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Abstract

The paper presents results of investigations of the shielding effect observed at the interaction of pulsed plasma

streams with metal-hydrides on the base of Zr55V40Fe5 alloys. A reversible hydrogen getter tablet was initially saturated

with pure hydrogen and then irradiated with pulsed plasma beams. The total content of accumulated hydrogen was 2

dm3 (under normal conditions). The plasma irradiation induced desorption of accumulated hydrogen, due to the high-

speed heating and the formation of gas shield layer in front of the tablet surface. That layer decreased considerably the

value of an energy density, which was delivered to the sample surface. The energy densities delivered to the sample and

mass losses of material have been determined as a function of a number of pulses. It was found that hydrogen buildup

promotes an increase of the shielding effect.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

At present, hydride-forming materials (getters) are

considered as rather prospective ones for the improve-

ment of cathodes to be used in gas discharge systems [1].

In fusion devices such getters can be used for the cre-

ation of a controlled flow of hydrogen isotopes from the

material surfaces to be exposed to hot plasma. As the

working gases in fusion devices the hydrogen isotopes

are usually in use. Therefore, their additional flow,

which should be matched with a pumping system, is

ideal from the point of view of the providing the low-Z

impurities, forming the shielding layer. So, this addi-

tional flow from constructional elements does not lead to

any complication of the fusion reactor operation. From

the other side, it promotes the creation of a shielding gas

target, which considerably screens the plasma energy

delivered to the material surface. One of the advantages

of such a protection is that the shielding target is formed

by hydrogen (not by material of eroded target) and not

permanently, but by the self-consistent way, i.e. only

during periods when plasma contacts with the getter

material surface. The use of the hydride-forming mate-

rials is prospective for the formation of such shielding

targets. Utilizing the effect of a hydrogen counter-cur-

rent flow formation (from the metal-hydride divertor

plates) allows to control effectively the operation regimes

of divertors in the toroidal magnetic traps. This also

leads to an improvement of the plasma confinement

within the working volume of the trap. The main aim of
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this work is to investigate shielding properties of re-

versible hydrogen getters under irradiation of getters

with high-power plasma streams.

2. Experimental setup

Tablets of the Zr55V40Fe5 getter (of 20 mm in dia-

meter and 8 mm in thickness) were manufactured by

their pressing with an additional binding-dopant (copper

powder) [2]. Afterwards they were saturated with pure

hydrogen. The total quantity of hydrogen accumulated

in the material was 2 dm3 (under the atmosphere pres-

sure). For a comparison, a copper sample of the same

diameter was also investigated.

The experiments were carried out within the IBIS

facility [3]. That rod-type plasma injector was described

elsewhere [4]. Pulsed plasma streams were generated as a

result of low-pressure high-current discharges performed

between two coaxial sets of the multi-rod electrodes. The

working gas was pure hydrogen. Typical operational

parameters were as follows: the initial charging (supply)

voltage was 30 kV, a delay time of the high-voltage pulse

in relation to the injection of hydrogen into the inter-

electrode volume was 160 ls, and a distance between the
electrode and the investigated target was 300 mm.

Energy density in plasma stream was 14 J/cm2, mean

energy of ions up to 10 keV, pulse duration �1 ls. The
plasma stream energy density and that delivered to the

metal-hydride and copper samples surfaces were mea-

sured with a miniature copper-calorimeter. A scheme of

the calorimetric measurements was similar to that de-

scribed in [3].

For comparative analysis of structural changes in

surface layer one getter tablet was irradiated with ni-

trogen plasma streams generated by coaxial plasma ac-

celerator �Prosvet� [5]. The time duration of the plasma
generation is 3–6 ls. The accelerator generates plasma
streams with ion energy up to 2 keV, plasma density

2� 1014 cm�3 and an energy density of the plasma

stream 25 J/cm2.

3. Results of experiments

Fig. 1 shows the energy density delivered to the sample

surface in IBIS facility, as a function of the number of

pulses delivered to the hydrogen getter and a copper

sample of the same diameter. It follows from Fig. 1 that

in the case of the copper target about 78% of the plasma

stream energy is delivered to the target surface. This

value remains unchanged with an increase the number of

pulses. It should be noted that some melting of the

copper surface was observed as result of the copper

surface – plasma stream interaction. For the getter tar-

get, only 32% of the plasma energy density is transferred

to the target surface during the first pulse. In this case

the value of the delivered energy density increases with

an increase in the number of plasma pulses. The satu-

ration, which is visible on the curve for getter, was

achieved after five plasma pulses, but even in that case

the value of delivered energy is about 60% of plasma

energy (i.e. lower than for the copper target). Such be-

havior of the delivered energy curve for the hydrogen

getter can be explained by the decomposition of hydride

phases in a near surface layer of the sample. It could be a

result of the pulsed heating of the surface up to a high

temperature, and the formation of a shielding layer of

hydrogen stored initially in the surface layer. Since the

following pulses lead to the heating of the same thin

layer (if one does not take into account some heating of

the sample as a result of the previous plasma pulses), this

provides the saturation of curve in Fig. 1. The fact that

the delivered energy value over the plateau is still lower

than that for the copper sample, can be explained by the

influence of the process of hydrogen doping (reverse

process) into the melted layer from a plasma stream

during the pulse end phase. So, one can observe con-

tributions of two competitive processes: the hydrogen

doping by the plasma stream and hydrogen desorption

from the surface. The obtained plateau of the energy

curve with a lower value of the energy density is an

evidence of some balance between these processes.

Mass losses of the getter sample are presented in Fig.

