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Surface and bulk processes in materials
induced by pulsed ion and plasma beams

at Dense Plasma Focus devices
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Abstract A review of results and new data on the interaction of pulsed ion and dense plasma beams with metals in
different Dense Plasma Focus (DPF) devices are presented. Different irradiation conditions with microsecond pulses
of the power density in the range of 10°-10° W/cm?* were applied. The most interesting thermal and radiation effects
observed in both surface and bulk of the material positioned at the cathode part of the DPF device have been considered.
Advanced directions of DPF use for scientific and applied problems of radiation material science were determined.
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Introduction

Dense Plasma Focus (DPF) devices, unlike other
thermonuclear devices, have a number of important
advantages.

1) They provide an opportunity to expose materials to
pulsed beams of various types (ion, electron, plasma,
X-ray, neutron and shock wave) of high-power flux
density (up to 10" W/cm?) with pulse duration in
the range from 107 to 107 s.

2) They ensure an opportunity to vary the distribution
of pulse energy between ion and plasma beams:
energy flux density of ion and plasma beams may be
significantly different depending on the mode of
irradiation.

3) These beams in DPF devices can be separated in
the time due to the different velocity (within one
order of magnitude) [2, 23] of ion beam and plasma
jet. The problem of plasma-surface interaction is
especially amenable to the study of damage to
materials under high-power energy pulses generated
in different radiation devices including DPF devices,
chambers for inertial (laser and heavy ion fusion)
and magnetic (TOKAMAK and stellarator)
confinement thermonuclear fusion.

During the last few years, we performed investigations

on material damage under pulsed ion and high tempera-

ture plasma (HTP) beams in different PF devices
in the frame of national and international scientific
programmes. Obtained results showed that the
influence of pulsed high-energy (E; = 100 keV) ion
beams and HTP (particle velocity ~ 5 x 107 cm/s) on
the target material results in a remarkable distinction
in radiation and thermal effects in dependence of irradi-
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ation conditions. The features of physical and chemical
processes, structure-phase transformations and
elements distribution in irradiated materials are
different, too. All of that lead to the different material
damage and change of its properties and chemical
content.

The present paper deals with the most interesting
results obtained within these investigations on the basis
of international co-operation (particularly in the
frame of INCO COPERNICUS research contract
IC-15-CT98-0811 and the project of the International
Atomic Energy Agency “Dense Magnetized Plasma”).
Most results were previously published in the papers
[2, 5-7, 9-11, 18-24, 26]. In addition, the data of new
experiments and investigations, which were carried out
recently, are presented. On the basis of the analysis and
generalization of obtained results, the estimation of the
prospects of PF device application for scientific and
applied problems of radiation material science is made.

Materials

The following materials were chosen for the experi-
ments: austenitic chromium-manganese and ferritic
steels, pure vanadium, tungsten, graphite, copper,
aluminum and their alloys, as well as sapphire [2, 6, 10,
18-20]. These metals and optic materials have a great
potential to be applied in structural and functional
components of thermonuclear fusion devices with
magnetic [4] and inertial [14] plasma confinement, as
well as for working chambers of plasma devices [2, 3,
5]. This paper presents only results for some materials,
namely austenitic and ferritic steels and a copper-
aluminum alloy. Specimens were prepared, as a rule,
as plates of dimension 1.5 x 0.5 x 0.1 cm’. In special
experiments, the specimen-target had a specific
configuration: it was made in the form of a cylindrical
tube and was placed along the axis of the working
chamber of the plasma focus device PF-1000 [23, 24]
(see Fig. 5). The outer diameter of the tube was 3 cm,
the thickness of the tube wall 4 = 0.25 cm, the length
of the tube L = 24 cm. A special screen of an aluminum
alloy (5 cm in diameter) was placed on the end of the
tube anode side in order to decrease the power flux
density and to protect the inner surface of the tube from
any kind of irradiation except the neutron stream. The
screen protected the outer surface of the tube from
direct influence of high-energy ions (£ = 100 keV) and
X-rays.

