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The features of generation of a shielding plasma layer by a ZrsoVso metal hydride surface which prevents the sample from melting have
been studied. The sample was interacting with an electron beam formed directly by the metal hydride. The electron beam was emitted
from primary plasma generated by an additional discharge with a filament cathode and accelerated in the space charge layer at the front
of the shielding plasma, which is formed on hydrogen desorbed from metal hydride or on the sample material in case of the depletion
of stored hydrogen. Three different stages of the formation of shielding plasma layer have been identified depending on the ratio
between the current to the metal hydride /uu and the current of the primary plasma source Zs. When Iuu/ls < 1 the classical conditions
for charged particles transfer are realized. At Imn/la > 1 the classical conditions for the transfer of charged particles are violated and
double layer appears at the front of the shielding plasma, which ensures the efficient energy transfer from external electrical field to
the energy of bipolar motion of charged particles.
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The application of metal hydrides as protective elements of structural materials for plasma devices has been
expressed in [1-2]. Under the material subjection to high thermal and energy loads the formation of a shielding plasma
layer protects the surface from an incident plasma flow and prevents its erosion. The most suitable materials for the
practical application are getters based on ZrV alloys [3]. These materials are characterized by low equilibrium pressures,
high velocities and large thermal effects of sorption-desorption of hydrogen isotopes. Due to the decomposition of hydride
phases plasma energy dissipation occurs on a gas-dynamic shielding target, which is formed self-consistently by the
surface and prevents from the erosion of plasma facing surface.

The studies on coaxial plasma accelerators RPI and QSPA have shown that a protective layer is formed by the
surface for hundreds of nanoseconds with an average density higher than 10'7 cm™ and an electron temperature of 5 eV.
The duration of the plasma shielding layer is significantly longer than the time of plasma stream propagation (~ 3 ps). In
case of RPI there were no spectral lines of the components of metal hydride matrix from the protective layer [1]. But the
shielding effect of course is not absolute. Increasing the energy density of plasma stream from 15 J/cm? (RPI) to 30 J/cm?
(QSPA) resulted in the surface layer melting and weight losses of the sample [2].

Stationary bombardment by high-energy hydrogen particles (5 keV, 100 mA/cm?) [3] and Ar" ions (8 keV,
1.5 pA/cm?) [4] was also revealed the sputtering of metal hydride surface. But, the sputtering rate of the metal hydride
was nevertheless significantly lower compared to materials that do not form hydride phases.

Thus, the interaction of metal hydride with plasma flows or with flows of positive ions has been carefully studied,
whereas interaction with electron fluxes has not yet been considered. The purpose of this work is to study the features of
the influence of an electron beam on the generation of shielding plasma and the processes of melting of the sample, which
could be promising in case of current disruption in plasma devices.

EXPERIMENTAL SETUP

The experiments were carried out using a plasma source based on a reflective discharge with a filament cathode
mounted to a vacuum chamber (Fig. 1). The source operation was released by the application of the negative potential
Us=-100 V to the filament cathode (anode and the vacuum chamber was grounded) and hydrogen injection from balloon
to the region of the filament cathode to the pressure of ~2:10* Torr. The discharge current was I, =1 A. The plasma
source was in a longitudinal bell-shaped magnetic field with a maximum intensity of 0.06 T in order to form a diverging
stream of primary plasma to the vacuum chamber. It allows to obtain sufficiently dense (~ 10' cm™) primary plasma in
the chamber at low pressures (~ 10 Torr). The shielding plasma layer 5 was formed around the tungsten holder 6 with
metal hydride element 7, which was under positive potential + V.

The metal-hydride element was produced from the alloy of ZrsoVso by the standard method [5]. It includes an alloy
activation and filling with hydrogen. Then crushed hydride was mixed with a copper powder followed by pressing it in a
disk 20 mm in diameter with a thickness of 4 mm. The quantity of accumulated hydrogen in produced electrode was
measured by Siverts method [5] and was about 800 cm? under normal conditions.

