of 10 pA at an input power of 6W from Penning type ion source with metal-hydride
cathode has been obtained. Maximum extracted current of H— ions was observed at negative electrical bias of metal
hydride cathode to 50 V. The purpose of the paper is to investigate the discharge properties in order to explain carried
out results and to give advices on increasing the extracted current.

EXPERIMENTAL SETUP

Experimental investigations were performed on a device shown in Figure 1. This is a H™ ion source based on
Penning discharge with metal hydride cathode equipped with an electromagnetic filter for H™ ions separation from
extracted charged particle flux. Between a metal hydride cathode / and a copper cathode-reflector 3 a tubular anode 2
made from stainless steel was set. The positive potential U, was supplied to the anode. On the metal hydride cathode
there was a possibility of supplying a negative electric bias. An electromagnetic filter for negative ions separation was
set behind the central aperture in the cathode-reflector. It includes of a grid 7 for positive ions reflection, a magnetic
coil 9 for electrons divertion, a collector of diverted electrons & and a collector of extracted axial beam of H™ ions /0.
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Figure 1. The scheme of discharge cell
1 — metal hydride cathode, 2 — anode, 3 — copper cathode with an aperture, 4 — Langmuir probe, 5 — cathode-holder,
6 - thermocouple, 7 — retarding grid, 8 — electrons collector, 9 — coil of magnetic field Heoii, 10 — H™ ion collector, 11 — distribution of
the magnetic field Hzo in the filter

The metal hydride cathode / was pressed from a powder of hydride-forming alloy Zrso¥5y with a copper binder by
a method including melting of the alloy, its activation and filling with hydrogen. The quantity of hydrogen stored in the
cathode was ~ 870 cm? under normal atmospheric pressure and room temperature. The metal hydride cathode had a
water-cool and its temperature (~20°C) was much lower than the minimal temperature of thermal desorbtion of
hydrogen (~ 80 °C). So, H," uptake was determined only by a discharge current and is provided mainly by ion-
stimulated processes from the surface of metal hydride [12]. Langmuir probe 4 made from tungsten wire and embedded
in ceramic insulator was set perpendicular to discharge axis on the half distance between anode and metal hydride
cathode. The working area of the probe was a cylinder 0.35 mm in diameter with the length of 4 mm faced the center of
the cathode. The discharge worked only in desorbed from metal hydride hydrogen at initial residual pressure of
1.5x10°° Torr without any external gas injection.

RESULTS AND DISCUSSION

Previously we reported about the possibility of enhancement of H™ ions yield by the application of a negative
electric bias on metal hydride cathode [13]. Following decreasing in inter electrode distance induced significant
modification in the negative ions current behavior under the negative electrical bias on metal hydride cathode [14].
More detailed results carried out within the frame work of the paper is shown in Figure 2. One can see, the inflection of
Hcurrent is observed only at low magnetic fields (to 0.06 T) and is already not so pronounced. And when the electric
bias -Upr and magnetic fields take higher values the H™ current does not decrease, as it was in [13], but on the contrary
1t grows.

In [13] a decrease in the H™ current was explained by electrons depletion by the metal hydride cathode owing to
their reflection by -Uum potential which is reduced the rate of the dissociative electron attachment. The neglection of
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secondary ion-electron emission from the surface of the cathode, which was slowed down the electrons depletion,
caused a moderate discrepancy between experiment and calculation.
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Figure 2. H™ ion current versus negative electric bias on metal hydride cathode at U. = 5 kV, P = 5x10°° Torr

The typical volt-ampere characteristics measured by cylindrical Langmuir probe is shown in Figure 3. The
calculation of plasma density n was performed from Bohm current. The electron temperature 7. was calculated from
transition section of volt-ampere characteristic near the point of floating potential using standard methodic. The
applicability of this technique for determining the electron temperature for moderate magnetic fields has been
confirmed in [15], mainly because of large (~1 cm) Larmor radius of H," ion compared with probe dimension.
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Figure 3. The typical volt-ampere characteristics measured by cylindrical Langmuir probe
atUa=5kV,1a=0.8mA, H=0.1 T, P=5x10° Torr

The plasma parameters measured on the axis of discharge cell close to metal hydride cathode is shown in Figure 4.
Negative electrical potential on metal hydride cathode -Uy impacts the density and plasma electron temperature. It is
seen they behave in the same way at low electric bias. The density surely grows since the bias potential increase
to -20 V. T, drops wherein and takes the value of approximately from 14 eV to 28 eV depending on the magnetic field.