Experiment

The experiments were carried out by using two different
types of DPF devices: PF-60, which has a Filippov-type
(plane) electrode geometry [2, 3, 18] with deuterium as
working gas (initial pressure of about 40 Pa); PF-1000
(see Fig. 5) and PF-6, which have a Mather-type
(cylindrical) electrode geometry [2, 5, 10, 13, 19-24],
with deuterium or hydrogen as working gases (~400 Pa).
Samples of materials were positioned at the cathode
part of the devices. In the experiments, we used for the

irradiation plasma jets and beams of fast ions in a broad
range of power flux densities. Influence of other types
of radiation was negligible in these experiments. Pulsed
irradiation of specimens was performed in different
regimes: by microsecond high-temperature plasma
pulses with power flux density ¢ = 10’-10° W/cm?
(PF-1000, PF-6), and by 100-nanosecond deuterium
plasma (DP) pulses with ¢ = 10°-10"° W/cm? (PF-60).
In each shot in the PF-60 device a specimen was
irradiated with a powerful high-energy ion pulse (E; =
100 keV) and then, about 1 microsecond later, with the
plasma jet. The energies of these two streams were
approximately the same. In the case of the PF-1000
device ion and plasma beams in some experiments were
separated in time and made a different energy contribu-
tion to the target material damage [19-21]. As it was
shown in [21], the fast ion beam, having a very low
energy content (¢ < 1 W/cm?), hit the target about
6-8 ps earlier than the plasma jet, whereas the latter
contributed the main part of the energy to the surface
damage.

lon implantation

Low-activation austenitic and ferritic steals are of major
interest because they do not give long-lived isotopes
under neutron irradiation [1, 9, 12, 15, 16, 27]. One aim
of our previous works was to determine DPF operation
modes with a low power flux density, which would be
favourable for deuterium ion implantation into the
material to form an implanted near-surface layer, and
contrary to find regimes, which would prevent from the
above-mentioned process. Under different power
densities, three typical regimes of the influence of ion
and plasma beam upon the target material were found.
1. Itwasshown that in the absence of the fast ion beam

and at an irradiation power flux density of about

10°-10" W/cm?, the ‘implantation mode’ was

realised. High concentration (more than 12 at.%) of

deuterium in the target can be reached (see Fig. 1).
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Fig. 1. Deuterium concentration distribution in the surface
layer of austenitic chromium-manganese 25Cr12Mn20W steel
after irradiation with 120 low power flux density plasma pulses:
1 - in the centre of irradiated region; 2 — point closed to the
border of irradiated region (g = 10°-107 W/cm?).
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Fig. 2. Deuterium concentration distribution in the surface
layer of ferritic 10Cr9W steel after irradiation with 5 medium
power flux density pulses of plasma jet and beam of fast ions:
1 - in the centre of irradiated region; 2 - in the periphery of
irradiated region (g = 10-10° W/cm?).

The implanted ion concentration increases with the
number of pulses. Concentration distribution is
governed by the diffusion process. It was also shown
that in this regime of irradiation (g ~ 10° W/cm?,
pulse duration T ~ 1 ps) the surface layers of all
tested materials were melting.

2. If the irradiation power flux density was increased
to 107108 W/cm?, the ‘detachment effect’ rules the
interaction process. The cloud of the plasma in front
of the specimen’s surface is produced mainly by the
beam of fast ions which penetrates the material
surface up to the order of the ion projective range
(~0.5 pm) and evaporates it. The plasma of the jet
and of its shock wave with low energy ions cannot
reach the specimen’s surface resulting in the
formation of a very thin surface implantation layer
of deuterium. At the medium power flux density
q = 10"-10°* W/cm? (Fig. 2), we have also rather
a high concentration of deuterium, but at the surface
of the specimen (up to only 30 nm).

3. It has been found that when the power flux density
increases up to 10°~10'" W/cm? the so-called broken
implantation (“explosive rupture” implantation) is
observed. At this regime, a surface layer implanted
by 1 irradiation pulse of about 100 keV deuterons
appears to be completely evaporated, while the
concentration of the implanted low energy deuterons
(E; ~ 1 keV) in the specimen decreases with the
number of irradiation pulses (Fig. 3). This last
feature finds its explanation on the basis of the
successive diffusion enhancement due to the evol-
ution of the topographical structure of the irradiated
surface and because of the influence of the shock
wave, generated inside the bulk of the material due
to its ablation [7].