The decomposition of the hydride phases followed by hydrogen desorption is also accompanied by energy
absorption, which limits the temperature of the sample and prevents its melting. At low temperatures of 80 — 350 °C the
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desorption is caused by the decomposition of intermetallic hydrides ZrV,Hy, and further by the destruction of the
zirconium hydride in the temperature range of 400 — 650 °C [5].
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Figure 1. The scheme of experiment
1 — filament cathode, 2 — discharge tube, 3 — vacuum chamber, 4 — magnetic field coils, 5 — shielding plasma layer, 6 — tungsten
holder, 7 — metal-hydride element, 8 — potential distribution near the metal-hydride, 9 — flat probe

The dynamics of floating plasma potential ¢g,qcc Was registered by a flat probe 9, which was installed in the chamber
outside the plasma source stream. Assuming that the voltage Vs is redistributed only between the anode layer and the
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grounded chamber wall, one can calculate the potential in the layer near the metal hydride element: ¢,,, =V, —

RESULTS AND DISCUSSION

The application of positive potential + ¥y to the metal hydride element resulted in the formation of a space charge
layer with a potential drop gum; near its surface. In the layer the electrons from primary plasma are accelerated, and an
electron beam is formed that heats the metal hydride. As the sample heats up, a flow of neutral atoms of desorbed hydrogen
appears. Due to the electron impact ionization the part of loaded energy from the primary plasma is spent on the ionization
and excitation of neutral hydrogen. The more power is loaded in, the greater hydrogen amount is desorbed and the denser
shielding plasma is formed by the surface.

At low power of ~20 W (Iyz= 0.1 A, V=200 V) supplied to the metal hydride the pressure in the chamber
increased from 2x10* Torr to 6x10 Torr after about 30 seconds of continuous exposure and the shielding plasma layer
with potential gu; was formed (1% stage). All the positive voltage applied to the metal hydride Vi is concentrated in
the layer near the surface gpumy, the space potential has a small negative potential (¢space ~ Te/e) and the dependence of
Vi on oumy 1s linear (Fig. 2a green line).
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Figure 2. The dependence of potential g in the layer near the metal hydride element (@) and ratio of the metal hydride current to
discharge current u/la (b) on the voltage applied to the metal hydride element Vau
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The current to the metal hydride /u is less than the discharge current of the primary plasma source I, ~ 0.85 A and
doesn’t depend on the voltage applied to the metal hydride Vyu (Fig.2b green line).

A further increase of the power supplied to the metal hydride element to 60 W (Vi = 600 V at a constant current
LIy = 0.1 A) leads to a significant increase of hydrogen desorption rate (the pressure raised to 5x10 Torr) and the current
to the metal hydride drastically jumps (2" stage).

In this stage dense (n > 10'° cm™) shielding hydrogen plasma forms around the metal hydride, immersed in lower density
primary plasma (Fig. 1). Starting from Iy/ 1z = 1, the classical conditions for the charged particles transfer are violated, because
there are no longer enough ions generated in the primary plasma to cover the excess current on the metal hydride. The initial
surface layer gy turns into double electric layer (DL) game at the front of the shielding plasma, where the intense electron and
ion beams are accelerated in the opposite directions [6].

An increase in the slope of the blue curve (Fig.2a) indicates on a redistribution of applied to metal hydride voltage
Vur between the DL potential gyn2 and the ¢gqce potential.

Appearing of the positive potential near the wall rises the current to the metal hydride. The chamber wall plays the
role of the cathode of a non-self-sustaining glow discharge, providing additional generation of charged particles in the
chamber. The metal hydride plays the role of an anode.

Spending the energy loaded from primary plasma on the ionization and excitation of neutral hydrogen released from
metal hydride causes the shielding properties of the plasma formed around the sample. The decomposition of hydride
phases followed by hydrogen desorbtion is also accompanied by energy absorption, which limits the temperature of the
sample and prevents its melting.

When all stored hydrogen is desorbed from metal hydride the shielding plasma conditionally transits to the 3™ stage
(red curves in Fig. 2). The physical processes here develop according to a similar scenario but more intense. The shielding
plasma layer is formed on the sample material, but not on the desorbed hydrogen. For process stability of shielding plasma
formation, we had to increase the discharge current of the primary plasma source to /; ~ 2.1 A.

There are no longer any limiting factors for increasing the sample temperature, and when supplied power is about
60 W (Iyn = 0.1 A, Vi = 600 V) the melting process of the sample begins after about 30 second. Fig. 3 shows the photo
of metal hydride surface after the impact of electron flow. Fig. 3a corresponds to the case of shielding plasma formation
under hydrogen release from metal hydride, Fig. 35 — to the case of hydrogen depletion in metal hydride.