In [13] it was suggested that the inflection point of /(H) in the Figure 2 corresponds to plasma electron
temperature 7.. And the more 7., the closer electron reflects from the metal hydride cathode which is under negative
bias potential. Figure 4 has primarily proved this statement. At low magnetic field, when the inflection of H™ current is
observed under the bias potential of -40 V, the electron temperature takes smaller value, and electrons could be easily
reflected reducing the value of H™ current. If 7, takes larger values, there is no H™ current inflection, or it is not so
pronounced.

Plasma density and electron temperature 7, takes on increased values when the pressure raises. But it depends in
the same way as for those shown in Figure 4 and does not specially represented in the paper.
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Figure 4. Plasma density and electron temperature on the axis of discharge cell by metal hydride cathode
at Ua=5kV,la=0.8 mA, P =5x10" Torr

Another explanation of H™ current behavior could be the existence of electrons groups with different higher
energy. To test this assumption, the electromagnetic filter was replaced with an electrostatic energy analyzer, which was
used to measure the electron energy that outgoes in longitudinal direction (Figure 5).
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Figure 5. Electron energy at Ua = 5 kV, Ia= 0.8 mA, Umn = -20 V, P = 5x10° Torr

As seen from Figure 5 the groups of high-energy particles appear in the spectrum of registered electron current at
high magnetic field and distribution function strongly distorted by the “non-Maxwellian” tail of high-energy electrons
with energies more than 100 eV. But the studies carried out in [16] pointed out, that in the central region of the
discharge it close to the Maxwellian one, what determines the applicability of Langmuir probe set on the axis of the
cell.

The highest value of electron energy there is much bigger, than the electric bias of metal hydride cathode, which
could explain the increase of H™ current at high bias potential (Figure 2).

If we assume that decline in the H™ current is explained by electrons depletion by the metal hydride cathode
because of the physics behind the Boltzmann distribution, then the factor e/7. will be responsible for the inflection point
of the H™ current. The higher values of T, the closer the inflection point to the cathode surface and higher values of
|Unn| needed. This dependence was calculated in [14] and presented in Figure 6 (solid line).



85
The Plasma Parameters of Penning Discharge with Negatively Biased Metal Hydride Cathode... EEJP. 3 (2021)

T,(5) eV

o7 T T T T 7T T
0 10 20 30 40 50 60 70 80 90 100
-Uyp V

Figure 6. The dependence of needed metal-hydride electric bias on plasma electrons temperature (calculated) and electron energy
(measured) at Us =5kV, l4=0.8 mA, H=0.1 T, P =5x10 Torr

The electron energy &, is measured by energy analyzer. The presented data (dash line) correspond to the dynamic
of the first maximum in distribution function, which is agreed with previously calculated values for 7. It is, obviously,
the group of electrons which are oscillated along the axis of Penning cell. The groups of electrons with higher energies
appear due to heating on the instability of the anode layer. The characteristic dependence of the oscillation frequency on
the magnetic field indicates on a diocotron type instability (Figure 7).
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Figure 7. The dependence of frequency and arbitrary amplitude of oscillation in anode layer on magnetic field at U, =5 kV,
Ii=0.8 mA, P=5%10° Torr

So, the presence of additional groups of electrons with energies significantly exceeding 7. distorts the behavior of
H™ current in Figure 2 in comparison with the results obtained in [13]. Considering that the arbitrary amplitude of
oscillation in anode layer is irregular, the behavior of H™ ion current in Figure 2 is irregular as well. The only clear fact
here is that at low magnetic field the distortion of distribution function takes minimal value and weekly impact on H™
ion current behavior at negative electric bias of metal hydride cathode.

CONCLUSION

Thus, the application of metal hydride cathode in the Penning type ion source allows for producing axial H™ ion
flow along the external magnetic field. The production of negative ions takes place in the near-cathode region caused by
the dissociative attachment of thermal electrons to vibrationally / rotationally excited hydrogen, desorbed from metal
hydride. The large mean free path of the H™ ions ensures their unimpeded yield together with an axial flow of charged
particles. The configuration of the discharge electrodes, electromagnetic filter and electrical field of the discharge
ensures the registration of only the paraxial group of particles. For increasing the H™ current a negative potential on
metal hydride cathode should be supplied. The plasma density by metal hydride cathode surely grows since the bias
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potential increase and 7, drops. The smaller T, the far electron reflects from the metal hydride cathode which is under
negative bias potential. At low magnetic field, when the inflection of H™ current is observed under the bias potential of
-40 V, the electron temperature takes smaller value (~15 eV), and electrons could be easily reflected reducing the value
of H™ current. If 7, takes larger values, there is no H™ current inflection, or it is not so pronounced. The existence of
electron groups with higher energies heated on anode layer instability sufficiently impacts the H™ current behavior and
explains discrepancy between experiments and calculation results. The optimum bias potential for the effective
extraction of H™ ions is -20V and higher, when plasma density reaches the maximum value to 2x10° cm.
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IMMAPAMETPHU IVIA3MH PO3PSIY TEHHIHT A 3 HETATUBHO-3MIIMEHHUM METAJIOTTAPUJTHUM
KATOIOM IPH IMO310BKHIA EMICIi IOHIB H-
1. Cepena, 51. I'peuxo, €. badenko
Xapkiecokuii nayionanvhuti ynieepcumem imeni B.H. Kapasina, Xapkis, Ykpaina