The presented results show the problem, which exists

in technological application of PF device for implan-

tation of working gas ions into material. It is connected
with the melting of the surface layer of most materials
under heat load ¢ > 10° W/cm* and pulse duration

T = 0.1-1 ps. To avoid this effect, the power density g
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Fig. 3. Deuterium concentration distribution in the surface
layer of austenitic chromium-manganese 25Cr12Mn20W steel
after multifold irradiation with pulses of high power flux
density plasma jet and fast ion beam: 1 — pulse; 2 - 2 pulses; 3
- 4 pulses; 4 - 8 pulses; 5 — 16 pulses (g = 10°~10'° W/cm?).

should be in the range of 10°~10° W/cm?* depending on
the melt temperature of the material. However, the time
required for the formation of a uniformly implanted
layer of sufficient thickness may be rather long. The
solution to this problem may be connected with the use
of high frequency (~10 Hz) PF devices with low energy
(=10 KJ).

Redistribution of elements

As it was noted above, the PF-1000 device allows
realising the special regime of irradiation: the ion and
plasma components of the energy pulse are separated
temporary and make different energy contribution to
the material damage.

In the works [19-21], the austenitic chromium-
manganese 25Cr12Mn20W and 10Cr12Mn20W steels
were irradiated in the described regime. The distribu-
tion of the elements before and after irradiation was
analyzed qualitatively. The distributions of Fe, Mn and
Cr in the initial state of the steel specimens were
uniform. But after 3 pulses of irradiation a redistribu-
tion of the components on the surface of 10Cr12Mn20W
steel was observed (see Fig. 4). In areas where radiation
defects blisters-type occurred, a remarkable increase
of the Mn content and a reduction of the Fe content
took place. After 6 pulses this effect remained but was
less evident. Where radiation induced craters (in
both types of austenitic steels), a significant increase
(~ 3-5 times as much [19, 20]) of the carbon and the
oxygen content was observed.

We suppose [19, 21] that the implanted hydrogen
ions have created vacancy clusters [28, 29]. This cluster
appears to act as a nucleus of gas phase (micropore)
and hence a sink for atoms of the light elements. Under
the subsequent (6-8 s later) heating by the plasma jet,
Mn, as well as compounds of light elements CO, CO,
may be collected in these micropores, with the
formation and growth of gas bubbles. After crystalli-
zation and cooling, these bubbles (blisters) burst with
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Fig. 4. Back scattered electron image (BSE) and distribution of characteristic X-ray radiation for Fe, Cr and Mn on the
surface of 10Cr12Mn20W steel: a — original surface; b — after 3 ion and hydrogen plasma pulses in the PF-1000 device.

the formation of craters or being trapped in the solid
state. Manganese from the retained gas phase, as well
as compounds of carbon and oxygen condensed onto
the inner surface of the bubbles. That is why an increase
of manganese, as well as carbon and oxygen content in
the vicinity of blisters and craters was observed on the
surface of the irradiated steels.

These results show new possibilities of the applica-
tion of DPF devices for ion-plasma treatment of
materials and creation of modified surface layers with
new properties.

Simulation of material damage under plasma
disruptions in thermonuclear fusion reactor

In the work [23], we proposed a new experimental
technique using the DPF devices where irradiation
conditions in the cathode part of PF chamber would be
similar to plasma disruption regime in the thermo-
nuclear fusion reactor with magnetic confinement of
the plasma. In accordance with this technique, the tested
specimen represents an elongated cylinder tube
(parameters of the tube presented in chapter “Test

Table 1. Observed parameters of irradiation

specimen”). Irradiation conditions for this case are
presented in Table 1. As can be seen from the table the
time of interaction between the DP pulse and the tube
surface increased about 2 times, while the value g
decreases approximately 5 times when the distance
L(A) increased from 20 to 36 cm. At the same time the
thickness of the melted surface layer d decreased about
3.5 times. Besides, it is evident that application of
a protective screen provided a decrease of g by approxi-
mately 2-3 orders of magnitude in comparison with the
value of ¢ = 10° W/cm? for the screen surface (no
protection). The data concerning plasma disruption in
the ITER reactor and interaction conditions of the
pulsed deuterium plasma with the tube material in our
experiment (Table 2) are presented in [23]. Damage
factor F = ¢-1°° in Table 2 is the parameter, which allows
comparing the surface damage under different irradi-
ation conditions [23, 24]. From the table, it is seen that
the damage factor of the material in our experiments
conformed to the one for plasma disruption conditions
in ITER within one order of magnitude.