2. After the first pulse the mass losses are maximal, and

they rapidly decrease with following pulses. The plateau

is achieved after the irradiation with five pulses. Rather

high values of mass losses are due both to fragments

weakly connected and escaping away from the material

surface, as well as to the hydrides decomposition ac-

companied by the hydrogen desorption. Since the getter

material is prepared of pressed powder, the decreased

heat conductivity between grains can lead to the

Fig. 1. Energy density delivered to the samples surface versus

the number of plasma pulses.

466 V.N. Borisko et al. / Journal of Nuclear Materials 313–316 (2003) 465–468



evaporation of the material, and it can be another rea-

son of additional mass losses. The observed decrease in

the mass losses, with simultaneously increase in the de-

livered energy value, indicates that desorbed hydrogen

plays the essential role in dynamics of the shielding layer

formation. Otherwise, in the case when shielding layer is

formed from the eroded target material and a plasma

stream stopped upon the surface, the higher delivered

energy value should lead to an increase in the mass

losses, as a result of the target erosion.

A typical image of the getter surface after the plasma

irradiation is shown in Fig. 3. According to the SEM

pictures, the irradiated getter sample was subject to

some melting with the gas bubbling through the melted

surface [6]. An analysis of the metal-hydride surface

after the plasma beam irradiation has shown that a

structure of the getter surface and its color were con-

siderably changed as a result of the plasma interaction.

More detailed information about the structure and the

phase composition was obtained with an X-ray diffrac-

tion analysis. As a result of the plasma treatment, there

were found some changes in the phase content. Apart

from phases of Cu, k2-Zr(V,Fe)2Hx, e-ZrHx, and g-
Zr3(V,Fe)3OHx, existing in the initial surface, an inter-

metallic phase of ZrCu5 with an increased lattice

parameter was formed. The most probable explanation

of this effect is the interaction (during the plasma

treatment pulse) of the zirconium hydride (whose frac-

tion in the composite was considerably decreased under

the treatment) with the melted copper. The irradiated

sample is characterized by a noticeable broadening of

lines in the difractogram, and a simultaneous decrease in

their absolute intensities. It testifies that the irradiated

surface of the sample has a fine-crystalline or apparently

amorphous-like structure.

Similar fine-crystalline surface layer of several tens of

micrometers in depth was obtained for getter irradiation

with nitrogen plasma streams. But in this case, in con-

trast to hydrogen plasma, an increase of copper crystal

lattice period was registered. This result can be explained

by effective implantation of nitrogen in surface layer.

Interaction of getter alloy with hydrogen plasma stream

did not result in changes of copper lattice period because

a copper did not form stable hydrides.

An element content distribution along the sample

surface, as measured before and after the treatment, is

shown in Fig. 4. Irradiated surface is characterized by

essential modulation of the copper content from 20% to

80% with a period of about 0.4 mm. It should be noted,

that behavior of Cu and Zr are quite opposite, i.e. a

decrease in the Cu content accompanied by an increase

in Zr. The periodical structure is difficult to explain.

Possibly, it arises due to some gas bubbling during the

surface melting. An average content of the main ele-

ments along the scanning trace was as follows: Cu –

56.7%, Fe – 0.7%, V – 17.1%, Zr – 25.5% before the

irradiation, and Cu – 32.6%, Fe – 0.8%, V – 19.1%, Zr –

47.5% after the treatment. The obtained decrease in the

average Cu content could not be explained by the se-

lective evaporation of Cu (because Cu content in the

maximum points is still high), and it is probably ex-

plained by high modulation of Cu content (Fig. 4(b)).

Fig. 2. Mass losses of the metal-hydride samples versus the

number of plasma pulses.

Fig. 3. SEM images of the getter surface: (a) before treatment

and (b) after the treatment.
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More likely, this is peculiarity of the ultra-speed melting,

when Zr melt covers the surface of sample with breaks in

points of gas bubbling and material pores. Therefore,

the sample surface obtains white color after the treat-

ment.

4. Conclusions

The obtained results have shown a possibility of the

effective shielding of material surfaces by desorbed hy-

drogen. It was found that the hydrogen buildup pro-

motes a considerable increase in the shielding coefficient.

Temperatures of the hydrides destruction in the getter

material are in interval of 150–500 �C. Therefore, hy-
drogen is desorbed not only from a melted layer but also

from a layer thicker than 10 lm, which is heated up to
such temperatures. The desorption above 2� 1019 par-

ticles/cm2 can be achieved. This leads to the shielding

layer formation with density higher than 1017 cm�3

(close to the sample surface) during parts of microsec-

ond. As it was shown in our previous experiment [3], the

thickness of the shielding layer is about 1 cm. A con-

siderable modulation of copper surface content is ob-

served with a spatial period of about 0.4 mm. Behavior

of the Cu and Zr distributions along the surface are

quite different. The X-ray analysis has shown that the

intermetallic phase of ZrCu5 is formed during the crys-

tallization. The irradiated surfaces of the sample have a

fine-crystalline or amorphous-like structure. Power flux

of the plasma stream used in our experiments was about

14 MW/cm2, and similar one can be expected for off-

normal events in ITER-like tokamaks. The pulse dura-

tion of order 1 ls is of course essentially shorter than at
tokamak conditions. However, the first instants of the

interaction are most important for an energy transfer to

the material surface, because (due to the shielding) ra-

ther small part of plasma energy is delivered later [7].

Moreover, an increase in the pulse duration may lead to

hydrogen diffusion from deeper material layers, what

will additionally increase the material surface shielding.
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Fig. 4. Elements profiles along the getter surface: (a) before
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