[linBreHHs epekTHBHOCTI (POpMyBaHHS HETATHBHUX 10HIB B 00'€eMHOMY JDKepedi i0HiB Ha OCHOBI [IeHHIHTOBCBKOTO [pKepena Moxe OyTH
3IIACHEHO 3a JOTIOMOTOI0 3aCTOCYBAaHHS METATOTIAPHIHOTO KaTo/a. [30Tonu BoJHIO 30epiraroThesi TaM Y XiMiUHO 3B’13aHOMY aTOMapHOMY
CTaHi Ta JecopOyIOTECS 3 METAJOTiApHAy MiJ| BIUIMBOM CTpyMy po3psay. KommBamsHo / obeprambHo 30ymkeHi Monekymn Ho*
YTBOPIOIOThCS IIUISIXOM peKoMOiHanii H-aTomiB Ha MeraseBiif HOBEpXHI, SKi MOTIM MOXXYTb OyTH JIETKO IepeTBopeHi B ionn H mursixom
JIMCOIIATUBHOTO MPHJIAIIAHHS €ICKTPOHIB 0€3 MOMepeIHROro 30y DKeHHs MoieKy i Ha y mia3mi. 3MiHa BIACTUBOCTEH PO3PSTY BiIKPHBAE
LUBIX JUIsL CHPOIIEHHST KOHCTPYKIIT JpKeperna IMUIIXOM eKCTPAKIil HeraTHBHUX i0HIB B3IOBXX 30BHIIIIHEOIO MarHiTHOTO TOJIs B IOPIiBHSIHHI 3
TpaguLiiiHUMU 00'EMHUMH JDKEpENaMH, 1e eKCTPAKIIs 3IHCHIOEThCS MIEPICH/MKYIISIPHO MAarHITHOMY MOJIO. BiOKpeMIIeHHST HeraTHBHHX
iOHIB Bil BHUTATHYTOrO B MO3JOBXHBOMY HAIpPSIMKY MOTOKY 3aps/DKEHHX YAaCTHHOK 3iHCHIOBATIOCS ENEKTPOMArHiTHUM (iTbTpoM
0a3yIouich Ha YMCENPHUX PO3PAXyHKAX TPAEKTOPIill 3apsHKEHIX YAaCTHHOK. 3aJIeKHICTh TEMIIEPATYpH €JIEKTPOHIB Ta MILUTBHOCTI INIA3MU
BiJl MOTEHIIATY 3MIIIEHHS MPOBOAMIOCS METOI0M 30Ha JleHrMiopa. BuMiproBaHHS eHeprii eeKTpOHiB MPOBOAMIOCS EEKTPOCTATHIHIM
aHamizaTopoM eHeprii. Bymo mokazano, mo Buxix ioHiB H™ 3amexunTh Bix NHOTEHIiany 3MIMIEHHS HAa METAJIOTIAPUIHOMY KaTomi i
BU3HAYAETHCS TEMIICPATYPOIO CJICKTPOHIB Iuia3Mu. OMiHKa MOTeHI{any 3MilieHHs Big 7. NPOBOIMIACS 3a IPUILYLICHHS DPO3MOJLTY
enexTpoHiB 1o bonpumany mo6imsy karona. HasBHICTE 0JaTKOBHX IPYII €IEKTPOHIB 3 BULLIMMH SHEPIisIMU CIIOTBOPIOE IOBEIIHKY CTPYMY
H-, ane 3araiom pe3ysbTaTé eKCIEPUMEHTY I00pe Y3TODKYIOTBCS 3 OLIHKOIO, 32CHOBAHOIO Ha (i3MIli, IO JIGKUTH B OCHOBI PO3IOALLY
Bonbimana. Bysio BusiBieHO onTHMaibHE 3HAYSHHSI TIOTESHIIATY 3MIIICHHST METAIITi IPUAHOTO KaTo/aa Uit e(heKTUBHOTO BHITy4eHHs i0HiB H™
Ha piBni -20 B Ta BHILE, KOJIM ILIBHICTD IUIA3MHU JI0CATac MAKCUMAILHOTO 3HaueHHs 10 2x10° e,
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