On the basis of experimental results and numerical
estimation we suppose that the DPF devices may be
applied to simulate thermal conditions of the material

Number of the tube specimen 1 2 3 4 5

Distance between the specimen and the anode L(A4), cm 20 24 28 32 36

Duration of interaction between the specimen and the plasma 1.9 2.4 2.8 33 3.9
stream T, IS

Thickness of the melted surface layer d, pm 23.8 17.9 12.6 11.2 7.1

Power density of the plasma stream g, 10° W/cm? 5.0 2.5 1.6 1.2 0.8
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Table 2. Possibility to imitate a plasma disruption in the reactor ITER

Damage factor F = ¢-1%°, W-em ™%

Plasma disruption in reactor ITER [8, 17]

Influence of pulsed plasma upon the tube material in PF-1000 device

The first wall Divertor plate

The nearest to the anode part The outermost from the anode part

~(10°-10% ~(10°-10°) ~10* ~10°
Table 3. Chemical content of the steel tube
Elements, mass%
Steel C Cr Mn Si W Y Sc P S
25Cr12Mn20W 0.26 12.9 19.3 0.13 2.0 0.15 0.1 0.04 0.008

damage on the first wall and divertor plate of ITER
under plasma disruption regime. But approximation of
simulation conditions to the conditions of real plasma
disruption requires broad experimental research using
DPF (ps pulse duration) in comparison with devices of
millisecond pulse duration.

Influence of pulsed beams with extreme energy upon
the material of low activation austenitic steel tube

The influence of microsecond pulses of deuterium ions
and plasma upon the low activation austenitic steel
25Cr12Mn20W tube was investigated in the PF-1000
device. Tubes of this type have a hexagonal shape [25].
Unlike the experiments with a duraluminum tube, the
steel tube had no protective screen, so ion and plasma
beams irradiated both the external and the internal
surface of the tube. The study of material damages,
surface relief changes, as well as structure of the re-
solidified layer along the external and internal surfaces
of the tube was of special interest.

Test specimen

The steel tube was manufactured in the form of a regular
hexahedral prism. Formerly, similar hexahedral tubes
manufactured from different stainless steels were
investigated as covers of heat-generating elements for
fission reactors [25]. Tube #14 (25Cr12Mn20W) was
selected for our experiments. The length of the tube
was L = 30 cm, the width of each faceta = 2.2 cm and
the thickness of the wall # = 0.1 cm. The tube was
manufactured by rolling. After rolling, the samples were
annealed at 1150°C for 10 min. The chemical composi-
tion of the steel is presented in Table 3.

Irradiation conditions

The tube was placed along the axis of the PF-1000
device (see Fig. 5). The tube was strongly fixed on two
cathode bars by special copper holders. The shortest
distance between anode and the tube side was

L, =11 cm. On the opposite cut of the tube the copper
arc was fixed. Its dimensions were: arc radius R =25 cm,
arc length L = 30 cm, arc width a = 1.5 cm and arc
thickness 4 = 0.12 cm. The arc prevented the ion and
plasma streams from leaving the tube (see Fig. 5). The
energy store in the device PF-1000 was ~ 600 kJ. Pure
deuterium at the initial pressure of 470 Pa was used as
working gas. Duration 1 of the DP pulse moving over
the plane of the front cut of the tube was 1 ps. The
power density of the plasma beam ¢ at this plane was
10° W/cm?. Power density absorbed by the side surface
of the tube was about ~ 10° W/cm?. The total number of
pulses in our experiments was N = 4, and the neutron
yield in individual “shots” n = (10°+10").
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Fig. 5. Scheme of Dense Plasma Focus device PF-1000:
a—experiment with a duraluminum tube and protective screen
[23, 24]; b — experiment with an hexahedral steel tube.
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Fig. 6. Parts of the external (a) and internal (b) surfaces of the tube: 1 - in the “hot” zone (specimen #2);
2 - in the middle part (specimen #8); 3 — in the “cold” zone (specimen #14).