Figure 3. The photo of metal hydride surface after the impact of electron flow
a — the case of hydrogen release from metal hydride; b — the case of hydrogen depletion in metal hydride.

The DL formation at the front of the shielding plasma in case of hydrogen depletion is the most dangerous, because of
addition damage of the sample material (Fig. 3b), deposition on the ambient surfaces and hydrogen plasma contamination.

CONCLUSION

Thus, we can assume the following scenario for the interaction of intense electron flow with the metal hydride.
A shielding plasma layer is formed on hydrogen released from metal hydride, which shields the surface from extreme
heat and energy loads.

When the current to metal hydride is less than the current of plasma source (Iy/1; < I), the applied voltage Vi is
concentrated in the layer near its surface gam, and the wall has only a small (¢g.cc ~ Te/€) negative potential.

If the current to metal hydride exceeds the current of primary plasma source (/y#/1s > 1), the classical conditions for
the transfer of charged particles are violated and double layer (DL) appears at the front of the shielding plasma. Due to
the redistribution of applied Vi voltage between DL (¢ur2) and near-wall layer it adjusts the current to metal hydride
and ensures the efficient energy transfer from external electrical field to the energy of bipolar motion of charged particles.
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Due to the energy absorption by hydride phases decomposition the formation of shielding plasma on released
hydrogen occurs at limited temperatures which is significantly lower than the melting temperature of the sample. This
makes the application of metal hydrides attractive as the materials of plasma facing elements.
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OCOBJIMBOCTI B3AEMO/II IHTEHCUBHOT' O MIOTOKY EJEKTPOHIB 3 METAJIOTTIPAJIHAM EJIEKTPOJIOM
Irop Cepena, SIpocias I'peuxo, €Brenisi badenko, Mukosia A3apeHKoB
Xapxiecokuil HayionanvHutl ynieepcumem imeni B.H. Kapaszina, npocn. Kypuamoea 31, 61108, Xapxis, Ykpaina

Jocnipkerno ocobnuBocTi (JOPMYyBaHHS 3aXHCHOTO IDIa3MOBOTO HIapy OIS IOBEPXHI METANOrifpuay ZrsoVso, IO NEPEIIKOIKAE
IUIABJICHHIO 3pa3ka. 3pa3oK B3a€MOJIISB 3 €IIEKTPOHHUM ITy4KOoM, 110 GopMyeThes 6e3nocepeanso it rinpuay metany. Enekrponuuit
Iy4OK BHJIy4aBCs 3 MEPBUHHO]I IUIa3MH, 110 TEHEPYETHCS JOAATKOBUM PO3PSIIOM 3 KaTOIOM, L0 PO3XKAPIOETHCS, 1 IPUCKOPIOBABCS B
mapi 06'eMHOTO 3apsiay Ha (POHTI €KPaHYIOUOi IJIa3MH, 1[0 YTBOPIOETHCS HAa BOJHI, SIKUH JecopOyeThes 3 MeTaloriapuay, abo Ha
Marepiaii 3pa3ka, y pa3i BUCHa)KCHHs 3aIaciB BOJHIO. BHUSBIEHO TpH pi3Hi eranu (OpMyBaHHS SKPaHYIOUOTO IUIA3MOBOTO ILIAPY
3aJISXKHO Bijl CITIBBIIHOLIEHHS CTPYMY Ha Tipuj MeTtainy [vm Ta CTpyMy HepBHHHOTO jkepena ria3mu lqa. Konu Iun/la < I peanizoBaHo
KIIACUYHI YMOBH INEPEHECEHHS 3apsmKEeHUX 4acTHUHOK. [Ipu Ium/ls > 1 MOpymIyloThCS KIACHYHI YMOBH IIEPEHECEHHS 3apsIKEHHX
YACTUHOK 1 Ha (PPOHTI expaHyrodoi IIa3MH BUHUKAE TOABIMHUIA map, mo 3ade3nedye eheKTUBHUN nepeic eHeprii BiJ 30BHIIIHBOTO
SJICKTPUYHOTO IOJIS 10 CHeprii OIMOoNIPHOTO PyXY 3apsKEHHX YaCTHHOK.

KurouoBi c1oBa: rinpun metairy, Iia3sMOBHH €KpaHyIOUHMif MIap, MOTIK €IEKTPOHIB