Surface relief, microstructure and micro-hardness

Visual analysis showed melting both at the inner and
the outer surfaces of the tube. The features of
the surface layer damage and micro-relief of irradiated
surface are presented in Fig. 6. It is seen that both the
inside and outside surfaces have wave-like relief. There
are a lot of droplets and ridges; the size of such relief
fragments on the inner surface is substantially larger
than that on the outer one. With decreasing distance
from the irradiation source the typical sizes of the
elements of the surface relief get smaller, i.e. the topo-
graphic structure of the irradiated surface becomes
more dispersed. In other words, the surface relief at
the “cold” end of the tube (g ~ 10°~10° W/cm?) is
smoother than at the “hot” end (g ~ 10°~10” W/cm?).
The micro-hardness was measured in the re-
solidified surface layers, in the areas adjoining to them
and in the depth of the samples (in the depth of the
tube wall). Figures 7a—7c show that the micro-hardness
increases in the zones of outer and inner surface layers.
Maximum values H, as a rule, are observed in the surface
layers. Hardening of the surface layers is associated with
the formation of a specific nonequilibrium microstruc-
ture of the steel (see Fig. 8) under ultra-fast quenching
of liquid phase (with speed of cooling ~ 10°-10° K/s
[17]). These results show that the conditions of
solidification and structure formations were different
in the external and internal surface layers of the tube,
as well as in different parts of the tube. Observed re-
solidified layer thickness (15-20 pm) requires detailed
analysis and temperature estimations. X-ray diffraction
analysis showed that the dispersible inclusions of
martensite and a-phase were present in the re-solidified
surface layers along with the austenite (y-phase). The

volume content of the secondary phases was in the range
of 1.5-3.0% in the external surface layer and 5.0-9.5%
in the internal one. The dispersion of the secondary
phase, as a rule, induce hardening and strengthening
of the surface layer. It is obvious that the conditions of
pulsed plasma irradiation were essentially different on
the external and internal surfaces of the steel tube:
in the internal cavity of the tube ions and plasma
streams had no opportunity to dissipate within the
chamber.

Conclusions

The Plasma Focus devices PF-1000, PF-60, and PF-6
with different gases and different irradiation modes
were used to carry out experimental investigations of
interactions between pulsed ion and high-temperature
plasma beams and on some materials to be applied in
structural and functional components of thermonuclear
fusion devices with magnetic and inertial plasma
confinement, as well as for working chambers of
plasma devices.

On the basis of the investigations carried out, a sig-
nificant progress was achieved in understanding the
mechanisms of the influence of high energy nano- and
microsecond pulsed beams upon irradiated materials.
Particularly, under the different power densities three
typical regimes of the influence of ion and plasma
beam upon the target material disposed in the cathode
part of PF device were found: (i) “implantation”
(g = 10°~10" W/cm?); (ii) screening of the surface by
a secondary plasma cloud (¢ = 10"-10® W/cm?);
(iii) absence of implantation (“explosive rupture”)
(g = 10°-10" W/cm?).
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Fig. 7. Distribution of the micro-hardness in the specimens
of the irradiated tube in the zone between the external surface
layer (1) and the internal one (2): a — sample #1 (“hot”);
b - #9 (“middle”); c — #15 (“cold”).

It was shown that the ion and plasma beams in the
Dense Plasma Focus devices can be separated temporary
and make different energy contribution to the material
damage. In this case, the redistribution of the elements
in the surface layer of austenitic chromium-manganese
steels was found. A remarkable increase of Mn content
and a reduction of Fe content took place near the
blister-like bubbles formed on the irradiated surface.

The interaction of the pulsed deuterium plasmas and
ion beams with the material of an axially oriented tube-
like target of the PF-1000 device chamber was studied.

Fig. 8. Cross sections of the steel tube at the central part
after irradiation: a — specimen #8; b — specimen #9. 1 —initial
microstructure; 2 — remelted layer of the external surface;
3 —remelted layer of the internal surface.

Two cases were investigated: with the use of a special
protective screen (results were described in [23, 24])
and without it (the low activation steel 25Cr12Mn20W
hexahedral tube). In both cases the phase transform-
ation and structure change resulted in hardening and
strengthening of the surface layers. These results
demonstrated the application possibility of DPF devices
to modify the surface layer in hard-to-reach parts of
the treated details, such as internal surfaces of the
elongated tubes.

Prospects for using the DPF devices to solve
scientific and applied problems in material science such
as material damage, ion implantation and modification
of the surface layers were given. It was also shown that
the DPF devices allow to realize the conditions of
material damage by high temperature plasma close to
that of plasma disruption at ITER. We think that this
approach, based on the DPF device application, is very
promising to simulate the thermal influence under



78

V. N. Pimenov et al.

plasma disruption at ITER as well as the explosive
action of pulsed high-energy beams upon the materials
in reactors with inertial confinement of plasma.
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